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Dendritic cells (DCs) potently stimulate the cell-cell transmission of human immunodeficiency virus type 1
(HIV-1). However, the mechanisms that underlie DC transmission of HIV-1 to CD4� T cells are not fully
understood. DC-SIGN, a C-type lectin, efficiently promotes HIV-1 trans infection. DC-SIGN is expressed in
monocyte-derived DCs (MDDCs), macrophage subsets, activated B lymphocytes, and various mucosal tissues.
MDDC-mediated HIV-1 transmission to CD4� T cells involves DC-SIGN-dependent and -independent mech-
anisms. DC-SIGN transmission of HIV-1 depends on the donor cell type. HIV-1 Nef can upregulate DC-SIGN
expression and promote DC-T-cell clustering and HIV-1 spread. Nef also downregulates CD4 expression;
however, the effect of the CD4 downmodulation on DC-mediated HIV-1 transmission has not been examined.
Here, we report that CD4 expression levels correlate with inefficient HIV-1 transmission by monocytic cells
expressing DC-SIGN. Expression of CD4 on Raji B cells strongly impaired DC-SIGN-mediated HIV-1 trans-
mission to T cells. By contrast, enhanced HIV-1 transmission was observed when CD4 molecules on MDDCs
and DC-SIGN-CD4-expressing cell lines were blocked with specific antibodies. Coexpression of CD4 and
DC-SIGN in Raji cells promoted the internalization and intracellular retention of HIV-1. Interestingly,
internalized HIV-1 particles were sorted and confined to late endosomal compartments that were positive for
CD63 and CD81. Furthermore, in HIV-1-infected MDDCs, significant downregulation of CD4 by Nef expres-
sion correlated with enhanced viral transmission. These results suggest that CD4, which is present at various
levels in DC-SIGN-positive primary cells, is a key regulator of HIV-1 transmission.

Understanding human immunodeficiency virus (HIV)-host
cell interactions and defining the mechanisms of cell-mediated
virus transmission are essential for developing effective strat-
egies to combat HIV-1 infection (60). Dendritic cells (DCs)
perform a pivotal role in the induction and regulation of adap-
tive immune responses (3). DCs are proposed to be among the
first cells that encounter HIV-1 at the mucosa and play an
important and multifaceted role in HIV-1 infection (7, 39, 60).
Coculture of HIV-1-pulsed DCs with CD4� T cells dramati-
cally enhances the infection of the T cells (7, 39, 40). DC-
captured HIV-1 is directed to synaptic junctions or infectious
synapses that form between DCs and CD4� T cells, which
facilitate HIV-1 trans infection (32). However, the mechanisms
underlying DC-enhanced HIV-1 trans infection are not fully
understood.

A C-type lectin, DC-specific intercellular adhesion molecule
3 (ICAM-3)-grabbing nonintegrin (DC-SIGN, also known as
CD209), functions as an attachment factor of HIV-1 and fa-
cilitates DC-mediated viral transmission (18, 19). DC-SIGN-
expressing DCs from human rectal mucosa efficiently bind and
transfer HIV-1 to CD4� T cells (23). A recent study indicated
that DC-SIGN induced on activated primary B-lymphocytes
potentiates HIV-1 transmission to CD4� T cells (41). More-
over, the suppression of DC-SIGN expression can impair the
formation of the infectious synapse between DCs and T cells,

which inhibits the transmission of X4 HIV-1 to T cells (1, 2).
Those studies implicate DC-SIGN in the pathogenesis of HIV.

DC-SIGN-independent mechanisms are also involved in
DC-mediated HIV-1 trans infection of CD4� T cells (4, 21, 22,
53, 59, 63). The mechanisms or alternative molecule(s) that
accounts for the DC-SIGN-independent HIV-1 transmission
by DCs has not currently been elucidated. Despite the detec-
tion of DC-SIGN in monocyte-derived DCs (MDDCs), mac-
rophage subpopulations, activated B cells, and other human
tissues (13, 19, 21, 23, 24, 31, 41, 49, 50), major DC subsets in
vivo, including myeloid DCs, plasmacytoid DCs, and Langer-
hans cells, do not express DC-SIGN (54, 55), suggesting that
these cells utilize DC-SIGN-independent mechanisms of HIV-1
transmission. Nonetheless, DC-SIGN-dependent and -indepen-
dent transmission seems to rely on the access of pathways that
direct virus synaptic junctions between cells, suggesting that com-
mon underlying mechanisms may be utilized.

Interestingly, Nef can upregulate cell surface expression of
DC-SIGN and significantly increase the clustering of HIV-1-
infected MDDCs with T lymphocytes (51). The Nef protein of
HIV-1 and simian immunodeficiency virus (SIV) is required
for efficient viral replication and AIDS pathogenicity in HIV-
1-infected humans or SIV-infected macaques (10, 11, 26, 27).
The mechanisms by which the Nef protein acts as a pathogenic
factor in vivo are not fully understood, although a recent find-
ing suggests that the inability of lentivirus Nef to suppress
CD4� T-cell activation correlates with viral pathogenesis (45).
It has been reported that HIV-1 Nef expression is required for
efficient viral replication in cocultures of MDDCs and T cells
(37). Notably, the Nef protein downregulates the cell surface
expression of the HIV-1 receptors CD4 and CCR5, which
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protects the infected cells from superinfection (34, 38). Nef-
mediated downregulation of major histocompatibility complex
class I facilitates the immune evasion of HIV-1-infected cells
from recognition by cytotoxic T lymphocytes (8, 46). HIV-1
and SIV Nef proteins can downmodulate CD28 and disrupt
T-cell activation (52). However, it is unknown whether the
downregulation of any of these molecules affects DC-mediated
HIV-1 transmission to target cells, particularly the downmodu-
lation of CD4, the primary HIV-1 receptor.

Here, we report that the cis expression of CD4 strongly
impairs DC-SIGN-mediated HIV-1 transmission to T cells and
alters intracellular viral trafficking. Rescue of HIV-1 transmis-
sion to T cells was observed when CD4 molecules on donor cell
surfaces were blocked with specific antibodies known to inter-
rupt the binding of the HIV-1 envelope protein (Env). Inter-
estingly, in HIV-1-infected MDDCs, significant downregula-
tion of CD4 by Nef expression correlates with enhanced viral
transmission. Our results suggest that CD4 levels may modu-
late DC-mediated HIV-1 transmission, which provides a new
insight into HIV-1 pathogenesis.

MATERIALS AND METHODS

Plasmids. The following plasmids have been previously described: the HIV-1
proviral vector pNL-Luc-E�R� (HIV-Luc), which contains a firefly luciferase
reporter gene (9), HIV-1 Env expression plasmids pJRFL and pHXB2, DC-
SIGN expression vector pMX-DC-SIGN (59, 63), and the vesicular stomatitis
virus G protein-expressing construct pL-VSV-G (57). The human CD4-express-
ing construct pCEN-CD4 with a neomycin-resistant gene was obtained from Dan
Littman (New York University Medical Center). Wild-type (WT) HIV-1 proviral
vectors pNLAD8 (R5 tropic) and pNL4-3 (X4 tropic) (14) were kind gifts from
Eric Freed (National Cancer Institute, Frederick, MD). HIV-1 nef-inactivated
proviral vector pNLAD8�nef (37) was a kind gift from Olivier Schwartz (Pasteur
Institute, France). pNL4-3�nef was generated by inserting a frameshift mutation
at the unique XhoI site of the viral genome as described previously (37). Nef
expression by HIV-1 proviral vectors was confirmed by Western blotting.

Primary cells. Human peripheral blood mononuclear cells were separated
from buffy coat units of healthy donors (provided by the Blood Center of
Wisconsin, Milwaukee, WI) using Histopaque (Sigma-Aldrich) gradient centrif-
ugation. CD14� monocytes and CD4� T cells were isolated separately from
peripheral blood mononuclear cells using anti-human CD14- and anti-human
CD4-coated magnetic particles according to the manufacturer’s instructions (BD
Biosciences). Immature MDDCs were generated from purified monocytes
treated with 50 ng/ml of granulocyte-macrophage colony-stimulating factor and
interleukin 4 (IL-4) (R&D Systems) for 5 days as previously described (59, 63).
CD4� T cells were activated using phytohemagglutinin (Sigma-Aldrich) as de-
scribed previously (57) and cultured in RPMI 1640 medium with 10% fetal
bovine serum (FBS) (Atlanta Biologicals) in the presence of recombinant IL-2
(NIH AIDS Research and Reference Reagent Program).

Cell lines. The following cell lines have been previously described (59, 63): the
human B-cell line Raji, monocytic cell line THP-1ATCC, and their derived stable
DC-SIGN-expressing cell lines, human embryonic kidney cell line HEK293T,
human T-cell line Hut/CCR5, and HIV-1 indicator cell line GHOST/X4/R5. The
human monocytic cell line U937 (ATCC CRL-1593.2) was obtained from the
American Type Culture Collection (ATCC). The stable DC-SIGN-expressing
U937 cell line was generated by transduction of the parental cells with the
pMX-DC-SIGN retroviral vector, which was then followed by fluorescence-
activated cell sorting to obtain high levels of DC-SIGN expression as described
previously (63). U937/DC-SIGN cells were cultured in RPMI 1640 medium with
10% FBS. The stable CD4-expressing cell lines Raji/CD4 and Raji/DC-SIGN/
CD4 were generated separately by electroporation of Raji cells and Raji/DC-
SIGN cells with pCEN-CD4, followed by neomycin selection and fluorescence-
activated cell sorting as described previously (62). CD4-expressing cells were
cultured in RPMI 1640 medium (Invitrogen) with 10% FBS in the presence of
neomycin (0.5 mg/ml).

Flow cytometry and antibodies. To assess expression levels of cell surface CD4,
DC-SIGN, CCR5, or CXCR4, various cells (1 � 105 cells) were stained with
specific monoclonal antibodies (mAbs) or isotype-matched immunoglobulin G
(IgG) controls as previously described (63). Phycoerythrin (PE)-conjugated DC-

SIGN mAb (clone 120507) was purchased from R&D Systems. Purified CXCR4
mAb (clone 44717; R&D Systems) was obtained through the NIH AIDS Re-
search and Reference Reagent Program. PE- or fluorescein isothiocyanate-
conjugated mouse anti-human CD4 (clone S3.5), PE- or fluorescein isothiocya-
nate-conjugated goat anti-mouse IgG, and purified normal human and mouse
IgG were purchased from Caltag Laboratories. PE-conjugated CCR5 mAb
(clone 2D7/CCR5) and mouse IgG isotype control mAbs were purchased from
the BD Biosciences. Stained cells were analyzed using a FACSCalibur flow
cytometer (Becton Dickinson).

HIV stocks. Single-cycle, infectious HIV-1 stocks were generated by calcium
phosphate cotransfections of HEK293T cells with pNL-Luc-E�R� and expres-
sion plasmids for Env of HIV-1JRFL or HIV-1HXB2 as described previously (63).
The infectivities of the virus stocks were evaluated by limiting dilution on
GHOST/X4/R5 cells as described previously (63). Aldrithiol-2 (AT-2)-inacti-
vated HIV-1 Bal/Supt1-CCR5 cl30 (16, 42) was a kind gift from Jeffery Lifson
(AIDS Vaccine Program, SAIC, Frederick, MD).

HIV-1 binding and internalization assay. Raji cells and their derivatives (3 �
105 cells) were incubated separately with AT-2-inactivated HIV-1 (20 ng of
p24-equivalent viruses) for 2 h at 37°C or 4°C. Cells were then washed thoroughly
and lysed with 1% Triton X-100 buffer for Gag p24 quantification using an
enzyme-linked immunosorbent assay (anti-p24-coated plates were purchased
from the AIDS Vaccine Program, SAIC, Frederick, MD) as previously described
(62). To test the protease sensitivity of cell-associated HIV-1, virus-pulsed cells
were treated with 0.25% trypsin (Invitrogen) at room temperature for 4 min, and
cells were subsequently neutralized with culture medium containing 10% FBS
and washed prior to cell lysis.

HIV-1 transmission and infection assays. HIV-1 transmission and direct in-
fection assays using luciferase viruses were performed as described previously
(63). For the antibody-blocking experiments, DCs or cell lines were preincubated
with 10 �g/ml of either anti-CD4 (clone M-T441; Ancell Corporation), anti-
human CD4 complex mAb B4 (NIH AIDS Research and Reference Reagent
Program), or anti-DC-SIGN (clone 120526; R&D Systems) at room temperature
for 30 min prior to HIV-1 incubation. Cell lysates were obtained 2 days after
infection and analyzed for luciferase activity with a commercially available kit
(Promega).

For DC infection and transmission assays using replication-competent HIV-1,
immature MDDCs (3 � 105 cells) were incubated separately with WT and �Nef
R5 or X4 HIV-1 (50 ng p24 equivalent) for 16 h; cells were then washed
thoroughly and cultured for the indicated times. Cell-free supernatants from the
HIV-1-infected DCs were harvested for Gag p24 quantification at 3, 5, and 7 days
postinfection (dpi). In parallel, the infected DCs (1.5 � 105 cells) were washed
intensively and then cocultured with Hut/CCR5 cells (1.5 � 105 cells) for an
additional 3 days. Cell-free supernatants were harvested for p24 quantification
using an enzyme-linked immunosorbent assay. As a control, Hut/CCR5 cells
(1 � 105 cells) were pulsed with the replication-competent viruses (5 ng p24) for
2 h, washed thoroughly, and cultured for 3 days before harvesting supernatants
for p24 quantification.

Electron microscopy. Raji/DC-SIGN and Raji/DC-SIGN/CD4 cells were in-
cubated separately with AT-2-inactivated HIV-1 (2 �g of p24-equivalent viruses
per 106 cells) at 37°C for 2 h, cells were washed and immediately fixed with 2%
glutaraldehyde (Sigma-Aldrich) in phosphate-buffered saline (PBS) for 30 min
on ice, and the samples were then processed for conventional transmission
electron microscopy as previously described (12). To observe the intracellular
viral retention, AT-2-inactivated HIV-1-pulsed cells were cultured for an addi-
tional 24 h prior to the fixation and sample preparation. Thin sections were
examined with a Hitachi H-600 transmission electron microscope operating at
75 kV.

Confocal microscopy. Raji/DC-SIGN cells or Raji/DC-SIGN/CD4 cells (6 �
105 cells) were incubated with AT-2-inactivated HIV-1 (40 ng of p24-equivalent
viruses) at 37°C for 2 h and washed twice with 1 ml PBS containing 2% FBS. The
following immunostaining was performed at room temperature unless specified.
Washed cells were attached to poly-L-lysine-coated microscope slides (Poly-
sciences) at 37°C for 20 min and fixed with 4% paraformaldehyde (Sigma-
Aldrich) in PBS for 20 min, and cells were permeabilized with 0.1% Triton X-100
in PBS for 2 min and then incubated with 0.1 M glycine and PBS containing 3%
bovine serum albumin (Sigma-Aldrich) for 20 min. Cells were first stained with
mouse anti-human CD63 (a kind gift from Amy Hudson, Medical College of
Wisconsin) or anti-CD81 (2 �g/ml) (clone JS-81; BD-Pharmingen) for 60 min
and washed three times with PBS containing 3% bovine serum albumin. Cells
were then stained with Alexa Fluor 568-labeled goat anti-mouse IgG (2 �g/ml;
Molecular Probes) for 60 min and washed as described above. Cells were stained
subsequently with Alexa Fluor 488-labeled mAb against HIV-1 p24 (2 �g/ml)
(clone 24-2; NIH AIDS Research and Reference Reagent Program) for 60 min.

2498 WANG ET AL. J. VIROL.



The p24 mAbs were fluorescently labeled with the Zenon One Alexa Fluor 488
labeling kit according to the manufacturer’s protocol (Molecular Probes). Fol-
lowing immunostaining, cells were fixed, washed, and mounted with Fluoro-
mount G (Electron Microscopy Sciences); cells were then examined using a laser
scanning confocal microscope (Leica TCS SP2).

Statistical analyses. Statistical analyses were performed using Wilcoxon’s
paired t test or Mann-Whitney’s unpaired t test with Prism software.

RESULTS

CD4 expression levels correlate with monocytic cell restric-
tion of DC-SIGN-mediated HIV-1 transmission. Previous stud-
ies reported that DC-SIGN-mediated HIV-1 transmission is
cell type dependent (53, 61, 62). The cell type restriction of the
DC-SIGN function in HIV-1 transmission provides a valuable
means to explore the mechanisms of DC-mediated HIV-1
transmission and cellular features that regulate the viral trans-
fer. To better understand the mechanism of cell type restric-
tion of DC-SIGN-mediated HIV-1 transmission, a screen for
cell types that are permissive or restrictive for DC-SIGN-me-
diated HIV-1 transmission was performed with more than 20
different human cell lines and MDDCs (61, 62; L. Wu et al.,

unpublished data). The screen revealed that cell surface CD4
expression levels correlate with the restriction phenotype of
monocytic cell lines (Fig. 1). After pulsing with single-cycle
luciferase HIV-1, Raji/DC-SIGN cells and immature MDDCs
efficiently transferred HIV-1 to cocultured CD4� CCR5� hu-
man T cells (Hut/CCR5) (Fig. 1A). By contrast, the monocytic
cell lines THP-1 and U937 did not support HIV-1 trans infec-
tion despite high levels of exogenous DC-SIGN expression
(Fig. 1A). These two monocytic cell lines that expressed high
levels of endogenous CD4 were restrictive for HIV-1 trans
infection, whereas permissive Raji/DC-SIGN cells were nega-
tive for CD4 as measured by flow cytometry (Fig. 1B). Com-
pared with Raji/DC-SIGN cells, immature MDDCs that ex-
press moderate levels of CD4, but similar levels of DC-SIGN,
supported less efficient HIV-1 transmission (Fig. 1). Because
HIV-1 can also interact with CD4, we hypothesized that CD4
expression might regulate DC-SIGN-mediated HIV-1 trans in-
fection.

CD4 expression impairs DC-SIGN-mediated HIV transmis-
sion. To test whether CD4 expression impairs DC-SIGN-me-

FIG. 1. CD4 expression levels correlate with monocytic cell restriction of DC-SIGN-mediated HIV-1 transmission. (A) Monocytic cell lines
restrict DC-SIGN-mediated HIV-1 transmission. The HIV-1 transmission assay was performed as described previously (59). Immature MDDCs
and DC-SIGN-expressing donor cell lines were pulsed separately with single-cycle luciferase HIV-1 (R5 EnvJRFL) and cocultured with Hut/CCR5
target cells. Donor cells alone were used as controls. The data show the means � standard deviations (SD) of triplicate wells of cell samples. One
representative experiment out of four is shown. cps, counts per second. (B) Surface expression levels of DC-SIGN and CD4 of immature MDDCs
and DC-SIGN-expressing cell lines. (Top) Staining of DC-SIGN with mAbs against DC-SIGN (solid peaks) or isotypic controls (open peaks).
(Bottom) Staining of CD4 with mAbs against CD4 (gray peaks, arrowheads) or isotypic controls (black peaks). Antibody staining (FL2-H) is
depicted by the histogram plots along the x axis.
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diated HIV-1 transmission, CD4-negative Raji cells and Raji/
DC-SIGN cells were used to generate Raji/CD4 and Raji/DC-
SIGN/CD4 stable cell lines, respectively. Comparable levels of
cell surface expression of DC-SIGN and CD4 were detected in
the appropriate cells by flow cytometry (Fig. 2A). These Raji-
derived cells were then used as donor cells and examined for
R5 HIV-1 transmission to Hut/CCR5 cells or activated human
primary CD4� T cells. Similar to the negative control Raji
cells, Raji/CD4 cells did not support HIV-1 transmission (Fig.
2B), whereas Raji/DC-SIGN cells efficiently transferred single-
cycle R5 HIV-1 to various target T cells (Fig. 2B). Hut/CCR5
target cells were more susceptible to viral infection than pri-
mary T-cell targets, which is most likely due to higher consti-
tutive expression of viral receptors by the stable cell line (Wu
et al., unpublished). Thus, the expression of CD4 in Raji/DC-
SIGN cells dramatically impairs their capacity to transfer R5
HIV-1 to cocultured T cells.

Coexpression of CD4 and DC-SIGN in Raji cells enhances
X4 HIV-1 susceptibility. It has been shown that cis expression

of DC-SIGN allows for a more efficient entry of HIV-1
through viral receptors (29). To determine whether the coex-
pression of CD4 and DC-SIGN on Raji cells targets HIV-1 to
productive cis infection, these cells were challenged with sin-
gle-cycle HIV-1. Parental Raji cells and CD4- and DC-SIGN-
expressing derivatives were separately pulsed with R5 or X4
HIV-1 and cultured 3 days before detection of viral infection.
Hut/CCR5 cells were used as positive controls for R5 and X4
HIV-1 infection. Cell surface expression of CCR5 and CXCR4
on these cells was examined by immunostaining and flow cy-
tometry. Similar levels of CXCR4 expression were observed on

FIG. 2. CD4 expression impairs DC-SIGN-mediated HIV-1 trans-
mission. (A) Cell surface expression of DC-SIGN and CD4 of Raji-
derived cells. Cells were double stained with DC-SIGN and CD4 mAbs
and then analyzed by flow cytometry. Antibody staining (FL1-H and
FL2-H) is depicted by the dot plots along the x and y axes. (B) Coex-
pression of CD4 and DC-SIGN impairs HIV-1 transmission. The
HIV-1 transmission assay was performed using single-cycle luciferase
HIV-1 (R5 EnvJRFL) as previously described (59). The Hut/CCR5
T-cell line or CD4� primary T cells were used as target cells. The data
show the means � SD of triplicate wells of infected cells. One repre-
sentative experiment out of four is shown. cps, counts per second. FIG. 3. Coexpression of CD4 and DC-SIGN promotes X4 HIV-1

infection. (A) Cell surface expression of CCR5 and CXCR4. Cells were
double stained with mAbs against CCR5 and CXCR4 and then analyzed
by flow cytometry. Antibody staining (FL1-H and FL2-H) is depicted by
the dot plots along the x and y axes. (B) HIV-1 direct infection. R5- and
X4-tropic single-cycle luciferase (Luc) HIV-1 was used separately to in-
fect Raji cells and derivatives. Cells were washed after viral exposure and
cultured for 3 days before the detection. Hut/CCR5 cells were used as
positive controls. The data show the means � SD of duplicate wells of
infected cells. One representative experiment out of three is shown. cps,
counts per second.
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Raji cells and Raji derivatives. CCR5 was negative on these
B-cell lines. High levels of CCR5 and CXCR4 expression were
detected on Hut/CCR5 cells (Fig. 3A). As expected, CD4-
negative Raji cells and Raji/DC-SIGN cells were not permis-
sive to HIV-1 infection, and none of the Raji cell lines were
susceptible to R5 HIV-1 due to the absence of the coreceptor
CCR5 (Fig. 3A and B). By contrast, ectopic CD4 expression
and endogenous CXCR4 expression rendered Raji cells highly
susceptible to X4 HIV-1 infection. Compared with Raji/CD4
cells, the coexpression of CD4 and DC-SIGN enhanced X4
HIV-1 infection about 10-fold (P � 0.001) (Fig. 3B).

Blockade of cell surface CD4 with specific mAbs promotes
HIV-1 trans infection. As described above, the introduction of
CD4 impaired HIV-1 transmission mediated by Raji/DC-
SIGN cells, suggesting that CD4 coexpression regulates HIV-1
transmission versus direct infection after capture by DC-SIGN.
To determine whether CD4 binding of HIV-1 competed with
DC-SIGN-mediated transmission to cells in trans, mAbs
against CD4 were used to block CD4 molecules on the donor
cell surface, and HIV-1 transmission to target T cells was

subsequently quantified. Preincubation of CD4 mAbs with
Raji/DC-SIGN/CD4 cells and THP-1/DC-SIGN cells in-
creased R5 HIV-1 transmission fourfold (P � 0.01) (Fig. 4A
and B). Interestingly, viral transmission by immature MDDCs
was also enhanced 2.4-fold (P � 0.05) when cells were prein-
cubated with CD4 mAbs before HIV-1 incubation (Fig. 4C).
Consistent with previous results (4, 22, 53, 63), HIV-1 trans-
mission decreased by 53% when a DC-SIGN mAb was incu-
bated with MDDCs prior to virus binding (Fig. 4C). Notably,
these data show that CD4 engagement of HIV-1 in MDDCs
has a greater effect on viral transmission than DC-SIGN inter-
actions with the virus. As a positive control for the CD4 mAbs
blocking HIV-1 Env interactions, viral infection of Hut/CCR5
cells decreased by 86% (P � 0.01) when the cells were prein-
cubated with the CD4 mAbs before virus incubation (Fig. 4D).

Coexpression of CD4 and DC-SIGN facilitates HIV-1 in-
ternalization and alters viral trafficking. To elucidate the
mechanism by which the coexpression of CD4 and DC-
SIGN impairs HIV-1 transmission in trans, virus binding,
internalization, and trafficking of Raji/DC-SIGN cells were

FIG. 4. Blockade of cell surface CD4 with specific mAbs promotes HIV-1 transmission. (A) Raji/DC-SIGN/CD4 cells, (B) THP-1/DC-SIGN
cells, or (C) immature MDDCs were preincubated separately with the CD4 mAbs or anti-DC-SIGN mAbs before HIV-1 incubation. Mouse IgG
(mIgG) was used as a control. The HIV-1 transmission assay was performed as described previously (59). Hut/CCR5 cells were used as target T
cells. HIV-1 trans infection was determined 2 days postinfection by measuring the luciferase activity of cell lysates. (D) Preincubation with purified
mouse anti-human CD4 mAbs blocked HIV-1 infection of Hut/CCR5 cells. The data show the means � SD of triplicate cell samples. One
representative experiment out of four is shown. cps, counts per second. Asterisks indicate significant differences compared with mouse IgG controls
(*, P � 0.05; **, P � 0.01).
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compared with those of Raji/DC-SIGN/CD4 cells. To exam-
ine the cell-virus interactions in the absence of potentially
confounding effects of productive viral infection, we used AT-
2-inactivated HIV-1 in these experiments. Previous studies
showed that AT-2-inactivated HIV-1 is conformationally au-
thentic and interacts with MDDCs similarly to infectious viruses
(16, 56).

To measure virus binding and internalization, Raji/DC-
SIGN cells and Raji/DC-SIGN/CD4 cells were pulsed sepa-
rately with AT-2-inactivated R5 HIV-1 at 4°C or 37°C for 2 h,
and after rigorous washing, cells were lysed, and HIV-1 Gag
p24 was quantified. To test the proteolysis sensitivity of cell-
associated HIV-1, cells were treated with trypsin after virus
incubation. At 4°C, HIV-1 binding to Raji/DC-SIGN/CD4 cells
was nearly twofold higher than that to Raji/DC-SIGN cells
(Fig. 5A). Trypsin treatment greatly reduced cell-associated
HIV-1 to background levels of Raji cell controls (Fig. 5A and
data not shown), indicating that virus remained on the cell
surface upon binding at 4°C. By contrast, HIV-1 internaliza-
tion by Raji/DC-SIGN/CD4 cells at 37°C was fivefold greater
(P � 0.01) than that by Raji/DC-SIGN cells. At 37°C, 80% of
Raji/DC-SIGN/CD4 cell-associated HIV-1 was resistant to

proteolysis, whereas the Raji/DC-SIGN cell-associated HIV-1
was largely sensitive to trypsin (Fig. 5A).

Next, HIV-1 trafficking in these cells was visualized using
electron and confocal microscopy. After a 2-h HIV-1 exposure
to cells at 37°C, only cell surface-bound HIV-1 particles were
found on Raji/DC-SIGN cells, in apparent association with
clathrin-coated pits (Fig. 5B, left); however, in addition to the
cell surface-bound HIV-1 particles (Fig. 5B, upper right), virus
particles were observed within intracellular compartments of
Raji/DC-SIGN/CD4 cells, which were close to cell membranes
(Fig. 5B, lower right). Immunostaining and confocal micros-
copy indicated that HIV-1 internalized within Raji/DC-SIGN/
CD4 cells colocalized with the late endosomal markers CD63
and CD81 (Fig. 5C and D), whereas HIV-1 bound to Raji/DC-
SIGN cell surfaces did not colocalize with these markers. In
addition, compared with Raji/DC-SIGN cells, the late en-
dosomal compartments were concentrated and polarized
within Raji/DC-SIGN/CD4 cells after exposure to HIV-1
(Fig. 5C and D).

Collectively, these data indicate that the coexpression of
CD4 and DC-SIGN in Raji cells significantly enhances HIV-1
internalization within late endosomal compartments, suggest-

FIG. 5. Coexpression of DC-SIGN and CD4 facilitates HIV-1 internalization and alters viral trafficking. (A) Coexpression of DC-SIGN and
CD4 enhances HIV-1 binding and internalization. Raji/DC-SIGN cells or Raji/DC-SIGN/CD4 cells were separately incubated with AT-2-
inactivated R5 HIV-1 for 2 h. Cells were washed and treated with trypsin or medium and lysed for HIV-1 p24 quantification. The data represent
the means � SD of triplicate cell samples. One representative experiment out of 10 is shown. *, significant differences compared with
Raji/DC-SIGN cells (P � 0.01). (B) Raji/DC-SIGN/CD4 cells internalize HIV-1 in intracellular vesicles. Cells were washed after exposure to
AT-2-inactivated HIV-1 and were prepared immediately for electron microscopy. Scale bars, 100 nm. (C and D) HIV-1 colocalized with the late
endosomal markers CD63 (C) and CD81 (D) in Raji/DC-SIGN/CD4 cells. Cells were pulsed with AT-2-inactivated HIV-1, coimmunostained, and
analyzed by confocal microscopy. Green, HIV-1 p24; red, CD63 or CD81. Magnification, �60.

2502 WANG ET AL. J. VIROL.



ing that the altered viral trafficking contributes to the CD4
inhibition of DC-SIGN-mediated HIV-1 trans infection.

HIV-1 retention in Raji cells coexpressing CD4 and DC-
SIGN. To examine the stability of HIV-1 internalized in Raji/
DC-SIGN/CD4 cells, cells were cultured for an additional 24 h
after 2 h of exposure of AT-2-inactivated HIV-1 and then
analyzed by electron microscopy. No viral particles were ob-
served in mock control cells without incubation of AT-2-inac-
tivated HIV-1 (data not shown). Only cell surface-associated
virus particles were observed from Raji/DC-SIGN cells (Fig.
6A). By contrast, in addition to abundant HIV-1 particles
bound on the cell surfaces of Raji/DC-SIGN/CD4 cells, intact
virus particles were still confined to intracellular compartments
in these cells after a 24-h culture (Fig. 6B and C). A high
magnification of the boxed area in Fig. 6B indicated that intact
HIV-1 particles were trapped in the endosomal compartments
(Fig. 6C). Thus, HIV-1 internalized by Raji/DC-SIGN/CD4
cells can be retained in the cells for at least 24 h.

Downregulation of CD4 by Nef expression in DCs correlates
with enhanced viral transmission. We next wished to examine
the effect of CD4 levels on DC-mediated HIV-1 transmission.
In addition to DC-mediated HIV-1 trans infection, long-term
viral transfer from DCs to T cells depends on HIV-1 infection
of DCs (6, 30, 35, 56). MDDCs express both CD4 and DC-
SIGN and are susceptible to HIV-1 infection, albeit at reduced
replication levels (35). HIV-1 Nef downregulates cell surface
expression of CD4 (38) but upregulates DC-SIGN expression
(51). We thus hypothesized that HIV-1 Nef expression upon
viral infection may facilitate DC-mediated HIV-1 transmission

through the modulation of CD4 and/or DC-SIGN expression.
To test this model, WT and nef-inactivated (�nef) HIV-1 in-
fection upon viral transmission by MDDCs was examined.

First, levels of viral replication of R5 (NLAD8) or X4
(NL4-3) WT and �nef HIV-1 in Hut/CCR5 target cells were
compared by using equivalent inoculums. By quantification of
Gag p24 in cell-free supernatants, comparable levels of virus
replication were detected between WT and �nef HIV-1-in-
fected Hut/CCR5 cells at 3 dpi (Fig. 7A). HIV-1 production by
infected immature MDDCs was then measured. WT and �nef
HIV-1-infected MDDCs showed similar virus replication ki-
netics (Fig. 7B). In MDDCs, viral replication of X4 HIV-1 was
significantly lower than that of R5 viruses (Fig. 7B), which is
consistent with previous studies showing that susceptibility of
DCs to R5 HIV is generally higher than that to X4 HIV due to
the higher expression of CCR5 or the lack of CXCR4 expres-
sion on DC surfaces (20, 25, 35, 36, 48, 64).

At 3, 5, and 7 dpi, DCs were washed thoroughly and then
cocultured with Hut/CCR5 cells for an additional 3 days to
quantify viral transmission. Cell-free supernatants of the co-
cultures were then measured for p24 production. Interestingly,
compared with �nef HIV-1-infected MDDCs, Nef-expressing,
WT NLAD8 HIV-1 infection significantly enhanced DC-me-
diated viral transmission twofold, sixfold (P � 0.01), and four-
fold (P � 0.01) at 3, 5, and 7 days after DC infection, respec-
tively. As expected, X4-tropic NL4-3 replicated more weakly in
the cocultures using preinfected MDDCs, but the presence of
Nef increased virus production twofold and threefold (P �
0.05) at 5 and 7 days after DC infection, respectively (Fig. 7C).

FIG. 6. Raji/DC-SIGN/CD4 cells retain intracellular HIV-1 parti-
cles for at least 24 h. Cells were incubated with AT-2-inactivated R5
HIV-1 at 37°C for 2 h, washed, and cultured for an additional 24 h.
Cells were then analyzed by electron microscopy. (A) Raji/DC-SIGN
cells. Arrows indicated cell surface-associated HIV-1 particles.
(B) Raji/DC-SIGN/CD4 cells. (C) Higher-magnification image of the
boxed area from panel B. Arrows indicate the intracellular compart-
ments that trapped intact HIV-1 particles. Scale bars, 100 nm.
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Repeat experiments using DCs derived from five different
donors indicated that efficient HIV-1 transmission occurred
when cocultures were initiated at 5 days after DC infection
(Fig. 7C and data not shown). These conditions likely allow for
virus spread in the MDDCs and modulation of cell surface
receptors. Therefore, we compared the results of HIV-1 rep-
lication and those of viral transmission that were obtained at 5
days after DC infection. For both R5 and X4 viruses, the
average ratio of p24 production between WT and �nef HIV-
1-infected DCs alone was 1 (Fig. 7D), indicating similar levels
of viral replication. By contrast, the ratio of p24 production of
NLAD8-infected DC-T-cell cocultures was 4.4 � 2.1 (P � 0.05;
average results from five donors), whereas the ratio of NL4-3-

infected DC-T-cell cocultures was 1.9 � 0.4 (average results
from two donors). Thus, Nef expression by WT HIV-1 infec-
tion efficiently facilitates viral dissemination in DC-T-cell co-
cultures. In parallel, at 5 dpi, the cell surface expression of
DC-SIGN and CD4 of infected DCs was also measured. Com-
pared with �nef HIV-1-infected DCs, Nef-expressing NLAD8
HIV-1-infected MDDCs slightly increased DC-SIGN expres-
sion by 16% and significantly decreased CD4 expression by
81% (P � 0.01), whereas NL4-3 HIV-1-infected MDDCs
showed a 4% increase in DC-SIGN expression and a 43%
reduction (P � 0.01) in CD4 expression (Fig. 7E).

Together, these results indicate that Nef is required for
efficient HIV-1 transmission from DCs to T cells. Nef-induced

FIG. 7. Nef-induced CD4 downregulation in HIV-1-infected DCs promotes viral transfer to CD4� T cells. (A) WT and nef-inactivated (�nef)
HIV-1 replicate similarly in Hut/CCR5 cells. Cells were pulsed with R5 (NLAD8) or X4 (NL4-3) HIV-1 (5 ng p24 each), and cell-free supernatants
were harvested 3 dpi for p24 quantification. (B) Comparable WT and �nef HIV-1 infections of DCs. Immature MDDCs were pulsed with HIV-1
(50 ng p24 per inoculum) and cultured. Cell-free supernatants were measured for p24 at the indicated times. (C) Nef expression facilitates
DC-mediated HIV-1 transmission. At 3, 5, and 7 dpi, MDDCs were washed and cocultured with Hut/CCR5 cells for an additional 3 days. Cell-free
supernatants of cocultures were measured for p24. The data show the means � SD of triplicate cell samples. One representative experiment out
of five is shown. (D) Comparison of infection and transmission between WT and �nef HIV-1-infected MDDCs at 5 dpi. The average ratio of p24
production of DCs alone and DC-T-cell cocultures is shown. Data are the means � SD of results of DCs derived from different donors in
independent experiments. (E) Nef modulates DC-SIGN and CD4 expression of HIV-1-infected MDDCs. The cell surface expression of DC-SIGN
and CD4 was measured by flow cytometry at 5 dpi. MFI, mean fluorescence index. Relative expression levels versus �nef HIV-1-infected MDDCs
are shown. One representative experiment out of five is shown. Asterisks indicate a significant difference (*, P � 0.05 compared with DC alone;
**, P � 0.01 compared with the WT).
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CD4 downregulation in HIV-1-infected MDDCs correlates
with enhanced viral transmission.

DISCUSSION

The cell type dependency of DC-SIGN-mediated HIV-1
transmission provides a useful model system to investigate
the mechanisms underlying DC-mediated viral transfer (61,
62). We previously discovered that monocytic THP-1 cells
do not support DC-SIGN-mediated HIV-1 transmission, al-
though it was widely assumed in the literature that such cells
recapitulated DC transmission of HIV-1 (61). Here, we
identify an underlying mechanism for the monocytic cell
restriction of DC-SIGN-mediated HIV-1 transmission and
present a model by which HIV-1 might exploit primary cells
with similar characteristics to potentiate viral spread to
CD4� T cells.

In this report, we show that CD4 expression levels regulate
DC-SIGN and MDDC transmission of HIV-1. Monocytic cell
type restriction of DC-SIGN-mediated HIV-1 transmission
correlates with CD4 expression, and this impairment can be
blocked with CD4 antibodies that prevent interactions with
HIV-1 Env. This restriction can be re-created by the expres-
sion of CD4 in Raji/DC-SIGN cells, which are otherwise per-
missive to DC-SIGN-mediated HIV-1 transmission. In the
presence of an appropriate HIV-1 coreceptor, cells engineered
to coexpress CD4 and DC-SIGN are preferentially infected. By
contrast, CD4/DC-SIGN double-positive cells lacking a viral
coreceptor efficiently internalize and trap HIV-1. Using pri-
mary cells expressing CD4 and DC-SIGN, we observed that
HIV-1 infection changes the transmission properties of these
cells. Specifically, infection by Nef-positive HIV-1 efficiently
promotes DC-mediated HIV-1 transmission, which correlates
with CD4 downregulation in these cells. Collectively, these
data suggest that modulations of CD4 levels may play an im-
portant regulatory role in DC-mediated HIV-1 transmission.

DC-mediated HIV-1 transmission to CD4� T cells involves
at least two pathways (60), namely, HIV-1 trans infection with-
out viral infection in DCs, and long-term viral transfer de-
pended on the HIV-1 replication in infected DCs (6, 30, 35,
56). It has been reported that certain DC subsets and macro-
phages in vivo express DC-SIGN, CD4, and HIV-1 coreceptors
(24, 29, 50), and both cell types were proposed to facilitate
mucosal transmission of HIV-1 (47). Thus, it is conceivable
that these types of cells are more susceptible to HIV-1 infec-
tion due to the coexpression of CD4, DC-SIGN, and viral
coreceptors, which may augment viral dissemination by DCs
and macrophages using the cis infection pathway. Upon HIV-1
infection, the Nef protein may convert these cells into more
potent HIV-1 transmitters through a significant downregula-
tion of CD4. CD4 and DC-SIGN molecules have dileucine-
based internalization motifs in the cytoplasmic domains (5, 19),
and the dileucine motifs of CD4 and DC-SIGN are critical for
endocytosis function and regulation by Nef (51). Although
MDDCs have provided a convenient tool to study DC-HIV
interactions, further examinations of bona fide DC subsets ex
vivo for viral infection and transmission would be beneficial for
understanding the contribution of DCs to AIDS pathogenesis.

Internalization of HIV-1 and distinct viral trafficking have
been suggested to be important for DC-mediated HIV-1 trans

infection (28, 53); however, it is unclear how internalized viri-
ons remain infectious, recycle back to the cell surface, and are
transferred to the T cells. By contrast, our viral binding and
electron microscopy results suggest that HIV-1 internalization
in Raji/DC-SIGN cells is not required for efficient HIV-1
transmission. Consistent with our observations, Burleigh and
colleagues recently reported that DC-SIGN-mediated HIV-1
internalization is dispensable for both trans infection of T cells
and the retention of viral infectivity (6). We found that the
coexpression of CD4 and DC-SIGN in Raji cells significantly
promoted viral internalization and altered viral trafficking to
late endosomal compartments (also known as multivesicular
bodies [MVBs]). Although endocytosis-mediated HIV-1 entry
can lead to productive viral infection (15, 44), only X4 HIV-1,
but not R5 HIV-1, replicated in CD4-expressing Raji cells.
These results suggest that the fusion-mediated entry of X4
HIV-1 leads to productive infection in these cells; however,
endocytosed R5 HIV-1 is trapped or inactivated in acidified
endosomes and is eventually degraded in lysosomes. Indeed,
compared with Raji/DC-SIGN cells, we have observed signif-
icant colocalization of the HIV-1 p24 protein with lysosome-
associated membrane protein 1 in Raji/DC-SIGN/CD4 cells
(data not shown), suggesting enhanced HIV-1 degradation
within lysosomes in CD4-DC-SIGN-expressing cells.

Interestingly, it was shown that HIV-1 captured by immature
MDDCs is also internalized to MVBs, and infectious HIV-1 is
constitutively released into the extracellular milieu in associa-
tion with the exosomes to initiate viral transfer to T cells (58).
Similarly, HIV-1 particles internalized by mature MDDCs are
also sequestered into MVBs (17). In contrast to the Raji/DC-
SIGN/CD4 cells, it remains unclear how internalized HIV-1
circumvents the intracellular degradation machinery in DCs
and recycles back to the DC surface to be transferred to the T
cells. Further investigations of HIV-1 trafficking in DCs in
comparison to Raji/DC-SIGN/CD4 cells may help us to under-
stand this unique feature of DC-mediated viral transmission.

The blocking of exposed CD4 on DCs with specific mAbs
promoted HIV-1 trans infection, most likely by impairing
virus internalization and intracellular degradation. Similar re-
sults were confirmed using DCs generated from different do-
nors and using different CD4 mAbs in independent experi-
ments (data not shown). However, the enhancement of HIV-1
transmission by CD4 mAb blocking appears to be limited, with
2.4-fold and 4-fold increases in MDDCs and various cell lines,
respectively. It is conceivable that other regions of CD4 out-
side the gp120 binding domain contribute to the inhibition of
DC-SIGN-mediated HIV-1 transmission. In addition, during
the 2-day coculture with T-cell targets, the newly synthesized
CD4 proteins on the donor cell surfaces diminished the block-
ade effect of CD4 mAb. In DCs, CD4 mAb alone may not
completely block HIV-1 internalization due to the coexpres-
sion of DC-SIGN or other C-type lectins. These results also
suggest that CD4 expression is not the sole cellular determi-
nant that controls the efficiency of DC-SIGN-mediated HIV-1
trans infection. For example, we previously reported that CD4-
negative human erythroleukemic K562 cells do not efficiently
transmit HIV-1 despite high levels of exogenous DC-SIGN
expression (62). Presumably, another unidentified cellular
factor(s) can also influence DC-SIGN-mediated HIV-1
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transmission, given its cell type dependence in CD4-nega-
tive cells (61, 62).

Nef-expressing HIV-1-infected DCs promoted viral trans-
mission to cocultured T cells. Indeed, Nef modulation of DC-
SIGN and CD4 expression was observed despite the limited
levels of DC-SIGN upregulation. These results provide an
additional context to consider previous observations of Nef
facilitating DC-mediated HIV-1 spread to T cells (37). It has
been reported that HIV-1 transmission efficiency can be en-
hanced by the maturation of DCs (32, 43). To examine the
possibility that Nef-promoted HIV-1 transmission results from
Nef-induced DC maturation, maturation markers (such as
HLA-DR, CD83, and CD86) of WT and �nef HIV-1-infected
DCs were compared, but no Nef-induced upregulation of the
maturation markers was observed (unpublished data). It has
also been reported that Nef-expressing immature MDDCs
stimulate T-cell activation but without upregulating DC mat-
uration markers (33). We confined our analyses to a trans-
formed CD4� T cell that is constitutively activated. With rest-
ing, primary CD4� T cells, it is likely that Nef may also
facilitate DC-mediated HIV-1 transmission by promoting DC-
T-cell interactions or by enhancing T-cell clustering (51).

In summary, we find that CD4 coexpression with DC-SIGN
enhances HIV-1 internalization and retention but strongly im-
pairs HIV-1 transmission to T cells. The blocking of CD4 on
the DC surfaces promotes HIV-1 trans infection. Significantly,
Nef facilitates DC-mediated HIV-1 transmission, which corre-
lates with Nef-induced downregulation of CD4. These data
provide a novel insight into cellular characteristics that influ-
ence DC-mediated HIV-1 dissemination and highlight Nef’s
role as a multifunctional pathogenic factor capable of regulat-
ing these processes.
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