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Previous studies have shown that human immunodeficiency virus type 1 (HIV-1) exploits dendritic cells (DC)
to replicate and spread among CD41 T cells. To explain the predominance of non-syncytium-inducing (NSI)
over syncytium-inducing (SI) strains during the initial viremia of HIV, we investigated the ability of blood
monocyte (Mo)-derived DC to transmit HIV-1 to CD41 cells of the monocytoid lineage. First, we demonstrate
that in our system, DC are able to transmit NSI strains, but not SI strains, of HIV-1 to fresh blood Mo and
to Mo-derived macrophages (MDM). To establish a productive infection, a 10-fold-lower amount of virus was
necessary for DC-mediated transmission of HIV-1 to Mo than in case of cell-free infection. Second, immature
CD832 DC (imDC) transmit virus to Mo and MDM with higher efficacy compared to mature CD831 DC
(maDC); this finding is in contrast to data previously obtained with CD41 T cells. Third, maturation from
imDC to maDC efficiently silenced expression of b2-integrins CD11b, CD11c, and CD18 by maDC. Moreover,
monoclonal antibody against CD18 inhibited transmission of HIV-1 from imDC to Mo. We propose that the
adhesion molecules of the CD11/CD18 family, involved in cell-cell interactions of DC with the microenviron-
ment, may play a major role in imDC-mediated HIV-1 infection of Mo and MDM.

Dendritic cells (DC) play a critical role in the activation of
primary immune responses since they are specialized to pres-
ent antigens to naive T cells in vivo (35). Immature DC (imDC)
capture antigen at peripheral sites such as skin, airways, mu-
cosa, or gut and then migrate via afferent lymph to T-cell areas
in secondary lymphoid organs. During this homing process,
imDC loose their capacity to process antigen but upregulate
costimulatory molecules (CD86, CD80, ICAM-1, etc.) on their
surfaces and display the mature phenotype. These mature DC
(maDC) are able to select antigen-specific T cells from the
circulating pool and stimulate them (8, 35).

Since Langerhans cells (i.e., imDC in the epidermis and
mucosa) express CD4, the major cellular receptor for human
immunodeficiency virus type 1 (HIV-1), their presence in the
urogenital mucosa gives rise to the possibility that DC are
involved in sexual transmission of HIV infection (10, 24, 33). In
rhesus monkeys, it has been observed that simian immunode-
ficiency virus can be efficiently transferred to lymph nodes
within 2 days following mucosal inoculation of the virus (20,
34). Evidence that DC could be directly involved in HIV trans-
mission was deduced from the observation that HIV readily
associates with DC and caused DC and T cells to fuse and
generate heterokaryons (or syncytia) which are sites of vigor-
ous viral replication in vitro and in vivo (6, 26, 27).

As both macrophages and DC of mucosal epithelia are
among the first cells to be associated with virus following sex-
ual contact involving HIV (16, 22, 23, 39), we investigated
whether DC are also capable of transmitting HIV to CD41

cells of monocytoid lineage. For this purpose, we used mono-
cyte (Mo)-derived imDC and maDC populations (3, 28, 40) to
study HIV transmission to Mo and Mo-derived macrophages
(MDM) in vitro.

MATERIALS AND METHODS

Cell isolation. Peripheral blood was obtained from the local blood bank as
standard buffy coat preparations from normal healthy donors. Peripheral blood
mononuclear cells (PBMC) were prepared by centrifugation on a Ficoll-Hypa-
que (Pharmacia, Uppsala, Sweden) density gradient. Mo were separated from
PBMC by adherence on gelatin-coated petri dishes as described previously (18).
Briefly, 10 ml of PBMC suspension (3 3 106 to 6 3 106 cells/ml) in RPMI
1640–10% fetal calf serum (FCS)–3% human serum was incubated on gelatin-
coated (2% gelatin in water) petri dishes for 40 min at 37°C. Nonadherent cells
were aspirated, and dishes were washed three times with prewarmed RPMI
1640–10% FCS (RPMI-FCS). Adherent cells (96 to 99% CD141 Mo) were
incubated for 10 min in RPMI-FCS with 5 mM EDTA. Detached Mo were as-
pirated, washed, and resuspended in RPMI-FCS. To obtain MDM, Mo were
cultured for 5 to 7 days in RPMI-FCS supplemented with 5% pooled human AB
serum (RPMI-FCS-HS).

Generation of DC from CD141 Mo. CD141 cells isolated by the method
described above were cultured at a cell density of 106 cells/ml in six-well plates
(Costar, Cambridge, Mass.) in RPMI-FCS at 37°C in a humidified CO2-contain-
ing atmosphere. For DC differentiation, 1,000 U of interleukin-4 (IL-4; Promo-
Cell, Heidelberg, Germany) per ml and 800 U of granulocyte-macrophage col-
ony-stimulating factor (GM-CSF; Peprotech, Rocky Hill, N.J.) per ml were
added. The cultures were fed with fresh RPMI-FCS and IL-4–GM-CSF every
third day, and cells were monitored by light microscopy. On day 6, cells were
harvested, washed, and transferred to new six-well plates. Fresh medium with
cytokines was added, and cells were cultivated for further 2 days in the presence
or absence of stimuli for maturation. Cells cultivated for 8 days in the presence
of IL-4 and GM-CSF without stimuli showed the imDC phenotype and did not
express CD83. Full differentiation was achieved by adding Mo-conditioned me-
dium (20%) for the last 48 h of the culture period, as described previously (28).
Resulting cells expressed the maDC phenotype as revealed by fluorescence-
activated cell sorting analysis.

Flow cytometry analysis. DC differentiation was assessed by indirect immu-
nofluorescence staining followed by flow cytometry analysis. Primary monoclonal
antibodies (MAb) used included anti-HLA-DR and anti-CD23 (clones DK22
and MHM6, respectively; Dako, Glostrup, Denmark), immunoglobulin G1 (IgG1)
and IgG2a isotype control, anti-CD1a, anti-CD11a, anti-CD11b, and anti-CD18
(clones 1B7.11, S-S.1, OKT-6, TS1/22, OKM-1, and TS1/18, respectively; Amer-
ican Type Culture Collection, Manassas, Va.), anti-CD83 (clone HB15; kindly
provided by T. F. Tedder, Durham, N.C.), anti-CD4, anti-CD11c, and anti-CD86
[clones RPA-T4, B-ly6, and 2331(FUN-1); PharMingen, San Diego, Calif.). MAb
were detected with fluorescein isothiocyanate-labeled sheep F(ab9)2 polyclonal
antibodies to mouse IgG-IgM (An der Grub, Kaumberg, Austria). Flow cytom-
etry analysis was performed with a FACScan (Becton Dickinson, San Jose, Calif.)
instrument and Lysis II software.

HIV-1 isolates and infection of cultures. Primary non-syncytium-inducing
(NSI) isolates 92TH024E (TH) and 92RW021A (RW) were from the NIH AIDS
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Research and Reference Reagent Program (Rockville, Md.). Low-passage-num-
ber NSI isolate 676 was kindly provided by P. U. Cameron (Fearflaine, Austra-
lia). Syncytium-inducing (SI) strains IIIB and RF, as well as NSI strains Ba-L and
SF162, were from MRC (Hertfordshire, England).

Virus stocks were prepared by expansion of inoculum in IL-2 (20 U/ml)-
activated PBMC from healthy HIV-1-negative donors. Stocks of different isolates
used in one experiment were obtained from PBMC of the same donor. Super-
natants were clarified by centrifugation and sterile filtered, and virus was quan-
tified by capture enzyme-linked immunosorbent assay (ELISA) for HIV-1 p24
antigen (p24 Ag). For the first sample, virus was lysed with 1% Nonidet P-40
(NP-40) and the total level of p24 Ag was determined. Virus-free p24 Ag was
measured in the second sample in the absence of detergent. Virus stocks con-
taining more than 5% of virus-free p24 Ag were excluded from the following
experiments. The infectious dose was determined with PBMC from different
donors, and 10 ng of virus-associated p24 Ag per ml corresponded to 20 to 100
50% tissue culture infective doses (TCID50) for all isolates used.

Pulsing of DC with HIV. Day 8 imDC or maDC were washed and exposed for
2 h at 37°C to different virus concentrations in RPMI-FCS at a cell density of 106

cells/ml. Subsequently, DC were washed with ice-cold RPMI-FCS to remove
unbound virus. Aliquots of HIV-loaded cells were lysed with 1% NP-40 in
RPMI-FCS, and p24 Ag was determined by capture ELISA.

Infection of Mo and MDM. Mo and MDM were incubated in RPMI-FCS (106

cells/ml) with different virus concentrations for 2 h at 37°C. Afterwards, the
medium was aspirated, and cells were washed three times with RPMI-FCS to
remove all free virus and incubated for 14 days in RPMI-FCS-HS at 37°C.

Cocultivation of HIV-loaded DC with Mo and MDM: dose requirement and
kinetic experiments. HIV-loaded DC were added to Mo and MDM (105 cells/
well) in RPMI-FCS-HS on 96-well plates at a ratio of 1:10 (104 DC per 105 Mo
or MDM); this ratio was optimal for transmission as determined by preliminary
experiments. After 14 days, culture supernatants were harvested, and viral p24
Ag was evaluated as described below.

For kinetic experiments, imDC, Mo, and MDM were pulsed with 10 ng of p24
Ag of NSI strain Ba-L per ml for 2 h at 37°C. Afterwards, cells were washed three
times to remove unbound virus and cultivated as described above. Viral p24 Ag
was measured in supernatants harvested on days 4, 7, 10, 14, and 21.

HIV-1 p24 Ag ELISA; virus input and output. The p24 Ag ELISA was devel-
oped at the Institute of Applied Microbiology, Vienna, Austria, and was per-
formed as described elsewhere (5). Briefly, a mouse MAb against HIV-1 p24 Ag
was bound to an ELISA plate (200 ng/well), and lysed samples (diluted 1:1 with
1% NP-40) were added for 1 h at room temperature. Bound HIV-1 p24 Ag was
detected with a second biotinylated anti-p24 MAb followed by a streptavidin–b-
galactosidase conjugate. Color reaction was developed with resorufin-b-D-galac-
topyranoside substrate (Sigma, St. Louis, Mo.), and the optical density was
measured on an ELISA microplate reader at 550 nm. p24 amounts were calcu-
lated from a standard curve by using recombinant HIV-1 p24 Ag. The detection
limit of this system is #1 pg of p24 Ag per ml, with no detectable cross-reaction
with other proteins.

To quantify the efficiency of infection, the virus input was defined as the
amount of p24 Ag associated with cells added to each culture per ml (106 Mo or
MDM per ml; 105 imDC or maDC per ml). Virus output represents the amount
of HIV-1 p24 Ag per milliliter detected in culture supernatant at the end of
incubation and is expressed as a multiplicity of virus input.

Immunocytochemical staining of cells in cultures of HIV-pulsed DC with Mo.
For immunostaining, Ba-L-loaded DC and Mo were cultured on eight-well
Lab-Tek chamber slides (Nalge Nunc International, Naperville, Ill.). For these
experiments, we used maDC which were morphologically and phenotypically
stable during cultivation. After the indicated incubation period, medium and
nonadherent cells were aspirated from the slides and washed three times with the
prewarmed medium, and adherent cells were fixed in methanol-acetone (4:1) at
4°C for 30 min. Immunostaining was performed for 60 min at room temperature
with biotinylated anti-HIV-1 p24 Ag MAb (clone 37G12) and anti-HLA-DR
MAb (clone DK22). Slides were developed with avidin-b-galactosidase conju-
gate–5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) substrate for
detection of p24 Ag and/or with rabbit anti-mouse Ig-alkaline phosphatase con-
jugate–Fast Red substrate for the detection of HLA-DR.

Inhibition of DC-mediated HIV-1 transmission by MAb. All MAb used were
hybridoma supernatants stored sterile without preservatives. IgG2a isotype con-
trol, anti-CD11a, anti-CD11b, and anti-CD18 (clones S-S.1, TS1/22, OKM-1, and
TS1/18, respectively) were used at 10 mg/ml in RPMI-FCS.

HIV-loaded DC were incubated with MAb for 2 h on ice, washed two times
with RPMI-FCS, and added at the ratio 1:10 to Mo. DC-Mo cultures were
incubated for 14 days at 37°C, and p24 Ag was measured in culture supernatants
by ELISA.

RESULTS

Generation of Mo-derived imDC and maDC. Purified CD141

Mo were cultured in RPMI-FCS supplemented with GM-CSF
and IL-4 for 8 days. During this incubation period, a homoge-
neous nonadherent cell population with typical DC morphol-

ogy and phenotype developed. The small percentage of resid-
ual adherent cells in DC cultures, most likely macrophages,
was neglected, and only the nonadherent cell population was
used. Flow cytometry analysis revealed that in GM-CSF–IL-4
medium-cultivated cells express low levels of the costimulatory
molecule CD86 and of the maDC marker CD83, confirming
the immature phenotype (Fig. 1A).

To convert imDC into maDC, cells kept 6 days in culture
were washed and replated in GM-CSF–IL-4 medium supple-
mented with 20% Mo-conditioned medium for the next 2 days
of culture (28). DC generated in the presence of Mo-condi-
tioned medium displayed a fully mature DC phenotype (Fig.
1A), as demonstrated by CD86, CD83, and HLA-DR expres-
sion. With regard to the HIV-1 receptor CD4, similar levels of
CD4 were expressed on imDC and maDC.

imDC exhibited significantly higher median fluorescence in-
tensities for CD11b (threefold), CD11c (twofold), and CD18
(more than twofold) markers than maDC (Fig. 1B). In con-
trast, the levels of expression of CD11a on imDC and maDC
were similar. Additionally, imDC expressed significantly larger
amounts of CD23 than maDC (Fig. 1B); this low-affinity re-
ceptor for IgE was reported to bind CD11b and CD11c on Mo
(21).

Transmission of HIV-1 to Mo and MDM by imDC and
maDC: dose requirement, kinetics, and comparison with cell-
free infection. To investigate whether DC transmit captured
virus to Mo and MDM, we explored dose dependence and
infection kinetics in vitro. Dose dependence experiments with
NSI strain Ba-L showed a higher susceptibility of fully differ-
entiated MDM (Fig. 2B) than of Mo (Fig. 2A) to HIV-1
infection; i.e., less virus was required for the productive infec-
tion of MDM. However, when Mo and MDM cultures were
infected by cocultivation for 14 days with HIV-loaded imDC,
Mo and MDM were susceptible to HIV-1 infection to the same
degree. The amount of virus necessary for effective infection of
Mo by imDC was 10-fold lower than in the case of cell-free
virus (Fig. 2A). In comparison to imDC, maDC transmitted
virus to Mo and MDM with lower efficiency; in the case of
MDM, maDC-mediated infection was even less effective than
that by cell-free virus pulse (Fig. 2B). We only rarely detected
low virus production in imDC and maDC cultures alone. Of
note, the cocultivation of T cells for 14 days with HIV-loaded
maDC resulted in 30-fold-higher p24 Ag output compared to
Mo and MDM (not shown).

For determination of replication kinetics, the optimal virus
dose of 10 ng of virus-associated p24 Ag per ml was used to
load Mo, MDM, and imDC. Culture supernatants were col-
lected on days 4, 7, 10, 14, and 21 after infection and assayed
for extracellular p24 Ag production. The maximum p24 Ag
level was observed at day 14 for cell-free virus as well as for
DC-mediated infection of Mo and MDM (Fig. 2C and D).
imDC-mediated infection of Mo was established more rapidly
than infection with cell-free virus: typically HIV replication in
Mo infected via imDC was detected 3 days earlier than in case
of direct virus pulse (Fig. 2C). In contrast, the very effective
infection of MDM by using cell-free Ba-L isolate could not be
further enhanced by applying HIV-loaded imDC: HIV infec-
tion by means of imDC was slower in MDM cultures (Fig. 2D)
but caught up at day 14.

Comparison of different HIV-1 strains with respect to the
ability to infect Mo and MDM directly or via imDC-mediated
transmission. A panel of NSI and SI isolates was used to fur-
ther explore the ability of imDC to mediate HIV-1 infection of
Mo and MDM cultures in comparison with cell-free virus pulse.
The highest quantity of p24 Ag was detected in cultures in-
fected with the prototype NSI strain Ba-L. NSI isolates SF162,
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676, and TH replicated less effectively in Mo. Similarly to the
Ba-L isolate, imDC-mediated infection of Mo resulted in up to
10-times-higher p24 Ag levels compared to cell-free virus pulse
at the same viral input (Table 1). Interestingly, the primary
isolate RW infected MDM only if used as cell-free virus. SI
strains RF and IIIB in the amounts used could replicate in
neither Mo nor MDM cultures, irrespective of being used as
cell-free virus or captured by imDC.

Immunocytochemical staining of infected cells in cocultures
of HIV-loaded DC and Mo. To investigate sites of viral repli-
cation in cocultures of DC with Mo, we used immunocyto-
chemical staining of HIV-1 p24 Ag in cells cultivated on plastic
chamber slides. maDC were loaded with Ba-L isolate (10 ng of
virus-associated p24 Ag per ml) and added to Mo cultures in
the ratio of 1:10. Mock-infected cultures and untreated Mo
and maDC were used as controls.

In this system, we were able to detect the first p24 Ag-posi-
tive cells after 5 days of coincubation. Viral p24 Ag was almost
exclusively observed within Mo attached to or near DC. Of
note, DC did not stain for HIV-1 p24 Ag (Fig. 3A). On day 7,
p24 Ag-positive cells formed spots of infection. In addition,

cells distant from DC were also stained with anti-p24 Ag MAb
(Fig. 3B).

Uptake of NSI and SI strains by imDC and maDC. To
explain the different efficacies of imDC and maDC for virus
transmission to Mo and MDM, we quantified the capture ca-
pacities of these DC populations for different HIV-1 strains.
imDC and maDC were pulsed with different amounts of the
NSI isolates Ba-L or 676 or SI isolate IIIB. Figure 4 shows that
imDC regularly trapped more virus than maDC. Except for SI
strain IIIB, no significant difference in the trapping capacity
was observed for NSI isolates Ba-L and 676. Comparing the
efficiency of uptake among the three virus strains, we found
that incubation of imDC with 1,000 pg of virus-associated p24
per ml results in the uptake of about 6, 8, and 20 pg of p24 per
ml for Ba-L, 676, and IIIB, respectively. Similar results were
obtained with all NSI isolates tested (not shown).

Inhibition of DC-mediated HIV infection by MAb. imDC
were loaded with the Ba-L isolate, preincubated with MAb,
and added to Mo cultures. Figure 5 shows that anti-CD18
MAb caused up to a five-fold decrease of virus replication,
within a broad range of the virus amounts used. In addition, we

FIG. 1. (A) Comparative immunofluorescence analysis of surface marker expression by imDC (top) and maDC (bottom). Arrows indicate lymphocytic contami-
nation of imDC and maDC preparations (Ly). SSC, side scatter; FSC, forward scatter. Overlay histograms (B) show expression of adhesion molecules by imDC and
maDC.
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observed an inhibition (;20%) of p24 Ag production in cul-
tures of imDC pretreated with anti-CD11b MAb. Isotype con-
trol and anti-CD11a MAb could not significantly influence the
virus transmission from imDC to Mo.

DISCUSSION

In this study, we used a panel of NSI and SI isolates to
demonstrate the ability of DC to mediate transmission of NSI
strains of HIV-1 to Mo and MDM in vitro. Moreover, our
results suggest that DC may support virus replication in these
cells.

In contrast to other studies, we used Mo-derived DC that
can be derived directly from fresh isolated blood Mo under the
influence of GM-CSF and IL-4 (25, 29). These cells expressed
typical DC markers on their surfaces and exhibited the imma-
ture phenotype. In addition, when imDC were cultured with an
appropriate combination of GM-CSF–IL-4 and Mo-condi-
tioned medium (3, 28), they expressed high levels of HLA class
II, CD86, and CD83—the specific markers of maDC.

When imDC and maDC were loaded with NSI or SI strains
of HIV-1 and further cultivated in culture medium (i.e., with-
out cytokine supplementation), we could only rarely observe

p24 Ag production. In contrast, it has been reported that dif-
ferent populations of DC are susceptible to direct HIV-1 in-
fection (2, 7, 36). Experiments carried out in our laboratory
have shown that DC produced large amounts of virus after 7
days of cultivation only in the presence of IL-4 and GM-CSF
(15a). Therefore, we conclude that productive infection of DC
strongly depends on the culture conditions (4).

When Mo and MDM were infected with cell-free virus stock
of NSI strain Ba-L, vigorous virus infection occurred. Dose
requirement and kinetics studies showed that MDM were
more susceptible to HIV-1 infection than fresh Mo (14, 32). In
contrast to the results obtained with cell-free virus, transmis-
sion experiments with HIV-pulsed imDC demonstrated that
for productive infection of Mo a 10-fold-lower viral input was
necessary. Comparing imDC and maDC for transmission ca-
pacity, we found that the latter were less effective, although
levels of uptake of NSI strains by imDC and maDC were not
significantly different. These data raised the possibility that
imDC were able not only to transmit the HIV infection to Mo
and MDM but also to upregulate virus replication in Mo.

Kinetic studies have shown that HIV-1 infection of Mo and
MDM was established within 7 to 10 days in cultures pulsed

FIG. 2. Dose requirement of NSI strain Ba-L for productive infection of Mo (A) and MDM (B) cultures. Virus input and output were measured as described in
Materials and Methods. (A) Direct infection of Mo (circles), imDC (open triangles), and maDC (open inverted triangles), as well as DC-mediated infection of Mo with
Ba-L captured by imDC (closed triangles) or maDC (closed inverted triangles) cultivated at a DC/Mo ratio of 1:10, was monitored after 14 days of incubation. (B) Direct
infection of MDM (circles) and imDC-mediated (triangles) and maDC-mediated (inverted triangles) infection of MDM at a DC/MDM ratio of 1:10. The results are
expressed as means 6 standard errors of the means of data obtained from four independent experiments (donors) of each culture performed in duplicate. (C) Time
course of direct infection of Mo (circles) and imDC (open triangles) with strain Ba-L and infection of Mo cultivated with Ba-L-pulsed imDC (closed triangles). (D)
Kinetics of direct (circles) and imDC-mediated (triangles) infection of MDM. Mo, MDM, and imDC were pulsed with 10 ng of NSI strain Ba-L per ml, and viral p24
Ag was measured in culture supernatants harvested on days 4, 7, 10, 14, and 21. A typical result obtained with 1 of 12 donors is presented.
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with NSI strain Ba-L. Peak viral production was detected after
14 days of culture. Cocultivation with HIV-1-exposed imDC
led to infection of Mo earlier than in the case of a cell-free
virus pulse. Conversely, imDC could not accelerate HIV
infection in MDM cultures. These data correspond with the
suggestion that imDC, in addition to delivering virus, exert a
stimulatory effect on Mo.

To investigate the possibility that DC can be stimulated to
produce virus upon cocultivation with Mo, we used immuno-
cytochemical methods for staining infected cells in cultures of
DC with Mo. The first infected cells were detected after 5 days,
whereas spots of infection around the DC appeared after 7
days of cultivation. Furthermore, double staining revealed that
Mo but not DC in these cultures were stained with anti-p24 Ag
MAb. However, a level of viral replication below the detection
limit of immunocytochemical staining cannot be excluded.

Using a panel of seven HIV-1 isolates, we investigated dif-
ferences in transmission of NSI and SI strains via imDC to Mo
and MDM. Although prototypic NSI strain Ba-L more readily
infected Mo and MDM, NSI isolates SF162, 676, and TH also
replicated well in Mo and MDM cultures. Of note, at the same
viral input amount, up to 10-times-higher p24 Ag production
was determined with imDC-mediated infection of Mo than in
the case of a cell-free virus pulse. The primary NSI isolate RW
infected MDM only. SI strains RF and IIIB at the inoculum
quantity used could establish productive infection neither in
Mo nor in MDM, irrespective of being used as cell-free virus or
captured in imDC. However, an inoculum dose of 10 ng of
virus-associated p24 Ag per ml corresponded to 50 and 100
TCID50 in the case of isolates RF and IIIB, as determined by
using PBMC for the infection assay.

Requirements of NSI and SI isolates are different: chemo-
kine receptor 5 (CCR5) functions as an HIV-1 coreceptor for
NSI isolates (1, 9), whereas SI strains use the CXCR4 chemo-
kine receptor as their main coreceptor (15, 31). DC were found
to express both CCR5 and CXCR4 and thus should be equally
permissive to NSI and SI isolates (2, 19, 38). Although Mo and
MDM express both CCR5 and CXCR4, only CCR5 was func-
tional in a fusion assay (2, 31, 38). Therefore, our results
conform with the theoretical expectation.

Surprisingly, maDC were less effective in transmitting virus
to Mo and MDM than imDC, although amounts of virus

trapped by these DC populations after pulsing with HIV-1
were not significantly different. These data are in agreement
with the fact that CD4 is expressed similarly on imDC and
maDC. Since HIV-1 was shown to be taken up by macropino-
cytosis (3), viral particles may be internalized more rapidly by
imDC than by maDC, which lost endocytic activity during the
maturation (30).

Flow cytometry analysis revealed significantly reduced ex-
pression of CD11b, CD11c, and CD18 adhesion molecules on
the surface of maDC in comparison with imDC. Since b2-in-
tegrins CD11b/CD18 and CD11c/CD18 were reported to serve
as adhesion molecules in cell-cell interaction of DC with other
cells in the microenvironment (11), we propose that imDC,
expressing high levels of b2-integrins, bind to monocytic cells

FIG. 3. Immunocytochemical determination of DC-mediated HIV infection
of Mo. Mo were incubated in the presence of maDC pretreated with macro-
phagetropic strain Ba-L (10 ng of virus-associated p24 Ag per ml) for 5 (A) and
7 (B) days. Cells were then fixed and slides were developed with biotinylated
anti-p24 Ag MAb–avidin-b-galactosidase conjugate–X-Gal substrate for the de-
tection of p24 Ag (blue color) and with anti-HLA-DR MAb–rabbit anti-mouse
Ig-alkaline phosphatase conjugate–Fast Red substrate for the detection of DC
(red). (A) Infected cells appeared on day 5 in direct contact with or near DC. DC
were not stained with anti-p24 Ag MAb. (B) After 7 days, infected Mo formed
spots of infection around DC. The first p24 Ag-positive Mo distant from DC
become detectable. Original magnification, 3400.

TABLE 1. Abilities of different HIV isolates to infect Mo and
MDM: comparison of infection with cell-free virus

and with virus captured by imDCa

Virus
isolate Phenotype

Virus production

Cell-free HIV-1 imDC 1 HIV-1

Mo MDM Mo MDM

Ba-L NSI 111 111 111 111
SF162 NSI 11 111 11 11
676 NSI 1 11 11 11
TH NSI 1 11 11 11
RW NSI 2 1 2 2
RF SI 2 2 2 2
IIIB SI 2 2 2 2

a Mo, MDM, and imDC were exposed to virus stocks (10 ng of virus-associated
p24 Ag/ml) of different HIV-1 isolates for 2 h at 37°C and washed three times to
remove free virus. Amount of virus absorbed by cells was determined by p24 Ag
ELISA (virus input). After 14 days of incubation, the amount of HIV-1 p24 Ag
was determined in culture supernatants (virus output). Virus production was
determined as a multiplicity of virus input as follows: 2, output lower than virus
input; 1, output 1- to 5-fold higher than virus input; 11, output 5- to 50-fold
higher than virus input; 111, output .50-fold higher than virus input.
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via intercellular adhesion molecule 1 (ICAM-1 or CD54, prin-
cipal ligand of b2-integrins) with higher avidity than maDC,
hence favoring HIV-1 transmission to target cells. In addition,
about 50% of imDC express CD23; this low-affinity receptor
for IgE was reported to bind and activate human Mo via
CD11b/CD18 and CD11c/CD18 (21).

Therefore, we carried out inhibition experiments using MAb
against b2-integrins to affect HIV-1 transmission of imDC to
Mo. We showed that anti-CD18 MAb significantly inhibited
infection of monocytes via imDC, suggesting the important
role of b2-integrins in this transmission process. In addition,
weak (;20%) inhibition of HIV-1 transmission was observed
with anti-CD11b MAb. These data correlate with the blocking
capacity of the MAb used in our experiments, since OKM1 is
directed against the epitope located in the C-terminal region
and is known to only partially inhibit the binding of ligands to
CD11b (12). Nevertheless, other molecules in addition to b2-
integrins could be involved in the transmission of virus from

DC to monocytic cells by strengthening attachment and/or
activating the target cells.

Of note, our transmission experiment results are in contrast
to studies done in systems exploring DC and T lymphocytes,
which found that only maDC are able to transmit HIV infec-
tion to unstimulated CD41 T cells (37). The mucosa of both
symptomatic and asymptomatic HIV-infected individuals con-
tain T cells and DC, two cell types that together support HIV-1
replication in vitro (16, 27). Infected cells in the mucosa are
multinucleated syncytia which express viral p24 Ag and DC
markers (16, 17). Besides DC, macrophages are also among
the first cells to be infected following mucosal contact with
HIV (22, 23, 39). In our system, imDC transmitted HIV-1 to
Mo and MDM more effectively compared to maDC, suggest-
ing that imDC could interact with monocytic cells whereas
maDC favor interaction with T cells.

In conclusion, the findings presented here demonstrate that
imDC, pulsed with NSI isolates of HIV-1, transmit the virus to
fresh blood Mo and MDM with higher efficiency, as observed
by direct infection of these cells with cell-free HIV virions.
Moreover, we observed the inhibition of HIV transmission by
MAb against b2-integrins. We are now investigating the mo-
lecular events leading to transmission of HIV and induction of
virus replication in the presence of DC. These studies should
yield additional insights into the role of DC and monocytes/
macrophages in HIV pathogenesis.
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