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Platelets can engulf human immunodeficiency virus type 1 (HIV-1), and a significant amount of HIV-1 in the
blood of infected individuals is associated with these cells. However, it is unclear how platelets capture HIV-1
and whether platelet-associated virus remains infectious. DC-SIGN and other lectins contribute to capture of
HIV-1 by dendritic cells (DCs) and facilitate HIV-1 spread in DC/T-cell cocultures. Here, we show that platelets
express both the C-type lectin-like receptor 2 (CLEC-2) and low levels of DC-SIGN. CLEC-2 bound to HIV-1,
irrespective of the presence of the viral envelope protein, and facilitated HIV-1 capture by platelets. However,
a substantial fraction of the HIV-1 binding activity of platelets was dependent on DC-SIGN. A combination of
DC-SIGN and CLEC-2 inhibitors strongly reduced HIV-1 association with platelets, indicating that these
lectins are required for efficient HIV-1 binding to platelets. Captured HIV-1 was maintained in an infectious
state over several days, suggesting that HIV-1 can escape degradation by platelets and might use these cells to
promote its spread. Our results identify CLEC-2 as a novel HIV-1 attachment factor and provide evidence that
platelets capture and transfer infectious HIV-1 via DC-SIGN and CLEC-2, thereby possibly facilitating HIV-1
dissemination in infected patients.

Binding of human immunodeficiency virus type 1 (HIV-1) to
cell surface factors other than the viral receptor CD4 and a
chemokine coreceptor does not allow viral entry but can pro-
foundly impact viral infectivity, particularly when the viral re-
ceptors are expressed at low levels (14, 57). The interaction of
HIV-1 with cellular factors that promote viral attachment
(termed attachment factors) can increase HIV-1 infection of
the cells expressing these factors (termed infection in cis) or
can augment infection of adjacent cells (termed infection in
trans or transmission). Attachment factors promote HIV-1 in-
fection most likely by concentrating viruses on the cell surface
(14, 38, 57), thereby increasing the chance that the viral enve-
lope protein (Env) can engage CD4 and a coreceptor, pre-
sented both in cis and in trans. Additionally, binding to certain
attachment factor-expressing cells can conserve viral infectivity
over several days, and during this time virus can be transmitted
to susceptible cells (14).

The concept of HIV-1 capture by attachment factors, con-

servation of viral infectivity, and subsequent transfer of bound
virions to permissive cells has initially been proposed for den-
dritic cells (DCs) expressing the lectin dendritic cell-specific
intercellular adhesion molecule 3-grabbing nonintegrin (DC-
SIGN) (17). Thus, it was shown that capture of HIV-1 by DCs
profoundly augments HIV-1 infectivity for T cells (7, 8), a
mechanism proposed to facilitate HIV-1 spread (8, 17), and
DC-SIGN, which binds to the HIV-1 Env (17), was found to be
involved in the HIV-1 association with DCs (1, 3, 17, 23, 31, 33,
62). Initial reports suggested that DC-SIGN might capture and
internalize HIV-1 into a low-pH endosomal compartment
where infectivity is preserved (28). Subsequently, the intracel-
lularly stored viruses could be transferred to T cells, which
requires the formation of an infectious synapse—a microenvi-
ronment formed at the interface between DC and T cell that
serves as a conduit for HIV-1 transfer (25, 34). The importance
of DC-SIGN-mediated HIV-1 transport into a low-pH com-
partment for virus transfer to T cells has recently been chal-
lenged (37). Also, evidence that the proposed conservation of
HIV-1 infectivity might actually be due to productive infection
of transmitting cells has been reported (37, 56). Nevertheless,
it is undisputed that DC-SIGN captures HIV-1 and augments
viral infectivity, at least in some cell culture systems, and an
association between polymorphisms in the DC-SIGN gene and
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risk of HIV-1 infection has been documented (31, 33). There-
fore, DC-SIGN constitutes a potential target for therapeutic or
preventive intervention.

Despite the contribution of DC-SIGN to HIV-1 transmis-
sion by DCs, other attachment factors are also involved in this
process (20, 55, 60). A role for the lectins mannose receptor
and langerin, which are expressed on DC subsets, has been
suggested previously (55). However, evidence that these lectins
facilitate DC binding to infectious HIV-1 is lacking and the
factors responsible remain to be identified. Notably, several
CD4-negative cell types, including platelets and red blood
cells, can bind and transmit HIV-1 (39, 40), suggesting that
cells other than DCs might also express HIV-1 attachment
factors.

Attachment of HIV-1 to platelets might be particularly ef-
ficient, since these cells retain a substantial fraction of HIV-1
present in whole-blood preparations from infected patients
(29). Binding of HIV-1 to platelets can result in virus uptake
(63, 64), which could explain the efficient HIV-1 retention by
these cells. The fate of HIV-1 engulfed by platelets is at
present unclear. Since different compartments within platelets
harbor either intact or degraded HIV-1 (6), it is conceivable
that platelets either facilitate viral dissemination or decrease
the number of infectious HIV-1 particles in the bloodstream
(6, 63). Moreover, HIV-1 interactions with platelets might
contribute to thrombocytopenia, which is defined by less than
15 � 104 platelets/�l on at least two consecutive counts and is
a relatively common condition among HIV-1 patients (35, 49).
Analysis of the mechanisms of HIV-1 attachment to platelets
might therefore reveal important aspects of the role of plate-
lets in HIV-1 infection.

Here, we show that C-type lectin-like receptor 2 (CLEC-2) is
expressed on platelets and contributes to HIV-1 capture by
these cells. However, a substantial fraction of the HIV-1 bind-
ing activity of platelets was found to be due to DC-SIGN,
which is expressed on platelets at low levels. HIV-1 attached to
platelets remained infectious over a prolonged time, indicating
that platelets might facilitate HIV-1 dissemination via the
bloodstream.

MATERIALS AND METHODS

Plasmid construction. The CLEC-2 coding sequence was reverse transcriptase
PCR amplified from purified mRNA obtained from human liver tissue and
cloned into pcDNA3.1 (Invitrogen). The amino acid sequence encoded by the
CLEC-2 construct is identical to that specified in GenBank entry AF124841.

Cell culture. Jurkat, DAMI, HEL, and B-THP cell lines and CEMx174 R5
cells were maintained in RPMI 1640 medium supplemented with fetal calf serum
(FCS) and antibiotics. CEMx174 R5 cells express endogenous CXCR4 and
exogenous CCR5 and express luciferase and green fluorescent protein under
control of the HIV promoter (22). 293T, 293T-REx, Huh-7, Hep-2, HFF, Vero,
COS-7, HOS, HeLa, MCR5, and U373 cells were cultured in Dulbecco’s mod-
ified Eagle’s medium or minimal essential medium (HFF) supplemented with
FCS and antibiotics.

Preparation of platelets, PBMCs, and DCs. For preparation of platelets, blood
samples were collected in vials containing EDTA and centrifuged at 200 � g at
room temperature. The upper platelet-rich plasma was collected and centrifuged
at 1,200 � g for 20 min at room temperature. The pellet was then washed in
phosphate-buffered saline and the platelet count determined. Alternatively,
platelets were obtained from platelet concentrates prepared for administration
to human patients. Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood by use of Ficoll gradient centrifugation, resuspended in RPMI
medium supplemented with 10% FCS and antibiotics, and either stimulated with
phytohemagglutinin at 5 �g/ml and interleukin-2 (IL-2) at 100 U/ml for 3 days or

maintained in medium for 3 days. DCs were derived from monocytes by treat-
ment with 800 U/ml granulocyte-macrophage colony-stimulating factor (Wyeth)
and 250 U/ml IL-4 (Strathmann), as previously described (46). DCs were ma-
tured by a 48-h incubation in medium supplemented with 200 U/ml IL-1�
(Strathmann), 1 �g/ml prostaglandin E2 (Sigma), 10 ng/ml tumor necrosis factor
alpha (Strathmann), 40 U/ml granulocyte-macrophage colony-stimulating factor,
and 250 U/ml IL-4. The identity of the cells was confirmed by fluorescence-
activated cell sorter analyses of the surface markers CD83, CD86, and major
histocompatibility complex class II.

Viruses. Plasmid HIV-1 NL4-3 Luc encodes a replication-competent variant of
the laboratory-adapted CXCR4-tropic molecular HIV-1 clone NL4-3, in which
the nef gene has been replaced by luciferase (42). Plasmid pNL4-3-Luc-R�E�

(13) is an NL4-3 Luc-related construct in which the env and vpr genes were
inactivated. NL4-3 Luc and NL4-3-Luc-R�E� virus stocks were generated by
CaPO4 transfection of 293T cells as described previously (50). Alternatively,
NL4-3 Luc was amplified in CEMx174 R5 cells or PBMCs. The primary HIV-1
isolates 92/BR/020, 93/BR/020, and 92/HT/596 (obtained via the AIDS Research
and Reference Reagent Program) were amplified in CEMx174 R5 cells. All virus
stocks were sterile filtered by employing filters of 0.4 �m pore size, aliquoted,
and stored at �80°C.

HIV-1 binding and transmission. Platelets, B-THP cell lines, or transiently
transfected 293T cells were resuspended in medium supplemented with 10%
FCS. Cells (1 � 105 for platelets or 3 � 104 for B-THP or 293T cells) were
incubated with 5 ng or 10 ng of replication-competent HIV-1 NL4-3 Luc reporter
virus or primary HIV-1 isolates for 3 h at 37°C, and unbound virus was subse-
quently removed by washing. In order to determine transmission, the cells were
then cocultivated with CEMx174 R5 target cells, which express luciferase under
control of the viral promoter, and luciferase activities in cell lysates were deter-
mined 3 days after cocultivation by employing a commercially available kit
(Promega). Alternatively, the cells were lysed in 1% Triton X-100, and HIV-1
binding was assessed by quantification of the p24 content in the cellular lysates
with a p24 antigen capture enzyme-linked immunosorbent assay (Murex). For
inhibition of HIV-1 transmission, platelets were preincubated for 1 h at 37°C
with goat serum specific for the CLEC-2 ectodomain (R&D Systems) and/or
monoclonal antibody (MAb) 526 (DC-SIGN/R specific) (R&D Systems) or con-
trol MAbs or sera at a final concentration of 10 �g/ml. Alternatively, platelets
were preincubated with different dilutions of the mannose polymer mannan
(Sigma) or control carbohydrates.

Flow cytometric analysis for CLEC-2 and DC-SIGN expression. Cell surface
expression of CLEC-2 and DC-SIGN on platelets was detected using anti-
CLEC-2 MAb 13B10 or 13H11 and anti-DC-SIGN MAb 507 (DC-SIGN spe-
cific) in combination with Alexa Fluor 647-labeled secondary antibody (Invitro-
gen). Expression of CLEC-2 on cell lines and primary cells was determined
identically; however, a phycoerythrin-coupled secondary antibody was employed
for detection (Vector). Isotype-matched MAbs were included as negative con-
trols. Staining was analyzed by flow cytometry employing a FACScan cytometer
(Becton Dickinson).

Immunostaining. CLEC-2 transfected and untransfected B-THP cell pellets
were fixed in formalin, paraffin wax embedded, and immunostained as described
for tissues. Anonymized sections of liver and bone marrow were obtained from
the Department of Histopathology, John Radcliffe Hospital, Oxford, United
Kingdom, with local Research Ethics Committee approval and were immuno-
stained as described previously (44) with mouse MAb DC28, mouse MAb anti-
CD61 (clone Y2/51; Dako), or goat polyclonal anti-CLEC-2 (R&D Systems) and
detected using standard staining kits from Dako and Vector Laboratories.
Images were taken at room temperature with an Olympus BX40 microscope
equipped with a 40�/0.75 0.17 lens and a Nikon Coolpix 950 digital camera.
Images were analyzed with Adobe Photoshop version 7 software.

RESULTS

Platelets and megakaryocytes express CLEC-2. Attachment
factors other than DC-SIGN can contribute to HIV-1 interac-
tions with DCs and possibly other cell types (40, 55). In order
to identify novel HIV-1 attachment factors, we tested several
lectins for their ability to transmit HIV-1 to susceptible cells.
Analysis of HIV-1 transmission by 293T cells transiently ex-
pressing lectins revealed that cells expressing CLEC-2 transmit
HIV-1 to cocultivated T cells, albeit with lower efficiency than
DC-SIGN or the related protein DC-SIGNR/L-SIGN (Fig. 1),
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indicating that CLEC-2, similarly to DC-SIGN, might function
as an HIV-1 attachment factor. Expression of CLEC-2 mRNA
in bone marrow, DCs, and liver has been documented previ-
ously (12), and in a recent study we found CLEC-2 protein on
platelets (54). However, CLEC-2 protein expression has not
been analyzed systematically. In order to assess whether
CLEC-2 is expressed on cell types involved in HIV-1 infection,
we immunized mice with purified CLEC-2 ectodomain and
generated two MAbs as described previously (4). Staining with
both MAbs detected CLEC-2 on the surface of stably trans-
fected B-THP cells (a Raji-derived B-cell line [61]) (Fig. 2A)
and 293T-REx cells, the latter expressing CLEC-2 in a doxy-
cycline-inducible fashion (data not shown). In contrast, no
staining was observed with B-THP cells expressing DC-SIGN
or DC-SIGNR (data not shown), indicating that these MAbs
are adequate tools to study CLEC-2 expression. Flow cytomet-
ric analyses of a panel of cell lines and primary cells, including
immature and mature DCs, yielded no evidence for apprecia-
ble endogenous CLEC-2 expression (Table 1). However,
CLEC-2 was readily detectable on the surface of platelets (Fig.
2B) and megakaryocytic cell lines (Fig. 2C). The identity and
purity of the platelet preparations analyzed were confirmed by
staining for CD61 (Fig. 2B), a marker for platelets and
megakaryocytes. CLEC-2 expression was further investigated
by staining of tissue sections with a goat serum raised against
the CLEC-2 ectodomain. The specificity of the serum was
confirmed by staining of B-THP CLEC-2 cells (Fig. 2D and E).
In agreement with the expression of CLEC-2 on megakaryo-
cytic cell lines and the previously reported CLEC-2 mRNA
expression in bone marrow and liver (12), megakaryocytes
(Fig. 2F and G) and liver sinusoidal endothelial cells (LSECs)
(Fig. 2H and I) were positive for CLEC-2. Thus, megakaryo-
cytes and LSECs, which are both permissive to HIV-1 infection
(11, 53, 59), express CLEC-2, and HIV-1 might employ this
lectin to promote its attachment to these cell types. Moreover,
CLEC-2 is present on the surface of platelets and might con-

tribute to the previously documented HIV-1 uptake by these
cells (63).

CLEC-2 binds and transmits HIV-1. We next analyzed the
CLEC-2 interaction with HIV-1 by employing stably trans-
fected B-THP cell lines, since B-THP cells mediate robust
DC-SIGN-dependent HIV transmission (61). Indeed, DC-
SIGN-expressing B-THP cells bound HIV-1 efficiently, recov-
ering about 22% of the input virus (Fig. 3A). CLEC-2-express-
ing cells also captured HIV-1, albeit less efficiently than
DC-SIGN B-THP cells (about 6% of input virus recovered).
Importantly, HIV-1 capture by CLEC-2 B-THP cells was spe-
cific, since antiserum against CLEC-2 strongly diminished
HIV-1 binding to CLEC-2 B-THP cells but had no appreciable
impact on virus capture by DC-SIGN B-THP cells (Fig. 3A).
Capture of HIV-1 by attachment factor-expressing cells does
not necessarily result in efficient transmission of virus to sus-
ceptible cells (4, 43). Therefore, we investigated whether
HIV-1 bound by CLEC-2 can be transferred to permissive
cells. DC-SIGN-expressing B-THP cells transmitted HIV-1
over 400 times more efficiently than control cells, and trans-
mission was not blocked by CLEC-2-specific antiserum (Fig.
3B). In contrast, the B-THP cell line expressing CLEC-2 trans-
ferred HIV-1 to target cells about fivefold more efficiently than
control cells and transmission could be blocked by CLEC-2-
specific antiserum. Since previous reports suggest that residual
permissiveness of B-THP DC-SIGN cells to HIV-1 infection
might confound results obtained in transmission experiments
(37), we repeated the experiment with CLEC-2-expressing
293T-REx cell lines. These cells transmitted HIV-1 in a CLEC-
2-dependent manner and with an efficiency similar to that of
CLEC-2 B-THP cells but were nonpermissive to infection
(data not shown), confirming that CLEC-2 can function as an
attachment factor that promotes capture of infectious HIV-1.

CLEC-2 binds HIV-1 irrespective of the presence of the viral
Env protein. DC-SIGN binds to the HIV-1 Env protein in a
carbohydrate-dependent fashion and facilitates transmission of
bound virions to target cells (2, 58). We examined whether
CLEC-2-dependent HIV-1 capture also requires the presence
of the viral Env protein. To this end, lectin-expressing B-THP
cell lines were incubated with p24-normalized HIV-1 with or
without Env protein (Fig. 4). DC-SIGN-positive cells captured
Env-containing HIV-1 with high efficiency, while binding of
Env-deficient HIV-1 was close to background. In contrast,
CLEC-2-expressing cells bound both Env-positive and Env-
negative viruses with about fivefold-higher efficiency than con-
trol cells (Fig. 4), suggesting that CLEC-2 might interact with
a cellular factor incorporated into the HIV-1 envelope and not
with the viral Env protein. Indeed, DC-SIGN- but not CLEC-
2-expressing B-THP cells bound to soluble HIV-1 Env, further
underlining that CLEC-2 might not interact directly with
HIV-1 Env (data not shown). However, CLEC-2 did not in-
crease infection of 293T cells by HIV-1 reporter viruses bear-
ing heterologous viral glycoproteins (data not shown), suggest-
ing that CLEC-2 might not generally augment infectivity of
HIV-1-derived viruses but might specifically promote HIV-1
transmission to target cells. The molecular mechanisms gov-
erning this process await further investigation.

DC-SIGN and CLEC-2 mediate HIV-1 binding and transfer
by platelets. Platelets can internalize HIV-1 (63, 64), and Poly-
brene-mediated attachment of HIV-1 to platelets increases

FIG. 1. CLEC-2 facilitates HIV-1 transmission by 293T cells. The
indicated lectins and a control vector were transiently expressed in
293T cells, and the cells were incubated with NL4-3 Luc, washed, and
cocultivated with CEMx174 R5 target cells. Luciferase activities in cell
lysates were determined 3 days after cocultivation. A representative
experiment performed in triplicate is shown, and error bars indicate
standard deviations. Similar results were obtained in two independent
experiments. c.p.s., counts per second.
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viral infectivity (48), suggesting that HIV-1 association with
platelets might modulate viral spread in peripheral blood cells.
We therefore investigated whether platelets can retain infec-
tious HIV-1 and whether CLEC-2 contributes to the HIV-1
interaction with platelets. When platelets were incubated with
HIV-1 and unbound virus was removed, the virus-pulsed cells
bound and transmitted HIV-1 to cocultivated susceptible cells
with high efficiency and in a partly CLEC-2-dependent manner
(Fig. 5A). Importantly, comparable CLEC-2-dependent HIV-1
transmission was observed with virus generated in 293T cells
(Fig. 5A), CEMx174 R5 cells (a B/T-cell hybrid) (Fig. 5B, left
panel), or PBMCs (Fig. 5B, right panel), the last constituting
primary HIV-1 target cells, suggesting that CLEC-2 can facil-

FIG. 2. Platelets and megakaryocytes express CLEC-2. (A) B-THP
CLEC-2 cells were stained with anti-CLEC-2 antibodies (white) or
isotype-matched control antibodies (black) and analyzed by flow cy-

.

tometry. Similar results were obtained in three independent experi-
ments. (B) Flow cytometric analyses of CLEC-2 (white, left panel) and
CD61 (white, right panel) expression on platelets. Staining with iso-
type-matched control antibodies is shown in black. The results were
confirmed in five independent experiments with platelet preparations
from different donors. Identical results were obtained upon staining
with antibody 13H11. (C) The megakaryocytic cell lines DAMI and
HEL were stained with anti-CLEC-2 (white) or isotype-matched con-
trol antibody (black) and analyzed by flow cytometry. Similar results
were obtained in two independent experiments. FL2-H, fluorescence
in channel 2-height. (D to I) Sections of human tissue or B-THP
CLEC-2 cells were formalin fixed, paraffin embedded, and immuno-
stained (brown) for CLEC-2 or CD61 or immunostained with omission
of the primary antibody as a control. B-THP CLEC-2 cells were con-
trol stained (D) or stained with CLEC-2-specific antiserum (E). Bone
marrow was stained for CD61 (F) or CLEC-2 (G). Liver sections were
control stained (H) or stained for CLEC-2 (I).

TABLE 1. CLEC-2 expression in a panel
of cell lines and primary cells

Cell line
or type

CLEC-2
expressiona

Cell lines
Huh-7..............................................................................................�
Hep-2 ..............................................................................................�
Vero ................................................................................................�
COS-7 .............................................................................................�
293T ................................................................................................�
293T-REx .......................................................................................�
293T-REx CLEC-2........................................................................�
Jurkat ..............................................................................................�
CEMx174 R5 .................................................................................�
B-THP.............................................................................................�
B-THP CLEC-2.............................................................................�
HOS ................................................................................................�
HeLa ...............................................................................................�
HFF.................................................................................................�
MCR5 .............................................................................................�
U373................................................................................................�
DAMI .............................................................................................�
HEL ................................................................................................�

Primary cells
Immature DCs...............................................................................�
Mature DCs ...................................................................................�
Unstimulated PBMCs...................................................................�
Stimulated PBMCs........................................................................�
Platelets ..........................................................................................�

a �, positive; �, negative.
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itate platelet interactions with HIV-1 generated in T cells of
infected patients. The capture of the laboratory-adapted,
CXCR4-tropic HIV-1 strain NL4-3 by platelets was about 50%
dependent on CLEC-2 (Fig. 5A and B). However, primary
HIV-1 isolates differed in their levels of dependence on
CLEC-2 for attachment to platelets. Indeed, 20 to 30% of the
binding of isolates 92/BR/020 (subtype B) and 93/BR/020 (sub-
type F) (both viruses are CCR5-tropic) was mediated by
CLEC-2, while capture of 92/HT/596 (R5X4-tropic) seemed to

be independent of CLEC-2 (Fig. 5C). Thus, CLEC-2 on plate-
lets interacts with HIV-1 in an isolate-dependent manner, pos-
sibly due to differential incorporation of cellular factors into
the viral envelope, and promotes capture of infectious HIV-1
by these cells.

Since only a portion of the HIV-1 capture activity by plate-
lets seemed to be CLEC-2 dependent, we asked whether other
lectins contribute to the HIV-1 interaction with platelets. Pre-
incubation with the mannose polymer mannan substantially
reduced HIV-1 capture by platelets, while glucose or fucose
had no effect (Fig. 6A), suggesting that the HIV-1 interaction
with these cells is to a large degree mediated by mannose-
specific lectins. Therefore, we investigated whether the man-
nose-specific lectin DC-SIGN is expressed on platelets and
promotes HIV-1 interaction with these cells. Immunostaining
of tissue sections revealed that megakaryocytes (Fig. 7A and
B) and some platelets (Fig. 7C and D) express DC-SIGN, and
low levels of DC-SIGN were also detected on the surface of
platelet preparations by flow cytometry (Fig. 7E). When reten-
tion of HIV-1 NL4-3 by platelets and subsequent transfer to
the permissive cell line CEMx174 R5 were analyzed, antibod-
ies directed against DC-SIGN diminished HIV-1 capture by
platelets by about 80%, and addition of antiserum directed
against CLEC-2 further reduced HIV-1 capture close to back-
ground levels (Fig. 6B), indicating that DC-SIGN and, to a
lesser degree, CLEC-2 can be sufficient to mediate the HIV-1
interaction with platelets.

Finally, we asked whether the association of HIV-1 with
platelets augments and/or conserves viral infectivity. Platelets
failed to augment HIV-1 infection of cocultured target cells
when virus, platelets, and target cells were mixed simulta-

FIG. 3. CLEC-2 binds HIV-1, and bound virus is infectious for adjacent target cells. (A) B-THP cell lines were incubated with the indicated
inhibitors and pulsed with p24-normalized HIV-1 NL4-3 Luc. Unbound virus was removed, cells were lysed, and the amount of p24 antigen in
lysates was determined. The amount of virus recovered is expressed as a percentage of the input virus. A representative experiment is shown.
Similar results were obtained in three independent experiments. (B) The experiment was conducted as described for panel A. However, after
removal of unbound virus, platelets were cocultivated with CEMx174 R5 target cells (�) and luciferase activities in cell lysates determined 3 days
after cocultivation. A representative experiment is shown. Results were confirmed in three independent experiments. Error bars represent standard
deviations. P values were determined using a two-sided dependent-sample t test. IgG, immunoglobulin G; c.p.s., counts per second.

FIG. 4. Specificity of the HIV-1 interaction with CLEC-2. The in-
dicated B-THP cell lines were incubated with p24-normalized HIV-1
NL4-3 Luc harboring Env (white bars) or Env-deficient, bald NL4-3-
Luc-R�E� (black bars), washed, and lysed and the p24 content in
lysates quantified. The efficiency of p24 binding is shown relative to
capture of Env bearing NL4-3 Luc by B-THP DC-SIGN cells, which
was set as 100%. The results represent the averages of three indepen-
dent experiments performed with different virus stocks, and error bars
indicate standard errors of the means.
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neously (Fig. 8, 0 h). However, when virus was first incubated
with platelets over 24 or 48 h and CEMx174 R5 target cells
were added thereafter, moderate conservation of infectivity
was observed (Fig. 8). A combination of antibodies against
DC-SIGN and CLEC-2 substantially diminished preservation
of infectivity, suggesting that HIV-1 attachment to these fac-
tors is important for HIV-1 stabilization by platelets. Thus,

FIG. 5. CLEC-2 contributes to HIV-1 capture by platelets.
(A) Platelets were incubated with phosphate-buffered saline (PBS),
control serum, or anti-CLEC-2 serum and pulsed with HIV-1 NL4-3
Luc generated in 293T cells. After unbound virus was removed,
CEMx174 R5 target cells were added and luciferase activities in cul-
ture lysates determined 3 days after cocultivation. The averages of
seven independent experiments are shown. Error bars indicate stan-
dard errors of the means. (B) The transmission experiment was per-
formed as described for panel A, but NL4-3 Luc generated in
CEMx174 R5 cells (left panel) or PBMCs (right panel) was employed.
The results of representative experiments performed in triplicate are
presented, and error bars indicate standard deviations. Similar results
were obtained in an independent experiment. (C) HIV-1 capture was
assessed as described for panel A, using the indicated primary HIV-1
isolates generated in CEMx174 R5 cells. A representative experiment
is shown. The results were confirmed in an independent experiment

with a different platelet preparation. Error bars indicate standard de-
viations. P values were determined using a two-sided (A) independent-
or (B and C) dependent-sample t test. IgG, immunoglobulin G; c.p.s.,
counts per second.

FIG. 6. A substantial fraction of the HIV-1 capture activity of
platelets is dependent on DC-SIGN. (A) The capture assay was carried
out as described in the legend for Fig. 5. However, platelets were
incubated with rising concentrations of mannan, glucose, or fucose
before virus was added. The following carbohydrate concentrations
were employed: 0 �g/ml (black bars), 5 �g/ml (dark-gray bars), 10
�g/ml (light-gray bars), and 20 �g/ml (white bars). Similar results were
obtained in an independent experiment. (B) HIV-1 capture by plate-
lets was assessed as described for panel A. However, cells were incu-
bated with the indicated inhibitors (MAb 526 blocks ligand binding to
DC-SIGN) before addition of virus. Similar results were obtained in
three independent experiments. Error bars indicate standard devia-
tions. PBS, phosphate-buffered saline; IgG, immunoglobulin G; c.p.s.,
counts per second.
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platelets can capture HIV-1 via DC-SIGN and CLEC-2 and
maintain bound virus in an infectious state, a function that
might augment HIV-1 dissemination via the bloodstream.

DISCUSSION

Evidence that platelets retain an appreciable fraction of
blood-borne HIV-1 has been reported previously (29). The
association of HIV-1 with platelets might facilitate viral spread
via the bloodstream and might contribute to the development
of thrombocytopenia, which frequently afflicts HIV-1/AIDS
patients (49). Despite its potentially important impact on
HIV-1 pathogenesis, the interaction of HIV-1 with platelets
has been characterized incompletely on the molecular level.
We show that platelets can employ the lectins CLEC-2 and
DC-SIGN to capture HIV-1 and that bound virus remains
infectious for at least 2 to 3 days (Fig. 8 and data not shown),
a sufficient time frame to allow efficient platelet-mediated
HIV-1 dissemination via the bloodstream.

DC-SIGN is a C-type (calcium-dependent) lectin that rec-
ognizes adequately spaced mannose and fucose groups dis-

played by endogenous and exogenous ligands, like the heavily
glycosylated HIV-1 Env protein (21, 58). DC-SIGN is ex-
pressed mainly by DCs in the anogenital mucosa and in lym-
phoid tissue (16, 18, 24), albeit recent reports propose that
DC-SIGN-positive cells in lymphoid tissue exhibit characteris-
tics of macrophages (19, 27). Moreover, DC-SIGN is found on
certain types of tissue macrophages (51, 52). Our results, con-
firmed by a recent study (6), indicate that megakaryocytes and
platelets also express DC-SIGN (Fig. 7) and that DC-SIGN is
important for binding of platelets to HIV-1 (Fig. 6 and 8).
Whether platelets capture other pathogens known to bind to
DC-SIGN remains to be determined. Since it has been sug-
gested that hepatitis C virus, which is recognized by DC-SIGN
(15, 32, 45), attaches to platelets (47), the molecular analysis of
this interaction seems to be of particular interest.

Six cysteine residues in the ligand binding domain of
CLEC-2 are conserved among known C-type lectin-like mole-
cules (12). However, CLEC-2 lacks the amino acid motif
known to mediate calcium complexation and carbohydrate
binding by C-type lectins (12). Therefore, the structures rec-
ognized by CLEC-2 on the cellular surface and on HIV-1
particles await clarification. Our observation that CLEC-2
binds HIV-1 irrespective of the presence of the viral Env pro-
tein suggests that CLEC-2 mediates HIV-1 attachment to
platelets by recognizing a cellular factor incorporated into the
HIV-1 envelope upon viral budding from infected cells. This is
not without precedence, since several cellular molecules are
known to be incorporated into the viral envelope and to mod-
ulate HIV-1 infection by interacting with their cognate ligands
on the surface of HIV-1-exposed cells (10, 57). In this regard,
it is important to note that comparable CLEC-2-dependent
HIV-1 transmission was observed with virus produced in the
kidney-derived cell line 293T, the T/B-cell hybrid CEMx174, or
primary T cells (Fig. 5A and B), indicating that the putative

FIG. 7. Megakaryocytes (arrows in panels A and B) and platelets
(C and D) express DC-SIGN. (A to D) Sections of human bone
marrow were immunostained (using the methodology described in the
legend for Fig. 2) with anti-DC-SIGN (B and D) or anti-CD61 (A and
C). DC-SIGN stains megakaryocytes (B, arrows) and a subpopulation
of platelets (D, arrows). (E) Platelets were stained with the indicated
anti-DC-SIGN MAb, and staining was analyzed by flow cytometry.
Similar results were obtained in three independent experiments with
different platelet preparations. IgG, immunoglobulin G; FL4-H, fluo-
rescence in channel 4-height.

FIG. 8. Platelets conserve HIV-1 infectivity in a DC-SIGN- and
CLEC-2-dependent manner. HIV-1 NL4-3 Luc was incubated with
platelets, cell-free medium (no platelets), or platelets (plat.) preincu-
bated with the indicated inhibitors (MAb 526 blocks ligand binding to
DC-SIGN). Subsequently, CEMx174 R5 target cells were added at the
indicated time points and luciferase activities in cell lysates determined
3 days after cocultivation. The results are representative of three in-
dependent experiments. Error bars indicate standard deviations. IgG,
immunoglobulin G; c.p.s., counts per second.
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CLEC-2 ligand might be broadly expressed and that CLEC-2
on platelets can most likely capture HIV-1 generated in T cells
of the peripheral blood of infected patients. Nevertheless, pri-
mary HIV-1 isolates exhibited differential CLEC-2 depen-
dence for binding to platelets, suggesting that incorporation of
the putative CLEC-2 ligand into the viral envelope might de-
pend on the viral background. Indeed, it has been shown pre-
viously that HIV-1 strains grown in the same cell type incor-
porate host cell-derived HLA-DR with profoundly different
efficiencies (9). Thus, examination of CLEC-2 binding of a
broad variety of primary HIV-1 isolates and laboratory-
adapted viruses will be required to further address this ques-
tion. Apart from efficient CLEC-2 expression on the surface of
platelets and megakaryocytes, CLEC-2 protein was also de-
tected in LSECs (Fig. 2H and I). This cell type, which shares
certain features with DCs, can efficiently take up soluble anti-
gens from the bloodstream and can cross-present antigen to
CD8 T cells, thereby inducing tolerance (30). It is conceivable
that CLEC-2 contributes to antigen uptake by LSECs. Addi-
tionally, CLEC-2 might promote HIV-1 infection of LSECs,
which are permissive to HIV-1 (53).

It has been hypothesized that upon mucosal transmission
HIV-1 could be taken up by DCs in a DC-SIGN-dependent
manner (17) and/or could infect DCs (56). DCs containing
infectious HIV-1 could subsequently migrate into lymphoid
tissue and transmit virus to adjacent T cells (17). However,
analysis of the DC-SIGN promoter revealed that certain poly-
morphisms modulate the risk for parenterally acquired HIV-1
infection, while an association between polymorphisms and
risk for mucosal HIV-1 infection was not observed (33). There-
fore, DC-SIGN seems to impact HIV-1 spread mainly once the
virus has reached the bloodstream, while passage of HIV-1
through the genital mucosa might be DC-SIGN independent.
Such a model would be in agreement with efficient DC-SIGN-
dependent HIV-1 capture and subsequent dissemination of the
virus by platelets, which are abundant in peripheral blood.
HIV-1 capture by platelets in the blood of infected individuals
could in part also be due to CLEC-2, and it remains to be
determined whether the CLEC-2 gene is polymorphic and
whether polymorphisms alter the risk of HIV-1 infection.

Platelets are anucleate cell fragments produced by mega-
karyocytes and play a pivotal role in thrombosis and hemo-
stasis (41). Reduced platelet counts are commonly found in
the peripheral blood of HIV-1-infected individuals, and it is
believed that several factors contribute to thrombocytopenia in
HIV-1 infection (49). Thus, HIV-1 patients can generate an-
tibodies that trigger platelet lysis (36), and association of im-
mune complexes with platelets can also promote platelet de-
struction (5). Moreover, megakaryocytes express CD4 and the
HIV-1 coreceptors CXCR4 and CCR5 and are susceptible to
HIV-1 infection (49), which might reduce platelet production.
Attachment factor engagement might facilitate HIV-1 infec-
tion of megakaryocytes. However, our analysis of bone marrow
sections revealed intracellular but no unequivocal surface ex-
pression of DC-SIGN on megakaryocytes, and it remains to be
determined if DC-SIGN contributes to HIV-1 infection of
these cells. In contrast, CLEC-2 was detected on the surface of
megakaryocytes in bone marrow (Fig. 2G) as well as on
megakaryocytic cell lines and contributed to HIV-1 capture by
the latter cells (data not shown). Therefore, CLEC-2 might

modulate infection of megakaryocytes in HIV-1 patients and
might thereby contribute to thrombocytopenia.

HIV-1 capture by DCs involves internalization of virions
into intracellular vesicles and subsequent trafficking of HIV-1
to contact areas between DCs and T cells, so-called infectious
synapses (25, 34). Infectious synapses are characterized by
accumulation of virions on the DC side and concentration of
CD4 and chemokine coreceptor on the T-cell side and thus
provide a suitable microenvironment for efficient HIV-1 trans-
fer (26). Platelets can also take up HIV-1, and intact virus is
found in endocytic vesicles located relatively close to the cel-
lular membrane (6, 63). It is thus conceivable that HIV-1-
pulsed platelets, similarly to DCs, release virus upon contact
with certain cell types and thereby allow HIV-1 transmission to
susceptible cells. While DC-SIGN can endocytose antigens and
promote HIV-1 uptake by platelets (6), endocytic HIV-1 up-
take by CLEC-2 seems less likely. In fact, CLEC-2 is a novel
type of signaling receptor which induces platelet activation in
response to the snake toxin rhodocytin via a signaling pathway
that involves Src kinases and leads to activation of Syk and
phospholipase C �2 (54). Whether CLEC-2 signaling plays a
role in the interaction with HIV-1 is currently unclear. How-
ever, our preliminary results indicate that deletion of cytoplas-
mic amino acid residues critical for CLEC-2 signaling does not
interfere with HIV-1 transfer by cell lines (data not shown),
suggesting that signaling might be dispensable for CLEC-2-
dependent HIV-1 transmission.

In summary, CLEC-2 is a novel HIV-1 attachment factor
which promotes virus capture by cell lines and platelets. The
binding of HIV-1 to platelets is mediated by both CLEC-2 and
DC-SIGN, and platelet-associated virus is infectious for a pro-
longed time, suggesting that platelets might promote HIV-1
spread in infected individuals.
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24. Jameson, B., F. Baribaud, S. Pöhlmann, D. Ghavimi, F. Mortari, R. W.
Doms, and A. Iwasaki. 2002. Expression of DC-SIGN by dendritic cells of
intestinal and genital mucosae in humans and rhesus macaques. J. Virol.
76:1866–1875.

25. Jolly, C., K. Kashefi, M. Hollinshead, and Q. J. Sattentau. 2004. HIV-1 cell
to cell transfer across an Env-induced, actin-dependent synapse. J. Exp.
Med. 199:283–293.

26. Jolly, C., and Q. J. Sattentau. 2004. Retroviral spread by induction of
virological synapses. Traffic 5:643–650.

27. Krutzik, S. R., B. Tan, H. Li, M. T. Ochoa, P. T. Liu, S. E. Sharfstein, T. G.
Graeber, P. A. Sieling, Y. J. Liu, T. H. Rea, B. R. Bloom, and R. L. Modlin.
2005. TLR activation triggers the rapid differentiation of monocytes into
macrophages and dendritic cells. Nat. Med. 11:653–660.

28. Kwon, D. S., G. Gregorio, N. Bitton, W. A. Hendrickson, and D. R. Littman.
2002. DC-SIGN-mediated internalization of HIV is required for trans-en-
hancement of T cell infection. Immunity 16:135–144.

29. Lee, T. H., R. R. Stromberg, J. W. Heitman, L. Sawyer, C. V. Hanson, and
M. P. Busch. 1998. Distribution of HIV type 1 (HIV-1) in blood components:
detection and significance of high levels of HIV-1 associated with platelets.
Transfusion 38:580–588.

30. Limmer, A., J. Ohl, C. Kurts, H. G. Ljunggren, Y. Reiss, M. Groettrup, F.
Momburg, B. Arnold, and P. A. Knolle. 2000. Efficient presentation of
exogenous antigen by liver endothelial cells to CD8� T cells results in
antigen-specific T-cell tolerance. Nat. Med. 6:1348–1354.

31. Liu, H., Y. Hwangbo, S. Holte, J. Lee, C. Wang, N. Kaupp, H. Zhu, C. Celum,
L. Corey, M. J. McElrath, and T. Zhu. 2004. Analysis of genetic polymor-
phisms in CCR5, CCR2, stromal cell-derived factor-1, RANTES, and den-
dritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin in
seronegative individuals repeatedly exposed to HIV-1. J. Infect. Dis. 190:
1055–1058.

32. Lozach, P.-Y., H. Lortat-Jacob, A. de Lacroix de Lavalette, I. Staropoli, S.
Foung, A. Amara, C. Houlès, F. Fieschi, O. Schwartz, J.-L. Virelizier, F.
Arenzana-Seisdedos, and R. Altmeyer. 2003. DC-SIGN and L-SIGN are high
affinity binding receptors for hepatitis C virus glycoprotein E2. J. Biol. Chem.
278:20358–20366.

33. Martin, M. P., M. M. Lederman, H. B. Hutcheson, J. J. Goedert, G. W.
Nelson, Y. van Kooyk, R. Detels, S. Buchbinder, K. Hoots, D. Vlahov, S. J.
O’Brien, and M. Carrington. 2004. Association of DC-SIGN promoter poly-
morphism with increased risk for parenteral, but not mucosal, acquisition of
human immunodeficiency virus type 1 infection. J. Virol. 78:14053–14056.

34. McDonald, D., L. Wu, S. M. Bohks, V. N. KewalRamani, D. Unutmaz, and
T. J. Hope. 2003. Recruitment of HIV and its receptors to dendritic cell-T
cell junctions. Science 300:1295–1297.

35. Miguez-Burbano, M. J., J. Jackson, Jr., and S. Hadrigan. 2005. Thrombocyto-
penia in HIV disease: clinical relevance, physiopathology and management.
Curr. Med. Chem. Cardiovasc. Hematol. Agents 3:365–376.

36. Nardi, M., S. Tomlinson, M. A. Greco, and S. Karpatkin. 2001. Comple-
ment-independent, peroxide-induced antibody lysis of platelets in HIV-1-
related immune thrombocytopenia. Cell 106:551–561.

37. Nobile, C., C. Petit, A. Moris, K. Skrabal, J. P. Abastado, F. Mammano, and
O. Schwartz. 2005. Covert human immunodeficiency virus replication in
dendritic cells and in DC-SIGN-expressing cells promotes long-term trans-
mission to lymphocytes. J. Virol. 79:5386–5399.

38. O’Doherty, U., W. J. Swiggard, and M. H. Malim. 2000. Human immuno-
deficiency virus type 1 spinoculation enhances infection through virus bind-
ing. J. Virol. 74:10074–10080.

39. Olinger, G. G., M. Saifuddin, M. L. Hart, and G. T. Spear. 2002. Cellular
factors influence the binding of HIV type 1 to cells. AIDS Res. Hum.
Retrovir. 18:259–267.

40. Olinger, G. G., M. Saifuddin, and G. T. Spear. 2000. CD4-negative cells bind
human immunodeficiency virus type 1 and efficiently transfer virus to T cells.
J. Virol. 74:8550–8557.

41. Packham, M. A. 1994. Role of platelets in thrombosis and hemostasis. Can.
J. Physiol. Pharmacol. 72:278–284.
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