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Dendritic cells (DCs) play a critical role in cell-to-cell-mediated transmission of human immunodeficiency
virus type 1 (HIV-1). Interactions between intercellular adhesion molecules (ICAMs) and their ligands
facilitate DC–T-cell contact. The interaction between ICAM-1 on DCs and leukocyte function-associated
molecule 1 (LFA-1) on CD4� T cells has been proposed to be important for DC-mediated HIV-1 transmission.
Given that DCs and T cells express multiple ICAMs and binding ligands, the relative importance of ICAMs in
DC-mediated HIV-1 transmission remains to be defined. Here, we examine the role of ICAM-1, -2, and -3 in
DC-mediated HIV-1 transmission to various types of target cells including primary CD4� T cells. The
expression levels of ICAMs and their ligands on immature and mature DCs and various types of HIV-1 target
cells were measured by flow cytometry. Blocking ICAM-1 in DCs with specific monoclonal antibodies and small
interfering RNA impaired DC-mediated HIV-1 transmission. DC-mediated viral transmission was significantly
inhibited when both ICAM-1 on DCs and LFA-1 on CD4� T cells were blocked. However, blockade of ICAM-1
on target cells did not significantly inhibit DC-mediated HIV-1 transmission. Ectopic expression and antibody
blocking suggest that DC-mediated HIV-1 transmission to primary CD4� T cells is independent of ICAM-2 and
ICAM-3. Taken together, our data clarified the role of ICAMs in DC-mediated HIV-1 transmission to CD4�

T cells.

Dendritic cells (DCs) are among the first target cells that
encounter human immunodeficiency virus type 1 (HIV-1) at
the mucosa and contribute to the initial stages of HIV-1 infec-
tion and dissemination (30, 46). Immature DCs (iDCs) capture
HIV-1 in submucosal tissues and migrate to lymphoid tissues,
where iDCs become mature DCs (mDCs) to efficiently present
antigens to T cells (45, 46). The efficiency of HIV-1 transmis-
sion is increased by DC maturation (3, 7, 12, 13, 19, 23, 28, 32,
39, 42, 44, 50), suggesting that mDCs promote HIV-1 spread to
CD4� T cells in lymphoid tissues. DCs efficiently transfer
HIV-1 to CD4� T cells through virological synapses, which
facilitate viral transmission by concentrating HIV-1 and viral
receptors at the contact zone between DCs and CD4� T cells
(28). Compared with iDCs, mDCs more efficiently facilitate
the formation of virological synapses, which contribute to
mDC-enhanced HIV-1 transmission to CD4� T cells (14, 15,
23, 39, 42, 43, 50).

Interactions between intercellular adhesion molecules
(ICAMs) and their ligands likely facilitate DC–T-cell contact
and HIV-1 transmission. DC maturation upregulates ICAM-1
expression, which is correlated with mDC-enhanced HIV-1
transmission to CD4� T cells (32). Blocking ICAM-1 on DCs
impairs HIV-1 transmission (32). Given that the interaction
between ICAM-1 and leukocyte function-associated molecule
1 (LFA-1) is important for DC–T-cell adhesion (9), it has been

proposed that the interaction between ICAM-1 on DCs and
LFA-1 on CD4� T cells is important for HIV-1 trans infection
(32). Notably, LFA-1 can also interact with ICAM-2 and -3 (5,
35). ICAM-1 binds to Mac-1 (CD11b) and CD11c in addition
to LFA-1 (6, 9). DCs and T cells express multiple ICAMs and
ligands, which can mediate multifactorial interactions between
DCs and T cells (9). Thus, the relative importance of ICAMs
in DC-mediated HIV-1 transmission remains to be examined.

ICAM-3 present on T cells binds with high affinity to DC-
SIGN (DC-specific ICAM-3-grabbing nonintegrin), a C-type
lectin that mediates efficient HIV-1 trans infection (16, 17).
Our recent results indicated that iDC-mediated HIV-1 trans
infection is partially dependent on DC-SIGN, while mDCs
enhance HIV-1 transmission to different types of target cells
independently of DC-SIGN and C-type lectins (42). It has been
proposed that DC-SIGN–ICAM-3 interactions stabilize DC-
T-cell adhesion and enhance HIV-1 transmission (16, 32).
However, ICAM-3 expression on target cell lines is not essen-
tial for DC-SIGN-mediated HIV-1 transmission (1, 48). It re-
mains unclear whether ICAM-3 expressed on primary CD4� T
cells aids in DC-mediated HIV-1 transmission.

In the present study, we examined the role of ICAM-1, -2,
and -3 in DC-mediated HIV-1 transmission to various types of
target cells including primary CD4� T cells. Blocking ICAM-1
on DCs and LFA-1 on CD4� T cells significantly impaired
DC-mediated HIV-1 transmission to primary CD4� T cells,
while DC-mediated HIV-1 transmission appeared to be inde-
pendent of ICAM-2 and ICAM-3. Our data clarified the role
of ICAMs in DC-mediated HIV-1 transmission to primary
CD4� T cells.
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MATERIALS AND METHODS

Cell culture. Human peripheral blood mononuclear cells were isolated from
the buffy coat of healthy donors (provided by the Blood Center of Wisconsin,
Milwaukee, WI) as previously described (41). CD14� monocytes and CD4� T
cells were isolated separately from peripheral blood mononuclear cells using
anti-CD14- and anti-CD4-coated magnetic beads (BD Bioscience) and cultured
as previously described (41). Purified CD14� monocytes were treated with gran-
ulocyte-macrophage colony-stimulating factor and interleukin-4 to generate
iDCs, and mDCs were differentiated by the addition of 10 ng/ml of lipopolysac-
charide (LPS; Sigma-Aldrich) to iDCs and cultured for an additional 2 days (42).
Primary CD4� T cells were cultured in the presence of 20 IU/ml of recombinant
interleukin-2 (the NIH AIDS Research and Reference Reagent Program) and
activated by phytohemagglutinin (PHA; 5 �g/ml) for 2 days, as previously de-
scribed (41). DCs and CD4� T cells were more than 98% pure by flow cytometry
analysis of surface markers as previously described (7, 42, 48). HEK293T, Hut/
CCR5, GHOST/R5, and GHOST/R5/ICAM-3 cell lines have been previously
described (41).

Flow cytometry and antibodies. Cells (1 � 105) were stained with specific
monoclonal antibodies (MAbs) or isotype-matched immunoglobulin G (IgG)
controls (2 �g/ml) as previously described (41). Phycoerythrin- or fluorescein
isothiocyanate-conjugated mouse anti-human MAbs (BD Biosciences unless
specified otherwise) against the following molecules were used in immunostain-
ing: CD4 (clone S3.5; Caltag Laboratories), CCR5 (clone 45531; R&D Systems),
CD69 (clone FN50), CD11a (clone MEM-25), CD11b (clone VIM12), CD11c
(clone BU15), CD18 (clone CLB-LFA-1/1), ICAM-1 (clone HA58), ICAM-2
(clone CBR-IC2/2; BioSource), and ICAM-3 (clone TÜ41). Stained cells were
analyzed using a FACSCalibur or a Guava EasyCyte flow cytometer (Guava
Technologies) and the CellQuest program (Becton Dickinson) or FlowJo soft-
ware (Tree Star), as previously described (42, 47).

HIV-1 stocks. Single-cycle, luciferase reporter HIV-1 (HIV-Luc/JRFL) cells
were generated by cotransfecting HEK293T cells with pLai3�envLuc2 (49), an
env-deleted and nef-inactivated HIV-1 proviral construct, and a construct encod-
ing HIV-1 R5-tropic envelope protein JRFL (42). Replication-competent HIV-
1NLAD8 stocks were generated by transfections of HEK293T cells with the pro-
viral construct pNLAD8 as previously described (7, 24). The infectivity of the
virus stocks was evaluated by limiting dilution on GHOST/R5 cells as previously
described (42). Green fluorescent protein (GFP)-tagged infectious HIV-1 (HIV-
Vpr-GFP) stocks were generated by cotransfections of HEK293T cells with
pNLAD8 and a Vpr-GFP expression vector pGFP-Vpr (a gift from David Mc-
Donald, Case Western Reserve University) as previously described (27). HIV-1
p24 concentrations of viral stocks were measured by an enzyme-linked immu-
nosorbent assay (anti-p24-coated plates were purchased from the AIDS Vaccine
Program, SAIC, Frederick, MD) as previously described (7).

HIV-1 infection and transmission assays. HIV-1 infection and transmission
assays were performed as previously described (7, 41). For MAb blocking assays,
DCs or other target cell types (2 � 105) were preincubated separately with
purified MAbs (10 �g/ml; BD Biosciences, unless otherwise specified) of anti-
ICAM-1 (clone HA58), anti-ICAM-2 (clone CBR-IC2/2; eBioscience), anti-
ICAM-3 (clone TÜ41), and anti-LFA-1 (clone G43-25B) at room temperature
for 0.5 h. A combination of different MAbs (10 �g/ml) was used when indicated.
Culture medium was used as a negative control. To avoid potential cytotoxicity
effects, sodium azide (�0.09%) in purified antibodies was removed using Micro-
con centrifugal filter devices (YM-50; Millipore). Antibody-treated DCs (2 �
105) were incubated with HIV-Luc/JRFL (0.1 multiplicity of infection [MOI]),
washed, and cocultured with different target cells (2 � 105) as indicated in the
figures or legends. HIV-1 infection was detected at 3 days postinfection (dpi) by
measuring the luciferase activity in cell lysates with a commercially available kit
(Promega).

For HIV-1NLAD8 infection, iDCs and mDCs (1 � 105) were pulsed with
HIV-1NLAD8 (20 ng of p24), washed thoroughly, and then cocultured separately
with GHOST/R5 cells or GHOST/R5/ICAM-3 cells (1 � 105). Suspension DCs
were removed after 10 h in the cocultivation by aspiration and washing, and
target GHOST cells were cultured for 3 days. HIV-1 p24 levels in the superna-
tants of infected cells were measured by enzyme-linked immunosorbent assay at
3 dpi.

siRNA-mediated knockdown of ICAM-1 expression. Amaxa nucleofector and
cell-type-specific kits were used for the transfection of small interfering RNAs
(siRNAs) as previously described (7). iDCs (2 � 106) or GHOST/R5 cells (1 �
106) were nucleofected separately with 3 �g of specific siRNA targeting ICAM-1
(iGENOME SMARTPool) and nonspecific siRNA (both were purchased from
Dharmacon). Cell surface levels of ICAM-1 were measured by flow cytometry at
3 days posttransfection. To obtain ICAM-1-silenced mDCs, iDCs were nucleo-

fected with ICAM-1-specific siRNA as described above and cultured for 48 h and
then treated with LPS (100 ng/ml) for 24 h. Nonspecific siRNA was used as a
negative control.

Virological synapse assay and fluorescence microscopy. Virological synapse
assays were performed as previously described (15, 43). Briefly, iDCs and mDCs
(1� 105) were separately pulsed with HIV-Vpr-GFP (20 ng of p24) at 37°C for
2 h. After washes, HIV-pulsed DCs were cocultured with GHOST/R5 cells or
GHOST/R5/ICAM-3 cells (1� 105) on a poly-L-lysine-coated microscope slide at
37°C for 0.5 h. Cells were then fixed with 4% paraformaldehyde for 1 h, exam-
ined using a fluorescence microscope (Nikon Eclipse TE2000U), and analyzed
with MetaMorph software (version 7.0r4) as previously described (41, 43).

Statistical analyses. Statistical analyses were performed using analysis of vari-
ance or a Wilcoxon’s paired test with the Prism program.

RESULTS

Surface expression of ICAMs and their ligands on DCs and
various types of HIV-1 target cells. To compare the expression
levels of cell-surface ICAM-1, -2, and -3 and their ligands,
iDCs, mDCs, and various types of HIV-1 target cells used in
viral infection and transmission assays were measured by flow
cytometry. These target cell types included PHA-activated pri-
mary CD4� T cells, the human CD4� T-cell line Hut/CCR5,
and the human osteosarcoma cell line GHOST/R5, which were
engineered to express high levels of HIV-1 receptors (4). The
ICAM-1 expression level was increased at least fourfold on
LPS-induced mDCs relative to iDCs (Fig. 1A). ICAM-2 ex-
pression was very low or nearly undetectable, while the levels
of ICAM-3 were moderate and comparable on iDCs and
mDCs (Fig. 1A). Compared with primary CD4� T cells, Hut/
CCR5 cells expressed high levels of ICAM-1, -2, and -3.
GHOST/R5 cells expressed only ICAM-1 and not ICAM-2 and
-3 (Fig. 1A).

Next, cell surface expression levels of ICAM ligands were
compared (Fig. 1B). These ligands included LFA-1, Mac-1
(CD11b), and CD11c (6, 9). Two subunits of LFA-1, LFA-1�
(CD11a) and �-2 integrin (CD18), were expressed on iDCs,
mDCs, Hut/CCR5 cells, and primary CD4� T cells at medium
or high levels (Fig. 1B). As expected, Mac-1 (CD11b) and
CD11c were highly expressed at comparable levels on iDCs
and mDCs but were negative on Hut/CCR5 cells. Detection of
GHOST/R5 cells was negative for all ICAM ligands examined
(Fig. 1B). Primary CD4� T cells from three different donors
showed minimal nonspecific staining of CD11b and CD11c
(Fig. 1B and data not shown). The purity of primary CD4� T
cells was greater than 99% according to the expression of the
T-cell markers CD3 and CD4 and the absence of monocyte
marker CD14 (data not shown).

Blocking ICAM-1 on DCs and LFA-1 on primary CD4� T
cells inhibits DC-mediated HIV-1 transmission. To investigate
the role of ICAM-1 in DC-enhanced HIV-1 transmission effi-
ciency, ICAM-1 was specifically blocked with neutralizing
MAbs in HIV-1 transmission assays. Single-cycle, R5-tropic
luciferase reporter HIV-Luc/JRFL was used, and viral infec-
tion was determined at 3 dpi by measuring the luciferase ac-
tivities of cell lysates. When LFA-1-expressing Hut/CCR5 cells
were used as target cells, blocking of ICAM-1 on DCs de-
creased iDC- and mDC-mediated HIV-1 transmission by six-
and ninefold (compared with medium controls; P � 0.01),
respectively (Fig. 2A). Anti-ICAM-1 treatment reduced mDC-
enhanced viral transmission to iDC levels (Fig. 2A), suggesting
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FIG. 1. Surface expression of ICAMs and their ligands on DCs and various types of HIV-1 target cells. iDCs, mDCs, Hut/CCR5 cells, PHA-activated
primary CD4� T cells, and GHOST/R5 cells were examined for cell surface expression of ICAM-1, -2, and -3 (A) and ligands of ICAMs (B). The asterisk in
panel A indicates significantly increased expression of ICAM-1 on mDCs relative to expression on iDCs (P � 0.01, based on results from at least three
independent experiments). Cells were stained with specific MAbs or isotype-matched IgG controls and analyzed by flow cytometry. Similar results with primary
DCs and CD4� T cells were obtained using cells derived from at least three different donors. One representative experiment out of three is shown.
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an important role of ICAM-1 in DC-mediated HIV-1 transfer
to CD4� T cells.

Our recent data indicated that LFA-1-negative GHOST/R5
target cells also support mDC-enhanced HIV-1 transmission
(42), suggesting that an interaction between ICAM-1 and
LFA-1 might not be the only factor contributing to mDC-
enhanced HIV-1 transmission. Given that GHOST/R5 cells
expressed only ICAM-1 and not any ICAM ligands (Fig. 1A
and B), this cell line could be a useful tool in analyzing the role
of ICAM-1 in DC-mediated HIV-1 transmission. When ICAM
ligand-negative GHOST/R5 cells were used as targets cells in
HIV-1 transmission assays, blockade of ICAM-1 on DCs did
not inhibit DC-mediated HIV-1 transmission (Fig. 2B). Com-
pared with medium controls, anti-ICAM-1 treatment of
GHOST/R5 cells alone or both DCs and GHOST/R5 cells
decreased DC-mediated HIV-1 transmission by 10 to 40%, but
the reduction was not statistically significant (Fig. 2B). These
results suggest that ICAM-1 expressed on target cells may play
a less important role in DC-mediated HIV-1 transmission.

To verify the above results of HIV-1 target cell lines in a
more physiologic system, activated, autologous primary CD4�

T cells were used as target cells in DC-mediated HIV-1 trans-

mission. Specific MAbs were used to block ICAM-1 and LFA-1
on DCs and primary CD4� T cells in HIV-1 transmission
assays. Blockade of iDCs and mDCs with anti-ICAM-1 re-
duced HIV-1 transmission by 79% and 42% (compared with
medium controls; P � 0.05), respectively (Fig. 2C). Anti-
LFA-1 blocking decreased iDC-mediated HIV-1 transmission
by 43% compared with medium controls, while mDC-mediated
HIV-1 transmission was not affected (Fig. 2C). Compared with
medium controls, DC-mediated HIV-1 transmission was de-
creased by 39 to 57% when primary CD4� T cells were sepa-
rately treated with anti-ICAM-1 and anti-LFA-1, but the re-
duction was not statistically significant in mDCs treated with
anti-ICAM-1 (Fig. 2C). When both ICAM-1 on DCs and
LFA-1 on primary CD4� T cells were blocked, iDC- and
mDC-mediated HIV-1 transmission was efficiently inhibited by
82% and 62% (compared with medium controls; P � 0.05),
respectively (Fig. 2C). Together, these data confirm that the
interaction of ICAM-1 and LFA-1 plays an important role in
DC-mediated HIV-1 transmission to primary CD4� T cells.
However, increased expression of ICAM-1 on mDCs might not
fully account for the enhanced HIV-1 transmission efficiency.

FIG. 2. Blocking ICAM-1 on DCs and LFA-1 on primary CD4� T cells inhibits DC-mediated HIV-1 transmission. (A) ICAM-1 is important
for DC-mediated HIV-1 transmission to Hut/CCR5 cells. DCs were pretreated with anti-ICAM-1 before incubation with HIV-Luc/JRFL (MOI
of 0.1). HIV-1-pulsed DCs were washed and cocultured with Hut/CCR5 cells. HIV-1 infection was detected at 3 dpi by measuring the luciferase
activity in cell lysates. Asterisks indicate significant differences compared with medium controls (P � 0.01). (B) DCs and GHOST/R5 cells were
separately preincubated with anti-ICAM-1. DCs were incubated with HIV-Luc/JRFL, washed, and cocultured with GHOST/R5 cells for 3 days
before the luciferase activity in cell lysates was measured. (C) Inhibition of DC-mediated HIV-1 transmission of HIV-Luc/JRFL to primary CD4�

T cells with MAbs against ICAM-1 and LFA-1. Medium was used as a negative control. Asterisks indicate significant differences compared with
medium controls (P � 0.05). All data show the means � standard deviations of triplicate samples. One representative experiment out of four is
shown. cps, counts per second.
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ICAM-1 knockdown in DCs impairs DC-mediated HIV-1
transmission to primary CD4� T cells. To further examine the
role of ICAM-1 in DC-mediated HIV-1 transmission, siRNA-
mediated ICAM-1 knockdown was performed using DCs de-
rived from different donors. DCs were nucleofected separately
with ICAM-1-specific siRNA and nonspecific siRNA controls,
and the expression of cell surface ICAM-1 was measured by
flow cytometry at 3 days postnucleofection. Treatment with
nonspecific siRNA had no effect on ICAM-1 expression on
DCs (data not shown). Compared with nonspecific siRNA
controls, ICAM-1 silencing reduced ICAM-1 surface levels
on iDCs and mDCs by 64% and 40%, respectively (Fig. 3A
and B).

ICAM-1 silencing in iDCs significantly reduced HIV-1 trans-
mission to Hut/CCR5 cells by sixfold (P � 0.01) relative to
nonspecific siRNA controls (Fig. 3C). DCs alone without T-
cell coculture were used as negative controls, which did not
show detectable HIV-1 infection (Fig. 3C). To confirm these
results, autologous primary CD4� T cells were used as target
cells in DC-mediated transmission assays. Compared with the
nonspecific siRNA control, ICAM-1 silencing in iDCs and
mDCs reduced HIV-1 transmission to primary CD4� T cells
by 46% and 53% (P � 0.05), respectively (Fig. 3D). These data

confirm that ICAM-1 expressed on DCs plays an important
role in DC-mediated HIV-1 transmission to CD4� T cells.

ICAM-1 knockdown in target GHOST/R5 cells does not
reduce DC-mediated HIV-1 transmission. GHOST/R5 target
cells express only ICAM-1 and lack any other ICAMs and
ligands (Fig. 1A and B), which makes them useful as a simpli-
fied model to examine the role of ICAM-1 on target cells in
DC-mediated HIV-1 transmission. siRNA-mediated ICAM-1
knockdown was performed with GHOST/R5 cells. At 3 days
posttransfection with ICAM-1-specific siRNA, surface levels of
ICAM-1 on GHOST/R5 cells decreased by approximately 66%
relative to the nonspecific siRNA control (Fig. 4A). ICAM-1
knockdown in GHOST/R5 cells did not alter their susceptibil-
ities to direct HIV-1 infection (Fig. 4B) and DC-mediated
HIV-1 transmission at 3 dpi (Fig. 4C). These data suggest that
ICAM-1 on target cells may not be essential for DC-mediated
HIV-1 transmission.

Ectopic expression of ICAM-3 in GHOST/R5 target cells
does not enhance their susceptibility to DC-mediated HIV-1
transmission. To better understand the role of ICAM-3 on
target cells in DC-mediated HIV-1 transmission, GHOST/R5
cells that stably express exogenous and functional ICAM-3
(48) were used as target cells in viral transmission assays. Cell

FIG. 3. ICAM-1 knockdown in DCs impairs DC-mediated HIV-1 transmission to primary CD4� T cells. iDCs from donor 1 (A) and iDC and
mDCs from donor 2 (B) were separately nucleofected with ICAM-1-specific siRNA or nonspecific (NS) siRNA. ICAM-1 expression on cell
surfaces was measured by flow cytometry at 3 days postnucleofection. Isotype-matched IgGs were used as negative controls for immunostaining.
(C and D) ICAM-1 silencing in DCs significantly decreases DC-mediated HIV-1 transmission with Hut/CCR5 cells (C) or primary CD4� T cells
(D). DC-alone samples were used as negative controls. Asterisks indicate significant differences compared to nonspecific siRNA controls (P �
0.05). The data represent the means � standard deviations. One representative experiment out of three is shown. cps, counts per second.
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surface expression levels of ICAM-3, CD4, and CCR5 were
measured by flow cytometry. Compared with ICAM-3-negative
GHOST/R5 cells, GHOST/R5/ICAM-3 cells expressed high
levels of ICAM-3, similar levels of CD4, and low levels of
CCR5 (Fig. 5A). Despite the different levels of CCR5 expres-
sion, the susceptibilities to HIV-Luc/JRFL infection between
ICAM-3-negative and -positive GHOST/R5 cells were compa-
rable (Fig. 5B). DC-mediated HIV-1 transmission to ICAM-
3-negative and -positive GHOST/R5 cells was similar (Fig.
5C), suggesting that DC-mediated HIV-1 transmission might
be independent of ICAM-3 expression on target cells.

To confirm the above results of single-cycle HIV-1 infection,
replication-competent, R5-tropic HIV-1NLAD8 was used in
DC-mediated HIV-1 transmission assays. DCs were pulsed
with a small amount of HIV-1NLAD8, washed, and then co-
cultured separately with ICAM-3-negative and -positive
GHOST/R5 cells. The suspended DCs were removed from the
cocultivation after a 10-h incubation to avoid potential HIV-1
cis infection in iDCs (7, 24). Adherent GHOST cells were
washed and cultured for 3 days, and HIV-1 infection was mea-
sured by p24 quantification in the supernatants. Consistently,
mDC-mediated transmission of HIV-1NLAD8 was fourfold
higher than with iDCs (Fig. 5D). DC-mediated HIV-1NLAD8

transmission levels to ICAM-3-negative and -positive
GHOST/R5 cells were comparable (Fig. 5D). As a control, HIV-
1NLAD8 direct infection of GHOST/R5 and GHOST/R5/ICAM-3
cells showed similar virus replication levels at 3 dpi (Fig. 5E).

To examine whether ICAM-3 expression on GHOST/R5
target cells enhances virological synapse formation, iDCs and
mDCs were pulsed with GFP-tagged infectious HIV-Vpr-GFP

and cocultured separately with GHOST/R5 and GHOST/R5/
ICAM-3 cells for 1 h. Both ICAM-3-negative and -positive
GHOST/R5 cells could form virological synapses with iDCs
and mDCs (Fig. 5F). Quantitative image analysis indicated
that comparable virological synapses formed between ICAM-
3-negative and -positive GHOST/R5 cells and DCs, while
mDC-mediated virological synapse formation was more ef-
ficient relative to iDCs (Fig. 5G). These data suggest that
ectopic ICAM-3 expression on non-T-cell target cells could
not enhance the formation of virological synapses with HIV-
pulsed DCs.

Blocking ICAM-2 and ICAM-3 on DCs and primary CD4�

T cells does not inhibit DC-mediated HIV-1 transmission. To
examine the role of ICAM-2 and -3 in DC-mediated HIV-1
transmission to primary CD4� T cells, neutralizing MAbs to
ICAM-2 and ICAM-3 were used. Treatment of iDCs, mDCs,
and activated primary CD4� T cells with neutralizing MAbs to
ICAM-2 did not significantly inhibit DC-mediated transmis-
sion of HIV-Luc/JRFL to primary CD4� T cells (Fig. 6A).
Compared with medium controls, anti-ICAM-3 treatment of
iDCs and primary CD4� T reduced iDC-mediated HIV-1
transmission by 35 to 40%, although the reduction was not
statistically significant (Fig. 6A, left panel). Moreover, anti-
ICAM-3 treatment of mDCs and primary CD4� T cells did not
inhibit mDC-mediated HIV-1 transmission (Fig. 6A, right
panel). To confirm the efficacy of the neutralizing MAbs, ac-
tivated primary CD4� T cells were treated separately with
neutralizing MAbs against ICAM-2 (2) and ICAM-3 (34) and
then stained with fluorescein isothiocyanate-conjugated anti-
ICAM-2 and anti-ICAM-3, respectively. Flow cytometry anal-

FIG. 4. ICAM-1 knockdown in target GHOST/R5 cells does not reduce DC-mediated HIV-1 transmission. (A) Knockdown of ICAM-1 in
GHOST/R5 cells. GHOST/R5 cells were transfected with ICAM-1-specific siRNA or nonspecific (NS) siRNA. ICAM-1 expression on cell surfaces
was measured by flow cytometry at 3 days posttransfection. Isotype-matched IgGs were used as negative controls of immunostaining. (B) HIV-
Luc/JRFL infection of ICAM-1-silenced GHOST/R5 cells and control cells. (C) DC-mediated transmission of HIV-Luc/JRFL to ICAM-1-silenced
GHOST/R5 cells relative to control cells. Luciferase activity of cell lysates was measured at 3 dpi. The data represent the means � standard
deviations. One representative experiment out of three is shown. cps, counts per second.
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FIG. 5. Ectopic expression of ICAM-3 in GHOST/R5 target cells does not enhance their susceptibility to DC-mediated HIV-1 transmission.
(A) Surface expression levels of ICAM-3, CD4, and CCR5 on ICAM-3-negative and -positive GHOST/R5 cells were measured by flow cytometry.
Isotype-matched IgGs were used as negative controls for immunostaining. (B) Comparable HIV-Luc/JRFL infection of ICAM-3-negative and
-positive GHOST/R5 cells. (C) iDC- and mDC-mediated transmission of HIV-Luc/JRFL to ICAM-3-negative and -positive GHOST/R5 cells.
Luciferase activity of cell lysates was measured at 3 dpi. cps, counts per second. (D) DC-mediated transmission of replication-competent HIV-1
to ICAM-3-negative and -positive GHOST/R5 cells. DCs were pulsed with HIV-1NLAD8 and then cocultured separately with ICAM-3-negative and
-positive GHOST/R5 cells. Suspension DCs were removed after 10 h in the cocultivation by aspiration and washing, and adherent GHOST/R5 cells
were cultured for 3 days. (E) Comparable infection of ICAM-3-negative and -positive GHOST/R5 cells with HIV-1NLAD8. In both panels D and
E, HIV-1 p24 levels in supernatants were measured at 3 dpi. The data represent the means � standard deviations. One representative experiment
out of three is shown. (F) HIV-1 synapse formation between DCs and ICAM-3-negative and-positive GHOST/R5 cells. DCs were incubated with
GFP-Vpr-labeled HIV-1NLAD8 (green), washed, and cultured separately with ICAM-3-negative and -positive GHOST/R5 cells for 1 h. White
asterisks indicate GHOST/R5 cells and GHOST/R5/ICAM-3 cells at the virological synapses. (G) Quantitative image analysis of the virological
synapses formed between DCs and ICAM-3-negative or -positive GHOST/R5 cells.
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ysis confirmed the efficacy of the neutralizing MAbs in blocking
ICAM-2 and ICAM-3 on primary CD4� T cells (Fig. 6B).
Moreover, pretreatment of primary CD4� T cells with MAbs
to ICAM-1, ICAM-2, and ICAM-3 did not reduce HIV-1 di-
rect infection (data not shown). Together, these data suggest
that DC-mediated HIV-1 transmission to primary CD4� T
cells is independent of ICAM-2 and ICAM-3.

DISCUSSION

Studying DC-mediated HIV-1 transmission is critical for
understanding the mechanisms of cell-cell spread of HIV-1.
The interactions between ICAMs and their ligands can facili-
tate DC–T-cell contact and promote the formation of immu-
nological synapses and antigen presentation (10). However,
the role of ICAMs and their ligands in DC-mediated HIV-1
transmission remains to be clarified. In the present study, we
performed functional analyses to examine relative importance
of ICAM-1, -2, and -3 in DC-mediated trans infection of pri-
mary CD4� T cells.

Although multifactorial interactions between ICAMs and
their ligands may facilitate DC–T-cell contact and the forma-
tion of immunological synapses, the expression of ICAM-1 on
DCs and of LFA-1 on T cells appeared to be critical for
DC-mediated HIV-1 trans infection. Blocking of ICAM-1 ex-
pressed on DCs significantly decreased both iDC- and mDC-
mediated HIV-1 transmission to primary CD4� T cells and a
T-cell line (Fig. 2). These data imply that increased ICAM-1

expression could not fully account for enhanced HIV-1 trans-
mission by mDCs relative to iDCs. Furthermore, ectopic ex-
pression and antibody blocking suggest that DC-mediated
HIV-1 transmission to primary CD4� T cells might be dispens-
able for ICAM-2 and ICAM-3. Thus, our results support a
model that the interaction between ICAM-1 expressed on DCs
and LFA-1 expressed on CD4� T cells facilitates DC-mediated
HIV-1 transmission to primary CD4� T cells (Fig. 7).

ICAM-1 binding to LFA-1 can enhance T-cell receptor-
dependent proliferation of T cells by upregulating various sig-
naling pathways (29). This activation may contribute to DC-
enhanced HIV-1 trans infection of CD4� T cells. LFA-1
expression on target cells has been shown to contribute to
HIV-1 transmission to CD4� T cells mediated by DCs (18, 20,
21) and T cells (22, 25, 26, 37, 38). By contrast, a recent study
suggested that HIV-1 transfer between CD4� T cells does not
require LFA-1 binding to ICAM-1 and is mediated by the
interaction of HIV-1 envelope with CD4 (31). It remains to be
examined whether HIV-1 infection of DCs and CD4� T cells
modulates the expression and function of ICAMs and binding
ligands.

The ICAM-1–LFA-1 interaction may enhance the formation
of virological synapses between HIV-1-associated DCs and
CD4� T cells. A recent study using the lipid bilayers containing
ICAM-1 indicated an important role of ICAM-1 in forming
virological synapses between CD4� T cells (40). We have ex-
amined the formation of virological synapses between primary

FIG. 6. Blocking ICAM-2 and ICAM-3 on DCs and primary CD4� T cells does not inhibit DC-mediated HIV-1 transmission. (A) DCs or
primary CD4� T cells were preincubated separately with neutralizing MAbs (10 �g/ml) against ICAM-2 and ICAM-3 before incubation with
HIV-Luc/JRFL (MOI of 0.1). Cells were washed and cocultured, and HIV-1 transmission was detected at 3 dpi by measuring the luciferase activity
in cell lysates. The data show the means � standard deviations. One representative experiment out of three is shown. cps, counts per second.
(B) Specific blocking effects of MAbs to ICAM-2 and ICAM-3. Activated primary CD4� T cells were separately treated with medium or
neutralizing MAbs (10 �g/ml) against ICAM-2 and ICAM-3 at room temperature for 30 min and then stained, respectively, with fluorescein
isothiocyanate-conjugated anti-ICAM-2 or anti-ICAM-3 (2 �g/ml) at 4°C for 30 min. Isotype-matched IgGs were used as negative controls for
staining.
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CD4� T cells and ICAM-1-silenced iDCs and mDCs by fluo-
rescence microscopy. However, no significant difference was
observed relative to nonspecific siRNA controls (data not
shown). This might be due to the limited sensitivity of the
virological synapse assay and low efficiency of ICAM-1 silenc-
ing in DCs. Although ICAM-1 silencing could reduce ICAM-1
surface levels on DCs by 40 to 64%, medium to high levels of
ICAM-1 remained on the cell surfaces (Fig. 3A and B). Fur-
ther improvement of siRNA knockdown techniques is required
to examine the mechanisms by which ICAM-1 silencing inhib-
its DC-mediated HIV-1 transmission.

Our data suggest that ICAM-2 and ICAM-3 do not signifi-
cantly contribute to DC-mediated HIV transmission. Interest-
ingly, structural and functional studies of DC-SIGN by Snyder
et al. (33) and Su et al. (36) indicate that DC-SIGN binds to
HIV-1 gp120 more than 100- and 50-fold efficiently than
ICAM-2 and ICAM-3, respectively. Moreover, a previous
study indicated that replication of X4-tropic HIV-1 is en-
hanced two- to threefold in ICAM-3-negative Jurkat T cells
after 10 dpi (1), suggesting that ICAM-3 may limit HIV-1
replication even though the mechanism is unknown. However,
in our viral infection assays using single-cycle infection and
replication-competent HIV-1, no significant difference was ob-
served between ICAM-3-negative and -positive GHOST/R5
cells at 3 dpi (Fig. 5B and E). These different observations may
result from using different cell lines, HIV-1 strains, and exper-
imental procedures.

Our recent results suggest that intact cytoskeleton is essen-
tial for DC-mediated HIV-1 transmission to CD4� T cells (43).
Altered HIV-1 trafficking and impaired formation of virolog-
ical synapses primarily accounted for the inhibition of viral
transmission by cytoskeletal inhibitors (43). The actin cytoskel-
eton contributes to T-cell activation by forming immunological
synapses between antigen-presenting cells and T cells (8). In-
terestingly, the immunological synapses appear to share struc-
tural similarities with the HIV-1 virological synapses and may
play a role in viral pathogenesis (11).

In summary, our results clarified the role of ICAMs in DC-
mediated HIV-1 transmission and provided helpful informa-

tion in understanding the mechanisms of cell-cell spread of
HIV-1. We showed that the interaction of ICAM-1 and LFA-1
plays an important role in DC-mediated HIV-1 transmission to
primary CD4� T cells. Moreover, DC-mediated HIV-1 trans-
mission appears to be independent of ICAM-2 and ICAM-3.
Further understanding of HIV-1 and host-cell interactions and
the mechanisms of DC-mediated virus transmission will aid in
the development of effective strategies to combat HIV-1 infec-
tion.
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