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Sexual transmission is the major route of HIV-1 infection worldwide. Dendritic cells (DCs) from the mucosal
layers are considered to be the initial targets of HIV-1 and probably play a crucial role in HIV-1 transmission.
We investigated the role of cell-to-cell contact between HIV-1-exposed immature DCs and various lymphocyte
subsets in the stimulation of HIV-1 replication. We found that HIV-1 replication and production in DCs were
substantially enhanced by the coculture of DCs with primary CD4 T or nonpermissive B lymphocytes but not
with primary activated CD8 T lymphocytes or human transformed CD4 T lymphocytes. Most of the new virions
released by cocultures of HIV-1-exposed immature DCs and primary B lymphocytes expressed the DC-specific
marker CD1a and were infectious for both immature DCs and peripheral blood mononuclear cells (PBMCs).
Cocultured DCs thus produced large numbers of infectious viral particles under these experimental conditions.
The soluble factors present in the supernatants of the cocultures were not sufficient to enhance HIV-1
replication in DCs, for which cell-to-cell contact was required. The neutralizing monoclonal antibody IgG1b12
and polyclonal anti-HIV-1 sera efficiently blocked HIV-1 transfer to CD4 T lymphocytes but did not prevent the
increase in viral replication in DCs. Neutralizing antibodies thus proved to be more efficient at blocking HIV-1
transfer than previously thought. Our findings show that HIV-1 exploits DC-lymphocyte cross talk to upregu-
late replication within the DC reservoir. We provide evidence for a novel mechanism that may facilitate HIV-1
replication and transmission. This mechanism may favor HIV-1 pathogenesis, immune evasion, and

persistence.

Most infectious agents of sexually transmitted diseases, in-
cluding HIV-1, initiate infection via the mucosal epithelial
surfaces of the genital tract. Immature dendritic cells (DCs) in
the underlying mucosa are among the first antigen-presenting
cells (APCs) encountered by HIV-1 after sexual transmission
(7, 19, 22, 28, 53, 60, 61). These specialized APCs efficiently
capture viruses through their specific uptake receptors for the
processing and presentation of viral antigens to T or B lym-
phocytes (4). They establish stable or transient cell-to-cell
contacts with various naive or memory T or B lymphocytes to
generate and orchestrate adaptive virus-specific immune re-
sponses. HIV-1 replication in DCs, both in vivo and in vitro, has
been firmly demonstrated, although HIV-1 infection of DCs in
vitro is less efficient than the infection of primary CD4 T lym-
phocytes. The mechanisms responsible for the limited replica-
tion of HIV-1 in DCs have not been elucidated, but it has been
suggested that intracellular restriction factors present in these
cells, such as members of the APOBEC family or other, as yet
unknown restriction factors, may interfere with the early steps
of HIV-1 infection (15, 41, 54). The low availability of active
transcription factors, such as NF-«kB, in immature DCs is also
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known to limit HIV-1 replication. HIV-1 replication in DCs is
poor, but many studies have reported the efficient transmission
of infectious HIV-1 particles in trans from DCs to nearby
permissive CD4 T lymphocytes, via several different pathways
(7, 8, 18, 33, 36, 52, 57, 59, 60, 62). HIV-1 transfer from DCs
to CD4 target cells probably increases the efficiency of HIV-1
trans-infection of CD4 T lymphocytes. It has been suggested
that naive or memory CD4 T lymphocytes interacting with
HIV-1-infected DCs form an immunological synapse (IS) me-
diating a T-cell activation program, leading to transmission of
the virus from DCs to activated CD4 T lymphocytes, in which
it replicates. This process of HIV-1 transmission has been
proposed as an effective mode of cell-to-cell propagation of the
initial infection and of latent infection generation in HIV-
specific memory CD4 T lymphocytes. It has also been sug-
gested that the mode of HIV-1 transfer from DCs to CD4 T
target cells through an infectious synapse is resistant to anti-
body neutralization. However, conflicting data concerning the
role of neutralizing antibodies in the HIV-1 trans-infection of
CD4 T target cells have been reported (7-9, 13, 14).

An understanding of the way in which HIV-1 interacts with
and replicates in the various types of primary target cells in the
mucosal layers is essential for the design of therapeutic agents
for preventing the early steps of HIV-1 infection at these sites
of entry. Several studies have focused on the amplification of
HIV-1 replication in primary CD4 T lymphocytes or human
CD4 T-cell lines in the presence of mature DCs, but to our
knowledge, the ability of HIV-1 to replicate in immature DCs
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during cell-to-cell interactions with primary T- or B-lympho-
cyte subsets has yet to be investigated. The development of a
future HIV-1 vaccine candidate inducing protective mucosal
immunity will depend on elucidation of the early events of
HIV-1 replication in infected immature DCs interacting with
various lymphocyte subsets. It will also be important to deter-
mine whether HIV-1-neutralizing antibodies can inhibit HIV-1
transfer from immature DCs to primary activated CD4 T lym-
phocytes.

We provide several lines of evidence that HIV-1 replica-
tion is efficiently stimulated in DCs during cross talk with
primary CD4 T or B lymphocytes. We found that this en-
hancement of HIV-1 replication in DCs required early and
specific cell-to-cell interaction between infected DCs and
primary lymphocytes. We also showed that neutralizing
polyclonal and monoclonal IgGs robustly inhibited produc-
tive HIV-1 trans-infection of primary CD4 T lymphocytes
cocultured with infected DCs.

MATERIALS AND METHODS

Ethics statement. Large volumes of sera from HIV-1-infected individuals and
healthy HIV-1-seronegative donors were obtained by apheresis with the approval
of the appropriate institutional review board (the Comité Consultatif pour la
Protection des Personnes dans la Recherche Biomédicale [CCPPRB).

Cell preparation. Immature monocyte-derived DCs (MoDCs) were generated
by inducing the differentiation of human monocytes as described previously (21).
Briefly, monocytes were isolated from human peripheral blood leukocytes from
healthy HIV-1-seronegative donors by the selection of CD14-positive cells by
isolation on magnetic beads (AutoMacs; Miltenyi Biotec, Cologne, Germany)
and cultured for 6 days in RPMI 1640 with 5% heat-inactivated fetal bovine
serum (FBS) in the presence of 20 ng/ml interleukin-4 (IL-4) and 10 ng/ml
granulocyte-macrophage colony-stimulating factor (GM-CSF; both from R&D
Systems, Minneapolis, MN). After the monocytes had been collected, residual
CD19 B lymphocytes and CD4 and CD8 T lymphocytes were successively puri-
fied (up to 98% purity) by positive selection. Langerhans cells (LCs) were
isolated from purified human cord blood CD34 progenitor cells by one-step
immunomagnetic positive selection with materials from Miltenyi Biotec after
Ficoll-Hypaque sedimentation. Purified CD34 cells were cultured in RPMI 1640
supplemented with 10% FBS, penicillin (100 wg/ml), streptomycin (100 pg/ml),
50 ng/ml Flt3 ligand, 50 ng/ml GM-CSF, 25 ng/ml stem cell factor (SCF), and 10
ng/ml thrombopoietin (TPO; all from R&D Systems) for 7 days at 37°C under an
atmosphere containing 5% CO, to allow multiplication. The differentiation of
these cells into LCs and interstitial DCs (intDCs) was then triggered by incuba-
tion with a mixture of 50 ng/ml GM-CSF, 6 ng/ml transforming growth factor g1
(TGF-B1), and 2 ng/ml tumor necrosis factor alpha (TNF-a) for a further 7 days.
Autologous CD4 T lymphocytes from human cord blood samples were purified
by positive selection after the collection of CD34 stem cells. For some experi-
ments, peripheral blood mononuclear cells (PBMCs) or purified lymphocytes
were frozen in liquid nitrogen until use (they were thawed for 18 h before
addition to infected DCs). Human CD4 T-lymphocyte cell lines (Jurkat, MT4,
CEMSS, and MT?2 high CCRS) were cultured in RPMI 1640 containing 10%
FBS with penicillin (100 pwg/ml) and streptomycin (100 pg/ml).

Virus preparation. RS HIV-1 primary isolates were produced in human blood
leukocytes as described previously (6). Virus stocks were collected at peak virus
production and were concentrated by a factor of 80 with a 100-kDa-cutoff
polyethersulfone filter (Centricon 80 Plus Biomax filter; Millipore, Molsheim,
France). HIV-1g,4g was provided by H. Fleury, and the HIV-1g,, isolates (sub-
type B RS strains) were provided by S. Gartner, M. Popovic, and R. Gallo from
the National Institutes of Health. HIV-1ys4 and HIV-11,; were obtained from
the National Institute for Biological Standards and Control (NIBSC) and S.
Engelbrecht, respectively. Before their addition to cultures of immature DCs,
concentrated viruses were purified by gel filtration with a Sephadex exclusion
column used to remove fetal calf serum (FCS) proteins and free gp120 as
described previously (6, 35). HIV-1 pseudo-virus-like particles (pcDNA3.1D/V5-
His-TOPO-envgg4,, backbone vector pSG3AEnv, and a vpr-green fluorescent
protein [GFP] plasmid) were prepared as described previously (32).

Coculture of HIV-1-infected DCs with lymphocytes. MoDCs were infected and
cocultured with various types of primary lymphocytes under conditions similar to
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those described previously for HIV-1 transfer experiments (8, 18, 36, 59, 62).
Briefly, immature MoDCs were infected with primary R5 HIV-1 isolates (500
ng/ml viral p24 antigen) by being incubated with the virus for 2 h. MoDCs were
then washed thoroughly to remove unbound virus and resuspended at a density
of 8 X 10° cells per ml in RPMI 1640 containing 5% FCS and supplemented with
GM-CSF and IL-4. Aliquots (25 ul) of HIV-1-exposed immature MoDCs were
added to 25 pl of a cell suspension containing 8 X 10° autologous or allogeneic
phytohemagglutinin (PHA)-activated or nonactivated T or B lymphocytes,
thawed 1 day before the infection of MoDCs with HIV-1, or 4 X 10° human CD4
T-cell lines in a flat-bottomed 96-well plate. In parallel, HIV-1-exposed MoDCs
were cultured alone. Unless otherwise stated, we assessed productive infection
after 48 h of culture by using flow cytometry to detect intracellular viral p24
antigen (21, 56). Virus release into the supernatant was assessed in the p24 viral
antigen enzyme-linked immunosorbent assay (ELISA) with an Innotest assay kit
(Innogenetics, Ghent, Belgium).

Microscopy. Immature MoDCs were exposed to HIV-1 pSG3Envgg¢, vpr-
GFP pseudoparticles (32) for 2 h and then washed and stained with Alexa Fluor
647-conjugated anti-human DC-SIGN monoclonal antibody (BD Biosciences
[BD]). Labeled cells were washed, fixed with BD Cytofix solution, and trans-
ferred out of the biosafety level 3 (BSL3) laboratory. After cytospin centrifuga-
tion at 200 rpm for 5 min, MoDCs were covered with Aqua-Poly/Mount solution
(Polysciences Europe GmbH, Eppelheim, Germany) and incubated under cov-
erslips overnight at room temperature in the dark. Stained MoDCs were viewed
with an Axio Observer Z1 microscope (Carl Zeiss Vision International GmbH,
Oberkochen, Germany), and images were analyzed with Imaris software (Bit-
plane, Saint Paul, MN) after deconvolution with AutoDeblur software (Auto-
Quant X; Media Cybernetics, Bethesda, MD).

Fluorescence-activated cell sorter analysis. Mouse monoclonal antibodies
against human CD11b, DC-SIGN, CD1a, and CD3 were purchased from BD
Biosciences (San Diego, CA); mouse anti-HIV-1 p24 monoclonal antibody
(clone KC57) and monoclonal antibody against human CD207 (langerin)
were obtained from Coulter Beckman (Fullerton, CA). Cells were labeled
with antibodies directed against human cell surface molecules, washed, fixed,
and permeabilized in Cytofix and Perm/Wash kit solutions (used according to
the manufacturer’s instructions). Cells were then stained for intracellular
viral p24, washed again, and analyzed by flow cytometry. Multicolor data were
acquired with a cytometer (LSRII SORP; BD Biosciences, San Jose, CA), as
recommended elsewhere (39). Cytometer setup and tracking (CST) calibra-
tion particles (BD) were used to ensure the consistency of fluorescence
intensity measurements throughout all experiments. Compensation was
achieved with a flow cytometry CompBeads kit (BD). Gating on forward and
side light scatter was used to exclude dead cells and debris from the analysis.
Forward width and forward area were used to exclude doublet cells. The final
analysis was performed and the graphical output was generated with FACS-
Diva software (BD).

Real-time RT-PCR. Total RNA from cells subjected to various treatments
was extracted with Trizol reagent used according to the instructions of the
manufacturer (Invitrogen), and the RNA samples were treated with DNase I
(Qiagen). TagMan quantitative real-time reverse transcription (RT)-PCR
analysis was performed with reagents from Applied Biosystems used accord-
ing to the manufacturer’s instructions in an iCycler iQ real-time PCR detec-
tion system (Bio-Rad Laboratories, Inc.). Primers, the TagMan probe long
terminal repeat (LTR), and the external standard were used as described
previously (46).

Transwell cell culture insert experiments. Millicell-24 cell culture assembly
insert plates with a pore size of 0.4 wm (Millipore, Bedford, MA) were used to
prevent cell-to-cell contact. The outer wells contained HIV-1-exposed MoDCs,
and the inner wells contained primary lymphocyte subsets. In a control plate,
CD4 T lymphocytes were cultured in the inner wells together with uninfected or
HIV-1g,; -infected MoDCs whereas the outer wells contained medium alone. In
all cases, the final volume of medium was 250 wl, and triplicates were set up for
each condition. Cells were harvested on days 2 and 5 (data not shown) for surface
CD3, DC-SIGN, and intracellular p24 antigen staining analyses, followed by flow
cytometry.

Characterization of the virus particles released. Virus-containing culture su-
pernatants were centrifuged to remove cellular debris before analysis for the
presence of host cell-derived surface molecules incorporated into the envelope
during budding. This analysis involved the capture of viral particles with mag-
netic microbeads coupled to specific antibodies directed against markers of
different cell types (59). Briefly, cleared cell-free supernatants were incubated
with magnetic beads coated with mouse anti-human CD1la or CD3 antibodies
(Miltenyi Biotec) at a 1:2 bead-to-supernatant volume ratio for 15 min at 4°C.
Magnetic bead-bound fractions were separated from the supernatant by selective
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retention on equilibrated pMACS magnetic columns (Miltenyi Biotec). Columns
were washed four times with MACS running buffer (1X phosphate-buffered
saline, 0.5% bovine serum albumin [BSA], and 2 mM EDTA), and the retained
fractions were eluted with MACS rinse buffer (MACS running buffer without
BSA). We determined the number of HIV-1 particles in each fraction bearing a
given cell antigen by p24 ELISA. Supernatants from cell cultures maintained in
the presence of azidothymidine (AZT), an inhibitor of HIV-1 replication, were
used to determine p24 background levels (i.e., those from residual input virus
particles or free or HIV-1-associated exosomes released from MoDCs). We
evaluated the infectivity of viral particles produced under various MoDC-lym-
phocyte coculture conditions by measurement of the 50% tissue culture infective
dose (TCIDs).

Virus infectivity. The capacities of viruses to infect PBMCs or immature
MoDCs and to produce new viral particles were determined as reported previ-
ously (6). Cells were infected with serial dilutions of cell-free virus supernatant
from HIV-1-exposed immature MoDCs cultured for 5 days alone or together
with activated CD4 T lymphocytes or nonactivated B lymphocytes. After 4 days
of infection, cells were washed twice and cultured for an additional 7 days in
fresh culture medium. Virus-producing cultures were identified by subjecting
culture supernatants to p24 ELISA. The TCIDs, was calculated by the Reed-
Muench method.

Neutralizing monoclonal antibodies. The monoclonal neutralizing antibody
IgG1b12, directed against the CD4 binding site of gp120, was a gift from Dennis
Burton (Scripps, La Jolla, CA). Polyclonal neutralizing and non-HIV-1 IgG
antibodies were purified from the sera of asymptomatic HIV-1-positive individ-
uals and seronegative healthy blood donors, respectively (6, 21).

Inhibition of HIV transfer from immature DCs to T lymphocytes. HIV-1
trans-infection of CD4 T lymphocytes was inhibited with antibodies as described
previously (24). Briefly, immature MoDCs were loaded with HIV-1 for 2 h and
then washed. Neutralizing antibodies were then added to the cells, together with
autologous primary activated CD4 T lymphocytes. After 48 h, the inhibitory
effect of neutralizing antibodies was determined by comparing the percentages of
the two cell types positively stained for intracellular p24 antigen in the presence
and absence of neutralizing antibodies.

Statistical analysis. A nonparametric two-tailed Mann-Whitney U test was
used to assess differences among groups. Values of P of <0.05 were considered
to be statistically significant for the two-tailed Mann-Whitney U test, and values
of P of <0.017 were considered to be statistically significant for the two-tailed
Mann-Whitney U test with Bonferroni’s correction. Statistical calculations were
performed using R software (Department of Statistics and Mathematics, R
Foundation for Statistical Computing, Vienna, Austria).

RESULTS

HIV-1 replication and production in immature MoDCs,
LCs, and intDCs are strongly enhanced in the presence of
primary human CD4 T lymphocytes. DCs infected in vivo at
mucosal sites may be a source of viral particles for other re-
sponding CD4 target cells, but little is known about their
HIV-1 replication capacity during cross talk with various lym-
phocyte populations. We studied the effect of DC-lymphocyte
interactions on HIV-1 replication in DCs by incubating imma-
ture MoDCs or CD34-derived LCs and intDCs with RS HIV-1
primary isolates for 2 h before adding purified primary blood
lymphocytes or human transformed CD4 T lymphocytes.

We used flow cytometry to detect intracellular p24 viral
antigen—a reliable early indicator of productive infection
(56)—and cell-specific markers for the phenotypic character-
ization of infected cells. Immature DC-SIGN-positive (DC-
SIGN™) MoDCs exposed to HIV-1 for 2 h efficiently captured
viral particles, as shown by fluorescence microscopy (Fig. 1A),
but only a few MoDCs were able to replicate HIV-1 (0.02% of
DC-SIGN " MoDCs were p24 positive) (Fig. 1B, first column).
However, in the presence of autologous PHA-activated CD4 T
lymphocytes, the HIV-1 infection of immature MoDCs was
markedly enhanced, as shown by intracellular p24 antigen lev-
els (2.61% of DC-SIGN " MoDCs were p24 positive) (Fig. 1B,
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second column). Indeed, viral p24 antigen was detectable in
MoDCs by 24 h (Fig. 1C). At 48 h, the percentage of infected
MoDC s in the coculture was markedly higher than the per-
centage of infected MoDCs among HIV-1-exposed MoDCs
cultured alone (Fig. 1C). The percentage of infected MoDCs
in the coculture continued to increase from the 48-h time point
to day 3 (Fig. 1C) and day 5 (data not shown). HIV-1 replica-
tion in PHA-activated CD4 T lymphocytes in the coculture was
also observed (Fig. 1B, bottom row, and D), confirming previ-
ous observations that infected DCs can efficiently transmit
infectious viral particles (8, 18, 33, 36, 52, 57). As a control,
AZT, a reverse transcriptase inhibitor, was added 2 h after the
infection of MoDCs, at the same time that CD4 T lymphocytes
were added. AZT prevented HIV-1 replication in both MoDCs
and CD4 T lymphocytes, indicating that the viral p24 antigen
detected in the absence of AZT resulted from de novo synthe-
sis (Fig. 1B). The relationship between virus input and the
percentage of p24-positive DC-SIGN™ MoDCs was also inves-
tigated. In experiments with serial dilutions of virus inoculum,
a dose-dependent response curve was obtained when the
amount of virus loaded and the percentage of infected MoDCs
after 2 days of coculture with CD4 T lymphocytes were plotted
(Fig. 1E). Thus, a plateau was not reached with this virus input
(500 ng/ml viral p24 antigen used in our experiments). The
number of virions released, assessed by determining extracel-
lular p24 antigen levels, was greater in the MoDC-T-lymphocyte
coculture than in cultures of HIV-1-exposed MoDCs alone (Fig.
1F). Furthermore, the quantification of viral mRNA in the
cells demonstrated viral transcription levels to be higher in
cocultured cells, regardless of the activation status of the pri-
mary CD4 T lymphocytes (Fig. 1G). The increase in viral p24
production in MoDCs did not require HIV-1 multiplication in
CD4 T lymphocytes, as this effect was also observed in the
presence of nonactivated CD4 T lymphocytes unable to sup-
port viral replication (Fig. 1B and C). The increase in viral
replication in intracellular p24-positive DC-SIGN™ MoDCs
was actually greater in the presence of nonactivated CD4 T
lymphocytes than in the presence of activated ones. The expo-
sure of immature MoDCs to a panel of different RS HIV-1
clade B primary isolates led to similar increases in HIV-1
replication in MoDCs (Fig. 1H). The percentages of CD34-
derived LCs and intDCs infected with clade B RS HIV-1g,,.
isolates (Fig. 1I) and clade C R5 HIV-1,_, isolates (data not
shown) were also higher in the presence of autologous primary
CD4 T lymphocytes than in the absence of such cells. This
phenomenon, therefore, occurs with various RS isolates and
DC subsets and is not restricted to DC-SIGN™ MoDCs. In
contrast, we detected no stimulation of HIV-1 production in
monocyte-derived macrophages cocultured with autologous
nonactivated primary CD4 T lymphocytes (data not shown),
demonstrating that the stimulatory process is specific to DCs.
Our findings indicate that coculture of DCs and CD4 T lym-
phocytes promotes efficient HIV-1 replication in immature
DCs, even if the primary CD4 T lymphocytes are not infected.

Stimulation of HIV-1 replication in MoDC:s is also detected
in the presence of primary B lymphocytes but not in the pres-
ence of PHA-activated CD8 T lymphocytes or human trans-
formed CD4 T cells. CD4 T lymphocytes were not the only
leukocyte population able to increase the proportion of
MoDCs producing viral p24 antigen. A similar effect was ob-
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FIG. 1. Increase in HIV-1 p24 antigen production in immature MoDCs in the presence of cocultured primary CD4 T lymphocytes. (A) Im-
munofluorescence analysis of the binding of HIV-1 pSG3Envgg, 4, vpr-GFP pseudoparticles (green) to immature MoDCs 2 h postinfection.
Membranes were stained with anti-human DC-SIGN IgG (red). Bars, 3 um (left) and 10 wm (right). (B) Dot plots of intracellular p24-positive
DC-SIGN* MoDCs (green) and CD3" CD4 T lymphocytes (purple) after 48 h of culture. The teal arrowhead indicates the percentage of infected
CD4 T lymphocytes in the CD3-positive gate. PerCP Cy5.5; peridinin-chlorophyll cyanine 5.5; FITC, fluorescein isothiocyanate. (C and D)
Immature MoDCs were exposed to HIV-1,, for 2 h before the addition of uninfected autologous PHA-activated or nonactivated CD4 T
lymphocytes. Percentages of MoDCs (C) and CD4 T lymphocytes (D) producing intracellular p24 antigen were determined by flow cytometry. Data
are the means * standard deviations (SD) of triplicate results. (E) Dose-dependent response curve obtained by plotting the amount of input virus
loaded into immature DCs against the percentage of p24-positive DC-SIGN" MoDCs detected after 48 h of coculture with autologous CD4 T
lymphocytes. Data are the means * SD of triplicate results. Data from one representative experiment of four are shown. (F) Cell-free supernatants
were collected after various amounts of time, and extracellular viral p24 antigen levels were determined by ELISA. Data are the means = SD of
triplicate results. (G) Quantification of viral mRNA in cocultures of HIV-1-exposed MoDCs and activated or nonactivated CD4 T lymphocytes
(n = 3) by RT-PCR. (H) Immature MoDCs were infected with various RS HIV-1 primary isolates and cultured with or without activated CD4 T
lymphocytes for 48 h (n = 3). (I) Box plot analyses of intracellular viral p24 antigen in cocultures (n = 5) of HIV-exposed LCs or intDCs and
uninfected autologous nonactivated CD4 T lymphocytes after 3 days. Data are the means * standard errors of the means (SEM) of results from
n independent experiments. A two-tailed Mann-Whitney U test with Bonferroni’s correction was used to assess differences between groups. A value
of P of <0.025 was considered significant. *, P < 0.025 versus the control group.

served following the addition of peripheral blood lymphocytes positive DC-SIGN* MoDCs (Fig. 2A). In parallel, we deter-
(PBLs) depleted of CD4 target cells (Fig. 2A). Indeed, the mined the levels of viral mRNA in these various cocultures by
presence of purified primary B lymphocytes in the coculture real-time RT-PCR. The number of HIV-1 mRNA copies in the
strongly stimulated HIV-1 replication in MoDCs. In contrast, coculture of HIV-1-exposed MoDCs and primary B lympho-
the addition of PHA-activated CD8 T lymphocytes to infected cytes was 70 times higher than that in the culture of infected
MoDCs had no significant effect on the percentage of p24- MoDC s alone. In contrast, the quantity of HIV mRNA in the
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coculture with activated CD8 T lymphocytes was not signifi-
cantly different from that in the culture of infected MoDCs
alone. The lack of increase in the number of HIV-1-infected
MoDCs and in viral mRNA in the coculture with PHA-acti-
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vated CD8 T lymphocytes may be due to the apoptosis of
HIV-infected MoDCs induced by these activated T lympho-
cytes. Indeed, we observed an increase, by a factor of five, in
the number of hypodiploid DNA particles in MoDCs (data not
shown). Transformed human CD4 T lymphocytes, which are
commonly used as HIV-1 target cells in studies of HIV-1
transfer, had no significant effect on the rate of MoDC infec-
tion (Fig. 2A). In contrast, coculture with allogeneic primary
CD4 T or B lymphocytes at a DC/lymphocyte ratio of 1:4
resulted in an increase in HIV-1 replication in MoDCs. Thus,
autologous or allogeneic primary lymphocytes stimulate HIV-1
replication in MoDCs (Fig. 2B).

The infectious virions released in coculture are produced by
infected MoDCs. We investigated the cellular origin of the
virions released into the supernatant of the coculture. We
checked for host cell-derived molecules (37, 59), such as CD1a
and CD3, which are incorporated at the surfaces of virus par-
ticles budding from MoDCs and CD4 T lymphocytes, respec-
tively. The input virus produced in PBLs expressed mostly the
CD3 marker (Fig. 3A), whereas a significant proportion of
virus particles released in the DC-CD4 T-lymphocyte coculture
carried the DC-specific markers CD1a (Fig. 3B) and CD11b
(data not shown). In addition, the virions produced in the
MoDC-B-lymphocyte coculture were mostly CDla positive
(i.e., produced by DCs). The number of CD1a-positive virus
particles increased with the time of infection (Fig. 3B). More-
over, the resulting virus suspensions were infectious, as they
productively infected MoDCs and PBMCs (Fig. 3C). No virus
particles were detected in the supernatants of cocultures con-
taining AZT (Fig. 3B) or cocultures of HIV-1-exposed MoDCs
and PHA-activated CD8 T lymphocytes (data not shown).
Thus, MoDCs efficiently produced infectious HIV-1 particles

Cc

1E+04 -

1E+03 A

1E+02 1

TCID50/mL (x40)

1E+01 -
PBMCs

MoDCs

FIG. 3. The infectious HIV-1 particles released into the supernatant of the coculture are produced principally by infected MoDCs. (A and B) Virus
particles positive for CD1a or CD3 were subjected to immunomagnetic separation and quantification by p24 ELISA (n = 4). Levels of these host cell
surface markers detected on the envelopes of virions from input virus (A) or cell-free supernatants from cocultures (B) are shown. (B) Amounts of CD1a
(top)- or CD3 (bottom)-positive virus particles collected after 2 and 5 days of culture (n = 4). The values plotted on all graphs are the means + SEM
of results from n independent experiments. (C) Infectivities (TCIDs,s) of the cell-free virus supernatants for PBMCs and immature MoDCs. Two-tailed
Mann-Whitney U tests with Bonferroni’s correction were used to assess differences between groups. A value of P of <0.017 was considered statistically

significant. %, P < 0.017 versus controls.
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plotted on all graphs are means + SD of triplicate results from a single representative experiment. A value of P of <0.05 was considered significant.
*, P < (.05 versus the corresponding control group.

when cocultured with primary CD4 T lymphocytes or nonper- between HIV-1 exposure and the addition of CD4 T lympho-

missive B lymphocytes.

Early cell-to-cell contacts between infected DCs and pri-
mary lymphocytes are required for the stimulation of HIV-1
production in MoDCs. We then added primary lymphocytes to
HIV-1-exposed MoDC:s at various time points. Kinetic analysis
showed that the stimulation of HIV-1 replication in MoDCs
was less efficient if the addition of PHA-activated CD4 T
lymphocytes to HIV-1-exposed MoDCs was delayed. The per-
centage of p24-positive MoDCs detected after 2 days (Fig. 4A)
or 3 days (data not shown) decreased as a function of time

cytes, suggesting that the addition of lymphocytes may stimu-
late an early step of HIV-1 replication in MoDCs. Moreover,
when MoDCs were infected for a longer period of time before
the addition of primary CD4 T lymphocytes, the percentage of
p24-positive CD4 T lymphocytes also decreased (Fig. 4B).
Thus, the HIV-1 frans-infection of CD4 T lymphocytes was
efficient only for a limited period of time after the loading of
MoDCs with virus; after this period, HIV-1 transfer in cis may
occur, as suggested in previous studies (13, 18, 57). Moreover,
kinetic analysis after the addition of AZT suggested that the
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reverse transcription of viral RNA was more rapid after the ad-
dition of lymphocytes (data not shown), consistent with the higher
viral mRNA levels in the presence of lymphocytes as detected by
RT-PCR (Fig. 1G).

We investigated whether the release of infectious viral par-
ticles (e.g., those associated with exosomes) or soluble factors
was involved in the stimulation of HIV-1 replication in cocul-
tured MoDCs by removing the supernatants from MoDCs
infected in the presence of CD4 T or B lymphocytes after 6 h
of coculture and adding them to HIV-1-exposed immature
MoDCs. The addition of these supernatants to HIV-1-exposed
MoDCs did not result in the stimulation of HIV-1 replication
(Fig. 4C, bottom). Moreover, HIV-1 replication in MoDCs in
the coculture from which the supernatant was removed was not
significantly affected (Fig. 4C, top).

In contrast, when cell-to-cell contact was prevented by a cell
culture membrane insert, coculture with CD4 T or B lympho-
cytes no longer affected MoDCs (Fig. 4D). The increase in
HIV-1 replication in cocultured MoDCs was also substantially
decreased when PHA-activated CD4 T lymphocytes, but not B
lymphocytes, were first pulsed or continuously incubated with
20 pg/ml monoclonal anti-human CD3 antibody (Fig. 4E).
Moreover, the addition of 20 wg/ml monoclonal antibody di-
rected against human CD40 receptor or ICAM-1 to HIV-1-
exposed immature MoDCs at the same time as PHA-activated
CD4 T lymphocytes (Fig. 4E) or nonactivated B and CD4 T
lymphocytes (data not shown) significantly inhibited the stim-
ulation of HIV replication in MoDCs. In the presence of anti-
human CD40 antibody, the decrease in HIV replication in
MoDCs was associated with the induction of DC maturation
markers (more than 85% of DC-SIGN* MoDCs were CD83
positive). This DC maturation may contribute to the decrease
in R5 HIV-1 replication in infected MoDCs (as mature
MoDCs do not support RS HIV-1 replication [41]). In con-
trast, in the presence of anti-human CD3 or ICAM-1 antibody,
no DC maturation was recorded (data not shown). In parallel, the
percentage of cells positive for both DC-SIGN and CD3 was
determined by flow cytometry. Blocking ICAM-1-LFA-1 interac-
tion between MoDCs and activated CD4 T lymphocytes markedly
decreased the percentage of DC-SIGN™ CD3" cells, whereas
inhibiting the CD40-CD40L interaction had no significant effect
on this percentage (Fig. 4F). The purified mouse monoclonal IgG
directed against CD3 masked the CD3 binding site, hindering the
detection of cell conjugates by flow cytometry. We were therefore
unable to draw any firm conclusions on the inhibition of DC-
SIGN™ CD3* cell conjugate formation by anti-human CD3 an-
tibody under these conditions.

The addition of monoclonal antibody directed against DC-
SIGN, CD32, CD20, or ICAM-3 did not significantly affect the
percentage of DC-SIGN™" CD3™" cells or the proportion of in-
fected MoDCs in cocultures with activated CD4 T lymphocytes
(Fig. 4E and F and data not shown). In addition, no doubly
positive cells were detected by flow cytometry when HIV-exposed
MoDCs were cocultured with nonactivated B or CD4 T lympho-
cytes (data not shown), although anti-ICAM-1 and anti-CD40
antibodies inhibit HIV stimulation in MoDCs. Thus, overall, our
data demonstrate that efficient HIV-1 replication in MoDCs is
dependent on cellular interactions between MoDCs and lympho-
cytes in primary cultures but not on viral particles or soluble
factors released during early cell-to-cell contact.

J. VIROL.

Neutralizing IgGs inhibit HIV-1 trans-infection. The greater
efficiency of HIV-1 production in immature MoDCs cocul-
tured with primary lymphocytes highlights the need to recon-
sider the potential inhibitory effects of antibodies on R5 HIV-1
transfer from DCs to CD4 T lymphocytes. Indeed, in previous
studies based on a similar in vitro experimental design, the
neutralizing activities of antibodies were recorded by analyzing
virus p24 particles released into the supernatant but the in-
crease in HIV-1 particle release from DCs was not taken into
account. In this study, we determined the percentage of in-
fected cells by flow cytometry and found that adding 25 pg/ml
of neutralizing monoclonal IgG1b12 antibody (recognizing a
conserved epitope overlapping the CD4 binding site of HIV-1
gp120) at the same time as PHA-activated CD4 T lymphocytes
to HIV-1-exposed immature MoDCs abolished the HIV-1 in-
fection of the CD4 T lymphocytes (Fig. 5A), despite the ab-
sence of a strong inhibitory effect on HIV-1 replication in
MoDCs (Fig. 5B). As a consequence, only a limited decrease in
p24 levels in the supernatant in the presence of neutralizing
IgG1b12 antibodies occurred (Fig. 5C). Thus, IgG1b12, when
added 2 h after the infection of immature DCs, efficiently
blocked productive HIV-1 transfer from infected MoDCs to
activated CD4 T lymphocytes, although this effect was not
apparent from determinations of soluble p24 Gag levels in the
supernatant. Similarly, CD4 T lymphocyte trans-infection was
inhibited by a neutralizing polyclonal antibody preparation
purified from the serum of an HIV-1 patient (polyclonal IgG
no. 44) (Fig. 5D). These data clearly demonstrate that HIV-1
transfer from MoDCs to CD4 T lymphocytes in frans was not
resistant to HIV-1 neutralization. Our findings therefore pro-
vide strong evidence that neutralizing monoclonal and poly-
clonal antibodies can prevent early HIV-1 cell-to-cell transfer
to a much greater extent than was previously recognized.

DISCUSSION

The importance of virus trafficking in DCs for transmission
has been clearly demonstrated for HIV-1 and for other viruses,
including human T-cell leukemia virus type 1 (HTLV-1) and
Ebola virus (1, 24, 25). In the case of HIV-1 infection, it was
initially suggested that DCs could not support efficient HIV-1
replication due to intracellular restriction factors and their
capacity to capture and degrade viral pathogens for antigen
presentation (26, 34, 36). However, the potential modulation
of HIV-1 replication in DCs during their cross talk with various
lymphocyte subsets was not taken into account when this con-
clusion was reached.

By directly measuring productive HIV-1 infection in each
cell subset present in the cocultures of MoDCs and lympho-
cytes, we obtained evidence for an unexpected increase in
HIV-1 replication in MoDCs. The addition of primary autol-
ogous or allogeneic CD4 T lymphocytes to HIV-1-exposed
immature MoDCs effectively stimulated HIV-1 replication in
the MoDCs. The increase in HIV-1 replication in MoDCs was
also observed in the presence of nonactivated CD4 T lympho-
cytes and nonpermissive primary B lymphocytes, indicating
that this phenomenon was not dependent on HIV-1 replication
in lymphocytes. The virions produced in these cocultures re-
sulted from efficient viral replication in MoDCs and were able
to infect both PBMCs and immature MoDCs. Saidi et al.
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recently reported that cross talk between activated NK cells
and MoDCs induces the accumulation of HIV-1 DNA in
MoDCs and significantly increases HIV-1 production in im-
mature MoDCs (48). These data indicate that HIV-1 repli-
cation in immature MoDCs may be induced by interaction
with different leukocyte populations. Interestingly, we de-
tected no enhancement of HIV-1 replication in MoDCs
cocultured with various human transformed CD4 T-lympho-
cyte cells, although infected MoDCs efficiently transfer in-
fectious RS or X4 HIV-1 particles to these CD4 T cells (data
not shown) (2, 62), further indicating that HIV-1 transfer to
CD4 T target cells and stimulation in DCs are not necessary
associated. Moreover, we observed a similar increase in
HIV-1 replication when LCs and intDCs were cocultured
with primary CD4 T lymphocytes, whereas no such increase
was observed when the cells were cocultured with human
transformed CD4 T cells (unpublished results). As imma-

ture LCs and intDCs are considered to be among the first
targets of HIV-1 in vivo after sexual transmission, this in-
crease in HIV-1 replication may be of physiological rele-
vance. De Witte et al. found epithelial LCs to be refractory
to HIV infection and transmission and proposed a mecha-
nism of HIV capture and degradation involving langerin
(10). Their results contrast with our observation of efficient
HIV replication and transfer in LCs and intDCs. This discrep-
ancy may be attributed to differences in the experimental cul-
ture conditions used: the concentrations of input virus and the
origins of the LCs used (LCs isolated from skin versus LCs
differentiated from cord blood CD34 stem cells). Nonetheless,
we and others have shown that LCs are infected in vitro and
can transmit HIV particles to CD4 T cells (11, 27-29). In
addition, LCs and memory T lymphocytes emigrating from
human skin explants have been found to facilitate productive
HIV-1 infection (43), consistent with our results.
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In our kinetic experiments, in which primary CD4 T or B
lymphocytes were added at different time points, the detection
of an increased viral mRNA level after lymphocyte addition is
consistent with the stimulation of an early step of HIV-1 RNA
reverse transcription in MoDCs. Using cell culture inserts, we
showed that cell-to-cell contact was required. DC-lymphocyte
interactions are known to lead to the formation of an IS. This
IS involves the local reorganization of an array of receptors
(e.g., CD3, CD4, CD8, talin, ICAM-1, DC-SIGN, and CD40/
CD40L) that may vary with the lymphocyte phenotype and the
presence or absence of antigens (5, 45, 51). Such interactions
are important for immunological cross talk between DCs and
T or B lymphocytes (30, 31, 45, 51). We investigated whether
these interactions triggered early stages of HIV-1 replication in
immature MoDCs. The abolition of IS formation (T-cell re-
ceptor-CD3 or ICAM-1-LFA-1 cell interactions) mediated by
antibodies directed against CD3 or ICAM-1 prevented the
stimulation of HIV-1 replication in MoDCs cocultured with
primary CD4 T lymphocytes. In contrast, the addition of
monoclonal antibody against ICAM-3 to infected MoDCs
cocultured with CD4 T lymphocytes had no effect on HIV
replication in DCs. Others have shown that blocking ICAM-
1-LFA-1 interactions on primary CD4 T lymphocytes signifi-
cantly decreases HIV-1 transmission from immature DCs to
lymphocytes but that blocking ICAM-2 and ICAM-3 does not
inhibit DC-mediated HIV-1 transfer (49, 58). Furthermore,
the insertion of ICAM-1 into HIV-1 particles enhances the
infection of CD4 T lymphocytes expressing LFA-1 (12, 55).
The importance of such interactions for HIV-1 transmission
has been highlighted by the results of in vitro HIV transfer
experiments using primary lymphocytes from leukocyte adhe-
sion deficiency type 1 (LAD-1) patients harboring LFA-1 de-
fects (17). The absence of LFA-1 results in the impairment of
HIV-1 replication, cell-to-cell viral transfer, and the formation
of virological synapses (47). In addition to its role in cell-to-cell
adhesion during antigen presentation or cross talk, ICAM-1
may be involved in signal transduction across cell membranes,
like gene transcription, as suggested previously (23), or in the
modulation of restriction factor activity.

The agonist monoclonal antibody against the human CD40
receptor inhibited HIV-1 replication in MoDCs in the pres-
ence of CD4 T or B lymphocytes. This antibody is known to
mimic CD40-CD40L engagement, which upregulates the mat-
uration markers CD86 and CD83 and increases APOBEC3G
(apolipoprotein B mRNA-editing enzyme, catalytic polypep-
tide-like 3G) expression (40). The resulting increase in the
amount of APOBEC3G in the cell is correlated with an in-
crease in resistance to HIV-1 infection (38). Thus, CD40 en-
gagement on infected MoDCs triggers the production of
APOBEC3G, which is involved in decreasing HIV-1 replica-
tion and infectivity (41, 50). Similarly, in our experiments, the
addition of human anti-CD40 monoclonal antibody to HIV-1-
exposed immature MoDCs induced MoDC maturation, poten-
tially accounting for the inhibition of HIV-1 stimulation in
MoDCs. Conversely, the productive infection of DCs with
HIV-1 may be stimulated by unknown retrograde signals de-
livered to DCs by primary lymphocytes, which may downregu-
late or inhibit intracellular HIV-1 restriction factors, such as
APOBEC3G (41, 54) or the unknown factor counteracted by
Vpx (15). Other factors may also modify the life cycle of HIV-1
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in DCs. The upregulation of transcription factors, such as
NF-kB, in infected DCs may also account for efficient HIV
replication in cocultured DCs, as shown following the forma-
tion of syncytia between infected DCs and memory CD4 T
lymphocytes (16). Moreover, these heterologous syncytia con-
tain high levels of active Rel and Sp1 factors, likely to induce
strong stimulation of the HIV-1 promoter, leading to high
levels of virion production (16). In contrast to findings for cells
in the presence of PHA-activated CD4 T lymphocytes, no
syncytium formation or DC-SIGN™ CD3™" or CD20* cells in
the presence of nonactivated CD4 T or B lymphocytes were
observed by microscopy or flow cytometry 2 days after infec-
tion (data not shown), although HIV-1 replication was en-
hanced in MoDCs. This discrepancy between HIV-1 replica-
tion and cell conjugate formation demonstrates that HIV-1
stimulation in DCs may be mediated by different mechanisms
involving an exchange of information during syncytium forma-
tion that cannot in itself account for the stimulation of HIV-1
replication. As the HIV-1 particles taken up by DCs are rapidly
degraded in endolysosomal compartments (7, 62), the addition
of primary lymphocytes may affect the fate of these incoming
viruses, allowing them to evade the degradation process. Al-
ternatively, a more efficient route of viral entry in the nonly-
sosomal compartment or higher integration efficiency may con-
tribute to the increase in HIV-1 replication in DCs. In vivo, the
enhancement of HIV-1 replication in immature DCs sur-
rounded by lymphocytes may create a favorable environment
for HIV-1 transmission, dissemination, and persistence. It may
also be highly detrimental to the immune system, as HIV-1
replication in DCs may hijack immune functions of these cells,
thus disrupting the early innate immune response and the
initiation of adaptive immunity to HIV-1 (3, 42). Thus, an
understanding of the precise mechanism responsible for the
stimulation of HIV-1 replication would facilitate the develop-
ment of inhibitors of HIV-1 replication in DCs.

As the HIV-1 trans-infection of CD4 T target cells plays an
important role in the propagation of infection, we also evalu-
ated virus transmission to primary CD4 T lymphocytes in co-
culture. Productive HIV-1 frans-infection of activated CD4 T
lymphocytes was detected in the coculture on day 1 after in-
fection. The percentage of infected CD4 T lymphocytes de-
creased with increasing duration of the period of infection of
immature MoDCs. Consistent with this pattern, the number of
new viral particles released into the supernatant of the cocul-
ture also decreased as a function of the duration of DC infec-
tion (data not shown). Pope et al. also showed that viral p24
antigen release into the supernatant decreased with increasing
duration of the period of incubation of T lymphocytes with
infected DCs (44). Cavrois et al. recently investigated this
aspect further, using a virion-based HIV-1 fusion assay. They
confirmed that levels of R5 or X4 HIV-1 transmission de-
creased sharply when virions were presented by immature or
mature MoDCs incubated with HIV-1 for up to 120 min at
37°C before the addition of CD4 T cells (8).

We have shown previously that neutralizing monoclonal an-
tibodies strongly inhibit the HIV-1 infection of immature
MoDCs (20, 21). In this study, we assessed the capacity of
neutralizing IgGs to inhibit HIV-1 transfer from immature
MoDC s to primary CD4 T lymphocytes. By analyzing the per-
centages of infected DCs and CD4 T lymphocytes, we showed
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that neutralizing IgGs strongly inhibited the infection of pri-
mary CD4 T lymphocytes, with no marked effect on HIV-1
replication in MoDCs. Moreover, HIV-1 particles continued to
be released into the supernatant in the presence of neutralizing
antibodies. Thus, the determination of viral p24 antigen levels
in the coculture medium underestimated the inhibition of
HIV-1 cell-to-cell transfer by antibodies. Thus, quantification
of the HIV-1 released into the supernatant is not a reliable
method for assessing the inhibition of HIV-1 transfer by antibod-
ies. Our findings may explain some of the discrepancies among
previous reports concerning the capacity of antibodies to inhibit
HIV-1 transfer (7, 9, 13, 14). The efficient inhibition of HIV-1
transfer by neutralizing antibodies described here opens up new
perspectives in the search for an effective HIV-1 vaccine. Indeed,
one of the primary goals of vaccination should be the induction of
HIV-1-specific antibodies at mucosal sites, to block DC infection
and viral transfer from DCs to CD4 T cells.
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