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Interactions of human immunodeficiency virus type 1 (HIV-1) with immature dendritic cells (DC) are
believed to be multifactorial and involve binding to the CD4 antigen, DC-specific ICAM-3-grabbing noninte-
grin (DC-SIGN), mannose binding C-type lectin receptors (MCLR), and heparan sulfate proteoglycans
(HSPG). In this study we assessed the relative contributions of these previously defined virus attachment
factors to HIV binding and accumulation in DC and the subsequent transfer of the bound virus particle to
CD4" T cells. Using competitive inhibitors of HIV-1 attachment to DC, we have identified the existence of
DC-SIGN-, MCLR-, and HSPG-independent mechanism(s) of HIV attachment and internalization. Further-
more, virus particles bound by DC independently of CD4, DC-SIGN, MCLR, and HSPG are efficiently
transmitted to T cells. Treatment of virus particles with the protease subtilisin or treatment of immature DC
with trypsin significantly reduced virus binding, thus demonstrating the role of HIV envelope glycoprotein
interactions with unidentified DC-surface factor(s). Finally, this DC-mediated virus binding and internaliza-
tion are dependent on lipid rafts. We propose that pathways to HIV-1 attachment and uptake in DC exhibit
functional redundancy; that is, they are made up of multiple independent activities that can, at least in part,

compensate for one another.

Human immunodeficiency type 1 (HIV-1) envelope glycop-
rotein binding to CD4 and an appropriate coreceptor results in
the fusion of virus with host cell membranes and is the pathway
leading to productive infection (11). In contrast, other mole-
cules can also bind virus, but do not lead to fusion of the viral
and cellular membranes. These molecules, called HIV-1 at-
tachment factors, may serve to concentrate virus particles on
the target cell surface or to transfer virus from the cell of initial
virus contact to a CD4" cell. Previous studies have identified
members of the mannose binding C-type lectin receptor
(MCLR) family, the dendritic cell (DC)-specific ICAM-3-grab-
bing nonintegrin (DC-SIGN), and liver/lymph node-specific
ICAM-3 grabbing nonintegrin) (LSIGN or DCSIGNR) as
HIV attachment factors (1, 4, 17, 18, 42, 54). More impor-
tantly, virus particles bound to these lectin receptors could be
efficiently transmitted to CD4" T cells expressing the appro-
priate receptor and coreceptor(s) complex (3, 40, 41, 62). Fur-
thermore, it has also been suggested that different members of
the MCLRs expressed on varied subsets of DC are largely
responsible for all virus attachment to DC and that the virus
binding could be competitively inhibited in the presence of
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excess carbohydrates such as mannan (49, 56, 57). In addition
to these high-affinity ligand-receptor interactions, nonspecific
interactions between the HIV env glycoprotein and the
charged surfaces of the heparan sulfate proteoglycans (HSPG)
could also contribute to virus attachment in certain cell types
(7,33, 51, 58). Interestingly, HSPG-bound virus particles could
also be transmitted to target T cells (7).

Identification of the attachment factors on DC has impor-
tant in vivo significance. It has been postulated that certain
subsets of DC present in the peripheral mucosa are the first
immune-competent cells to encounter lentiviruses (22, 53).
Subsequent to virus capture by DC, infectious HIV particles
are believed to be transported by DC to the draining lymph
nodes where virus replication can be amplified (9, 30, 31, 48,
54). Although productive infection of DC themselves has been
controversial, DC can capture virions and retain them in an
infectious state for an extended period of time (9, 16, 19, 43,
44). These virus-bearing DC may then facilitate a more effi-
cient spread of virus to the surrounding permissive CD4% T
cells (6, 9, 15, 20, 39, 43, 44, 63).

Previous studies by us and others have identified the exis-
tence of DC-SIGN-independent mechanisms of lentivirus at-
tachment to DC (2, 20, 61). More importantly, these particles
that were captured by DC in a DC-SIGN-independent fashion
were transmitted to CD4" T cells (20). Thus, we sought to
characterize additional HIV capture mechanisms that are
present on DC. Here, we report the existence of additional
virus attachment mechanisms on DC in addition to the previ-
ously reported mechanisms, CD4, DC-SIGN, MCLR, and
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HSPG. The preincubation of DC with either saturating con-
centrations of mannan or neutralizing CD4 monoclonal anti-
bodies, the enzymatic removal of HSPG, or a combination of
these methods did not prevent virus binding to DC. Virus
particles bound independently of mannose receptors were in-
ternalized by DC and were transferred to T cells. Interestingly,
HIV-1 attachment to DC was significantly inhibited by pre-
treatment of the cells with cholesterol-sequestering reagents,
such as methyl-B-cyclodextrin (MBCD) and fillipin III. These
studies suggest that virus binding to DC is dependent on re-
ceptors concentrated in lipid rafts and that membrane fluid
dynamics significantly impact initial virus interactions with DC.
More importantly, binding of HIV-1 by DC is multifactorial,
and all these virus-attachment mechanisms can potentially
contribute to the virus reservoir in vivo.

MATERIALS AND METHODS

Cells and viruses. The isolation and characterization of immature DC have
been previously described (20, 50). Briefly, peripheral blood mononuclear cells
(PBMC) were isolated from peripheral blood of healthy human donors by Ficoll
gradients. Primary CD14" monocytes were isolated from PBMC by CD14-
coated magnetic beads and the auto-MACS protocol (Miltenyi Biotech, Auburn,
Calif.), and cell purity of the isolated cell populations was routinely assessed to
be >95% CD14™" by analysis with a fluorescence-activated cell sorter. CD14*
monocytes (3 X 10° cells/ml) were cultured in RPMI medium—-10% fetal bovine
serum (FBS) in the presence of granulocyte-macrophage colony-stimulating fac-
tor and interleukin-4 (1,000 U/ml each; Peprotech, Rocky Hill, N.J.) for a period
of 6 to 8 days, at which point the cells attained a veiled cell (DC) phenotype
(CD209" CD14~ HLA-DR™ CD80* CD837). The cell lines Jurkat, Jurkat-
CCRS5 (constitutively expressing the CCRS5 coreceptor), THP1, and THP1/DC-
SIGN have been described previously (20). The cell lines were cultured in RPMI
medium-10% FBS (Invitrogen, Carlsbad, Calif.) supplemented with penicillin
and streptomycin (complete RPMI medium). The HIV-1 molecular clones Lai
(CXCR4-tropic), SF162 (CCR5-tropic), and NL4-3/Ba-L (CCRS5-tropic) have
been described previously (20, 60). Virus stocks for all molecular clones were
generated by calcium phosphate-mediated transfections of HEK293T cells. Two
days posttransfection, cell-free virus supernatants were harvested by centrifuga-
tion at 1,000 X g for 10 min and stored at —80°C until use. The primary virus
strain 93BR0O19 (subtype B/F, CXCR4-tropic) was obtained from the AIDS
repository and expanded in primary human PBMC by defined protocols. Cell-
free virus supernatants were harvested on day 7 at peak p24%“¢ content. All virus
titers were determined on MAGI cells (23), and the p24%“¢ content of the viral
supernatants was determined by an enzyme-linked immunosorbent assay
(ELISA; Beckman Coulter, Hialeah, Fla.).

Virus binding and transfer. DC (4 X 10* cells/well) were infected with virus
stocks (30 ng of p245“¢) in 50 pl of total volume in a 96-well V-bottom plate for
2 hin triplicate. To potentially inhibit virus binding to DC, cells were treated with
increasing amounts of mannan (Sigma, St. Louis, Mo.) for 30 min at 4°C, exposed
to neutralizing CD4 monoclonal antibodies (Sim.4; 1 wg/ml), or treated with
heparinase I (10 U/ml; Sigma) for 1 h at 37°C (33) prior to virus exposure at
either 37 or 4°C. In addition, in some experiments, DC were treated with 500 pM
amantadine (Sigma), 5 mM methyl-B-cyclodextrin (Sigma), or 2.5 pg of fillipin
IIT (Calbiochem, San Diego, Calif.) per ml in a final volume of 150 pl for 30 min
at 37°C and then exposed to virus for 2 h at 37°C. Cell viability was routinely
assayed by trypan blue exclusion and was determined to be >95%. Virus binding
assays were also performed with THP1 and THP1/DC-SIGN cells under identi-
cal assay conditions. Briefly, 4 X 10* THP1 or THP1/DC-SIGN cells were
incubated in the presence or absence of mannan for 30 min at 4°C prior to virus
exposure for 2 h at 4°C. All infections were performed in triplicate. Cells were
vigorously washed five times with cold phosphate-buffered saline (PBS) inter-
spersed with centrifugations to remove unadsorbed virus and finally lysed with
100 wl of PBS containing 1% Triton X-100. The lysates were cleared of cell
debris by centrifugation (10,000 X g for 5 min at 4°C), and the p245*¢ content of
the lysate was determined by ELISA. The percentage of virus particles bound by
DC was calculated by the following formula: [(ng of p24%“¢ associated with
DC)/(ng of input p245°¢) X 100]. The ability of DC, THP1, and THP1/DC-SIGN
cells to transfer virus particles to T cells was determined by coculturing HIV-
exposed DC, THP1, or THP1/DC-SIGN cells with Jurkat-CCRS T cells (1:10
ratio) in a round-bottom 96-well plate (final volume, 200 l). Briefly, virus-
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exposed cells were washed extensively, as described above, to remove unad-
sorbed virus, resuspended in 50 pl of complete medium, and transferred to
round-bottom 96-well plates containing 2 X 10° Jurkat (or Jurkat-CCRS5) T cells
in a total volume of 200 pl. Cell-free virus supernatants were harvested 3 days
after coculture, and the level of virus replication was determined by measuring
the p245¢ content of the cell-free supernatants by ELISA.

HIV-1 env gp120 binding. DC (5 X10* cells/well) were incubated with 250 ng
of HIV-1SF162 (CCRS5-tropic) gp120 in 50 pl of buffer (RPMI medium-10 mM
HEPES-1% bovine serum albumin) for 1 h at 4°C in a 96-well V-bottom plate
in triplicate. To potentially inhibit the binding of gp120 to DC, cells were
pretreated with increasing concentrations of mannan for 30 min at 4°C prior to
exposure to the monomeric env glycoprotein. Cells were washed three times with
cold PBS, pelleted by centrifugation (500 X g for 5 min) at 4°C, and lysed with
200 wl of PBS containing 1% Triton X-100. Lysates were cleared of cell debris by
centrifugation (10,000 X g for 5 min at 4°C), and processed for an ELISA against
gp120. The percentage of gp120 binding by DC was determined by the following
formula: [(ng of gp120 associated with DC)/(ng of input gp120) X 100].

Protease treatments. Viral (Lai) supernatants from HEK293T transfections
harvested 2 days posttransfection were clarified by centrifugation (500 X g for 5
min) and spun over a 20% sucrose cushion for 1 h at 4°C (64,000 X g). The viral
pellet was resuspended in a solution of 20 mM Tris-HCI (pH 8.0)-1 mM CaCl,
in the presence or absence of 2 mg of subtilisin/ml (Sigma) and incubated
overnight at 37°C (36). The protease reaction was stopped by the addition of
serum-containing medium (Dulbecco’s modified Eagle’s medium-10% FBS),
followed by another centrifugation over 20% sucrose at 64,000 X g for 1 h. The
viral pellet was resuspended in medium, and the p24%“¢ content was quantitated
by ELISA. Subtilisin-treated viral supernatants were used for DC infections, as
described above. The efficiency of subtilisin treatment was determined by West-
ern blotting. Briefly, equal amounts (30 ng of p245¢) of virus supernatants were
loaded on a 10% sodium dodecyl sulfate-polyacrylamide gel, transferred to
polyvinylidene difluoride membranes (Immobilon-P; Millipore, Billerica, Mass.),
probed sequentially with an anti-HIV-1 gp120 monoclonal antibody (clone 902;
AIDS Repository) and a horseradish peroxidase-conjugated donkey anti-mouse
antibody (Jackson Laboratory, Bar Harbor, Me.); the proteins were detected by
enhanced chemiluminescence (Amersham BioSciences, Piscataway, N.J.). Alter-
natively, DC (4 X10* cells/well) were treated with 0.25% trypsin at 37°C for 30
min and then washed with cold RPMI medium-10% FBS to stop the protease
digestion. The cell pellet was then incubated with mannan (100 p.g/ml) for 30 min
at 4°C prior to virus exposure (30 ng of p24%“¢) for 2 h at 4°C in a 96-well
V-bottom plate. Cell viability was monitored by trypan blue exclusion, and there
was typically less than 5% cell death. Cells were washed four times with cold PBS,
lysed in 100 pl of PBS-1% Triton X-100, and processed for ELISA against
p24598, as described above.

Confocal microscopy. As controls for the effective functioning of amantadine
and MBCD, drug-treated DC (as described above) were incubated with fluores-
cein isothiocyanate (FITC)-conjugated transferrin substrate (50 pg/ml) (Sigma)
for 1 h at 4°C and then shifted to 37°C for 1 h, cytospun onto coverslips, and then
fixed in 4% paraformaldehyde. Coverslips were rinsed extensively with PBS,
stained with DAPI (4',6’-diamidino-2-phenylindole; 0.2 wg/ml in distilled H,O)
for 5 min, washed once with distilled H,O, dehydrated in 100% methanol for 15
min, air dried, mounted in Vectashield (Vector Laboratories, Burlingame,
Calif.), and sealed with nail polish. Images of the stained cells were observed and
collected with the Delta Vision SA3.1 microscope (Applied Precision Inc., Issa-
quah, Wash.). By using appropriate filters and excitation wavelengths for each
fluorophore, a Z-series of 0.2-pum sections was collected for each sample. Images
were deconvoluted with the DeltaVision software.

RESULTS

Virus capture by DC. Some recent studies have suggested
that MCLR are the predominant HIV-1 attachment factors on
DC and that CD4 and MCLR could account for all virus
binding to these cell types (21, 26, 56, 57). These studies uti-
lized a biotin-conjugated or fluorescently conjugated mono-
meric HIV-1 gp120 envelope glycoprotein as the source of the
virus envelope protein. However, because monomeric gp120
does not present all of the conformational epitopes that are
present on the envelope as found on the virions (13, 34, 52), we
performed virus binding assays with infectious virus particles
expressing the native oligomeric envelope on its surface. DC,
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FIG. 1. HIV-1 binding to DC can occur in the presence of competitive inhibitors of MCLR and CD4. Cells (4 X 10* cells/well) were incubated
with increasing concentrations of mannan at 4°C and then exposed to either Lai (A) or NL4-3/Ba-L env (B) virus particles (30 ng of p245*) for
2 h at 4°C. See Materials and Methods for experimental details. Cell-associated virus binding was determined by a p24*“® ELISA. The mean level
of Lai or NL4-3/Ba-L env binding to DC in the presence of increasing amounts of mannan was normalized to the level of virus binding to DC in
the absence of mannan (set at 100%) and reported as relative virus binding. Infections with HIV/Lai (A) and NL4-3/Ba-L (B) were performed at
least five independent times with DC derived from five independent donors. The results shown here are the averages of the mean percent binding
observed for all the experiments. (C) A representative experiment of Lai virus binding to DC in the presence of a constant amount of
anti-CD4-neutralizing monoclonal antibodies (Sim.4; 1 wg/ml) and increasing amounts of mannan. The mean level of virus binding to DC in the
presence of either CD4-neutralizing antibodies or mannan was normalized to the level of virus binding to DC in the absence of mannan and
CD4-neutralizing antibody (set at 100%) and reported as relative virus binding. Note that presence of anti-CD4 monoclonal antibodies had no
synergistic effect with mannan in inhibiting Lai binding to DC. One representative experiment out of two is shown. (D) DC, THPI1, or
THP1/DC-SIGN cells (4 x10*) were incubated with Lai virus particles in the presence or absence of mannan (50 wg/ml) for 2 h at 4°C, and the
cell-associated virus fraction was determined by p24%“® ELISA. The experiment was performed at least three independent times, and each
experiment was performed in triplicate. The mean level of virus binding to THP1 cells and THP1/DC-SIGN cells in the presence of mannan (50
pg/ml) was normalized to the level of virus binding to THP1/DC-SIGN cells in the absence of mannan (set at 100%) and reported as relative virus
binding. Also, in each experiment, the mean level of virus binding to DC in the presence of mannan (50 pg/ml) was normalized to the level of virus
binding to DC in the absence of mannan.

differentiated from monocytes in the presence of granulocyte-
macrophage colony-stimulating factor and interleukin-4, were
preincubated with increasing concentrations of mannan (rang-
ing from 0.05 to 5 mg/ml) prior to infection with two different
isolates of HIV-1 that differ in their coreceptor usage (Lai and
NL4-3/Ba-L) (Fig. 1A and B). To prevent nonspecific macropi-
nocytic or phagocytic uptake of virus particles by DC, the
binding studies were performed at 4°C to inhibit all receptor-
independent, energy-dependent membrane uptake processes.
The determination of virus binding was achieved by measuring
the amount of p24%*¢ found associated with DC after extensive
washing of the cells to remove unbound virus particles, and this
amount was expressed as a percentage of the input virus
amount (nanograms of p245%%).

In contrast to previously published results obtained with
monomeric gpl120 (21, 26, 56, 57), the preincubation of DC
with mannan had a limited effect on the ability of these cells to

bind either of the two viral isolates. We observed only a 30%
inhibition in HIV/Lai binding to DC even when the cells were
preincubated with 5 mg of mannan/ml (Fig. 1A). Furthermore,
mannan competition had minimal impact (<20%) on the abil-
ity of DC to bind the CCR5-tropic isolate NL4-3/Bal env (Fig.
1B). We have repeated this assay with both primary and lab-
adapted HIV-1 isolates (CXCR4-tropic strains, MN and
93BRO019, and the R5-tropic strain, NL4-3/JR-CSF env) with
similar results (data not shown). To ascertain whether under
our assay conditions, mannan was functioning properly, we
incubated THP1/DC-SIGN cells with mannan prior to virus
exposure. THP1/DC-SIGN cells, selected to constitutively ex-
press DC-SIGN, can bind virus particles with high efficiency,
while the parental THP1 cells display negligible levels of virus
binding (Fig. 1C). As expected, virus binding to THP1/DC-
SIGN cells is completely inhibited by preincubation with man-
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FIG. 2. Monomeric gp120 binding to DC is dependent on MCLR.
DC were untreated or incubated with mannan prior to incubation with
either (A) 250 ng of SF162 monomeric gp120 or (B) HIV/SF162 virus
particles (30 ng of p245“8) at 4°C. The mean level of gp120 binding to
DC in the presence of increasing amounts of mannan was normalized
to the level of gp120 binding to DC in the absence of mannan (set at
100%) and reported as relative gp120 binding. The mean level of
HIV/SF162 virus particle binding to DC in the presence of increasing
amounts of mannan was normalized to the level of virus binding to DC
in the absence of mannan (set at 100%) and reported as relative virus
binding. The results from one representative experiment out of two are
shown, and each experiment was performed in triplicate.

nan (50 pg/ml), while competition with mannan has limited
effect on virus particle binding to DC (Fig. 1C).

As previously suggested, it is possible that the residual virus
attachment to DC in the presence of an excess amount of
mannan could be attributed to the CD4 receptor (56, 57). To
address this possibility, we exposed DC to a combination of
neutralizing CD4 monoclonal antibody (Sim.4) and increasing
concentrations of mannan prior to incubation with HIV/Lai
(Fig. 1C). The prevention of virus binding to the CD4 protein
and MCLR again had a negligible impact on the ability of DC
to bind virus particles. In fact, pretreatment of DC with 5 mg
of mannan/ml and neutralizing CD4 monoclonal antibodies
inhibited Lai attachment by only 20% (Fig. 1D). In contrast to
the results obtained with virus particles, there was a dose-
dependent decrease in SF162 gp120 (monomeric) binding to
DC with increasing concentrations of mannan (Fig. 2A), a
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finding that is in complete agreement with previously pub-
lished results that have suggested that monomeric gp120 bind-
ing to DC is largely dependent on MCLR (21, 26, 56, 57). Since
the monomeric gp120 was derived from the HIV/SF162 strain,
we performed a binding assay with DC and SF162 virus parti-
cles. We performed an ELISA to determine the amount of
gp120 present on intact HIV/SF162 virus particles and then
subsequently used this virus stock for virus binding assays with
primary DC (Fig. 2B). The input amount of 30 ng of virus
particles (p245“%) per well translated to 0.7 ng of virus-associ-
ated gp120, as opposed to the initial input of 250 ng of mono-
meric gp120 per well (Fig. 2B). Even though the amounts of
monomeric gp120 used in the binding experiments were much
greater than that present on intact HIV/SF162 virus particles,
monomeric gp120 binding to DC was completely inhibited by
saturating concentrations of mannan while binding of virus
particles to DC was not (Fig. 2).

Besides CD4 and mannose receptors, HSPG have also been
suggested as putative HIV attachment factors (7, 33, 51, 58).
Previous studies have demonstrated that expression of HSPG
(syndecans) on primary human macrophages and in some cell
lines rendered the cells competent for HIV-1 capture (7, 33,
51, 58). It is believed that the surface proteoglycans are re-
sponsible for weak charge-based interactions with the HIV-1
envelope. Complete digestion of these proteoglycan side
chains on macrophages and HelLa cells by heparinases abol-
ished virus binding to these cells (7, 33, 51, 58). Therefore, we
wanted to determine if HSPG expressed on DC surfaces could
account for the virus attachment observed in the presence of
MCLR inhibitors (Fig. 1A and B). To address this issue, DC
were treated with a heparinase I enzyme that removes all
HSPG side chains prior to virus exposure. Additionally, we
used HeLa cells as controls for heparinase I treatment. Fur-
thermore, in some cultures, treatment of the cells with hepa-
rinase I was followed by incubation with mannan prior to virus
exposure. Data shown here are from binding assays performed
with the HIV-1 isolates Lai, NLL4-3/Bal and the primary isolate
93BR019 (Fig. 3A, B, and C, respectively). The results shown
in Fig. 3 suggest that the removal of HSPG side chains has no
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FIG. 3. HSPG do not play a role in HIV-1 binding to DC. DC (4 x10* cells/well) were incubated with mannan (50 wg/ml), treated with
heparinase I (10 U/ml), or exposed to a combination of both reagents and then exposed to Lai (A), NL4-3/Ba-L (B), or 93BR019 (C) virus particles
(30 ng of p245%) for 2 h at 4°C. (D) HeLa cells (4 X 10* cells/well) were left untreated or treated with heparinase I (10 U/ml) and then exposed
to either Lai or NL4-3/Ba-L. The percent virus (p24%*¢) binding represents the mean =+ standard deviation of triplicate cultures. The results from
one representative experiment out of three with DC derived from three independent donors are shown.
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FIG. 4. DC can mediate HIV-1 transmission in a MCLR-independent manner. DC (2 X 10* cells/well) were preincubated with increasing
concentrations of mannan and then incubated with Lai (A) or NL4-3/Ba-L env (B) at 4°C, extensively washed, and then cocultured with
Jurkat-CCRS5 T cells (2 X 10° cells/well). (C) THP1 or THP1/DC-SIGN cells (2 X 10* cells/well) in the presence or absence of mannan were
incubated with Lai, extensively washed, and then cocultured with Jurkat-CCRS5 T cells. Culture supernatants were assayed for p24%“ content 3 days
after the start of the coculture. Shown here are the results from one representative experiment out of three; each infection was performed in
triplicate, and the mean amounts of p24%*¢ content with standard deviations are shown here. The three independent experiments were performed

with DC from three independent donors.

effect on virus attachment to DC, while treatment of Hela
cells with heparinase I inhibits their ability to bind virus par-
ticles (Fig. 3D). Though the inhibition of binding to MCLR in
addition to the removal of HSPG side chains had a limited
effect on Lai binding to DC (reduced by 40% compared to
virus binding by untreated DC) (Fig. 3A), it had no impact on
the ability of DC to capture NL4-3/Ba-L (Fig. 3B) or 93BR019
(Fig. 3C) virus particles. These binding studies suggest the
presence of additional attachment factors on DC that can
mediate HIV-1 binding.

Virus transfer. Finally, to determine if the virus particles
captured by DC in the presence of an excess amount of man-
nan are competent to be transferred to T cells, we cocultured
virus-exposed DC with Jurkat-CCRS T cells. The level of virus
replication was determined by measuring the p245“ content of
the cell-free supernatants 3 days postinitiation of coculture. As
shown in Fig. 4A and B, all cocultures demonstrated equiva-
lent levels of viral replication. Interestingly, virus particles
(both HIV/Lai and NL4-3/Ba-L env) captured by DC even in
the presence of 5 mg of mannan/ml were efficiently transferred
to T cells. As controls for the effective functioning of mannan
in our virus transfer assays, THP1 and THP1/DC-SIGN cells
were exposed to HIV/Lai particles and then cocultured with
Jurkat T cells. Since THP1 cells display negligible levels of
virus binding (Fig. 1D), they do not transmit virus to T cells
(Fig. 4C), while THP1/DC-SIGN cells can bind virus efficiently
(Fig. 1D) and can transmit these bound virus particles to T
cells (Fig. 4C). Virus binding and transmission are completely
dependent on DC-SIGN since preincubation with mannan
completely inhibits virus binding (Fig. 1D) and, hence, pre-
vents virus transfer to T cells (Fig. 4C). These results demon-
strate that virus particles captured by DC independently of
MCLR are infectious and are competent for transfer to T cells,
where they can initiate robust virus replication.

Requirement of protein interactions for HIV attachment
and uptake. The data presented so far suggest the presence of
additional HIV-1 attachment factors on DC. It is also possible

that virus uptake by DC can occur by receptor-independent
mechanisms. Antigen-presenting cells, such as DC, can sample
their immediate environment by fluid uptake via membrane-
ruffling processes such as macropinocytosis that allow uptake
of various antigens without the requirement for a specific re-
ceptor (32). To determine if cell surface proteins present on
the plasma membranes of DC are required for MCLR-inde-
pendent binding, we treated DC with trypsin for a period of 30
min to remove cell surface-exposed proteins. To control for
protease digestion, cells were stained for DC-SIGN expression
and analyzed with a fluorescence-activated cell sorter. There
was a 50-fold decrease in DC-SIGN expression on DC after
trypsin treatment (data not shown). Subsequent to the pro-
tease treatment, cells were incubated with virus (Lai)- contain-
ing supernatants, and binding assays were performed as de-
scribed previously. Trypsin treatment reduced binding of HIV/
Lai to DC by >85% (Fig. 5A). Furthermore, incubation of
trypsin-treated DC with mannan prior to virus exposure did
not reduce the binding of virus particles any further, suggesting
that trypsin-resistant MCLR are not responsible for the resid-
ual virus particle binding (Fig. 5A). These results suggest a
requirement for a surface-exposed, trypsin-sensitive DC-spe-
cific factor(s) for HIV-attachment.

Some studies have suggested a role for host proteins, such as
LFA-1 and VLA-4 that are incorporated into the virus parti-
cles during budding, in virus attachment to target cells (8, 10,
12, 25, 35). To test for the putative contribution of host-de-
rived, virus membrane-incorporated proteins, we produced vi-
rus stocks that were envelope deficient (Lai Aenv) along with
wild-type Lai in HEK293T cells by using similar transfection
protocols and tested the ability of the viruses to bind DC. In
addition, we also subjected both wild-type Lai and Lai Aenv
virus stocks to subtilisin treatment. Treatment with the pro-
tease subtilisin removes all surface-exposed viral membrane
proteins (36). Virus particles of Lai and Lai Aenv incubated in
the presence or absence of subtilisin were pelleted through
sucrose cushions and tested for HIV-1 envelope glycoprotein
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FIG. 5. Protease treatment of immature DC or virus particles re-
duces virus particle binding to DC surface. (A) DC (4 X 10*well) were
treated with 0.25% trypsin at 37°C for 30 min and then washed with
cold complete RPMI medium to stop the protease digestion. The cell
pellet was then incubated with mannan (100 pg/ml) for 30 min prior to
virus exposure (30 ng of p24%*%) for 2 h at 4°C. Virus binding to
trypsin-treated and untreated DC was assessed as described in Mate-
rials and Methods. (B) Immunoblot analysis of Lai (lanes 1 and 2) and
LaiAenv (lanes 3 and 4) virus preparations isolated and purified from
HEK293T cell supernatants that were either left untreated (lanes 1
and 3) or treated with the protease subtilisin (lanes 2 and 4). The blots
were reacted with an antibody specific for the Lai gp120 glycoprotein.
(C) DC (4 X 10* cells) were incubated with untreated or subtilisin-
treated virus preparations (30 ng of p24%“¢) at 4°C for 2 h. The percent
virus (p24%“¢) binding in panels A and C represents means * standard
deviations of triplicate cultures. The results from one representative
experiment out of three are shown.

expression via Western blot analysis with gp120-specific mono-
clonal antibodies (Fig. 5B). The expression of gp120 was evi-
dent in the wild-type virus (Lai) preparations (lane 1) and
absent in virus preparations when they were treated with sub-
tilisin (lane 2). As expected, Lai Aenv virus particles did not
express the envelope glycoproteins (Fig. 5B, lanes 3 and 4).
Additionally, we performed an ELISA to determine the con-
centrations of the p245“¢ capsid protein in the virus prepara-
tions. As expected, subtilisin treatment had no effect on p245“¢
amounts in the virus preparations (data not shown). Binding of
Lai to DC was inhibited by subtilisin pretreatment (Fig. 5C).
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Furthermore, Lai Aenv, compared to wild-type Lai, demon-
strated minimal binding to DC, and subtilisin treatment of Lai
Aeny particles had no impact on this process (Fig. 5C). These
results demonstrate that much of the virus particle binding to
DC is dependent on the HIV-1 envelope glycoproteins and
that host proteins incorporated into virus membranes presum-
ably make minimal contributions to this process.

Role of lipid rafts in virus binding and uptake. Regardless
of the mechanism of virus attachment to DC, the fate of the
virus particles is ultimately determined by targeting to a mem-
brane-trafficking pathway. Hence, we next wanted to ascertain
the mechanism of virus internalization by pharmacological in-
hibition of selective endocytosis pathways. We first examined
the role of clathrin-coated pits in virus uptake by treating DC
with amantadine, an inhibitor of clathrin-coated pit assembly.
Since endocytosis of the transferrin receptor is mediated spe-
cifically via clathrin-coated pits, we used transferrin-FITC as a
substrate in confocal microscopic analysis to verify that inhib-
itors used in this assay were functioning effectively. At 4°C,
transferrin-FITC is localized predominantly at the plasma
membrane, indicative of substrate binding but with no inter-
nalization (Fig. 6A). When the cells were shifted to 37°C, there
was a rapid internalization of transferrin-FITC (Fig. 6B) that
was completely inhibited by preincubation of the cells with
amantadine, an inhibitor of clathrin-coated pit mediated en-
docytosis (Fig. 6C). In contrast, treatment with MBCD, which
removes cholesterol from the plasma membrane, did not pre-
vent intracellular accumulation of transferrin-FITC (Fig. 6D).

To further ascertain the mode of virus internalization in DC,
we treated DC with endocytosis inhibitors prior to virus (HIV/
Lai) exposure at 37°C. The level of virus accumulation was
again determined by measurement of the cell-associated p245“¢
protein, as described previously. This experiment was per-
formed multiple times with DC from multiple donors, and the
data shown are the mean results of at least five independent
experiments (Fig. 6E). Surprisingly, treatment of DC with
amantadine had no effect on the endocytosis of virus particles
(Fig. 6E), suggesting that virus internalization can occur via a
clathrin-independent mechanism. Interestingly, virus internal-
ization was dramatically inhibited (>80% inhibition) by the
sterol binding agent MBCD and fillipin III, an agent that ex-
tracts cholesterol from caveolae (37, 38) (Fig. 6E), supporting
the role for lipid rafts in the endocytosis of virus particles. To
determine whether this inhibition was at the level of virus
particle binding to the cell surface or whether virus particle
accumulation was affected by the depletion of cholesterol from
the plasma membranes of DC, we performed virus binding
assays at 4 and 37°C in the presence or absence of drugs. At
4°C, where there is no virus particle internalization, amanta-
dine has no effect on virus particle binding (Fig. 6F). Further-
more, when the assay is performed at 37°C, amantadine has no
effect on the accumulation of virus particles within the cells
(Fig. 6F). In contrast, treatment of DC with MBCD abolishes
virus binding at 4°C and, hence, also prevents the accumulation
of virus particles within the cells (Fig. 6G). These data provide
evidence for the presence of DC-specific HIV-receptors in the
cholesterol-enriched regions of the lipid bilayer.
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FIG. 6. Binding of HIV-1 to DCis cholesterol dependent. DC were exposed to the endocytosis inhibitors and then incubated with FITC-labeled
transferrin at 4°C. Cells were also stained with DAPI to help in the visualization of the cellular architecture. The images are the composite of a
series of Z sections collected through the entire thickness of the cell monolayer and projected onto a two-dimensional plane. (A) At 4°C,
transferrin-FITC can bind to its receptor but is not internalized, as evident from the staining observed predominantly at the plasma membrane.
(B) Cells were shifted to 37°C for a period of 15 min and then monitored again for transferrin localization. Note the prominent intracellular green
fluorescence indicative of uptake of transferrin-FITC. (C) Treatment with 500 wM amantadine prior to incubation with transferrin-FITC for 1 h
at 37°C resulted in transferrin-FITC staining at the plasma membrane (indicated by white arrowheads) and completely abolished the intracellular
staining, while treatment with 5 mM MBCD (D) had no effect on the intracellular accumulation of transferrin. (E) DC (4 X 10* cells) treated with
the endocytosis inhibitors were exposed to Lai virus particles (30 ng of p24%“®) for 2 h at 37°C. The mean level of virus (Lai) binding in the presence
of endocytosis inhibitors was normalized to the level of virus binding in the absence of inhibitors (set at 100%). This experiment was performed
at least five independent times with DC derived from five independent donors, and each experiment was performed in triplicate. The results shown
are the averages of the mean percent binding (+ standard deviations) observed for all the experiments. (F) DC (4 X 10* cells) were treated with
amantadine (500 M) and then exposed to Lai virus particles (30 ng of p245“) for 2 h either at 4 or 37°C. (G) DC (4 X 10* cells) were treated
with MBCD (5 mM) and then exposed to Lai virus particles (30 ng of p245¢) for 2 h either at 4 or 37°C. The percent virus (p245*¢) binding values
shown in panels F and G represent the means * standard deviations of triplicate cultures. The results from one representative experiment out of
three with DC derived from three independent donors are shown in panels F and G.

DISCUSSION ment mechanisms are still capable of being transmitted to T
cells. However, attachment of infectious virus particles to DC
is still largely mediated by the virus envelope glycoprotein and
its interactions with DC-specific factors. Finally, we provide
evidence that the attachment factors are concentrated in lipid

rafts and that cholesterol-enriched lipid rafts play a vital role in

Although the establishment of productive infection by
HIV-1 in target cells requires the binding of the HIV envelope
glycoprotein to the CD4 molecule and subsequent interaction
with the chemokine coreceptor, CXCR4 or CCRS, the initial
virus attachment can be mediated by a number of different

molecules. These attachment molecules need not facilitate vi-
rus fusion with cells expressing these attachment factors per se
but, rather, could mediate efficient trans infection of CD4"
target cells. Our data suggest the existence of CD4-, DC-
SIGN-, MCLR-, and HSPG-independent mechanism(s) of
HIV-1 attachment to DC and demonstrate that virus particles
captured by DC independently of all previously known attach-

virus uptake by DC.

In contrast to the results presented here, previous reports
showed that HIV gp120 binding to different subsets of DC
including peripheral blood monocyte-derived DC was com-
pletely dependent on CD4 and MCLR (56, 57). However,
those studies used monomeric gp120 to measure binding, while
we measured binding of virions. It is possible that trimeric
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gp120 on virion surfaces presents structural or conformational
epitopes not present on monomeric gp120 that are necessary
for MCLR (or DC-SIGN)-independent binding. It is also for-
mally plausible that the affinity of the oligomeric env glyco-
protein for MCLR is much higher than that exhibited by its
monomeric gpl20 counterpart, such that it cannot be com-
pletely inhibited by saturating concentrations of mannan. Al-
ternatively, there might be posttranslational modifications of
gp120 in virions that are not present in the recombinant gp120
preparations used. Furthermore, in a previous study, virus en-
try into DC was quantified by the integration of the HIV
c¢DNA into the host genome, which was inhibited to a large
extent by the preincubation of DC with 5 mg of mannan/ml
(57). In contrast, our binding assay measures the ability of DC
to capture HIV particles and does not make any conclusions
about the ability of these captured virus particles to establish
productive infections in DC. Rather, the captured virus parti-
cles are most probably targeted for trans infection of target T
cells. There also might be a hierarchical aspect to HIV particle
binding to DC, and the relative binding affinity of virus to
MCLR (and DC-SIGN) may be lower than its binding to a
DC-specific attachment factor(s) that is as yet unidentified.
While DC-specific MCLR may play a role in virus binding, this
role cannot explain the complete binding profile of HIV to DC
(Fig. 1 and 2). Hence, the data presented in this study argue for
an MCLR-independent binding of HIV to DC.

Host proteins, such as LFA-1 and VLA-4, incorporated into
the budding virus particle membranes have also been postu-
lated as potential attachment factors for virus binding through
interaction with their ligands, ICAM-1 and VCAM-1, respec-
tively, (8, 10, 25, 35). Viral replication in human PBMC could
potentially result in the acquisition of host integrins in the
budding virus particles. Though treatment of virus particles
with subtilisin prevented virus attachment to DC (Fig. 5B), this
protease treatment would also remove any host integrins from
the virus membranes, thus obscuring any potential contribu-
tion of the host factors to virus attachment. We were able to
demonstrate the involvement of the HIV env glycoprotein with
virus attachment by two independent experimental strategies.
First, we utilized infectious viral supernatants generated from
transfections of HEK293T cells that are deficient for expres-
sion for most adhesion molecules, thus obviating the contribu-
tions, if any, of host integrins in virus attachment. Second, the
binding of env-deficient virions to DC was significantly reduced
relative to the binding of env-containing virions (Fig. 5A), thus
demonstrating a role for HIV env glycoprotein-specific inter-
actions with a DC-specific factor(s).

Trypsin treatment of DC inhibited virus binding, suggesting
a requirement for a plasma membrane-expressed receptor(s).
The disruption of lipid rafts also resulted in a reduction in virus
attachment to cells, suggesting that the HIV attachment fac-
tor(s) is preferentially concentrated in the cholesterol-rich mi-
crodomains of the DC membranes. The removal of cholesterol
from the DC plasma membranes, either by MBCD or fillipin
III, could result in the dispersion of a HIV attachment fac-
tor(s). This possibility suggests the potential requirement for
multiple oligomeric env glycoprotein-mediated interactions
with spatially restricted concentrations of DC-specific factor(s)
for efficient virus attachment. The functional involvement of
lipid rafts and the concentration of receptors in plasma mem-
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brane microdomains have been invoked for the entry of diverse
viral pathogens, such as Semliki Forest virus (28), ecotropic
murine leukemia virus (27), simian virus 40 (38), and the filo-
viruses, Ebola and Marburg (5). Previous studies have also
speculated on the role of lipid rafts in HIV env-mediated
membrane fusion for the productive infection of human cell
lines (24, 29, 45, 59). The data detailed in this report, to our
knowledge, are the first to document the involvement of lipid
rafts in HIV attachment to DC. Furthermore, we demonstrate
that HIV internalization in DC seems to depend on specific
cholesterol-rich microdomains. Though previous studies have
demonstrated a requirement for clathrin-mediated endocytosis
for HIV particles (14), our data provide evidence for an alter-
native entry pathway for HIV, such as caveola-mediated inter-
nalization. It is important to note that the depletion of choles-
terol from the plasma membrane can lead to an inhibition of
clathrin-coated pit-mediated endocytosis, as well as to a reduc-
tion in uptake through lipid rafts or caveolae (47, 55). Hence,
treatment of DC with MBCD could potentially inhibit both
clathrin- and nonclathrin-mediated endocytosis, while treat-
ment with amantadine does not prevent the alternative path-
way for HIV endocytosis.

These results have potential repercussions for the design of
effective microbicides against HIV. It is believed that in vivo
circulating CD14™" blood monocytes are precursors to antigen-
capturing tissue DC, including the epidermal Langerhans cells
and the dermal DC subsets (46). These immature DC subsets
can potentially capture infectious particles in the plurostrati-
fied genital mucosa and transport HIV to secondary lymphoid
tissues, where virus replication can be amplified (54). If DC are
indeed the initial cell types that encounter virus in the periph-
eral mucosal tissue, prevention of HIV attachment to DC by
lipid-raft-disrupting agents could inhibit the initial virus trans-
mission event. A corollary of these studies is that the use of
lectins or reagents that inhibit virus binding to MCLR will be
of limited potential in the prevention of HIV-1 transmission in
the genital mucosa.
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