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Dendritic cells (DCs) are among the first cells encountered by human and simian immunodeficiency virus
(HIV and SIV) following mucosal infection. Because these cells efficiently capture and transmit virus to T cells,
they may play a major role in mediating HIV and SIV infection. Recently, a C-type lectin protein present on
DCs, DC-specific ICAM-3-grabbing nonintegrin (DC-SIGN), was shown to efficiently bind and present HIV
and SIV to CD4�, coreceptor-positive cells in trans. However, the significance of DC-SIGN for virus trans-
mission and pathogenesis in vivo remains unclear. Because SIV infection of macaques may represent the best
model to study the importance of DC-SIGN in HIV infection, we cloned and characterized pig-tailed macaque
DC-SIGN and generated monoclonal antibodies (MAbs) against it. We demonstrate that, like human DC-
SIGN, pig-tailed macaque DC-SIGN (ptDC-SIGN) is expressed on DCs and macrophages but not on mono-
cytes, T cells, or B cells. Moderate levels of ptDC-SIGN expression were detected on the surface of DCs, and
low-level expression was found on macrophages. Additionally, we show that ptDC-SIGN efficiently binds and
transmits replication-competent SIVmne variants to CD4�, coreceptor-positive cells. Moreover, transmission
of virus between pig-tailed macaque DCs and CD4� T cells is largely ptDC-SIGN dependent. Interestingly,
MAbs directed against ptDC-SIGN vary in the capacity to block transmission of different SIVmne variants.
These data demonstrate that ptDC-SIGN plays a central role in transmitting virus from macaque DCs to T
cells, and they suggest that SIVmne variants may differ in their interactions with ptDC-SIGN. Thus, SIVmne
infection of pig-tailed macaques may provide an opportunity to investigate the significance of DC-SIGN in
primate lentiviral infections.

Transmission and dissemination of human immunodefi-
ciency virus (HIV) may depend on its ability to hijack normal
trafficking of dendritic cells (DCs) from mucosal sites of infec-
tion to draining lymph nodes. Immature DCs found in periph-
eral tissues efficiently capture antigens (3, 25, 28, 45) and
migrate to draining lymph nodes where they elicit T-cell re-
sponses. During transit to secondary lymphoid organs, they
undergo maturation into competent antigen-presenting cells
and acquire a greater ability to attract and activate T cells (1,
3, 22, 47). Interestingly, in situ studies of macaques infected
intravaginally with simian immunodeficiency virus (SIV) dem-
onstrate that the infecting virus first encounters DCs, and per-
haps macrophages, in the vaginal and cervical epithelium (8,
13, 20, 24, 31, 44). Within a few days, virus is localized to T-cell
zones of draining lymph nodes (20, 31, 44). These data suggest
that virus infection may be initiated in DCs, but the initial burst
of replication and continuous production of virus may occur
primarily in CD4� T cells within lymph nodes.

The ability of DC–T-cell interactions to support HIV and
SIV replication has been modeled in vitro using DCs and T
cells derived from skin explants as well as blood (6, 21, 34, 38,

39). These studies have shown that contact between T cells and
DCs may play a key role in driving HIV and SIV replication.
Notably, infection of T cells occurs most efficiently when virus
is presented by DCs (15, 38). Indeed, DCs may be well suited
for promoting HIV and SIV infection and replication in T cells
because they express the appropriate adhesion and stimulatory
molecules that facilitate T-cell activation (3), an event that is
critical for both viruses to complete their replication cycles (4,
36, 37, 46, 49). Interestingly, DCs can efficiently capture and
transmit HIV type 1 (HIV-1) and SIV to CD4� T cells even
without becoming productively infected (6, 34). These data
further suggest that both HIV and SIV have evolved the ability
to exploit an antigen capture and presentation mechanism in
order to initiate and promote their replication in CD4� T cells.

The mechanism by which DCs capture HIV and transmit it
to CD4� T cells remained unclear until it was recently dem-
onstrated that an HIV-1 envelope (Env) gp120 binding protein
(renamed DC-SIGN for DC-specific ICAM-3-grabbing nonin-
tegrin) was primarily expressed in DCs and certain macro-
phages (10, 16, 42, 43). DC-SIGN is a type II transmembrane
protein that contains an external calcium-dependent mannose
binding lectin domain. It functions as a cell adhesion molecule,
mediating both T-cell activation and DC migration through
high-affinity interactions with ICAM-3 and ICAM-2, respec-
tively (14, 16). DC-SIGN has also been recently shown to
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internalize antigen for presentation to T cells (12). Intrigu-
ingly, DC-SIGN efficiently captures and transmits HIV and
SIV to CD4�, coreceptor-positive cells (16, 35). However, in
contrast to CD4 and coreceptor, it does not mediate viral entry
into cells. Interestingly, DC-SIGN is expressed on DCs in the
lamina propria of vaginal, intestinal, and rectal mucosal tissues
and on DCs present in T-cell zones of lymphoid tissue of
humans and macaques (16, 23). Thus, DC-SIGN-positive DCs
are well positioned to capture HIV and SIV entering the host
through mucosa sites and to transport them to lymph nodes
where robust viral replication can be initiated and maintained
in T cells. In this respect, DC-SIGN-positive DCs could have a
role in both transmission and propagation of HIV and SIV;
therefore, blocking the DC-SIGN–virus interaction may help
prevent transmission or reduce viral loads in infected individ-
uals.

Because there is no model system to examine early events in
HIV transmission and pathogenesis, the SIV macaque model
represents the best system to address the significance of DC-
SIGN for HIV infection and replication in vivo. Previously, we
reported the initial cloning and characterization of pig-tailed
macaque DC-SIGN (ptDC-SIGN) (2). Here, we generate
monoclonal antibodies (MAbs) against ptDC-SIGN and show
that pig-tailed macaque DCs and macrophages express ptDC-
SIGN. Furthermore, we demonstrate that SIV transmission
from pig-tailed macaque DCs to T cells is enhanced by ptDC-
SIGN.

MATERIALS AND METHODS

Cell lines and viruses. CEMx174 cells were cultured in RPMI 1640 supple-
mented with 10% heat-inactivated (56°C) fetal bovine serum (FBS), 2 mM
glutamine, 100 U of penicillin per ml, and 100 �g of streptomycin per ml (RPMI
complete medium). The 293T cell line was cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated FBS, 2 mM
glutamine, 100 U of penicillin per ml, and 100 �g of streptomycin per ml
(DMEM complete medium). The CMMT-CD4-LTR-�-gal (sMAGI) indicator
cells were grown in DMEM complete medium plus 200 �g of G418 per ml
(Gibco-BRL) and 50 U of hygromycin per ml (CalBiochem, La Jolla, Calif.) (7).
THP-1- and THP-1/DC-SIGN- transfected cells were grown in RPMI complete
medium with 15% FBS. GHOST cells expressing CD4, or CD4 and CCR5, were
grown in DMEM complete plus 500 �g of G418/ml, 100 �g of hygromycin/ml,
and 1 �g of puromycin/ml.

To generate virus stocks, 293T cells were transfected with the plasmid proviral
clones of SIVmneCL8 (32), SIVmne170 (27), or SIVmne027 (26) by using the
FuGene 6 reagent (Roche, Indianapolis, Ind.). Twenty-four hours posttransfec-
tion, the cells were washed once with phosphate-buffered saline (PBS) and then
cultured for an additional 24 h in fresh DMEM complete medium. Supernatants
were harvested, passed through 0.22-�m syringe filters (Corning Inc., Corning,
N.Y.), aliquoted, and frozen at �70°C until used for infection experiments. The
amount of SIV p27gag antigen was quantitated using a commercial enzyme-linked
immunosorbent assay (ELISA; Immunotech-Coulter, Miami, Fla.). The titer of
each virus stock was determined using the sMAGI assay as previously described
(7).

MAbs to ptDC-SIGN. The cDNA of DC-SIGN was cloned from Macaca
nemestrina (pig-tailed macaque) monocyte-derived DC total RNA and inserted
into the expression vector pcDNA3 (pcDNA–ptDC-SIGN) (Invitrogen, Carls-
bad, Calif.) as previously described (2). To generate MAbs against ptDC-SIGN,
Jurkat cells were transfected with pcDNA–ptDC-SIGN expression vector and
injected into mice. Spleen cell fusions were made with SP2/0 myeloma cells, and
individual hybridoma clones were isolated and tested for secretion of anti-DC-
SIGN reactive antibodies. Specific binding to ptDC-SIGN was confirmed using
293T cells transiently transfected with pcDNA–ptDC-SIGN. Cross-reactivity
with human DC-SIGN (huDC-SIGN) was demonstrated using 293T cells tran-
siently transfected with pcDNA–huDC-SIGN (2). Two hybridoma clones, 8C1
and 11C1, that secrete immunoglobulin G1/� (IgG1/�) and IgG2b/� antibodies
against ptDC-SIGN, respectively, were identified and used to generate ascites in

mice. MAb DC4, which recognizes the neck domain of DC-SIGN, was kindly
provided by R.W. Doms (2).

DC-SIGN deletion constructs. To construct deletion mutants of ptDC-SIGN,
we used a cDNA clone of ptDC-SIGN that was inserted into Bluescript KS(�)
(Stratagene, La Jolla, Calif.) (pKS–ptDC-SIGN) (2). Primers for PCR amplifi-
cation were designed to bind and initiate DNA synthesis of ptDC-SIGN in the
reverse direction. The amplified regions of ptDC-SIGN that remained in pKS�
were blunt-end ligated at the primer ends, thereby deleting the specific se-
quences within ptDC-SIGN. The following primer sets were used to generate the
deletion mutants. Primer locations within the ptDC-SIGN sequence are num-
bered according to the sequence deposited in GenBank (accession no.
AF343727). To delete the neck region (�NECK78-224), PCR was performed
using the primers SIGN-G (5�-GATCGCATCTTGTTTGGATTGTCC-3�; nu-
cleotides [nt] 208 to 231) and SIGN-J (5�-GCAGTGGAACGCCTGTGCCAC-
3�; nt 673 to 693). To delete the entire carbohydrate recognition domain (CRD)
(�CRD232-381), PCR was performed using primers SIGN-H (5�-GTGGCACA
GGCGTTCCACTGC-3�; nt 673 to 693) and SIGN-KS (5�-GCGTAGCAGAA
CTTCACATCAAGC-3�; 1184-pKS� polylinker sequence). To construct a mu-
tant with a deletion of the carboxyl-terminal 9 amino acids (�CRD372-381), we
used primers SIGN-I (5�-TTGGGGAGAGCAACCGTTCTTCATC-3�; nt 1090
to 1113) and SIGN-KS. To construct a mutant with a deletion of the carboxyl-
terminal 41 amino acids (�CRD340-381), PCR amplification was performed with
SIGN-L (5�-ATTGCCACTAAATTCCGCACAGTC-3�; nt 994 to 1017) and
SIGN-KS. To delete the 90 amino acids from the carboxy-terminal end
(�CRD291-381), PCR was performed with primers SIGN-M (5�-GAAGCGGT
TACTTCTGGAAGACTG-3�; nt 847 to 870) and SIGN-KS. To delete the se-
quences encoding the first 58 amino acids of the CRD (�CRD232-290), PCR was
performed using primers SIGN-H and SIGN-O (5�-TTCACCTGGATGGGAC
TTTCAGAC-3�; nt 868 to 891). Finally, to delete the sequences encoding the
central portion of the CRD (�CRD291-332), PCR was done using primers
SIGN-M and SIGN-N (5�-TGTGCGGAATTTAGTGGCAATGGC-3�; nt 997
to 1020). For each set of primers, PCR amplification was performed using 1 ng
of pKS–ptDC-SIGN as a template, a 1 �M concentration of each primer, a 1 mM
concentration of each deoxynucleoside triphosphate, and 3 U of Taq Plus long
enzyme (Stratagene) per 100-�l reaction mixture. Samples were heated to 94°C
for 3 min followed by 35 cycles of amplification. For each primer set, the
denaturing step (94°C for 30 s) and extension step (72°C for 10 min) were the
same. The annealing temperature was modified for each primer set (53 to 60°C
for 30 s) to optimize specific priming. Confirmation of the deletions was made by
DNA sequencing. Each clone was excised from pKS� and introduced into the
expression vector, pHM6 (Roche), which adds a hemagglutinin (HA) epitope tag
to the amino terminus of the translated protein.

Western blot analysis. 293T cells plated in 6-well dishes were transfected with
wild-type or mutant ptDC-SIGN constructs using the FuGene 6 transfection
reagent (Roche). Two days posttransfection, cells were lysed in 500 �l of a lysis
buffer containing 0.1% sodium dodecyl sulfate, 0.5% deoxycholate, 1.0% Triton
X-100, 1 U of aprotinin per ml, 1 mM phenylmethylsulfonyl fluoride, and 2 �g
of the protease inhibitors pepstatin A, chymostatin, antipain, and leupeptin per
ml in PBS. Lysates were clarified by brief centrifugation at 4°C in a microcen-
trifuge. Proteins were separated by sodium dodecyl sulfate–12% polyacrylamide
gel electrophoresis and transferred to nitrocellulose. HA-tagged ptDC-SIGN
proteins were detected using a 1:750 dilution of an anti-HA peroxidase-coupled
MAb (Roche) by enhanced chemiluminescence (Amersham Pharmacia, Piscat-
away, N.J.).

Macaque DC-SIGN capture and transfer assay. 293T cells were transiently
transfected with the ptDC-SIGN expression vector pcDNA–ptDC-SIGN or the
negative control vector using the FuGene 6 reagent. Twenty-four hours post-
transfection, cells were replated in duplicate into wells of U-bottom 96-well
plates (105 cells per well in 100 �l). The following day, cells were incubated with
virus (1 ng of p27gag antigen) for 2 h at 37°C in a 5% CO2 incubator. Cells were
then washed vigorously three times with DMEM complete, resuspended in
RPMI complete medium, and added to 2 � 105 CEMx174 cells. At 3- to 4-day
intervals over a 14-day period, medium was removed from each culture and
replaced with fresh RPMI complete medium. The supernatants were assayed for
SIV p27gag antigen by ELISA to monitor virus replication.

To examine the inhibitory properties of the anti-ptDC-SIGN MAbs, cells were
treated with the 8C1, 11C1, or control antibody at a final concentration of 25
�g/ml for 20 min at 37°C prior to the addition of virus. Following a 2-h incubation
with virus, the cells were washed, resuspended in RPMI complete medium,
cocultured with CEMx174 cells, and assayed for virus replication as described
above.

Luciferase reporter virus assay for trans-infection by huDC-SIGN. The HIV-1
env-defective pNL4-3.LucR-E� vector was used to generate pseudotyped viruses
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containing the luciferase gene (luc) in place of the HIV envelope as reported
previously (9). HIV-1 env expression plasmids (ADA, JRFL) and the HIV-1 luc
vector were cotransfected into 293T cells by using the FuGene 6 reagent. The
vectors were provided by Nathan Landau (Salk Institute for Biological Sciences,
La Jolla, Calif.). After 48 h, the supernatants were harvested, frozen in aliquots,
and later tested for virus by p24 antigen-capture ELISA. For capture-transfer
studies, 100 ng of p24-associated HIV-1 pseudotype virus/ml was incubated with
105 THP-1 or THP-1/DC-SIGN-positive cells for 2 h at 37°C. The cells were
washed five times and transferred to 96-well plates (2 � 104 cells/well) containing
GHOST cells expressing CD4 and CCR5. For antibody blocking, 50 �l of 11C1
anti-DC-SIGN antibody or medium was incubated with THP-1 or THP-1/DC
cells at 50 �g/ml for 30 min at 37°C, and virus was then added for an additional
2 h at 37°C before washing. The cells were followed for 4 days, with the medium
changed at day 2. Cells were lysed with 100 �l of GloLysis buffer (Promega), and
50 �l was incubated with 100 �l of Bright Glo substrate (Promega) before
analysis with a tube luminometer.

DC and T-cell isolation and infection. Peripheral blood was obtained from
SIV and simian retrovirus-negative pig-tailed macaques at the Washington Re-
gional Primate Research Center, Seattle, Wash. Peripheral blood mononuclear
cells (PBMCs) were isolated as previously described using lymphocyte separation
medium (41). To isolate CD14� monocytes, we used the Miltenyi anti-CD14
microbeads and miniMACS system according to the manufacturer’s protocol
(Miltenyi Biotec, Auburn, Calif.). Briefly, 108 PBMCs were resuspended in 800
�l of binding buffer (PBS supplemented with 0.5% bovine serum albumin and 2
mM EDTA). MACS CD14 microbeads (200 �l) were added, mixed, and incu-
bated at 4°C for 15 min. The cell-bead mixture was then washed with binding
buffer, spun at 200 � g for 10 min, and resuspended in 1 ml of fresh binding
buffer. CD14� cells were positively selected using an MS�/RS� column tip.
Cells eluted from the column were typically greater than 95% CD14� by fluo-
rescence-activated cell sorter (FACS) analysis. These cells were washed with
RPMI complete and cultured with 1,000 U of granulocyte-macrophage colony-
stimulating factor (GM-CSF) per ml and 500 U of interleukin-4 (IL-4) per ml (R
& D Systems, Minneapolis, Minn.) in RPMI complete for 7 days to generate
DCs. At this time, the cells expressed moderately high levels of HLA-DR,
moderate levels of CD86, and low levels of CD83 and CD25 by FACS analysis.
The CD14� population of cells, which mainly consisted of lymphocytes, was
frozen at �70°C until 3 days prior to cocultivation with DCs, at which point they
were thawed and stimulated with 10 �g of phytohemagglutinin (PHA) per ml and
IL-2 (50 U/ml) in RPMI complete medium. FACS analysis demonstrated that
the resulting population of cells consisted of CD3� CD4� and CD3� CD8� T
cells.

To examine transfer of virus from DCs to T cells, DCs (105) were incubated
with 1,000 tissue culture infectious doses of SIVmne027 for 3 h at 37°C in a 5%
CO2 incubator. DCs were then washed twice with PBS and resuspended in RPMI
complete containing IL-2 (50 U/ml), IL-4 (500 U/ml), and GM-CSF (1,000
U/ml). The DCs were then added to cultures of autologous PHA-stimulated
peripheral blood lymphocytes (2 � 105). Cultures were maintained in RPMI
complete containing IL-2, IL-4, and GM-CSF. At 3- to 4-day intervals, superna-
tants were harvested, saved at �70°C, and later tested for SIV p27gag antigen by
ELISA to monitor virus replication. All infections were performed in triplicate.

To examine the DC-SIGN dependence of virus transmission from DCs to T
cells, cultures of DCs were first incubated MAbs 8C1 or 11C1 or control anti-
bodies at a final concentration of 25 �g/ml. Virus was then added to the DC
cultures, washed, and incubated with PHA-stimulated peripheral blood lympho-
cytes as described above. Supernatants were harvested every 3 to 4 days and
assayed for SIV p27gag to monitor virus replication.

Flow cytometry. Transfected 293T cells or primary pig-tailed macaque periph-
eral blood lymphocytes, monocytes, in vitro-derived macrophages, or DCs were
stained in FACS staining buffer (PBS supplemented with 10% heat-inactivated
FBS and 0.1% sodium azide) for 30 min on ice with hybridoma supernatants at
a final dilution of 1/10, purified antibody at a final concentration of 10 �g per ml,
or control antibody at 10 �g per ml. Samples were washed and incubated with a
goat anti-mouse Fab fragment conjugated to fluorescein isothiocyanate (FITC)
(Dako Corp., Carpinteria, Calif.) on ice for 30 min, washed with PBS, and
resuspended in PBS containing 1% paraformaldehyde. For two-color staining of
macaque primary PBMCs, phycoerythrin-conjugated antibodies to CD3, CD4,
CD14, or CD20 (BD Pharmingen, San Diego, Calif.) at a 1/10 dilution were
added after the goat-anti-mouse Fab-FITC staining. Samples were analyzed with
a FACScan (Becton Dickinson, San Diego, Calif.) analyzer, and cells were
excluded based on forward- and side-scatter characteristics.

To examine ICAM-3 binding to ptDC-SIGN, a recombinant ICAM-3–human
Fc chimeric molecule (R & D Systems) was incubated with 293T cells transiently
transfected with ptDC-SIGN or control vector (pcDNA3) at a final concentra-

tion of 10 �g/ml in FACS staining buffer. After a 30-min incubation on ice, cells
were washed once with FACS staining buffer and incubated with a 1/50 dilution
of a goat anti-human Fc FITC-conjugated MAb (Biosource International, Cam-
arillo, Calif.) for 30 min on ice. Cells were then washed twice with FACS staining
buffer and once with PBS, resuspended in 1% paraformaldehyde in PBS, and
analyzed as described above. To assess whether the anti-ptDC-SIGN MAb 8C1
blocked ICAM-3 binding, cells were treated with 8C1 for 30 min prior to incu-
bation with ICAM-3. We could not examine whether the 11C1 antibody blocked
ICAM-3 binding to ptDC-SIGN because it cross-reacted with the goat anti-
human Fc-FITC secondary antibody. Transfection of 293T cells with ptDC-SIGN
typically increased ICAM-3 binding from approximately 0 to 2% to 35 to 40%.

RESULTS

Reactivity of anti-ptDC-SIGN MAbs and expression of
ptDC-SIGN. Previously, we showed that several MAbs raised
against huDC-SIGN cross-reacted with ptDC-SIGN. However,
none was able to block binding and subsequent transfer of
virus to CD4�, coreceptor-positive cells (2). To generate
MAbs against ptDC-SIGN, Jurkat cells transfected with a
ptDC-SIGN expression vector were used to immunize mice,
and spleen cells were harvested for fusions with SP2/0 my-
eloma cells. Hybridoma supernatants were screened by FACS
analysis for reactivity to ptDC-SIGN. MAbs from two hybrid-
omas (8C1 and 11C1) reacted with 293T cells transiently trans-
fected with the ptDC-SIGN expression vector (pcDNA–ptDC-
SIGN) but not with a negative control vector (pcDNA3) (Fig.
1). Neither antibody detected ptDC-SIGN by Western blot
analysis, suggesting that they recognize conformation-depen-
dent epitopes (data not shown). Furthermore, both antibodies
cross-reacted with huDC-SIGN, indicating that they recognize
epitopes conserved between the human and pig-tailed ma-
caque molecules.

To characterize ptDC-SIGN expression, we stained PBMCs
from pig-tailed macaques. Both resting and PHA-stimulated
PBMCs were negative for ptDC-SIGN expression, including
the CD3�, CD20�, and CD14� cell populations (data not
shown and Fig. 2A). However, moderate levels of ptDC-SIGN
expression were detected by 8C1 and 11C1 on 35 to 45% of
monocyte-derived DCs generated by culturing CD14� mono-
cytes with GM-CSF and IL-4 (Fig. 2A). We also examined
whether GM-CSF or IL-4 alone could induce DC-SIGN ex-
pression from CD14� monocytes. While both GM-CSF and
IL-4 were required to attain moderate surface levels of ptDC-
SIGN, GM-CSF alone was capable of inducing low-level ex-
pression of ptDC-SIGN as monocytes differentiated into mac-
rophages (Fig. 2B). By contrast, IL-4 did not increase surface
expression of ptDC-SIGN. These data demonstrate that mac-
rophages, in addition to DCs, may express ptDC-SIGN in
pig-tailed macaques.

Macaque DC-SIGN and transmission of SIV. To determine
whether ptDC-SIGN could bind and transmit replication-com-
petent SIV, we expressed ptDC-SIGN in 293T cells, incubated
the cells with virus for 3 h, removed unbound virus by vigorous
washing, and cocultured the cells with CEMx174 cells. Virus
replication was measured by assaying culture supernatants ev-
ery 2 to 3 days for SIV p27gag antigen by ELISA (Fig. 3). Three
different variants of the SIVmne strain, SIVmneCL8,
SIVmne170, and SIVmne027, were tested. For each virus,
p27gag antigen production increased more rapidly in CEMx174
cells cocultured with 293T cells expressing ptDC-SIGN than in
CEMx174 cells cocultured with 293T cells that received the
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control vector (pcDNA3), indicating that ptDC-SIGN could
enhance transmission of different SIV variants. Although the
variant viruses replicated to different levels, suggesting that
transmission of some variants by ptDC-SIGN may be more
efficient than others, it was previously shown that these variants
replicate at different rates in CEMx174 cells (26, 27). Thus,
from these data it is unclear whether there are differences in
the efficiency of transmission of variant SIVs by ptDC-SIGN.

To determine whether the anti-ptDC-SIGN MAbs could
inhibit virus binding and subsequent transfer of virus, 293T
cells expressing ptDC-SIGN were treated with anti-ptDC-
SIGN MAbs or a negative control antibody prior to incubation
with virus. Compared to the control antibody, both anti-ptDC-
SIGN MAbs, 8C1 and 11C1, reduced binding and transmission
of SIVmneCL8 by 79 and 64%, respectively (Fig. 4A). How-
ever, the decrease caused by the anti-ptDC-SIGN antibodies
was not as great as pretreatment of the cells with either man-
nan or EGTA, which largely eliminated binding and transmis-
sion. Interestingly, neither antibody impaired capture and
transfer of the variant SIVmne170 (Fig. 4B). These data sug-
gest that closely related variant viruses may differ in their
interactions with ptDC-SIGN.

To determine whether ptDC-SIGN plays an important role
in the transmission of virus from DC to T cells, we used
pig-tailed macaque monocyte-derived DCs as donor cells and

autologous PHA-stimulated T cells as recipient cells in a cap-
ture and transmission assay. DCs were treated with control or
anti-ptDC-SIGN MAbs prior to incubation with variant
SIVmne027. Following the incubation with SIVmne027, DCs
were vigorously washed and cocultured with the activated T
cells. SIVmne027 was used for this experiment because it rep-
licates more efficiently in antigen-presenting cell–T-cell cul-
tures than other SIVmne variants (reference 26 and J. T.
Kimata and P. G. Patel, unpublished data). In experiments
using cells from two different donors, MAb 8C1 reduced cap-
ture and subsequent replication of SIVmne027 by approxi-
mately 75% compared to the untreated cells and 68% com-
pared to control antibody treatment (Fig. 5). In contrast, 11C1
had no specific effect on SIVmne027 capture and transmission.
The inhibitory activity of 8C1 was confirmed in separate ex-
periments by using donor cells from two additional animals. In
these experiments, SIVmne027 capture and transmission was
reduced by 73 and 95% compared to the untreated DCs (data
not shown). Together, the data demonstrate that transmission
of SIV from pig-tailed macaque DCs to T cells is largely de-
pendent on ptDC-SIGN. Finally, because SIVmne027, unlike
SIVmneCL8, was sensitive to only 8C1 but not 11C1, the data
provide further evidence that variant viruses may interact dif-
ferently with ptDC-SIGN.

Transmission of HIV-1 is inhibited by anti-ptDC-SIGN
MAbs. Because of the high homology between macaque and
human DC-SIGN (2, 48), we tested whether the antibodies
against ptDC-SIGN could interfere with capture and transfer
of HIV-1 by using a previously developed DC-SIGN–virus
binding and transmission assay (15). For the experiment, an
HIV-luc vector was pseudotyped with two different HIV-1
R5-tropic envelopes (HIV-1JRFL and HIV-1ADA). The lucif-
erase activity in transduced target cells (HOS-CD4-R5 cells)
that was observed with THP-1/huDC-SIGN donor cells was
normalized to 100% for the virus stocks. huDC-SIGN-negative
THP-1 cells were used as a background control. The presence
of huDC-SIGN on THP-1 donor cells enhanced transmission
of virions pseudotyped with the HIV-1JRFL or HIV-1ADA en-
velopes (Fig. 6). Preincubation of the donor THP-1/huDC-
SIGN cells with MAb 11C1 reduced luciferase activity in the
recipient cells to near-background levels (Fig. 6A). In contrast,
while MAb 8C1 also had inhibitory activity, it did not lower the
level of luciferase activity to that of background, indicating that
it may be slightly less effective than 11C1 at blocking HIV-1
binding and transmission (Fig. 6B). These data demonstrate
cross-reactive recognition of huDC-SIGN and blocking of
HIV-1 capture by the anti-ptDC-SIGN MAbs 8C1 and 11C1.

Mapping the binding site for anti-DC-SIGN MAbs. To iden-
tify the recognition sites within ptDC-SIGN for MAbs 8C1 and
11C1, we constructed HA epitope-tagged mutants of ptDC-
SIGN containing deletions of the neck or CRD (Fig. 7). To
show that each deletion mutant expressed the expected-size
protein, cell lysates from 293T cells transiently transfected with
the constructs were subjected to immunoblot analysis using an
anti-HA antibody. A protein of the predicted size was observed
for each mutant (data not shown). Surface expression of the
wild-type and mutant ptDC-SIGN was examined by FACS
analysis using the MAbs 8C1, 11C1, and DC4, which bind the
repeat sequence in the neck domain (Table 1 and Fig. 8). Both
8C1 and 11C1 detected the mutant with a deletion of the entire

FIG. 1. Reactivity of MAbs raised against ptDC-SIGN. 293T cells
were transfected with either a control, ptDC-SIGN, or huDC-SIGN
expression vector. Two days posttransfection, cells were harvested,
bound with either anti-ptDC-SIGN MAb 8C1 or 11C1 (filled curves),
or the appropriate isotypic control antibodies (open curves), and a
goat-anti-mouse FITC-labeled secondary antibody. Cells were then
analyzed by FACS.
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neck domain (�NECK78-244) but not a mutant with the entire
CRD deleted (�CRD232-381). However, MAb DC4, which
binds to the neck region of human and macaque DC-SIGN,
reacted with �CRD232-381, indicating its expression at the cell
surface. These data indicate that both 8C1 and 11C1 recognize
epitopes in the CRD. Additionally, constructs with deletions of
smaller portions of the CRD reacted with the anti-neck anti-
body DC4 (Table 1). However, with the exception of a mutant
with a deletion of the carboxyl-terminal 9 amino acids
(�CRD372-381), none of these mutants was detected by either
8C1 or 11C1. This provides further evidence that a conforma-
tion-dependent epitope may be recognized by both antibodies.
Also, one mutant, �CRD340-381, was not detected by any of
the anti-DC-SIGN MAbs, suggesting that it was not expressed
on the surface of cells. Finally, 8C1 did not interfere with
recombinant human ICAM-3 binding to ptDC-SIGN (data not
shown).

DISCUSSION

DCs are believed to play a central role in the initiation and
establishment of HIV-1 infection in the host. Because they are
among the first cells encountered by virus and by virtue of their
ability to efficiently capture and transmit HIV-1 and SIV to
CD4� T cells, these cells may act as important vehicles for
trafficking virus from the site of infection to draining lymph
nodes where robust replication can be initiated in T cells (5, 18,

40). The discovery of DC-SIGN as an attachment factor for
primate lentiviruses that can enhance infection of T cells by
DCs in trans provides a molecular explanation for how these
cells efficiently capture and transmit virus, even in the absence
of becoming infected (15, 29). It also raises questions about
DC-SIGN�s significance for virus transmission and replication
in vivo. Because SIV infection of macaques is the primary
model for studying the early events in HIV-1 infection, we
examined whether DC-SIGN plays a major role in SIV capture
and transfer by macaque DCs. Our data demonstrate that SIV
infection of pig-tailed macaques may be a suitable model for
studying the significance of DC-SIGN-dependent capture of
virus by DCs for virus infection and dissemination.

Using MAbs generated against ptDC-SIGN, we demon-
strated that the cell types in pig-tailed macaques which ex-
pressed ptDC-SIGN are similar to those in humans (16).
CD3�, CD20�, and CD14� cells in peripheral blood are
largely negative for ptDC-SIGN. A small population of cells
that do not express these markers are positive for ptDC-SIGN
(data not shown). We are currently investigating if these cells
represent myeloid DCs, which have been shown to be DC-
SIGN positive in human blood (33). As predicted, treatment of
CD14� monocytes with GM-CSF and IL-4 induces ptDC-
SIGN expression on DCs. However, these cells express only
low and moderate levels of ptDC-SIGN. This contrasts with
human monocyte-derived DCs, which express high levels of
surface DC-SIGN, and rhesus macaque monocyte-derived DC,

FIG. 2. ptDC-SIGN expression on CD14� monocytes, macrophages, and dendritic cells. CD14� monocytes were positively selected from
pig-tailed macaque PBMCs and stained for either CD14 or ptDC-SIGN before and after 7 days of culture with GM-CSF and IL-4 (A) or after
7 days of culture with GM-CSF alone, IL-4 alone, or GM-CSF plus IL-4 (B). Cells stained with either anti-CD14 or anti-ptDC-SIGN are shown
in the filled curves, and isotype controls are shown in the open curves. Similar results were observed in two independent experiments using cells
from two different macaques.
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which only have low levels of rhesus DC-SIGN (rhDC-SIGN)
(15, 16, 48). It is unclear at this time what accounts for the
differences in DC-SIGN expression levels between DCs of
these macaque species and humans. Although species-specific
differences in DC-SIGN expression are possible, an alternative

explanation is that both pig-tail and rhesus macaque mono-
cytes are poorly responsive to human GM-CSF and IL-4 com-
pared to human monocytes. Importantly, although the tissue
distribution of DC-SIGN-positive cells in rhesus macaques and
humans is similar, and rhDC-SIGN can capture and transmit
SIV when expressed at high levels (2, 23, 48), if the level of
DC-SIGN expression on rhesus macaque DCs in vivo is also
too low to capture virus, it would dampen the utility of this
species as a model to evaluate the significance of DC-SIGN in
virus transmission. It might also cast doubt about the role of
DC-SIGN in the pathogenic process. Alternatively, another
C-type lectin protein with homology to DC-SIGN may effi-
ciently capture SIV in rhesus macaques. Because pig-tailed
macaque DCs express higher levels of DC-SIGN than do rhe-
sus DCs, pig-tailed macaques may prove to be a more useful
animal model for such studies than rhesus macaques.

In contrast to human monocyte-derived macrophages, which
do not express DC-SIGN (43), pig-tailed macaque macro-
phages derived from CD14� monocytes cultured with GM-
CSF alone expressed low levels of ptDC-SIGN. Whether or

FIG. 3. Enhancement of SIV transmission by ptDC-SIGN. 293T
cells were transfected with either a control (pcDNA3) or ptDC-SIGN
expression vector (pcDNA–ptDC-SIGN). Cells were incubated with
SIVmneCL8 (A), SIVmne170 (B), or SIVmne027 (C), washed, and
cultured with CEMx174 cells. Virus production was monitored by
measuring p27gag antigen in the culture supernatants over a 7- to
10-day period. Results are representative of at least three independent
experiments. The average p27gag antigen values 	 the standard error of
the mean are shown.

FIG. 4. Interference of SIV capture and transmission by anti-
ptDC-SIGN MAbs. 293T cells expressing ptDC-SIGN were mock
treated or incubated for 20 min with 25 �g of control mouse IgG, 8C1,
or 11C1 per ml prior to the addition of SIVmneCL8 (A) or
SIVmne170 (B). Cells were also treated with mannan (20 �g/ml) or
EGTA (5 mM) prior to the addition of SIVmneCL8. Following a 2-h
incubation with virus, cells were washed and cultured with CEMx174
cells. Virus production was measured by assaying supernatants for
p27gag antigen by ELISA over a 7-day period. Day 7 p27gag antigen
values of the mock-treated cells were normalized to 100%. The
amount of p27gag antigen production from each infection is shown
relative to the amount produced from the mock-treated cells and
represents the average 	 the standard error of the mean. Data are
representative of at least two independent experiments.
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not these cells can also capture and transmit SIV in a DC-
SIGN-dependent manner will be important to examine, par-
ticularly in light of studies demonstrating that macrophage-
resting T-cell interactions support replication of some SIV
variants (11, 26). Moreover, it will also be interesting to assess
whether DC-SIGN can function as a cis-acting factor that en-
hances infection of macrophages, because they may have a role
in HIV and SIV dissemination and persistence (19). Indeed,
the presence of DC-SIGN on CD4�, coreceptor-positive cells
significantly enhances infection, and certain types of macro-
phages express DC-SIGN in vivo (30, 42). However, the level
of ptDC-SIGN expression in pig-tailed macaque macrophages
may be too low to capture virus. A recent study by Pöhlmann
et al. demonstrated that a high level of DC-SIGN expression
(60,000 molecules per cell) is required for efficient capture and
transmission of HIV-1 (35). On the other hand, if the TH2
cytokine IL-13 can up-regulate ptDC-SIGN expression in ma-
caque macrophages, like it does in human macrophages (43),
then ptDC-SIGN may prove to be an important virus attach-
ment and infectivity factor for macaque macrophages.

Previously, it was shown that both rhesus and pig-tailed
macaque DC-SIGN capture and transmit virions pseudotyped

with either HIV-1 or SIV envelope proteins (2). Those data
provided evidence that SIV and HIV interact with macaque
DC-SIGN molecules in a manner similar to that with huDC-
SIGN. Here, we extend those studies and demonstrate that
ptDC-SIGN enhances transmission of different replication-
competent variants of SIVmne. Furthermore, MAbs generated
against ptDC-SIGN impair virus capture and subsequent
transmission to target cells. Importantly, we observed 73 to
95% blocking activity of the 8C1 antibody with DC and T cells
from four different macaques, suggesting that ptDC-SIGN is
the major factor involved in capture and transmission of SIV
by macaque DCs. However, because the transmission of virus
was not completely diminished, other factors may participate
in the capture of virus by DCs of this macaque species. These
data are not inconsistent with those obtained by using human
DCs. Capture and transmission of replication-competent
HIV-1 by human DCs is also not completely impaired by anti-
huDC-SIGN MAbs (15, 29). Moreover, capture and transmis-
sion of SIV by rhesus DCs appears to be DC-SIGN indepen-
dent (48). Thus, factors other than DC-SIGN likely contribute
to virus capture by DCs.

The MAbs characterized here are the first to be generated
against a macaque DC-SIGN molecule. Both antibodies rec-
ognize an epitope(s) conserved between pig-tailed macaque

FIG. 5. Capture and transmission of SIV by macaque DCs. Dupli-
cate cultures of DCs were mock treated or incubated with 25 �g of
control IgG, 8C1, or 11C1 per ml for 20 min prior to the addition of
SIVmne027. Following a 3-h incubation with virus, the cells were
washed and incubated with PHA-stimulated PBMCs and IL-2. Virus
production was monitored by p27gag ELISA every 3 to 4 days postin-
fection. The average p27gag antigen values 	 the standard error of the
mean are shown. The experiments shown in panels A and B were
performed using cells isolated from two different macaques.

FIG. 6. Inhibition of huDC-SIGN-dependent HIV-1 capture and
transfer by the anti-ptDC-SIGN MAb. THP-1/huDC-SIGN cells were
mock treated or incubated with 50 �g of anti-ptDC-SIGN MAb 11C1
(A) or 8C1 (B) per ml prior to incubation with an HIV-luc reporter
virus pseudotyped with either the HIV-1ADA or HIV-1JRFL envelope.
Following the incubation with virus, cells were washed and cultured
with HOS-CD4-CCR5 cells. Viral infection was determined by mea-
suring luciferase activity in the target cells. THP-1/DC-SIGN� cells
were used for background virus capture and transfer. Relative lucif-
erase activity 	 the standard error of the mean is shown.
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and human DC-SIGN and block the interaction of SIV and
HIV with these respective molecules. These data provide fur-
ther evidence that the specificity and mechanism of SIV and
HIV binding to macaque and human DC-SIGN are similar.
Additionally, the reactivity of the 8C1 and 11C1 MAbs against
ptDC-SIGN deletion mutants indicates that they bind to the
CRD of the protein. However, while both antibodies detect a
carboxyl-terminal deletion, ruling out the last 9 amino acids of
the CRD as part of the epitope for either antibody, we could
not further map the binding sites for the antibodies because no
other ptDC-SIGN mutant containing a deletion of the CRD
was recognized by either antibody. These data suggest that the
epitopes may be conformation dependent. This conclusion is
supported by the inability of either MAb to detect denatured
ptDC-SIGN by immunoblot analysis. Interestingly, while pre-
vious studies have shown that anti-huDC-SIGN MAbs prevent
ICAM-3 from binding to either huDC-SIGN or rhDC-SIGN
(16, 48), at least one of the anti-ptDC-SIGN MAbs does not
appear to interfere with ICAM-3 binding to ptDC-SIGN. Be-
cause these studies used a recombinant human ICAM-3 mol-

ecule to examine binding, it will be necessary to verify these
results by testing whether the anti-ptDC-SIGN MAbs also fail
to inhibit clustering of pig-tailed macaque DCs and T cells.
Taken together, our data indicate that the virus capture func-
tion of ptDC-SIGN may be inhibited without interfering with
its immune function. Thus, because of their specificity for in-
hibiting virus–DC-SIGN interactions, the anti-ptDC-SIGN
MAbs are attractive inhibitors for testing in vivo against mu-
cosal SIV infection. Mapping the binding site for the MAbs on
ptDC-SIGN may help identify the viral envelope binding site.
It may also provide insight for the development of novel in-
hibitors that can specifically prevent virus–DC-SIGN interac-
tions.

An unexpected result of this study is that the SIVmne vari-
ants differ in their sensitivities to the blocking effect of the
anti-ptDC-SIGN antibodies in virus capture-transfer assays.
There are a number of amino acid differences in the envelope
proteins of these three variant viruses, particularly in the V1
variable region (26, 27). While we have not directly shown that
envelope alone is important for the enhanced transmission of
virus by ptDC-SIGN, we hypothesize that structural changes in
envelope conferred by mutations account for the differences in
sensitivity of the variant viruses to the anti-ptDC-SIGN MAbs
and, therefore, the binding capacity to ptDC-SIGN. Defining
the envelope mutations that affect sensitivity to the antibodies
may provide insight into the determinants involved in DC-
SIGN binding. It is intriguing that SIVmneCL8, which has the
fewest glycosylation sites of the three variants, is the most
sensitive to the anti-ptDC-SIGN antibodies, suggesting that
perhaps glycosylation is an important determinant of ptDC-
SIGN binding. However, a recent finding has shown that gly-
cosylation may not be important for HIV-1 envelope binding
to DC-SIGN (17). Thus, while carbohydrates may not be the
main binding determinants in the viral envelope protein, they
may alter the affinity of the interaction. Further studies using
these SIVmne envelope variants and mutants may help eluci-
date the importance of carbohydrates and other determinants
for envelope–ptDC-SIGN interactions. Finally, it will also be
important to examine whether our anti-ptDC-SIGN MAbs can
impair DC capture and transmission of viruses displaying
SIVmneCL8 or SIVmne170 envelopes, since the context of
ptDC-SIGN expression may influence virus and antibody bind-
ing. We did not assess whether ptDC-SIGN was critical for
transfer of SIVmneCL8 or SIVmne170 with macaque DCs in
this study because neither virus is efficiently transmitted from
DCs to T cells in vitro (J. T. Kimata and P. G. Patel, unpub-
lished data). Envelope chimeric viruses using SIVmne027 as a
vector will be necessary to test the sensitivity of viruses express-
ing these envelopes to anti-ptDC-SIGN MAbs in DC–T-cell
capture-transmission assays.

In summary, primary pig-tailed macaque cells express ptDC-
SIGN in similar cell types as human cells. Moreover, pig-tailed
macaque DCs capture and transmit SIVmne in a largely DC-
SIGN-dependent manner. Additionally, the MAbs against
ptDC-SIGN interfere with SIV and HIV capture but not
ICAM-3 binding. Thus, pig-tailed macaques and the anti-
ptDC-SIGN MAbs may be useful for testing the relevance of
DC-SIGN-positive DCs in SIV transmission in vivo. However,
an intriguing result is that the SIVmne variants have differing
sensitivities to the blocking effects of the anti-ptDC-SIGN

FIG. 7. Deletion constructs of ptDC-SIGN. The portion of ptDC-
SIGN present in each deletion mutant is shown relative to that in the
wild-type clone. Also shown is a schematic diagram of the ptDC-SIGN
molecule.

TABLE 1. Binding location of ptDC-SIGN MAbs

ptDC-SIGN
mutant

Anti-DC-SIGN MAba

DC4 8C1 11C1

Control � � �
Wild type � � �
�NECK78-224 � � �
�CRD232-381 � � �
�CRD372-381 � � �
�CRD291-381 � � �
�CRD232-290 � � �
�CRD291-332 � � �
�CRD340-381 � � �

a The DC-SIGN MAbs were tested by flow cytometry against 293T cells trans-
fected with the indicated ptDC-SIGN deletion mutant. The control is the pHM6
expression vector without the ptDC-SIGN cDNA insert and the wild type is
pHM–ptDC-SIGN.
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MAbs in virus capture-transmission assays. These data raise
important questions, should DC-SIGN prove to be a critical
factor for virus transmission. First, any novel microbicide or
vaccine that interferes with virus attachment to DC-SIGN will
have to be successful against different virus variants. Secondly,
viruses may have the capacity to evolve resistance to DC-SIGN
inhibitors.
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