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The potential role of dendritic cell-specific ICAM-3-grabbing nonintegrin (DC-SIGN) binding in human
immunodeficiency virus transmission across the mucosal barrier was investigated by assessing the ability of
simian-human immunodeficiency chimeric viruses (SHIVs) showing varying degrees of mucosal transmissi-
bility to bind the DC-SIGN expressed on the surface of transfected cells. We found that gp120 of the highly
transmissible, pathogenic CCR5-tropic SHIVgy 6,p3 bound human and rhesus DC-SIGN with an efficiency
threefold or greater than that of gp120 of the nonpathogenic, poorly transmissible parental SHIVgg,4,, and this
increase in binding to the DC-SIGN of the SHIV g, 4,p; €nvelope gp120 translated into an enhancement of
T-cell infection in frans. The presence of an additional glycan at the N-terminal base of the V2 loop of
SHIV 16203 €P120 compared to that of the parental virus was shown to be responsible for the increase in
binding to DC-SIGN. Interestingly, this glycan also conferred escape from autologous neutralization, raising
the possibility that the modification occurred as a result of immune selection. Our data suggest that more-
efficient binding of envelope gp120 to DC-SIGN could be relevant to the enhanced mucosal transmissibility of
SHIV ;16203 compared to that of parental SHIVgg,q,.

Infection of macaques with simian-human immunodefi-
ciency virus (SHIV) has provided not only a model system for
the evaluation of vaccines and therapies against AIDS but also
valuable information on human immunodeficiency virus (HIV)
pathogenesis and transmission (6). Through adaptation or se-
rial passaging in vivo, pathogenic variants of CXCR4-tropic
(X4) and CCR5-tropic (R5) SHIVs that replicate to high titers,
induce CD4"-T-cell depletion in various anatomical compart-
ments, and cause an AIDS-like illness in infected macaques
have been derived (27, 33, 40, 52, 57). Furthermore, some of
these adapted or passaged viruses are transmitted efficiently
across mucosal surfaces (26, 29, 32, 40). Studies conducted in
our laboratory have focused on the use of two pathogenic
SHIVs, X4-SHIV s34 and R5-SHIVgg 45p5 (26, 27, 29, 40).
Atraumatic application of pathogenic X4-SHIVgp554 to the
cervico-vaginal mucosa of four rhesus macaques resulted in
infection of all four animals that was accompanied by a tran-
sient but dramatic loss of peripheral CD4™ T cells at acute
viremia (29). In comparison, the parental SHIVgp,, infected
two of three animals by the vaginal route but did not induce
CD47"-T-cell depletion (summarized in Table 1). In contrast,
none of the three animals exposed to R5-SHIVgg4, by the
vaginal route showed signs of infection, as indicated by the
absence of seroconversion and of cell-associated proviral DNA
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(Table 1). Mucosal transmission efficiency of the pathogenic
R5-SHIVgg, 6203, however, was significantly increased. All four
macaques exposed to a single inoculum of SHIVgg,p3 Were
infected, with two animals progressing to simian AIDS
(SAIDS) at 24 and 44 weeks postinfection (wpi), respectively
(26). The genetic determinants for enhanced pathogenicity of
SHIVggs3,4 in vivo have been mapped to the V1 to V5 region
of the external glycoprotein gp120 (28). Sequence changes in
this region are associated with several phenotypic characteris-
tics in vitro that could account for the in vivo virulence of the
virus (13). Compared to the parental SHIVgp,; envelope gly-
coprotein, SHIVgp33. gp120 mediates better entry, increases
membrane fusogenicity, and confers resistance to neutraliza-
tion by antibodies. Similar envelope-determined properties
have also been shown to be associated with other pathogenic
X4- and X4/R5-SHIVs (SHIV-HxBc2P, SHIV, ,, SHIV-
89.6P) (11, 17, 34, 38). However, properties of the virus that
could be associated with enhanced transmission across the
mucosal barrier are less well defined.

During sexual transmission, immature dendritic cells (DCs)
present in mucosal tissues are among the first cells to be en-
countered by HIV (19, 20, 30, 59). DCs themselves are either
not infected or infected poorly but rather capture and transfer
viruses efficiently to target T cells (5, 10, 24, 39, 49-51, 62). This
latter property is mediated in part by the DC-specific ICAM-
3-grabbing nonintegrin (DC-SIGN) molecule, a 404-amino-
acid (aa)-long type II transmembrane mannose binding C-type
lectin expressed on the surface of immature DCs that interacts
with envelope glycoprotein gp120 (15, 21, 48). It has been
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suggested that, as a consequence of the normal cellular traf-
ficking of DCs, DC-SIGN plays a major role in HIV transmis-
sion and dissemination at the mucosal surfaces by capturing
and transporting the virus to peripheral lymph nodes and gut-
associated lymphoid tissues (9, 21, 25, 54). The availability of
viruses that differ in their transmission efficiency provides the
tools necessary to assess the potential role of DC-SIGN bind-
ing in infection across the mucosal barrier and to dissect the
sites on gp120 that modulate this property. We therefore com-
pared the ability of the envelope glycoproteins of parental
SHIV¢p 6, and the pathogenic, mucosally transmissible variant
SHIV g 62p3 to bind DC-SIGN-expressing cells, with gp120s
from SHIVgps; and SHIVgp45,4 serving as controls.

MATERIALS AND METHODS

Cells. Human embryonic kidney (HEK-293T) cells used for transfection were
maintained in Dulbecco’s modified Eagle medium supplemented with 10% fetal
calf serum (FCS) and antibiotics. The CEMx174 5.25 M7 cell line (a generous
gift from N. R. Landau, Salk Institute, La Jolla, Calif.) was stably transduced with
an HIV-1-LTR-GFP and HIV-1-LTR-Luc reporter construct and with CCRS.
These cells were maintained in RPMI 1640 medium supplemented with 10%
FCS, 1 ng of puromycin/ml, and 200-pug/ml concentrations each of G418 and
hygromycin. Human peripheral blood mononuclear cells (PBMCs) were pre-
pared by Ficoll gradient centrifugation and cultured in RPMI 1640 medium
supplemented with 10% FCS and 20 U of recombinant interleukin-2 (Chiron
Corp., Emeryville, Calif.)/ml.

PCR and sequencing of viral DNA. Viral DNA sequences containing the HIV
type 1 (HIV-1) env gene were amplified from the lymph node PBMCs of
SHIV g 6p3-infected animal T353 at week 20 postinfection by nested PCR with
ED3 and ED14 as first-round primers and EDS5 and ED12 as second-round
primers as described previously (29). The amplified products were cloned into
the pCR 2.1 TA vector (Invitrogen, Carlsbad, Calif.), and the consensus se-
quence for the PCR products was obtained.

Viruses. Full-length proviral DNAs expressing the envelope glycoproteins of
SHIVggs3, SHIVgrssa, SHIVgpi6s, and SHIVgg 6,p3 Were constructed on the
genomic backbone of HIV-1 R7/3, a proviral HXB2 clone in which the nef open
reading frame had been restored (a gift from M. Muesing, Aaron Diamond
AIDS Research Center, New York, N.Y.). To replace the HIV-1 R7/3 env gene
with that of SHIVggs3, the BbsI-BamHI fragment of clone R7/3 (nucleotides
6219 to 8475) was replaced with the corresponding sequences in HIV-1gg33. The
BamHLI site, which was not conserved in HIV-1g33, was introduced at position
2720 by site-directed mutagenesis (numbering refers to sequence M38427 in
GenBank) using the QuikChange kit (Stratagene, San Diego, Calif.). The result-
ing proviral construct, HIV-1 R7/3-33, expressed an envelope glycoprotein iden-
tical to that of HIV-1gp5 except for the last 106 aa of the cytoplasmic domain,
which originated from the R7/3 clone. The similar constructs R7/3-33A and
R7/3-162 were obtained by replacing the BbsI-BamHI fragment in R7/3 with
sequences from SHIVggs34, and HIV-1gg, (GenBank accession numbers
AF373044 and M38428, respectively). The BarmHI site was also absent in HIV-
1sr162 and was introduced first into the pSM/162 Env expression plasmid (61) by
using the complementary oligonucleotides SF162BF (5'-CCA TTA GTG CAT
GGA TCC TTA GCA CTC ATC TGG GAC G) and SF162BR to generate
pSM/162(B). For construction of the R7/3-162P3 clone, a 1.14-kb Dralll/Bsgl
fragment containing the V1 to V5 region of pSM/162(B) was replaced with the
corresponding sequences amplified from SHIVgg6,p3. Viruses were generated
by lipofection with 3.0 ug of each proviral DNA construct into HEK-293T cells
plated at 4 X 10° per well in 6-well plates. The lipofection was performed with
DMRIE-C reagent (Gibco Life Technologies, Gaithersburg, Md.) according to
the manufacturer’s recommendations. Cell culture supernatants were harvested
48 h posttransfection, centrifuged at 800 X g, filtered through 0.45-pm-pore size
filters, and stored at —70°C until use. The viral content was quantified by using
a p24 Gag enzyme-linked immunosorbent assay (ELISA) from Abbott Labora-
tories (Chicago, IIL.).

To generate R7/3-162 glycosylation mutant viruses, site-directed mutagenesis
was performed by using the pSM/162(B) Env plasmid and the complementary
mutagenic oligonucleotides SF162(g138)F (5'-GCT ACT AAT ACC ACG AGT
AGT AAT TGG) and SF162(g138)R and SF162(g158)F (T TGC TCT TTC
AAC GTC ACC ACA AGC) and SF162(gl158)R to introduce potential glyco-
sylation sites in the V1 region (aa 138) and at the base of the V2 region (aa 158),

J. VIROL.

respectively. The BbsI-BamHI fragments of the mutagenized plasmids were
prepared and exchanged with the corresponding region of the R7/3-162 proviral
construct. The double glycosylation mutant virus R7/3-162 (g138/158) was gen-
erated by introducing the gl158 mutation on the backbone of the pSM/162B
(g138) plasmid, followed by preparation and substitution of the BbsI-BamHI
fragment into the corresponding regions of the proviral R7/3-162 DNA. The
presence of the mutations was confirmed by DNA sequencing. Mutant viruses
were generated by transfection of HEK-293T cells with proviral DNAs.

Amplification and cloning of human and rhesus DC-SIGN. Total RNA was
extracted from purified DCs with Trizol reagent (Gibco Life Technologies) and
treated with 10 U of RNase-free DNase (Promega, Madison, Wis.). cDNA was
prepared from 5 pg of RNA by using Superscript II reverse transcriptase (Gibco
Life Technologies) and resuspended in 60 .l of TE buffer (10 mM Tris [pH 8.0],
1 mM EDTA). Specific cDNAs were amplified according to the manufacturer’s
specifications in a 100-ul reaction mixture containing 5 pl of cDNA; 10 mM
Tris-HCI (pH 8.5); 50 mM KCI; 1.5 mM MgCl,; 0.1% Triton X-100; 200 pM
(each) dATP, dGTP, dCTP, and dTTP; 20 pmol of each primer; and 2.5 U of
EXPAND high-fidelity DNA polymerase (Roche Diagnostic Corp., Indianapolis,
Ind.). PCR primers hybridizing to the 5’- and 3'-untranslated regions of rhesus
and human DC-SIGN were as follows (restriction sites for cloning are under-
lined): first round, DC-SIGNf1 (5'-TCT GGA CAC TGG GGG AGA GTG
G-3') and DC-SIGNb1 (5'-GGA TGG AGA GAA GGA ACT GTA G-3');
second round, DC-SIGNf2 (5'-TCGAG GGATCCGAATTC GGA GAG TGG
GGT GAC ATG AGT G-3') and DC-SIGNb2 (5'-TCGA GCGGCCGCTCT
AGA GCT TAA AAG GGG GTG AAG TTC TG-3"). Amplification cycles were
95°C for 2 min, followed by 35 cycles at 94°C for 15 s, 50°C for 45 s, and 72°C for
1 min and then an incubation at 72°C for 8 min. Products from the second-round
amplifications were electrophoresed on a 1% agarose gel and visualized by
staining with ethidium bromide. PCR products were purified with the PCR-Prep
kit (Promega) and cloned into the expression vector pcDNA4/HisMaxC (Invitro-
gen). The expression of human and rhesus DC-SIGN was confirmed by Western
blot and fluorescence-activated cell sorter (FACS) analysis (data not shown).

FACS analysis of DC-SIGN expression. HEK-293T cells transfected with the
indicated expression plasmids were harvested 48 h posttransfection and washed
with phosphate-buffered saline containing 1% FCS and 0.05% sodium azide
(FACS buffer). Transfected cells were incubated with a monoclonal antibody
specific for human DC-SIGN (Pharmingen, San Diego, Calif.) or with isotypic
control antibodies for 15 min at room temperature. Cells were then washed with
FACS buffer, fixed in 2% paraformaldehyde, and analyzed by using a FACS
apparatus (FACScan; Becton Dickinson, Mountain View, Calif.). Geometrical
mean channel fluorescence intensity was determined and used as a measure of
relative DC-SIGN expression.

Virus binding and transmission. Binding of virus particles to DC-SIGN-
expressing HEK-293T cells was assessed by measuring cell-associated p24 levels.
Briefly, 4 X 10° HEK-293T cells seeded in 6-well plates were transfected with
expression vectors encoding human or rhesus DC-SIGN or a pcDNA4 control
plasmid by lipofection. Forty-eight hours posttransfection, cells were harvested
for FACS analyses of DC-SIGN expression and for virus binding. For binding, 5
or 20 ng of a p24 equivalent of each virus was added in duplicate to 2 X 10°
transfected cells in a total volume of 0.5 ml. After 4 to 5 h of incubation at 37°C,
the virus inoculum was removed and the cells were extensively washed with
Hanks’ medium. Cells were lysed in 100 wl of 0.5% Triton X-100 in H,O, and the
amount of bound virus was determined by p24 ELISA. Binding to pcDNA4-
transfected control cells ranged from 0.1 to 0.3% of that of the input viruses, and
these values were deducted from the percentage of viruses bound to DC-SIGN-
expressing cells in the data presented. For an assessment of DC-SIGN-mediated
infection in frans, cells were plated in 48-well plates and 2 X 10° human PBMCs
were added. Culture supernatants were collected at 2, 5, and 8 days postcocul-
tivation and p24 Gag antigen content was determined by ELISA.

To generate cells expressing various amounts of DC-SIGN, HEK-293T cells
plated at 4 X 10° cells per well in 6-well plates were transfected with 0.02 to 2 p.g
of the human or rhesus DC-SIGN expression vector. Cells were collected 48 h
later, DC-SIGN expression was measured by FACS, and the cells were used in
virus binding studies.

Immunoblot analysis of envelope glycoproteins. HEK-293T cells transfected
with proviral constructs were harvested 72 h posttransfection and lysed in a
solution containing 50 mM Tris-HCI, 50 mM NaCl, 1 mM EDTA, 10 mM MgCl,,
and 1% Triton X-100. Cell lysates were denatured by boiling in sample buffer,
and the proteins were separated by sodium dodecyl sulfate—4 to 12% polyacryl-
amide gel electrophoresis (NuPAGE; Invitrogen). Envelope gp120s were de-
tected by immunoblotting with a goat anti-gp120 antibody (Chiron Corp.).

Neutralization assays. Virus neutralization was performed with CEMx174
5.25 M7 cells in 96-well plates as described previously (14). Briefly, serial dilu-
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TABLE 1. Mucosal transmission of SHIVgg33, SHIVgpssa, SHIVgE s, and SHIVgg 6p3

Virus No. infected/no.
(coreceptor used) challenged (route)

Clinical symptoms (reference)

SHIVp,; (X4)
SHIVgs34 (X4)

2/3 (intravaginal)
4/4 (intravaginal)
2/2 (oral)

SHIVSF162 (RS)
SHIVSF162P3 (RS)

0/3 (intravaginal)
4/4 (intravaginal)

Seroconversion, stable peripheral CD4*-T-cell count, persistent infection with low viral load

Seroconversion, acute peripheral CD4*-T-cell loss, persistent infection with low viral load (29)

Seroconversion; dramatic CD4"-T-cell loss; SAIDS at 50 wpi in one animal, with remaining animal
healthy over 2 yr (40)

None (seronegative, cell-associated viral load negative)

Seroconversion; gradual CD4"-T-cell loss; SAIDS in two animals at wk 24 and 44, with remaining

two animals healthy over 2 yr (26)

tions of heat-inactivated serum samples from macaque T353 were incubated in
triplicate wells with equal volumes (50 pl) of each virus (5 ng of p24) for 1 h at
37°C. A total of 2 X 10* CEMx174 5.25 M7 cells in a 100-pl volume of medium
were then added to the virus-serum mixture and cultured for 4 days at 37°C.
Control cultures received virus incubated in the absence of antisera. At the end
of the incubation period, cells were harvested, lysed, and incubated with the
luciferase assay reagents according to the manufacturer’s instructions (Pro-
mega). The luciferase activity was measured in an MLX microtiter plate lumi-
nometer (Dynex Technologies, Inc., Chantilly, Va.). A neutralization curve was
generated by plotting the percent neutralization versus serum dilution. The
dilution of antiserum that resulted in 90% inhibition was then interpolated from
this curve.

RESULTS

SHIV g 62p3 €nvelope glycoproteins confer increased bind-
ing to DC-SIGN. It was previously reported that the patho-
genic isolate SHIV g 4,p5 is transmitted efficiently across mu-
cosal barriers (26) (summarized in Table 1). To assess whether
interaction with the DC-SIGN molecule could contribute to
HIV-1 transmission efficiency, the ability of the SHIV g4, and
SHIV g 6203 €nvelope glycoprotein gp120 to bind human and
rhesus DC-SIGN transiently expressed on HEK-293T cells was
examined. Envelope gp120s from SHIVgps; and SHIVgpasa
served as controls in these experiments since these viruses did
not differ substantially in their mucosal transmissibility. For
these studies, chimeric viruses expressing the various envelope
gp120s were constructed in the genomic backbone of the pro-
viral HIV-1 R7/3 clone. The resulting R7/3-33 and R7/3-33A
viruses are isogenic except for 25 aa residues in the V1 to V5
regions of envelope gp120 (13). Similarly, R7/3-162 and R7/3-
162P3 are isogenic, with only 14 aa differences in the V1 to V5
domains of gp120 (unpublished data). We found that, whereas
R7/3-33 and R7/3-33A displayed no significant difference in
their binding to 293T cells expressing human DC-SIGN, a
threefold or more increase in the binding of R7/3-162P3 com-
pared to that of R7/3-162 was consistently observed (Fig. 1A).
Similar results were obtained with 293T cells expressing rhesus
DC-SIGN (Fig. 1A). This differential binding of R7/3-162 and
R7/3-162P3 viruses was observed over a wide range of DC-
SIGN expression levels (Fig. 1B). We verified that transfecting
increasing amounts of the DC-SIGN plasmid resulted in a
concomitant increase in DC-SIGN surface expression (Fig.
1C). In agreement with previous reports (21, 46), binding of
the viruses to DC-SIGN was dose dependent (data not shown)
and was eliminated in the presence of EGTA and mannan
(Fig. 1D).

Increased binding to DC-SIGN correlates with enhanced
transmission of the virus in trans. Since binding of the virus to
DC-SIGN and its subsequent transfer to receptor-positive cells
can be uncoupled (47), we examined whether the increased

binding of SHIVgg,4,p3 €nvelope gp120 to the surface of DC-
SIGN-expressing cells led to increased transmission of the
virus to activated PBMCs in frans (Fig. 2). 293T cells ex-
pressing DC-SIGN or vector alone were incubated with the
R7/3-162 and R7/3-162P3 viruses, extensively washed, and sub-
sequently cocultivated with phytohemagglutinin-stimulated
PBMC:s. Virus replication was monitored for several days post-
cocultivation. We found that both the human and rhesus DC-
SIGN-transfected cells pulsed with R7/3-162P3 transmitted the
virus more efficiently than did cells pulsed with the R7/3-162
virus (Fig. 2). Thus, increased binding to DC-SIGN-expressing
cells correlates with enhanced transmission in trans of the
R7/3-162P3 virus to PBMCs.

DC-SIGN-virus interaction is modulated by gp120 glycosyl-
ation. Binding of HIV-1 Env to DC-SIGN is dependent on the
C-terminal lectin domain of DC-SIGN and carbohydrate struc-
tures on the viral envelope that remain unidentified (21, 46).
Consistent with a potential role of glycan moieties in modu-
lating Env/DC-SIGN interaction, comparison of the V1 to V5
sequence of envelope gp120 revealed no difference in the
extent of glycosylation of the R7/3-33 and R7/3-33A viruses
whereas two additional potential glycosylation sites were
present in R7/3-162P3 Env gp120 compared to R7/3-162 Env.
These sites were located within the V1 domain (aa 138) and at
the N-terminal base of the V2 loop (aa 158) (Fig. 3A). To
assess the contribution of these carbohydrate modifications to
the differences observed in binding to DC-SIGN, these V1 and
V2 glycosylation sites were introduced in the backbone of the
R7/3-162 virus to generate the R7/3-162 (g138) and R7/3-162
(g158) viruses, respectively. A mutant virus containing both
changes, designated R7/3-162 (g138/158), was also constructed
(Fig. 3A). Biochemical analyses revealed a lower mobility of
the envelope gp120 of R7/3-162P3 compared to wild-type R7/
3-162 gp120, indicating that the additional potential glycosyl-
ation sites were utilized. The gp120s of the single mutants g138
and g158 migrated with an apparent molecular mass that was
an intermediate of wild-type R7/3-162 and variant R7/3-162P3
envelope gp120s, whereas the mobility of double-mutant R7/
3-162 (g138/158) gpl20 was similar to that of R7/3-162P3.
These findings strongly suggest that the genetic changes intro-
duced resulted in the anticipated carbohydrate modifications
(Fig. 3B).

We found that the glycosylation site mutations did not affect
replication of the viruses; similar kinetics of replication in
human PBMCs were observed for the mutant and wild-type
R7/3-162 viruses (data not shown). In virus binding assays,
R7/3-162 (g138) gp120 bound to human or rhesus DC-SIGN-
expressing cells with an efficiency similar to that of the wild-
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FIG. 1. Increased binding of SHIV g 6,p3 envelope gp120 to DC-SIGN-expressing cells. (A) HEK-293T cells transiently expressing human ([J)
and rhesus (Z) DC-SIGN were incubated with equal amounts (5 ng of p24) of R7/3-33, R7/3-33A, R7/3-162, and R7/3-162P3 viruses, washed, and
lysed in 0.5% Triton X-100. The amount of p24 bound was quantified by ELISA and expressed as a percentage of total antigen. Values represent
the standard error of the mean from four to five independent experiments. (B) HEK-293T cells were transfected with increasing amounts of the
human DC-SIGN plasmid. Transfected cells were incubated with R7/3-162 ((J) and R7/3-162P3 (&) viruses, and the amount of bound p24 was
determined. Results are representative of two independent experiments. (C) FACScan analysis of DC-SIGN expression. The mean fluorescence
of DC-SIGN monoclonal antibody staining for the transfected cells used in panel B is shown. (D) The binding was performed as described above
except that the cells were incubated with mannan ([, 20 pg/ml) or EGTA (M, 5 mM) prior to the addition of virus.

PBMC:s were examined for their binding to DC-SIGN to en-
sure that the differences observed were not due to carbohy-
drate modifications that are unique to 293T cells. We found
that viruses propagated in human PBMCs displayed a pattern
of binding to rhesus DC-SIGN-expressing cells similar to that

type R7/3-162 virus (Fig. 4A). In contrast, the binding effi-
ciency of R7/3-162 (g158) and the double-mutant R7/3-162
(g138/158) virus to DC-SIGN was comparable to that of the
R7/3-162P3 virus. Since glycosylation can differ between cell
types, wild-type and mutant viruses propagated in human
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FIG. 2. Increased binding of SHIV g 4,p3 envelope gp120 to DC-SIGN correlates with enhanced transmission to PBMCs in frans. A total of
2 X 10° HEK-293T cells transiently expressing human (A) or rhesus (B) DC-SIGN were incubated with equal amounts of the R7/3-162 or
R7/3-162P3 viruses, extensively washed, and cocultivated with 2 X 10° phytohemagglutinin-stimulated PBMCs. p24 Gag antigen in culture
supernatant was determined at 2, 5, and 8 days cocultivation. O, R7/3-162; [, R7/3-162P3.
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FIG. 3. (A) Amino acid alignment of the V1 and V2 regions of
wild-type, variant, and mutant envelope glycoproteins. Bold letters
designate amino acid changes. ¢, presence of glycosylation site. WT,
wild type. (B) Immunoblot analysis of wild-type, P3 variant, and mu-
tant envelope glycoproteins. HEK-293T cells were transfected with
proviral DNAs. Forty-eight hours posttransfection, cells were har-
vested and lysed and proteins were separated by sodium dodecyl sul-
fate-4 to 12% polyacrylamide gel electrophoresis. Envelope gp120s
were detected by immunoblotting with a polyclonal goat anti-gp120
antibody. Positions of gp160 and gp120 are denoted.

of viruses derived from 293T cells (Fig. 4A and B). Thus, the
additional carbohydrate side chain at the base of the V2 do-
main of HIV-1gg,4, Env gp120 is responsible for the enhanced
binding of the R7/3-162P3 virus to DC-SIGN.

The glycosylation change in gp120 that mediates more effi-
cient binding to DC-SIGN also confers escape from immune
recognition. In addition to maintaining the proper folding and
function of envelope gp120, N-glycans have been shown to play
a critical role in the shielding of neutralization epitopes of
both HIV-1 and simian immunodeficiency virus (4, 12, 14,
23, 41, 42, 53, 55, 56). We therefore determined the ability
of sera obtained from macaque T353, the animal from which
SHIV g 6.p3 Was isolated (26), to neutralize wild-type, mu-
tant, and variant viruses. Sera collected at 20 wpi, the time
SHIV g 6-p3 Was isolated from T353 lymph node PBMCs, and
at necropsy (66 wpi) were used. We found that the variant virus
R7/3-162P3 was highly resistant to neutralization by sera from
macaque T353, which was indicative of immune escape. A 90%
neutralization of the virus was attained with a 1:50 dilution of
week 66 serum but not with the serum collected at the time of
virus isolation at the lowest dilution tested (1:20). In contrast,
greater than 90% neutralization of the wild-type R7/3-162 and
R7/3-162 (g138) mutant viruses was achieved with week 20
serum at 1:1,500 and 1:700 serum dilutions, respectively, but
neutralizing activity against these viruses was noticeably lower
in the week 66 serum (90% inhibitory concentrations of 1:600
and 1:300, respectively). The single R7/3-162 (g158) and dou-
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ble R7/3-162 (g138/158) mutant viruses displayed an interme-
diate phenotype. Compared to the wild-type R7/3-162 virus,
both viruses were five- to sevenfold more resistant to neutral-
ization; 90% neutralization required a 1:300 dilution of the
week 20 serum and a 1:100 dilution of the week 66 serum.
Collectively, our findings are in support of a temporal evolu-
tion in antibody responses directed at the envelope glycopro-
tein within the host and are in agreement with previous reports
for HIV-1 and simian immunodeficiency virus infections (1, 3,
7, 8, 12, 18, 44, 61). Importantly, these data show that the
glycan modification that results in better interaction with DC-
SIGN also confers escape from antibody-mediated immune
neutralization.

DISCUSSION

In this study, we address the proposed role of DC-SIGN in
HIV transmission by comparing the ability of envelope glyco-
proteins obtained from SHIVs showing varying degrees of mu-
cosal transmissibility to bind DC-SIGN expressed on the sur-
face of transfected cells. The X4-SHIVgps; and -SHIVgpa34
viruses established infection via vaginal transmission with com-
parable efficiency, but the R5-SHIVgp 4,p5 Virus crossed the
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FIG. 4. Binding of glycan mutant gp120s to human (Hu) and rhesus
(Rh) DC-SIGN-expressing cells. DC-SIGN-expressing cells were incu-
bated with 293T-cell derived (A) or human PBMC-propagated (B)
wild-type, P3 variant, and gpl120 glycan mutant viruses, and the
amounts of bound p24 were determined. Values presented in panels A
and B are the standard error of the mean from three and two inde-
pendent experiments, respectively.
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mucosal barrier and spread with a significantly greater effi-
ciency than the parental SHIVgg,,, (Table 1). We found that,
whereas the binding of envelope gp120 from X4-SHIV 334 to
DC-SIGN was comparable to that of the parental SHIVggss,
there were observable differences for the R5 strains. gp120 of
the pathogenic, highly mucosally transmissible SHIV g 62p3
variant exhibited a threefold or greater increase in binding to
DC-SIGN than that of gp120 from the nonpathogenic, poorly
transmissible parental SHIVgg,4,. This difference in the bind-
ing of SHIVgg 6, and SHIVgg 6,p5 Was observed with DC-
SIGN from both humans and macaques and was consistent
over a wide range of DC-SIGN expression levels (Fig. 1). This
latter finding is of importance since only moderate levels of
DC-SIGN expression by DCs in vaginal mucosal tissues have
been reported (21, 31). Thus, the difference seen in in vitro
DC-SIGN binding of SHIVgg,s, and SHIVgg6,p5 envelope
gp120s could be relevant to the differential mucosal transmis-
sibility of SHIVggy¢, and SHIV g 6op5 in Vivo.

The increase in binding to DC-SIGN of SHIV g 4,p5 €nve-
lope gp120 also translates into an enhancement of T-cell in-
fection in trans. Virus containing the variant gp120 (R7/3-P3)
was transferred more efficiently to T cells than virus containing
gp120 from parental SHIVgg,4, (R7/3-162) (Fig. 2). A novel
mechanism by which DC-SIGN might enhance HIV infection
has recently been suggested, in which internalization of HIV
particles into a nonlysosomal intracellular compartment ap-
pears to be critical (37). It is proposed that this internalization
increases the amount of virus that can be retained by DC-
SIGN-expressing cells for subsequent transport to secondary
lymphoid tissues and/or induces conformational changes in the
envelope that augment viral infectivity. Regardless of the
mechanism by which DC-SIGN might enhance HIV infection,
it is reasonable to assume that, since more R7/3-P3 viruses are
captured by DC-SIGN-expressing cells, more viruses will be
transmitted to T cells in trans. This, in turn, could contribute to
the marked increase in transmission and dissemination of
SHIV g 62p3 in Vivo compared to that of SHIVgg 4.

The sites on DC-SIGN to which virus binds have been in-
vestigated extensively (21, 46, 47), but less well defined are the
DC-SIGN binding sites on gp120. We show here that site-
specific gp120 glycosylation, rather than a global increase in
gp120 glycosylation, appears to be responsible for the increase
in binding of SHIVgg 4p3 gp120 to DC-SIGN. Compared to
wild-type SHIVgg 4, gp120, two additional potential glycosyl-
ation sites are present in SHIVgp4,p5 envelope gpl120 and
both appear to be utilized (Fig. 3A and B). However, only the
addition of a glycan at the base of the V2 loop (aa 158), and
not at aa 138 within the V1 domain of wild-type SF162 Env,
confers on the mutant virus a DC-SIGN binding efficiency
comparable to that of SHIVgg,4,p3 gp120 (Fig. 4). This could
be due to differences in the type or orientation of the sugars
located at aa 138 and 158. Alternatively, the glycan at aa 158
does not mediate DC-SIGN binding but may modify the gp120
tertiary structure that participates in DC-SIGN interaction to
increase its affinity. In support of this latter possibility, a recent
study suggested that glycosylations are not necessary for the
interaction of HIV-1 gp120 with DC-SIGN (22).

Interestingly, the same glycan that confers increased binding
to DC-SIGN also confers increased resistance to neutralization
by autologous sera (Fig. 5). It is now recognized that sugar
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FIG. 5. Autologous neutralization of wild-type, P3 variant, and gly-
can mutant viruses. Sera from macaque T353 at 20 wpi (A) and at
necropsy (66 wpi) (B) were used. O, wild-type R7/3-162; [J, variant
R7/3-162P3; A, R7/3-162 (g138); <, R7/3-162 (g158); V, R7/3-162
(g138/158).

moieties contribute to steric masking of neutralization epi-
topes on HIV envelope glycoproteins. In the context of HIV-
1sr162 Env, V2 loop glycosylation has been reported to protect
the virus from neutralization by anti-V3 loop and anti-CD4
binding site antibodies (41). The addition of the glycan at
position 158 confers resistance to autologous, but not heterol-
ogous, serum neutralization (Fig. 5 and data not shown), sug-
gesting modulation of recognition by strain-specific rather than
broadly reactive neutralizing antibodies. Indeed, strain-re-
stricted neutralizing antibodies directed against the V2 and V3
domains of HIV-1 gp120 arise relatively early in infection and
are easier to escape from (16, 35, 43-45, 58, 61). The presence
of a single glycan at the base of the V2 loop, therefore, can
change the position of this loop by restricting its movement or
modifying the conformation of the V3 domain. Indeed, func-
tional interactions of the V2 and V3 domains of envelope
gp120 had been reported (2, 36, 63, 64).

Macaque T353 seroconverted at 3 wpi, and the sequence
change at aa 158 in gp120 was detected as early as 6 wpi, only
3 weeks after seroconversion (S. Shapiro, M. Hsu, J. Harouse,
C. Cheng-Mayer, and P. Balfe, 9th Conf. Retrovir. Opportu-
nistic Infect., abstr. 358-M, 2002). Thus, it is tempting to spec-
ulate that, as a result of escape from immune recognition, the
virus also alters its ability to interact with DC-SIGN, improving
its transmissibility across mucosal surfaces. It would be of in-
terest to identify the time of emergence of the autologous
neutralizing antibodies that select for the g158 mutation, pre-
sumably between week 3 and week 6 postinfection, as well as
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the temporal changes in gp120 that allow escape of the virus
from recognition by these antibodies. These studies should
provide insights into the selective forces that drive the virus to
change antigenically and, perhaps fortuitously, increase trans-
mission of the virus across mucosal surfaces in vivo.

In summary, our data show a relationship between the more
efficient binding of envelope gp120 to DC-SIGN and the en-
hanced transmission and dissemination of SHIVgg 4,p3 com-
pared to that of parental SHIVgg,4,. With regard to the X4
viruses, both SHIVggs; and SHIVgy5, show mucosal trans-
missibility (two of three for parental SHIV g5 and six of six for
pathogenic SHIVgps5,4 [Table 1]). The difference in infection
between SHIVgp;; and SHIVgps54 by the mucosal route as
well as the intravenous route lies principally in the pathological
outcome of the infection (29, 40) and can be explained by
the increased replicative and fusogenic properties of the
SHIVgps54 envelope glycoproteins (13). Both of these X4 vi-
ruses bind DC-SIGN with similar efficiency, consistent with the
very modest or absent difference in mucosal transmission of
the two viruses in vivo. In contrast, attempts to infect macaques
with parental R5-SHIVg, 4, by the vaginal route have been
unsuccessful, indicating that some intrinsic property of the
virus that mediates efficient mucosal infection is lacking in this
virus. It will be of interest to determine whether SHIVgg; s
containing the single g158 mutation can establish vaginal trans-
mission and dissemination in vivo with greater efficiency.
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