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Dendritic cells (DCs) potently stimulate the transmission of human immunodeficiency virus type 1 (HIV-1)
to CD4� T cells. Immature DCs (iDCs) located in submucosal tissues can capture HIV-1 and migrate to
lymphoid tissues, where they become mature DCs (mDCs) for effective antigen presentation. DC maturation
promotes HIV-1 transmission; however, the underlying mechanisms remain unclear. Here we have compared
monocyte-derived iDCs and mDCs for their efficiencies and mechanisms of HIV-1 transmission. We have found
that mDCs significantly facilitate HIV-1 endocytosis and efficiently concentrate HIV-1 at virological synapses,
which contributes to mDC-enhanced viral transmission, at least in part. mDCs were more efficient than iDCs
in transferring HIV-1 to various types of target cells independently of C-type lectins, which partially accounted
for iDC-mediated HIV-1 transmission. Efficient HIV-1 trans-infection mediated by iDCs and mDCs required
contact between DCs and target cells. Moreover, rapid HIV-1 degradation occurred in both iDCs and mDCs,
which correlated with the lack of HIV-1 retention-mediated long-term viral transmission. Our results provide
new insights into the mechanisms underlying DC-mediated HIV-1 transmission, suggesting that HIV-1 exploits
mDCs to facilitate its dissemination within lymphoid tissues.

Dendritic cells (DCs) perform an essential role in the induc-
tion and regulation of the adaptive immune response (4). In
opposition to the immune function of DCs presenting pro-
cessed antigens, human immunodeficiency virus type 1 (HIV-1
[referred to subsequently as HIV]) hijacks DCs to promote
viral spread. DCs are proposed to be among the first cells that
encounter HIV at the mucosa and to play an important role in
HIV infection and dissemination (54). After capture or uptake
of HIV, immature DCs (iDCs) located in submucosal tissues
migrate to lymphoid tissues and become mature DCs (mDCs)
to potently present antigens to T cells. Interestingly, the trans-
mission efficiency of HIV is enhanced by DC maturation (11,
23, 27, 34, 42, 50), suggesting that mDCs efficiently facilitate
HIV transfer to activated CD4� T cells in lymphoid tissues.
Increased mDC–T-cell interactions may augment HIV transfer
to CD4� T cells (34, 42); however, the mechanisms underlying
mDC-enhanced HIV transmission remain elusive.

DCs can transmit HIV to CD4� T cells through trans-infec-
tion and cis-infection (reviewed in reference 54). Trans-infec-
tion mediated by DCs can occur by two pathways: HIV trans-
mission across the synaptic junctions or infectious/virological
synapses (2, 34, 48) and HIV transmission by immature mono-
cyte-derived DCs via an exocytic pathway that involves HIV-
associated exosomes (52). HIV cis-infection of DCs results in
de novo viral production and long-term transmission of HIV,
although viral replication in DCs is less efficient than that in
CD4� T cells (8, 23, 31, 38, 48). These mechanisms of HIV

transmission may coexist in vivo and contribute to viral dis-
semination; however, whether mDC-enhanced HIV transmis-
sion involves these pathways is unclear.

Initial observations suggested that a C-type lectin, DC-SIGN
(for “DC-specific intercellular adhesion molecule 3 [ICAM-3]-
grabbing nonintegrin”), facilitates DC-mediated HIV trans-
infection (22). Subsequent studies have indicated that DCs also
have DC-SIGN-independent mechanisms of HIV trans-infec-
tion of CD4� T cells (5, 6, 24–26, 46, 49, 53, 57). Other C-type
lectin molecules may be involved in DC-SIGN-independent
HIV transmission mediated by DCs (54). However, whether
mDC-enhanced HIV transmission is dependent on C-type
lectins remains to be examined.

Previous studies indicated that DC contact with CD4� T
cells is required for efficient HIV trans-infection (34, 42, 47).
HIV trafficking has been suggested to be important for DC-
mediated viral transmission (21, 29, 34, 52). Immature DCs can
internalize HIV to late endosomal compartments or multive-
sicular bodies (52), while mDCs sequester internalized HIV
into an endocytic compartment that is distinct from the con-
ventional multivesicular bodies (21). In contrast, a recent study
suggests that DC-mediated HIV trans-infection of CD4� T
cells primarily originates from virions bound on DC surfaces
(11). The discordance of these studies may result from differ-
ent approaches to DC generation, various stimuli of DC mat-
uration, and different HIV reporter systems. Nevertheless, the
role of HIV trafficking in iDC- and mDC-mediated viral trans-
mission remains to be defined.

Here we report functionally distinct HIV trans-infection of
CD4� T cells mediated by iDCs and mDCs. mDCs were more
efficient than iDCs in transmitting HIV to various types of
target cells independently of C-type lectins, which partially
accounts for iDC-mediated HIV transmission. Compared with
iDCs, mDCs significantly enhanced HIV endocytosis and effi-
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ciently concentrated HIV at virological synapses, which likely
play a role in promoting viral transmission to CD4� T cells.
Our results suggest that HIV exploits mDCs to facilitate its
dissemination within lymphoid tissues.

MATERIALS AND METHODS

Cell culture. Peripheral blood lymphocytes (PBLs) and CD14� monocytes
were isolated from buffy coat units of healthy donors (provided by the Blood
Center of Wisconsin, Milwaukee, WI) as previously described (49, 53). iDCs
were generated from purified monocytes treated with granulocyte-macrophage
colony-stimulating factor and interleukin 4 (IL-4) for 6 days, as described pre-
viously (57). mDCs were generated by adding 10 ng/ml of lipopolysaccharide
(LPS) (Escherichia coli strain O55:B5; Sigma-Aldrich) to iDCs and cultured for
an additional 2 days. The monocyte-differentiated iDCs were more than 98.5%
pure by DC-SIGN, HLA-DR, CD11b, and CD11c staining but were negative for
CD3 and CD14. PBLs were activated with 5 �g/ml of phytohemagglutinin
(Sigma-Aldrich) and cultured in the presence of 20 IU/ml of IL-2 (NIH AIDS
Research and Reference Reagent Program), as described previously (49). The
human embryonic kidney cell line HEK293T, the CD4� T-cell line Hut/CCR5,
the human B-cell line Raji/DC-SIGN, and the HIV indicator cell line
GHOST/R5 (kind gifts from Vineet KewalRamani, National Cancer Institute,
Frederick, MD) have been described previously (49, 57).

Flow cytometry. DCs (1 � 105) were stained with specific monoclonal anti-
bodies (MAbs) or isotype-matched immunoglobulin G (IgG) controls, as previ-
ously described (55). Phycoerythrin-conjugated mouse anti-human MAbs (BD
Biosciences [unless specified]) against the following molecules (clone numbers
are given in parentheses) were used for staining: DC-SIGN (120507; R&D
Systems), CD3 (HIT3a), CD11b (VIM12), CD11c (BU15), CD14 (TÜK4),
HLA-DR (TÜ 36), CD80 (L307.4), CD86 (2331), and IgG isotype control MAbs.
When indicated, DCs were treated with 0.25 mg/ml of trypsin (without EDTA)
(Invitrogen) at room temperature for 4 min or with 0.25 mg/ml of pronase E
(P6911; Sigma-Aldrich) on ice for 10 min. DCs were subsequently neutralized
with culture medium and washed before staining for DC-SIGN. Stained cells
were analyzed with a FACSCalibur flow cytometer (Becton Dickinson).

HIV stocks. Single-cycle infectious HIV stocks were generated by calcium
phosphate cotransfections of HEK293T cells with pLai3�envLuc2 (58) (a kind
gift from Michael Emerman, Fred Hutchinson Cancer Research Center) and
expression plasmids for HIV envelope protein (Env) of JRFL (R5-tropic) or
HXB2 (X4-tropic), as described previously (57). The infectivity of the virus
stocks was evaluated by limiting dilution on GHOST/R5 cells (57). Aldrithiol-2
(AT-2)-inactivated R5-tropic HIV (Bal/Supt1-CCR5 cl30) was a kind gift from
Jeffery Lifson (AIDS Vaccine Program, SAIC, Frederick, MD).

HIV binding and internalization assays. iDCs and mDCs (7.5 � 104) were
incubated separately with infectious HIV-Luc/JRFL or AT-2-inactivated HIV
(30 ng of p24) for 2 h at 37°C or 4°C. Cells were then washed intensively and
lysed for HIV Gag p24 quantification with an enzyme-linked immunosorbent
assay kit (PerkinElmer), as previously described (49). When indicated, HIV-
pulsed DCs were treated with 0.25 mg/ml of trypsin (without EDTA) at room
temperature for 4 min; cells were subsequently neutralized with culture medium
and washed before lysis for HIV p24 quantification.

HIV transmission and infection assays. HIV transmission and direct infection
assays using luciferase viruses were performed as previously described (57). Cell
lysates were analyzed for luciferase activity with a commercially available kit
(Promega). When indicated, iDCs and mDCs were preincubated with either 10
�g/ml of anti-DC-SIGN (cocktail of clones 120518, 120526, and 120612 [R&D
Systems]) at room temperature or 20 �g/ml of mannan (Sigma-Aldrich) at 37°C
for 30 min prior to HIV incubation, as described previously (57). Transwell
culture plates (Costar) with inserts of polycarbonate membranes (pore size, 3
�m) were used to separate donor cells from target cells as described previously
(56). When indicated, HIV-pulsed DCs were treated either with 0.25 mg/ml of
trypsin (without EDTA) at room temperature for 4 min or with pronase E at
various concentrations on ice for 10 min. Cells were subsequently neutralized
with culture medium and washed before coculturing with Hut/CCR5 cells.

For HIV transmission assays using trafficking inhibitors, DCs (3 � 105) were
incubated separately with 1,2-bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetic
acid acetoxymethyl ester (BAPTA-AM) (25 �M), ammonium chloride (NH4Cl)
(10 mM), monensin sodium (30 �M), brefeldin A (3.6 �M), and epoxomicin (0.2
�M) (all inhibitors were purchased from Sigma-Aldrich) at 37°C for 30 min and
then pulsed with HIV at 37°C for 2 h in the presence of the inhibitors before
coculture with Hut/CCR5 cells. DC viability after the inhibitor treatment was

examined with 7-amino-actinomycin D staining (Annexin V-PE apoptosis detec-
tion kit; BD Pharmingen) and flow cytometry.

Electron microscopy. For visualization of HIV trafficking, iDCs and mDCs
(6 � 105) were incubated separately with AT-2-inactivated HIV (2 �g of p24) at
37°C for 1.5 h. After a wash, DCs were cultured for 1 h and fixed and processed
for conventional transmission electron microscopy as previously described (49).
For HIV transmission from DCs to CD4� T cells, after incubation with AT-2-
inactivated HIV as described above, DCs were washed extensively and cocul-
tured with Hut/CCR5 cells (6 � 105) for 1 h prior to fixation and sample
preparation. Cells were washed and processed for electron microscopy as previ-
ously described (49). For ruthenium red (RR) labeling of plasma membranes,
cells were washed with 0.1 M ice-cold sodium-cacodylate buffer and then fixed
with 1% glutaraldehyde in 0.1 M sodium-cacodylate buffer containing 0.05% RR
for 1 h on ice. After a wash, cells were postfixed in 1% osmium tetroxide
containing 0.05% RR for 1 h on ice. Thin sections were examined with a
transmission electron microscope (Hitachi H-600 or JEOL 2100 LaB6).

Statistical analyses. Statistical analyses were performed with the Wilcoxon
paired t test with Prism software or Dunnett’s multiple comparison test with the
SAS program.

RESULTS

mDCs enhance HIV transmission to different types of target
cells independently of C-type lectins. To better understand the
cell-cell interactions underlying mDC-enhanced HIV transmis-
sion, the efficiencies of HIV trans-infection mediated by iDCs
and mDCs were compared and the role of C-type lectins in
viral transmission was examined. Purified CD14� monocytes
were used to generate iDCs, and the maturation of iDCs was
achieved by LPS treatment (34). The phenotypes of iDCs and
mDCs were confirmed by immunostaining of cell surface
markers. As expected, iDCs and mDCs uniformly expressed
high levels of CD11c, and they were nearly negative for CD14
at day 7 of differentiation (Fig. 1A). HLA-DR and CD86
expression levels were significantly increased in mDCs relative
to iDCs, indicating efficient DC maturation, while the surface
expression of DC-SIGN was decreased in mDCs (Fig. 1A).

To quantify HIV transmission efficiency mediated by iDCs
and mDCs, a single-cycle luciferase reporter HIV was used.
The virus was pseudotyped separately with R5- or X4-tropic
HIV Env. Various types of target cells were used in HIV
transmission assays, including activated autologous PBLs,
the human CD4� T-cell line Hut/CCR5 (57), and the human
osteosarcoma cell line GHOST/R5, and were engineered to
express HIV receptors (12). When DCs were pulsed with small
amounts of R5-tropic HIV and cocultured separately with dif-
ferent types of target cells, mDCs were 3-fold (P � 0.05),
18-fold (P � 0.001), and 8-fold (P � 0.01) more effective than
iDCs in transmitting HIV infection to activated PBLs, Hut/
CCR5 cells, and GHOST/R5 cells, respectively (Fig. 1B). Sim-
ilar results were observed in independent experiments using
autologous DCs and PBLs derived from four different donors
and using HIV pseudotyped with different R5-tropic Env pro-
teins (data not shown).

Preincubation of iDCs with cocktails of DC-SIGN MAbs
reduced HIV transmission to various types of target cells by
33% to 54% (P � 0.05) (Fig. 1B), a finding consistent with our
previous results (49, 57). Similarly, blockade of iDCs with
mannan, an inhibitor of mannose-binding C-type lectins, de-
creased HIV transmission by 22% to 56% (P � 0.05). How-
ever, DC-SIGN MAbs and mannan had no effect on HIV
transmission mediated by mDCs (Fig. 1B). These results sug-
gest that mDC-enhanced HIV transmission is independent of
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C-type lectins, which partly contribute to iDC-mediated HIV
transmission. To confirm the effective function of DC-SIGN
MAbs and mannan for neutralizing HIV transmission, Raji/
DC-SIGN cells (55), a human B-cell line engineered high
levels of DC-SIGN expression, were used as a positive control.
Consistent with our previous results (53, 56, 57), HIV trans-
mission to Hut/CCR5 cells by Raji/DC-SIGN cells was abol-
ished by DC-SIGN MAbs and mannan (Fig. 1B).

The HIV infection observed in cocultures was a direct result
of DC-mediated trans-infection of target cells, as no viral in-
fection was detected at 2 days postinfection (dpi) in DCs and
Raji/DC-SIGN cells that were pulsed with small amounts of

HIV (Fig. 1C). HIV infection in GHOST/R5 cells was signif-
icantly higher (149-fold and 6-fold) than that in PBLs and
Hut/CCR5 cells (Fig. 1C), consistent with the increased HIV
infection observed in coculture assays (Fig. 1B). In addition,
mDCs were threefold (P � 0.05) more potent than iDCs in
stimulating X4-tropic HIV trans-infection of CD4� T cells
(Fig. 1D). Together, these data suggest that unique mDC-HIV
interactions may account for enhanced HIV transmission to
target cells. HIV pseudotyped with R5-tropic-Env was used in
the following assays, given that the infection and transmission
rate of X4-tropic HIV in DCs is significantly lower than that of
R5-tropic HIV (20, 23, 38, 49).

FIG. 1. Mature DCs enhance HIV transmission to different types of target cells independently of C-type lectins. (A) Surface markers of iDCs
and mDCs. Monocyte-derived iDCs were cultured with LPS to generate mDCs. Cell surface markers were stained with specific MAbs or
isotype-matched IgG controls and analyzed by flow cytometry. The histogram peaks of CD11c staining on iDCs and mDCs were overlapped.
(B) Enhanced HIV transmission by mDCs is independent of C-type lectins. DCs and Raji/DC-SIGN cells were preincubated separately with
medium, anti-DC-SIGN cocktails, and mannan prior to HIV incubation, as described previously (57). Raji/DC-SIGN cells, iDCs, and mDCs were
pulsed separately with single-cycle, luciferase reporter R5-tropic HIV-Luc/JRFL (multiplicity of infection [MOI], 0.2), washed, and cocultured
separately with autologous PBLs, the CD4� T-cell line Hut/CCR5, and the HIV indicator cells GHOST/R5. HIV infection was determined after
2 days by measuring the luciferase activity. (C) No detectable HIV cis-infection in DCs and Raji/DC-SIGN cells. Cells were infected with
HIV-Luc/JRFL (MOI, 0.2), and viral infection was determined at 2 dpi. (D) mDCs enhance transmission of HIV pseudotyped with X4-tropic Env
(HXB2). Transmission of HIV-Luc/HXB2 with DCs as donors and Hut/CCR5 cells as targets was performed as described for panel B. The asterisk
indicates a significant difference (P � 0.05) compared with iDCs. The 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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DC-target cell contact is required for efficient HIV trans-
mission mediated by iDCs and mDCs. To evaluate whether
mDC-enhanced HIV transmission requires cell-cell contact,
HIV transmissions to different types of target cells by iDCs and
mDCs were compared with transwell culture plates. HIV-
pulsed DCs were separated from Hut/CCR5 or GHOST/R5
target cells by the use of transwell culture plates with perme-
able membranes (56). The transwell membranes (pore size, 3
�m) are permeable for HIV but not for DCs or target cells
(data not shown). Compared with DC-alone controls, HIV
infection was enhanced 32-fold or 168-fold when iDCs or
mDCs, respectively, were in cocultures with Hut/CCR5 target
cells (Fig. 2A). Similarly, compared with DC-alone controls,
HIV infection was enhanced 66-fold or 400-fold when iDCs
or mDCs, respectively, were in cocultures with GHOST/R5
target cells (Fig. 2B). When iDCs and mDCs were separated
from target cells by the permeable membranes, HIV trans-
mission decreased to background levels (Fig. 2). Similar
results were obtained when transwell plates with membrane
pore sizes of 0.4 �m were used (data not shown). Thus,
DC-target cell contact is required for efficient DC-mediated
HIV transmission.

Enhanced HIV endocytosis and distinct viral trafficking in
mDCs relative to iDCs. To visualize HIV trafficking and inter-
actions with iDCs and mDCs, AT-2-inactivated HIV was used
for electron microscopy assays. AT-2-inactivated HIV is con-
formationally authentic and interacts with DCs similarly to

infectious HIV (19, 48). Using electron microscopy, previous
studies have investigated interactions of AT-2-inactivated sim-
ian immunodeficiency virus and human DCs or macaque DCs
(19, 48). After a 1.5-h HIV exposure, cell surface-associated
HIV and a few internalized viral particles in clathrin-coated
vesicles were observed in iDCs (Fig. 3A, B, and C). By con-
trast, in addition to the surface-associated HIV, numerous
intact HIV particles were observed within intracellular endo-
cytic compartments in mDCs (Fig. 3D, E, and F). No HIV
particles were observed in controls without HIV incubation
(not shown).

Given the complexity of DC membranes, to confirm that the
HIV-containing compartments in mDCs were truly endocy-
tosed structures rather than cell surface invaginations, RR was
used during fixation as a membrane-impermeable dye. RR
binds to carbohydrate moieties on the cell surface (32) and
readily penetrates membrane invaginations due to its small size
(14). Fixation of DCs at 4°C prevents the internalization of
RR. Upon postfixation, RR forms an electron-dense precipi-
tate that can be visualized by electron microscopy. This
method has been used to study HIV entry and assembly in
macrophages (15, 33, 51). Results showed that mDC surfaces
and the invaginations were strongly labeled with RR, as ex-
pected, while the membranes of the HIV-containing vesicles
were largely resistant to RR staining (Fig. 3G, H, and I). These
results confirm that significant amounts of HIV were internal-
ized in the intracellular compartments in mDCs.

mDCs are more potent than iDCs in protecting HIV from
proteolysis. The above viral trafficking studies indicated that
mDCs facilitated HIV internalization and altered HIV local-
ization compared with iDCs. To determine whether viral traf-
ficking contributes to DC-mediated HIV transmission, iDCs
and mDCs were compared for binding and internalization of
HIV and viral protection from proteolysis.

To measure HIV binding and internalization, iDCs and
mDCs were pulsed separately with small amounts of infectious
HIV for 2 h, and DC-associated HIV p24 was quantified. To
test the proteolysis sensitivity of DC-associated HIV, DCs
were treated with trypsin after the HIV incubation. At 4°C,
HIV binding to mDCs was nearly fourfold (P � 0.01) higher
than that to iDCs (Fig. 4A). Trypsin treatment reduced iDC-
associated HIV to background levels, indicating that virus
mainly remained on the iDC surface upon binding at 4°C,
while the trypsin treatment only slightly decreased mDC-
bound HIV, by 13%. HIV internalization of mDCs at 37°C was
sevenfold greater (P � 0.01) than that of iDCs and was sev-
enfold greater (P � 0.01) than HIV binding to mDCs at 4°C.
Nearly 50% iDC-associated HIV at 37°C was sensitive to pro-
teolysis, whereas the mDC-associated HIV was completely re-
sistant to trypsin treatment (Fig. 4A). These results suggest
that increased HIV internalization and protection by mDCs
may contribute to enhanced efficiency of viral transmission.

To detect whether DCs protect HIV from protease treat-
ment and further transfer HIV to T cells, HIV-pulsed iDCs
and mDCs were treated with trypsin (250 �g/ml) before cocul-
ture with Hut/CCR5 cells. Compared with medium controls,
the average results of four independent experiments revealed
that trypsin treatment reduced iDC-mediated HIV transmis-
sion by 43% � 16% (P � 0.05), while a 17% � 9% decrease in
viral transmission was observed in trypsin-treated mDCs (Fig.

FIG. 2. DC-target cell contact is required for efficient HIV trans-
mission mediated by iDCs and mDCs. Transmission of HIV-Luc/JRFL
with iDCs and mDCs as donors and (A) Hut/CCR5 cells or
(B) GHOST/R5 cells as targets was performed as described in the
legend to Fig. 1B. Transwell culture plates with membrane pore sizes
of 3 �m were used to separate DCs and target cells (Transwell). HIV
infection was determined after 2 dpi by measuring the luciferase ac-
tivity. The data show the means � standard deviations of triplicate
samples. One representative experiment out of three is shown. cps,
counts per second.
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4B). These data suggest that mDCs are more potent at pro-
tecting internalized and surface-bound HIV from protease
digestion. As a control, trypsin treatment of HIV-pulsed
Raji/DC-SIGN cells under the same conditions significantly
reduced viral transmission, by 91% (P � 0.001) (Fig. 4B). We
have carefully optimized the trypsin treatment conditions to
ensure cell viability and sufficient HIV cleavage on cell surfaces
(49); however, the trypsin treatment might not completely
cleave DC surface-bound HIV given the complexity of DC
membranes.

A recent study proposed that trypsin might be less potent
than pronase at removing DC surface-bound HIV, although no
comparison data were shown (11). To further demonstrate that
DC-mediated HIV transmission is partially resistant to pro-
teolysis, HIV-pulsed DCs were treated with pronase and then
cocultured with Hut/CCR5 cells. HIV transmission gradually
decreased when DCs were treated with increasing concentra-

tions of pronase (Fig. 4C). Interestingly, pronase treatment
(250 �g/ml) reduced iDC- and mDC-mediated HIV transmis-
sion by 48% (P � 0.05) and 24%, respectively. These data were
comparable to those of trypsin treatment at the same concen-
tration, suggesting that both trypsin and pronase may effi-
ciently strip surface HIV from DCs. Furthermore, when DCs
were treated with 400 �g/ml of pronase, HIV transmission by
iDCs and mDCs was decreased by 51% (P � 0.05) and 34%,
respectively (Fig. 4C), indicating that mDC-associated HIV is
more resistant to proteolysis. Together, these data suggest that
DC-mediated HIV transmission may involve recycling of the
internalized viruses in addition to DC surface-bound HIV. To
confirm the effective proteolysis function, DC-SIGN on DC
surfaces was stained after separate treatments with trypsin or
pronase. Results showed that both trypsin and pronase treat-
ments efficiently reduced surface DC-SIGN levels on iDCs and
mDCs (Fig. 4D), which may also partially contribute to the

FIG. 3. Enhanced HIV endocytosis and distinct viral trafficking in mDCs relative to iDCs. DCs were exposed to AT-2-inactivated R5 HIV for
1.5 h, washed thoroughly, fixed, and prepared for electron microscopy. (A, B, and C) Cell surface-bound HIV and internalized viral particles in
iDCs. (D, E, and F) HIV internalization is significantly enhanced in mDCs. Arrows indicate DC surface-associated HIV particles or intracellular
compartments that trapped intact HIV particles. (G, H, and I) RR labeling of mDC plasma membranes. (I) Higher-magnification image of panel
H (a partial area). The open arrows indicate RR-labeled mDC plasma membranes, and the black arrows point to HIV-containing compartments
and HIV particles that were not labeled with RR. Scale bars, 0.1 �m (A to F), 0.2 �m (G, I), and 0.5 �m (H).
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decreased efficiency of iDC-mediated HIV transmission after
protease treatment.

Effects of trafficking inhibitors on DC-mediated viral trans-
mission. To quantify the effect of HIV trafficking on DC-
mediated viral transmission, iDCs and mDCs were examined
for their efficiencies in supporting HIV trans-infection after
treatment with various trafficking inhibitors. DCs were incu-
bated separately with various inhibitors for 30 min and pulsed
with small amounts of HIV in the presence of the inhibitors for
2 h. To avoid the effect of inhibitors on HIV infection of target
cells, HIV-pulsed DCs were washed and cocultured with Hut/
CCR5 cells for 2 days in the absence of inhibitors. Various
trafficking inhibitors included an intracellular Ca2� chelator,
BAPTA-AM, which can eliminate exosome secretion (43);
NH4Cl, a weak base that neutralizes acidic endomembrane
compartments (1); monensin, a polyether antibiotic that dis-
rupts the structure of the Golgi apparatus and inhibits vesicu-
lar transport in eukaryotic cells (18); brefeldin A, a macrocyclic
lactone that inhibits small GTP-binding proteins and induces
the rapid redistribution of the Golgi apparatus into the endo-
plasmic reticulum (28); and epoxomicin, a potent and selective
proteasome inhibitor (35). Medium that contained dissolvent
was used as a control.

The average results of four independent experiments re-
vealed that monensin significantly reduced iDC- and mDC-
mediated HIV transmission, by 68% and 72% (P � 0.01

[Dunnett’s multiple comparison test]), respectively (Fig. 5A
and B). These data suggest potential involvement of the Golgi
apparatus or vesicular transport of HIV in DC-mediated HIV
transmission. BAPTA-AM blocked 42% of iDC-mediated
HIV transmission (P � 0.05) (Fig. 5A), indicating that HIV
transmission by iDCs is partially dependent on C-type lectins.
As a control, monensin treatment did not significantly change
DC-associated HIV p24 (91% to 119%, relative to medium
controls). While BAPTA-AM treatment reduced iDC-associ-
ated HIV p24 by 43%, it had no effect on mDC-associated HIV
p24. Some inhibitor-dependent effects (such as NH4Cl) on
cellular trafficking events are reversible after removal of the
inhibitors. Thus, potential effects of other inhibitors on HIV
trans-infection could not be ruled out. No significant decrease
in DC viability was observed after inhibitor treatment and 3
days in culture. The viability of inhibitor-treated DCs remained
76% to 94%, compared with the 88% to 94% viability of the
medium controls (Fig. 5C). Together, these data suggest that
intracellular trafficking inhibitors may disrupt DC-mediated
viral transmission.

mDCs efficiently concentrate HIV at virological synapses.
To visualize the formation of virological synapses between DCs
and CD4� T cells, an electron microscopy-based assay was
developed. After a 1.5-h exposure of AT-2-inactivated HIV to
iDCs and mDCs, DCs were washed thoroughly and cocultured
with Hut/CCR5 cells for 1 h to allow DC–T-cell interactions

FIG. 4. mDCs are more potent than iDCs in protecting HIV from proteolysis. (A) mDCs enhance HIV binding and internalization. DCs were
incubated with HIV-Luc/JRFL (30 ng of p24) at 4°C or 37°C for 2 h, washed and treated with trypsin or medium, and then lysed for HIV p24
quantification. Asterisks indicate significant differences (P � 0.01) compared with iDCs at the same temperature. (B) DCs protect captured HIV
from trypsin cleavage. HIV-pulsed iDCs, mDCs, and Raji/DC-SIGN cells were separately treated with trypsin before coculture with Hut/CCR5
target cells. Transmission of HIV-Luc/JRFL to Hut/CCR5 target cells was performed as described in the legend to Fig. 1B. The average results
of four independent experiments are shown. Values for medium controls were set at 100%. Asterisks indicate significant differences (P � 0.05)
between trypsin-treated samples and medium controls. (C) DCs protect captured HIV from pronase cleavage. HIV-pulsed iDCs and mDCs were
treated with increasing concentrations of pronase before coculture with Hut/CCR5 target cells. The data show the means � standard deviations
of triplicate samples. One representative experiment out of two is shown. cps, counts per second. (D) Decreased surface DC-SIGN levels on DCs
after protease treatment. DCs were stained for surface DC-SIGN after separate treatments with trypsin or pronase and analyzed by flow cytometry.
Medium treatment was used as a control.
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and viral transfer. Upon contact with CD4� T cells, a large
amount of intact HIV particles were concentrated and polar-
ized at mDC–T-cell synapses (Fig. 6A to D). Interestingly,
membrane continuity between an HIV-containing compart-
ment and the plasma membrane of an mDC was observed at an
mDC–T-cell synapse (Fig. 6C and D). Although it is difficult to
conclude that HIV was redistributed from the intracellular
compartments following T-cell contact, the membrane conti-
nuity with concentrated HIV particles could not be observed in
HIV-pulsed mDCs without T-cell coculture (Fig. 3D to I).
Large amounts of intact HIV particles were easily observed at
numerous mDC–T-cell synapses; by contrast, the virological
synapses formed between iDCs and T cells were not readily
found (Fig. 6E and F and data not shown). A few intact HIV-
like particles were observed at iDC–T-cell junctions (Fig. 6E
and F). These results suggest that mDCs are more efficient

than iDCs in concentrating captured HIV at virological syn-
apses.

Intracellular HIV degradation and time course viral trans-
mission mediated by DCs. To compare intracellular HIV deg-
radation in iDCs and mDCs, DCs were exposed to small
amounts of AT-2-inactivated HIV and trypsinized, and DC-
associated HIV p24 from aliquots was measured daily for 4
days. The mDC-associated p24 was 3.4-fold higher than that of
iDCs at day 0 (Fig. 7A). After 1 day in culture, iDC- and
mDC-associated HIV was rapidly degraded, by 83% and 72%,
respectively. After 3 days, almost no HIV p24 was detectable in
iDCs and mDCs (Fig. 7A), suggesting that there is no long-
term retention of HIV in DCs. These data are in agreement
with previous studies showing that most incoming HIV is de-
graded in DCs within 24 h (36, 37, 48).

To determine whether the small proportions of HIV re-
tained in DCs can mediate long-term trans-infection of CD4�

T cells, time course viral transmission by iDCs and mDCs was
examined. Use of single-cycle HIV in this assay had the ad-
vantage of avoiding viral transmission of progeny viruses that
replicate in cis-infected DCs. At 0, 1, 2, 4, and 6 dpi, aliquots
of HIV-pulsed iDCs and mDCs were separately cocultured
with Hut/CCR5 cells for an additional 3 days to quantify viral
transmission. In parallel, HIV-infected DC-alone controls
were harvested at 3, 4, 5, 7, and 9 dpi to measure cis-infection.

HIV trans-infection mediated by mDCs was 16-fold (P �
0.001) higher than that by iDCs when DCs were cocultured
with Hut/CCR5 cells at 0 dpi (Fig. 7B). After 1 dpi, viral
transmission mediated by iDCs and mDCs decreased by 9- and
23-fold (P � 0.001), respectively, while mDCs were still 6-fold
more potent than iDCs at enhancing viral transmission. At 2
dpi, mDC-mediated HIV transmission further decreased 10-
fold, to almost basal level. Of note, in the above-described
transmission assays (Fig. 1, 2, 4, and 5), HIV-pulsed DCs alone
did not become detectably infected at 2 to 2.5 dpi, whereas an
increasing HIV infection in iDCs became detectable after 3 to
4 dpi during the time course. The increased HIV infection in
iDCs correlated with iDC-mediated viral transmission. Consis-
tently, no HIV infection was detected in mDCs (Fig. 7B). HIV
infection in iDC-alone samples was around twofold higher
than that in iDC–T-cell cocultures at 4 dpi to 9 dpi, a result
that was likely due to T-cell-induced DC maturation (Fig. 7B).
Together, these results suggest that most incoming HIV is
rapidly degraded by iDCs and mDCs and that there is no viral
retention-mediated long-term transmission.

DISCUSSION

Understanding HIV-host cell interactions and defining the
mechanisms of DC-mediated virus transmission are essential
for developing effective strategies to combat HIV infection
(54). Here we have compared the efficiency and mechanisms of
HIV transmission mediated by iDCs and mDCs by using sin-
gle-cycle HIV quantification assays. We have found that mDCs
significantly facilitate HIV endocytosis and efficiently concen-
trate HIV at virological synapses, which is likely to contribute
to mDC-enhanced HIV transmission, at least in part. mDCs
were more efficient than iDCs in transmitting HIV to various
types of target cells independently of C-type lectins. Moreover,
DC-target cell contact was required for efficient HIV-1 trans-

FIG. 5. Effects of trafficking inhibitors on DC-mediated viral trans-
mission. iDCs (A) and mDCs (B) were incubated separately with
various inhibitors for 0.5 h and pulsed with HIV-Luc/JRFL in the
presence of the inhibitors for 2 h at 37°C. DCs were washed and
cocultured with Hut/CCR5 cells for 2.5 days. Medium that contained
dissolvent was used as a control. The average relative transmission of
four independent experiments using DCs from different donors is
shown (medium controls were set at 100%). Asterisks indicate signif-
icant differences (*, P � 0.05; **, P � 0.01) compared with medium
controls. (C) Viability of inhibitor-treated DCs after 3 days in culture.
DCs were incubated separately with various inhibitors at 37°C for
2.5 h, washed, and cultured 3 days before staining with 7-amino-
actinomycin D. Stained DCs were analyzed by flow cytometry. The
average DC viability of three independent experiments is shown (me-
dium controls were set at 100%).
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mission mediated by iDCs and mDCs. These results suggest
that HIV may exploit mDCs to efficiently spread viral infection
in lymphoid tissues, which are the major resources for HIV
replication (17).

The enhanced efficiency of HIV transmission by LPS-in-
duced mDCs has potential clinical implications for HIV patho-
genesis. A recent finding indicated that significantly increased
plasma LPS levels in HIV-infected humans correlate with
AIDS progression and systemic immune activation. The in-
creased plasma LPS levels may result from microbial translo-
cation through a breach in the integrity of the mucosal barrier
in the gut (7). Indeed, LPS can induce mouse DC maturation
in vivo (16). Although the LPS concentration that we used (10
ng/ml) for in vitro DC maturation is about 50-fold higher than
that found in the plasma of HIV-infected patients (7), it is
conceivable that increased LPS in HIV-infected individuals
may induce DC maturation and potently stimulate HIV dis-
semination in vivo. In addition, HIV coinfection with other

sexually transmitted pathogens can increase inflammatory
stimulations at the mucosae (44), which may directly activate
DCs in vivo and promote HIV spread. Further studies using
myeloid DCs, plasmacytoid DCs, or Langerhans cells from
HIV-infected individuals may be required to test this hypo-
thesis.

Our data suggest that both cell surface-bound and internal-
ized HIV contributes to DC-mediated viral transmission. In
contrast, a recent study indicates that DC-mediated HIV trans-
infection mainly derives from DC surface-bound virions (11).
Although it is difficult to directly compare these results owing
to the different approaches used in the studies, the dynamic
recycling of internalized HIV to DC surfaces may also mediate
HIV trans-infection, which should be an important consider-
ation. It has been shown that HIV trafficking to the infectious
synapse between LPS-induced mDCs and CD4� T cells occurs
via a tetraspanin-sorting pathway (21). HIV is internalized into
endocytic compartments in LPS-induced mDCs, which are

FIG. 6. mDCs efficiently concentrate HIV at virological synapses. After a 1.5-h exposure to AT-2-inactivated R5 HIV, iDCs and mDCs were
washed and cocultured separately with Hut/CCR5 cells for 1 h, fixed, and prepared for electron microscopy. Hut/CCR5 cells exhibit more
condensed chromatins; DCs show typical surface dendrites, less-condensed chromatin, and electron-dense lysosome-like granules. (A) Large
amount of intact HIV particles concentrated at the mDC–T-cell junction. (B) Higher-magnification images of the boxed areas from panel A. Black
arrows indicate HIV particles that were concentrated at the synapses. (C) HIV particles concentrated at the mDC–T-cell junction. Membrane
continuity was observed between an HIV-containing compartment and the plasma membrane of an mDC. (D) Higher-magnification images of the
boxed areas from panel C. White arrows indicate HIV particles that were concentrated at the mDC–T-cell synapses. (E) Fewer HIV-like particles
were observed at the iDC–T-cell junction. (F) A number of intact HIV-like particles were observed at the iDC–T-cell junction. Black arrows
indicate HIV-like particles at the synapses. TC, Hut/CCR5 cells; scale bars, 1 �m (A to E) and 0.5 �m (F).

8940 WANG ET AL. J. VIROL.



nonconventional, nonlysosomal vesicles (21). Upon contact
with T cells, internalized HIV in mDCs redistributes to form
infectious synapses (21, 48). Together, these results support a
model in which intracellular HIV trafficking contributes to
HIV transmission mediated by DCs, particularly to mDC-en-
hanced viral transmission. Although endocytosis of HIV by
DCs may not occur at 4°C, we have observed that the invagi-
nations of mDC plasma membranes were strongly labeled with
RR at 4°C. We observed that trypsin treatment only slightly
decreased mDC-bound HIV at 4°C, by 13%, which might be
due to viral protection by the invaginations of mDC plasma
membranes.

We found that monensin, an intracellular trafficking inhibi-
tor, significantly blocked iDC- and mDC-mediated HIV trans-
mission to CD4� T cells. In addition to inhibiting vesicular
transport in eukaryotic cells, monensin can also disrupt the
structure of the Golgi apparatus and glycoprotein synthesis

(18, 39). In our experiments, monensin was washed away after
the 2.5-h incubation with DCs, and no significant cytotoxic
effects on DCs were observed after 3 days in culture. There-
fore, it is unlikely that the reduced HIV transmission by mon-
ensin was mainly due to disrupted protein synthesis, although
the possibility cannot be ruled out. Monensin is used as an
antiprotozoal, antibacterial, or antifungal agent and as a
growth promoter in veterinary medicine (9). It might be inter-
esting to further explore whether monensin can be used as an
antiviral agent against HIV transmission in vivo.

Previous results (34, 42) and the present study indicate that
DC–T-cell contact is required for efficient HIV trans-infection
mediated by iDCs and mDCs. The exocytosis of HIV-associ-
ated exosomes also can play a role in iDC-mediated HIV
trans-infection (52), but it may not be an efficient pathway in
mDC-enhanced HIV transmission given that iDCs produce
more exosomes than do mDCs (45). Although cell-free su-
pernatants from single-cycle HIV-pulsed mDCs were posi-
tive for HIV Gag p24, they failed to initiate HIV infection
in GHOST/R5 cells or Hut/CCR5 cells (data not shown).
Nevertheless, the efficiency of exosome-mediated trans-in-
fection by mDCs remains to be confirmed with replication-
competent HIV.

Increased ICAM-1 expression on mDCs has been shown to
correlate with mDC-enhanced HIV transmission (42). This is
possibly due to stronger DC–T-cell interactions through
ICAM-1 binding to T-cell-expressed LFA-1 (for “leukocyte
function-associated molecule 1”) (25, 42). Despite the lack of
expression of any identified ICAM ligands, such as LFA-1,
CD11b/CD18, and CD11c, GHOST/R5 cells efficiently sup-
ported mDC-enhanced HIV transmission (Fig. 2B and data
not shown). Moreover, ICAM-1 MAb blockade of DCs,
GHOST/R5 cells, or both did not significantly affect HIV
transmission mediated by iDCs or mDCs (data not shown).
Therefore, ICAM-1 may not be the only cellular factor that
contributes to mDC-enhanced efficiency of HIV trans-infec-
tion. Cell-type-dependent HIV trafficking may play a role in
mDC-enhanced viral transmission, at least in part.

Our results indicate that HIV capture by iDCs is less effi-
cient than that by mDCs; thus, the differences in viral trans-
mission efficiencies and virological synapses between iDCs and
mDCs may only reflect the low levels of viral capture by iDCs.
HIV entry in DCs can occur through endocytosis and viral
receptor-mediated fusion, while productive HIV replication
requires viral fusion (8, 23, 38). To visualize viral interaction
with DCs, high concentrations of AT-2-inactivated HIV were
used in a previous study (2 to 3 �g of p24/106 DCs) (48) and in
our electron microscopy assays (2 �g of p24/6 � 105 DCs).
Given that AT-2-inactivated HIV can mediate viral fusion with
cell membranes (41), the majority of iDC-associated HIV par-
ticles may undergo fusion, uncoating, or degradation processes
in iDCs or in cocultured T cells. Therefore, intact HIV parti-
cles could not be easily observed in iDC–T-cell cocultures by
electron microscopy (Fig. 6E and F and data not shown).

It has been shown that HIV fusion to DCs decreases as cells
mature (10). The entry of HIV into LPS-induced mDCs
seemed to be primarily through endocytosis. The large intra-
cellular compartments that confined numerous HIV particles
in mDCs (Fig. 3D to I) appeared morphologically similar to
macropinocytosis-mediated HIV entry in macrophages and

FIG. 7. Intracellular HIV degradation and time course viral trans-
mission mediated by DCs. (A) HIV degradation in DCs. DCs (7.5 �
105) were incubated with AT-2-inactivated R5-tropic HIV (50 ng of
p24), washed, and treated with trypsin. Aliquots of DCs were cultured,
and DC-associated HIV p24 was measured daily. The p24 result (3,897
pg/ml) for mDCs at day 0 was set at 100%, and relative results are
shown. (B) Time course HIV transmission by DCs. Transmission of
HIV-Luc/JRFL (multiplicity of infection, 0.2) with iDCs and mDCs as
donors and Hut/CCR5 cells as targets was performed as described in
the legend to Fig. 1B. At 0, 1, 2, 4, and 6 dpi, aliquots of HIV-pulsed
iDCs and mDCs were cocultured separately with Hut/CCR5 cells for
an additional 3 days. In parallel, HIV infection of DC-alone controls
was determined by measuring the luciferase activity at 3, 4, 5, 7, and 9
dpi. Mock controls of iDCs and mDCs without HIV infection were
identical. All data are the means � standard deviations of triplicate
samples. One representative experiment out of three is shown. cps,
counts per second.
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brain microvascular endothelia (30, 33). Activation of DCs can
trigger extensive and prolonged macropinocytic activity, en-
abling DCs to sample large volumes of the extracellular milieu
for immune surveillance (13). Although mDC-associated HIV
was rapidly degraded, by 72%, after 1 day, about 14% and 9%
of HIV p24 remained at day 2 and 3 in mDCs, respectively
(Fig. 7A). Due to the high capacity in enhancing HIV trans-
infection by mDCs, these intracellularly retained viruses could
represent an important HIV reservoir in vivo.

Cellular restriction factors that block productive HIV infec-
tion in DCs may reflect the intrinsic antiviral immunity of the
antigen-presenting cells. It has been suggested that reduced
viral replication in mDCs is due to a block in reverse transcrip-
tion (23), postintegration blocks at the transcriptional level (3),
and decreased viral fusion (10). It has been recently reported
that APOBEC3G and APOBEC3F (for “apolipoprotein B
mRNA-editing enzyme, catalytic polypeptide-like 3G and 3F”)
mediate the postentry block to HIV replication in DCs (40).
However, when the efficiency and mechanisms of HIV infec-
tion and transmission between different subsets of DCs are
compared, it is extremely important to consider different ap-
proaches to DC generation and different stimuli for DC mat-
uration (54). Using replication-competent and single-cycle
HIV, we have found that HIV infection and transmission are
functionally distinct from different subsets of mDCs induced by
various stimuli (Dong et al. and L. Wu, unpublished results).
Further understanding of the regulation of antiretroviral im-
munity in DCs may provide new insights into more effective
interventions against HIV infection and dissemination medi-
ated by DCs.
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