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Naturally occurring human immunodeficiency virus (HIV-1) variants require the presence of CD4 and
specific chemokine receptors to enter a cell. In the laboratory, HIV-1 variants that are capable of bypassing
CD4 and utilizing only the CCR5 chemokine receptor for virus entry have been generated. Here we report that
these CD4-independent viruses are significantly more sensitive to neutralization by soluble CD4 and a variety
of antibodies. The same amino acid changes in the HIV-1 gp120 envelope glycoprotein determined CD4
independence and neutralization sensitivity. The CD4-independent envelope glycoproteins exhibited higher
affinity for antibodies against CD4-induced gp120 epitopes but not other neutralizing ligands. The CD4-
independent envelope glycoproteins did not exhibit increased lability relative to the wild-type envelope glyco-
proteins. The utilization of two receptors apparently allows HIV-1 to maintain a more neutralization-resistant
state prior to engaging CD4 on the target cell, explaining the rarity of CD4 independence in wild-type HIV-1.

Human immunodeficiency virus types 1 and 2 (HIV-1 and
HIV-2) are the etiologic agents of AIDS in humans (6, 15, 34),
and related simian immunodeficiency viruses (SIVs) can cause
AIDS-like illness in monkeys (22, 40, 49). AIDS is associated
with the depletion of CD4-positive T lymphocytes, which are
the major target cells of viral infection in vivo (30).

The entry of primate immunodeficiency viruses into target
cells is mediated by the viral envelope glycoproteins, gp120 and
gp41, which are organized into trimeric complexes on the
virion surface (2, 11, 68, 86). Viral entry usually requires the
binding of the exterior envelope glycoprotein, gp120, to the
primary receptor CD4 (18, 42, 51). The gp120 glycoprotein is
heavily glycosylated and contains protruding variable loops
(48), features that are thought to decrease the susceptibility of
the virus to host immune responses (88, 91). The interaction
between gp120 and CD4 promotes a series of conformational
changes in gp120 that result in the formation or exposure of a
binding site for particular members of the chemokine receptor
family that serve as coreceptors (85, 91). The chemokine re-
ceptor CCR5 is the major coreceptor for primary HIV-1 iso-
lates (1, 13, 21, 23, 24) and can be utilized by HIV-2 and SIV
isolates as well (12, 52). Some HIV-1 isolates use the CXCR4
chemokine receptor as a coreceptor (31). Binding of gp120 to
the coreceptor is thought to induce additional conformational
changes that lead to activation of the transmembrane glycop-
rotein gp41 and subsequent fusion of the viral and cellular
membranes (10, 79, 86).

The study of receptor binding for the primate immunodefi-
ciency viruses has been facilitated by the creation of soluble
forms of the CD4 glycoprotein (sCD4) (20, 32, 38, 75, 84). In
addition to anchoring and orienting the viral envelope glyco-

proteins with respect to the target cell membrane, binding to
CD4 initiates changes in the conformation of the envelope
glycoproteins (3, 4, 19, 26, 70, 71, 74, 81, 83, 87, 93). Some of
these conformational changes allow high-affinity interaction
with CCR5 (85, 91). The CD4-induced movement of the
V1/V2 loops results in the exposure of conserved, discontinu-
ous structures on the HIV-1 gp120 glycoprotein recognized by
the 17b and 48d monoclonal antibodies (83, 93). The 17b and
48d epitopes are proximal to a gp120 region implicated in
chemokine receptor binding (46, 64, 94). A plausible model
based on current structural and mutagenic data (46, 93, 94), is
that CD4 binding repositions the V1/V2 stem, allowing forma-
tion of an antiparallel b sheet that contributes to the 17b and
48d epitopes and to chemokine receptor binding. Other gp120
elements such as the third variable (V3) loop also contribute to
interaction with the chemokine receptor (7, 13, 16, 78).

Infection by primate immunodeficiency viruses is generally
more efficient when CD4 is expressed on the surface of the
target cells. However, some viral isolates are able to achieve
reasonably efficient infection of cells lacking CD4. For exam-
ple, some HIV-2 isolates have been shown to enter CD4-
negative cells by using CXCR4 (14, 28). Some SIV strains can
infect CD4-negative brain capillary endothelial cells or other
cell types by using CCR5 as a primary receptor (27, 70). The
gp120 glycoproteins of some SIV isolates can efficiently bind
rhesus monkey CCR5 in the absence of sCD4 (53). Naturally
occurring, CD4-independent HIV-1 isolates appear to be rare,
but CXCR4-using HIV-1 isolates have been derived by passage
on CD4-negative cultured cells (25, 37, 47). We have previ-
ously derived a CD4-independent variant of the HIV-1 ADA
strain that utilizes the CCR5 coreceptor and demonstrated
that changes in the gp120 V2 loop and/or V1/V2 stem region
were responsible for both CD4-independent entry into cells
and gp120 binding to CCR5 in the absence of CD4 (43).
Recently, we have shown that the removal of a single N-linked
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glycosylation site in the gp120 V1/V2 stem is sufficient for CD4
independence (43a).

The small number of changes required in the wild-type
HIV-1 envelope glycoproteins to achieve CD4 independence
contrasts with the rarity with which CD4-independent HIV-1
apparently arise in vivo. One explanation is that CD4 indepen-
dence is associated with negative consequences that are oper-
ative in vivo but not in the tissue culture settings in which
CD4-independent HIV-1 isolates have been selected. One
such property is viral susceptibility to host immune responses.
Here we test the hypothesis that CD4-independent HIV-1
variants exhibit altered sensitivity to neutralization by antibod-
ies compared with the parental wild-type virus, which is CD4
dependent.

MATERIALS AND METHODS

Cell lines. HeLa, 293T, and Cf2Th cells were obtained from the American
Type Culture Collection and maintained as previously described (13). Cf2Th
cells expressing human CCR5 (Cf2Th-CCR5) were generated and maintained in
medium containing G418 (0.6 mg/ml) as previously described (57). Cf2Th-CD4/
CCR5 cells, which express both human CD4 and human CCR5, were generated
and maintained in medium containing G418 (0.6 mg/ml) and hygromycin (0.15
mg/ml) as previously described (29).

Site-directed mutagenesis. All mutagenesis was done using the Stratagene
QuikChange protocol as previously described (43). To generate the C-terminally
deleted HIV-1 envelope glycoproteins used for antibody binding, gp120 shed-
ding, and syncytium formation assays, the primer ActXba (59-CTATAGTGAA
TAGAGTTAGGCAGTGATCTAGACCATTATCGTTTCAGACCCACC -39)
was used to introduce a stop codon at position 711 in the intracellular region of
the gp41 glycoprotein. HIV-1 envelope glycoprotein residues are numbered
according to the sequence of the prototypic HXBc2 isolate, as currently recom-
mended (45).

Antibody binding to cell surface envelope glycoproteins. Antibody binding to
293T cells expressing cytoplasmic tail-deficient envelope glycoproteins was mea-
sured by fluorescence-activated cell sorting (FACS). A serum mixture from
HIV-1-infected individuals was used at a 1:200 dilution in Dulbecco modified
Eagle medium (DMEM) with 0.2% azide (DMEM-azide) as a control.

For FACS analysis, 0.5 3 106 to 1.0 3 106 cells were resuspended in DMEM-
azide containing different concentrations of an anti-gp120 monoclonal antibody.
After 60 min of incubation at 37°C, cells were washed twice with DMEM-azide,
resuspended in DMEM-azide containing a 1:200 dilution of phycoerythrin-con-
jugated goat anti-human antibody, and incubated at 37°C for another 60 min.
Cells were then washed twice with FACS buffer (2% fetal bovine serum plus
0.2% azide in phosphate-buffered saline [PBS]) and resuspended in PBS–2%
formaldehyde before being analyzed by FACS. As a control, mock-transfected
293T cells were stained with primary and secondary antibodies. As an additional
control, env-transfected 293T cells were stained with secondary antibody only.

Immunoprecipitations. Approximately 40-ml aliquots of protein A-Sepharose
beads resuspended in 13 PBS (50% of bead volume) were added to cell super-
natants containing radiolabeled gp120 glycoproteins together with the indicated
amounts of human anti-gp120 antibodies or a sCD4-immunoglobulin (Ig) fusion
protein (CD4-lg). The mixture was incubated by rocking for 24 h at room
temperature. Beads were washed four times with a solution containing 150 mM
NaCl, 10 mM Tris-HCl (pH 7.5), and 0.5% detergent NP-40. Beads were resus-
pended in 40 ml of 23 sodium dodecyl sulfate (SDS) sample buffer, boiled, and
centrifuged briefly. The samples were analyzed under denaturing conditions on
an SDS–10% polyacrylamide gel followed by autoradiography.

CCR5 binding assay. The binding of radiolabeled gp120 to Cf2Th-CCR5 cells
was assayed as previously described (43) at 4°C and 37°C.

Virus entry and neutralization assay. Recombinant reporter viruses (38) were
generated by transfecting 293T cells with 2 mg of an env-expressing pSVIIIenv
plasmid, 5 mg of a packaging plasmid, and 15 mg of a vector plasmid expressing
firefly luciferase, using the calcium phosphate method. Seventy-two hours after
transfection, the virus-containing supernatant was harvested and cleared by low-
speed centrifugation. The virus in the supernatant was quantitated by measuring
reverse transcriptase (RT) as described elsewhere (36).

Target cells were seeded at a density of 6,000 cells/well in 96-well, luminom-
eter-compatible tissue culture plates (Dynex). Twenty-four hours later, 20,000
RT units of virus were preincubated with various concentrations of anti-envelope

glycoprotein antibody or ligand in a volume of 50 ml of medium for 1 h at 37°C.
The medium was removed from the wells containing the target cells, and 20,000
RT units of virus were added to the cells. In the case of the receptor-directed
antibodies OKT4a and 2D7, the antibodies were added to the target cells in a
50-ml volume for 1 h at 37°C prior to addition of 20,000 RT units of virus. After
8 h of virus-cell incubation, the wells were washed with DMEM and fresh
medium (200 ml) was added. Seventy-two hours after infection, the medium was
removed from each well and the cells were lysed by agitation in 20 ml of lysis
buffer. Luciferase activity was measured using an EG&G Berthold Microplate
Luminometer LB 96V in accordance with the Promega “Luciferase Assay System
Technical Bulletin.”

Syncytium inhibition assay. Cf2Th-CCR5/CD4 cells were cultured in 96-well
tissue culture plates at a density of 2 3 104 cells/well. Twenty-four hours later,
3 3 104 envelope glycoprotein-expressing 293T cells were added to the Cf2Th-
CCR5/CD4 cells. The 293T cells had been transfected 48 h earlier with 18 mg of
a plasmid expressing HIV-1 envelope glycoproteins with cytoplasmic tail dele-
tions and 2 mg of a Tat-expressing plasmid. After 24 h of cocultivation at 37°C,
syncytia were counted. For testing antibodies or sCD4 for the ability to inhibit
syncytium formation, the 293T cells expressing the envelope glycoproteins were
preincubated with various concentrations of antibody or sCD4 for 1 h at 37°C
prior to addition to the 96-well plate.

gp120 shedding assay. Approximately 5 3 106 293T cells were transfected with
18 mg of a plasmid expressing the HIV-1 envelope glycoprotein with cytoplasmic
tail deletions and 2 mg of a Tat-expressing plasmid. After 24 h, cells were
replated into six-well plates at a density of 106 cells/well and radiolabeled with
[35S]methionine-cysteine overnight. The labeling medium was then replaced with
medium alone or with medium containing sCD4 (30 mg/ml) or 17b antibody (10
mg/ml). The cells were incubated at 37°C for 2 h with gentle rocking. The medium
was harvested, and shed gp120 was precipitated by the C11 anti-gp120 antibody
and protein A-Sepharose beads. Samples were analyzed by SDS-polyacrylamide
gel electrophoresis and a phosphorimager.

RESULTS

Relative sensitivities of CD4-independent viruses to neutral-
ization. The HIV-1 envelope glycoproteins used in this study
are shown in Fig. 1. In the initial experiments investigating
neutralization sensitivity, we used the wild-type envelope gly-
coproteins derived from the ADA R5 primary HIV-1 isolate
and the 197 N/K and 190 S/R-197 N/S CD4-independent vari-
ants (43). The single amino acid change in the 197 N/K gp120
envelope glycoprotein, relative to the wild-type ADA envelope
glycoprotein, results in a loss of the N-linked glycosylation site
at position 197 in the V1/V2 stem. In the 190 S/R-197 N/S
glycoprotein, the serine-to-arginine change at position 190 re-
sults in a loss of an N-linked glycosylation site at asparagine
188 in the V2 variable loop, and the asparagine-to-serine
change at residue 197 results in an N-terminal shift of the
glycosylation site at position 197. These envelope glycoproteins
were used to pseudotype recombinant HIV-1 variants express-
ing luciferase. The viruses were tested for sensitivity to neu-
tralization by a panel of monoclonal antibodies and sCD4,
using both CD4-expressing and CD4-negative target cells. Ta-
ble 1 reports the concentrations of antibodies or sCD4 re-
quired to neutralize 50% of the infectivity of viruses
pseudotyped with the ADA envelope glycoprotein variants
(IC50). Many of the antibodies did not neutralize viruses with
the wild-type ADA envelope glycoproteins at the concentra-
tions tested, consistent with the relative degree of neutraliza-
tion resistance expected for primary HIV-1 isolates (9, 80).
The viruses with the wild-type ADA envelope glycoproteins
were neutralized by lgG1b12, an unusually potent neutralizing
antibody directed against the CD4-binding site of gp120 (9), by
the 2F5 anti-gp41 antibody, which also exhibits reasonable
potency against primary HIV-1 isolates (63), and by sCD4.
Infection of CD4-expressing target cells by viruses with the 190
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S/R-197 N/S and 197 N/K envelope glycoproteins was neutral-
ized more efficiently by most of the antibodies tested compared
with infection mediated by the wild-type ADA glycoproteins.
One exception was the neutralization of viruses with the 190
S/R-197 N/S envelope glycoproteins by the lgG1b12 antibody.
This probably results from partial disruption of the lgG1b12
epitope by the addition of carbohydrate to asparagine 195,
based on the results of mutagenic analysis. For example,
lgG1b12 was able to immunoprecipitate and neutralize enve-
lope glycoproteins with the 197 N/Q change but not the 197
N/S change, regardless of the residue (serine or arginine) at
position 190 (data not shown). The effect of V2 loop changes
on the integrity of the lgG1b12 epitope has been previously
reported (66). Viruses with the 197 N/K envelope glycopro-

teins were more sensitive to sCD4 than viruses with the wild-
type ADA envelope glycoproteins. Viruses with the 190 S/R-
197 N/S envelope glycoproteins exhibited only a slight increase
in sCD4 sensitivity relative to wild-type viruses for infection of
CD4-positive target cells. The anti-CD4 antibody OKT4a in-
hibited the entry of all three viruses into CD4-positive target
cells. This is consistent with the observation that CD4-inde-
pendent viruses still utilize CD4 when it is available on target
cells and are able to infect such cells more efficiently than in
the absence of CD4 (43). At the highest concentration of the
2D7 anti-CCR5 antibody used, infection of CD4-expressing
cells was not significantly inhibited.

The sensitivity of viruses with the 190 S/R-197 N/S and 197
N/K envelope glycoproteins to neutralization was also exam-
ined in target cells lacking CD4. In general, CD4-independent
infection was extremely sensitive to neutralization by antibod-
ies directed against the envelope glycoproteins and against the
CCR5 receptor. One exception to this generalization was the
observation that the lgG1b12 concentration required to neu-
tralize viruses with the 190 S/R-197 N/S envelope glycoproteins
was comparable to that required for neutralization of the wild-
type ADA viruses on CD4-expressing target cells. Notably,
sCD4 very efficiently inhibited infection of CD4-negative cells
by the viruses with the 190 S/R-197 N/S and 197 N/K envelope
glycoproteins. As expected, the anti-CD4 antibody OKT4a did
not inhibit the infection of CD4-negative cells by these viruses.

In summary, infection of both CD4-expressing and CD4-
negative target cells by viruses with envelope glycoproteins
capable of CD4-independent entry was neutralized by antibod-
ies directed against gp120 and gp41 more effectively than in-
fection by viruses with the wild-type ADA envelope glycopro-
teins. Modest or dramatic increases in sensitivity to sCD4 were
also observed for the CD4-independent viruses relative to the
wild-type viruses. Finally, the CCR5-directed antibody neutral-
ized the infection of CD4-negative target cells by CD4-inde-
pendent viruses more efficiently than infection of CD4-express-
ing target cells by the same viruses.

Other gp120 changes associated with CD4 independence
result in neutralization sensitivity. Recently, changes in the
V1/V2 stem-loop sequences of the ADA gp120 glycoprotein
necessary and sufficient for CD4 independence have been in-
vestigated (43a). These studies demonstrated that loss or
movement of the N-linked carbohydrate on asparagine 197

FIG. 1. Linear sequence map of the HIV-1 ADA envelope glyco-
proteins used in this study. The gp120 exterior glycoprotein conserved
regions (black bars) and variable regions (V1 to V5; white bars) and
the signal peptide (S) are depicted. The gp41 transmembrane envelope
glycoprotein is in grey, with the transmembrane region (T) shown. The
sequence of the wild-type ADA envelope glycoprotein in the V1/V2
stem region is shown, with the sites of N-linked glycosylation (C)
indicated. The amino acid residues altered in the CD4-independent
variants are underlined and numbered according to the prototypic
HXBc2 sequence (45). In the CD4-independent variants, altered res-
idues are indicated by asterisks.

TABLE 1. IC50 of ligands required for virus neutralizationa

Target Ligand

IC50 (mg/ml)

CD4-positive target cells CD4-negative target cells

Wild type 190 S/R-197 N/S 197 N/K 190 S/R-197 N/S 197 N/K

CD4-binding site on gp120 15e .10 0.3 0.25 0.024 0.03
F105 .10 0.27 0.038 0.025 0.03
IgG1b12 0.4 0.7 0.01 0.35 0.0018

gp120 V3 loop 19b 7.5 0.005 0.0018 0.0007 0.001
CD4-induced epitopes on gp120 17b .10 0.025 0.018 0.018 0.014

48d .10 0.01 0.25 0.0028 0.055
gp41 2F5 1 0.007 0.001 0.00001 0.0014
gp120 sCD4 1 0.4 0.035 0.006 0.03
CD4 OKT4a 0.01 0.04 0.004 .10 .10
CCR5 2D7 .4.76 .4.76 .4.76 0.02 0.045

a The target cells were either Cf2Th-CD4/CCR5 or Cf2Th-CCR5 cells.
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resulted in CD4-independent CCR5 binding and infection.
Moreover, complete removal of the V1/V2 loops from the
ADA gp120 glycoprotein resulted in similar CD4-independent
phenotypes. To examine whether CD4 independence per se
was associated with sensitivity to neutralization, we tested the
abilities of antibodies and sCD4 to inhibit virus infection me-
diated by the CD4-independent ADA envelope glycoprotein
variants created in the aforementioned study (43a). The 197
N/S variant, in which the wild-type glycosylation at asparagine
197 is shifted to asparagine 195 (Fig. 1), supports CD4-inde-
pendent infection. The results in Tables 2 and 3 demonstrate
that viruses with the 197 N/S envelope glycoproteins are more
sensitive to neutralization by the F105, 17b, 48d, and 2F5
antibodies than viruses with the wild-type ADA envelope gly-
coproteins. Likewise, increased sensitivity to antibody neutral-
ization was observed for viruses with the DV1/2 envelope gly-
coproteins, which lack the gp120 V1 and V2 variable loops and
support CD4-independent infection (43a). By contrast, viruses
with the 190 S/R envelope glycoproteins, which retain the
carbohydrate at asparagine 197 (Fig. 1) and are dependent
upon CD4 for entry (43a), were resistant to neutralization by
the F105 and 17b antibodies (Table 2). Thus, for the panel of
ADA gp120 variants examined, there is a strong correlation
between the ability to mediate the infection of cells lacking
CD4 and neutralization sensitivity.

Syncytium inhibition. Cells expressing the HIV-1 envelope
glycoproteins can fuse with adjacent, receptor-bearing cells to
form multinucleated syncytia (50, 76). We examined the sen-
sitivity of syncytium formation mediated by the wild-type ADA
and CD4-independent 190 S/R-197 N/S envelope glycoproteins
to inhibition by antibodies and sCD4. To increase the cell
surface expression of these envelope glycoproteins (72), vari-
ant glycoproteins lacking the gp41 cytoplasmic tail were used in
the experiments. The ADA and 190 S/R-197 N/S glycoproteins
induced comparable levels of syncytia following cocultivation
of envelope glycoprotein-expressing cells and Cf2Th cells ex-

pressing CD4 and CCR5 (Fig. 2). Syncytium formation medi-
ated by the wild-type ADA envelope glycoproteins was mini-
mally inhibited by sCD4 or the antibodies tested. Syncytium
formation mediated by the 190 S/R-197 N/S envelope glyco-
proteins exhibited greater sensitivity to antibody neutralization
and demonstrated some decrease at the highest sCD4 concen-
tration tested. The concentrations of antibody or sCD4 re-
quired to achieve 50% inhibition of cell-cell fusion were much
greater than that required to inhibit virus entry to a similar
degree. These results indicate that the function of the 190
S/R-197 N/S glycoproteins expressed on the cell surface is
inhibited by some antibodies more efficiently than that of the
wild-type ADA envelope glycoproteins.

Affinity of ligands for the envelope glycoproteins. One ex-
planation for the increased relative neutralization sensitivity
observed for the CD4-independent viruses is an increase in the
affinity of their envelope glycoproteins for antibodies and
sCD4. We measured the relative affinities of these ligands for
the monomeric gp120 glycoproteins and for the trimeric enve-
lope glycoprotein complexes of the wild-type ADA and 190
S/R-197 N/S variants.

Radiolabeled ADA and 190 S/R-197 N/S gp120 glycopro-
teins were precipitated by different concentrations (0.01 to 50
mg/ml) of the F105 and 17b antibodies and by CD4-Ig. The
estimated dissociation constants of these ligands for the wild-
type ADA and 190 S/R-197 N/S gp120 glycoproteins were
similar, in the range of 3 3 1028 to 5 3 1028 M (data not
shown).

The binding of ligands to functional, trimeric envelope gly-
coproteins on the surface of cells expressing the wild-type
ADA and 190 S/R-197 N/S variants was measured. A range of
concentrations of primary antibodies was used to allow differ-
ences in antibody affinity for the two envelope glycoproteins to
be detected. Comparable levels of surface expression of the
wild-type ADA and 190 S/R-197 N/S glycoproteins were veri-
fied by staining with the pooled sera from HIV-1-infected

TABLE 2. IC50 of ligands required for virus neutralizationa

Target on gp120 Ligand

IC50 (mg/ml)

CD4-positive target cells CD4-negative target cells

Wild type 190 S/R-197 N/S 190 S/R 197 N/S 190 S/R-197 N/S 197 N/S

CD4-binding site F105 .10 0.85 .10 0.15 0.95 0.06
CD4-induced epitope 17b .10 0.02 .10 0.25 0.03 0.025

a The target cells were either Cf2Th-CD4/CCR5 or Cf2Th-CCR5 cells.

TABLE 3. IC50 of ligands required for virus neutralizationa

Target Ligand

IC50 (mg/ml)

CD4-positive target cells CD4-negative target cells

Wild type 197 N/S DV1/2 DV1/2 197 N/S 197
N/S DV1/2 DV1/2 197 N/S

gp120 F105 .10 0.3 0.3 0.25 0.2 0.15 0.065
gp120 48d .10 0.1 0.045 0.05 0.02 0.01 0.015
gp41 2F5 0.4 0.07 0.025 0.007 0.005 0.01 0.03
gp120 sCD4 2.5 1 0.6 0.45 0.45 .10 0.14

a The target cells were either Cf2Th-CD4/CCR5 or Cf2Th-CCR5 cells.
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individuals (data not shown). Mock-transfected cells were used
as negative controls for each antibody, and this background
fluorescence was subtracted from the values for cells express-
ing the envelope glycoproteins. The 17b and 48d antibodies
both exhibited a higher affinity for the 190 S/R-197 N/S glyco-
protein complexes than for the wild-type ADA glycoproteins
(Fig. 3A and B). By contrast, CD4-Ig and the F105 and 15e
antibodies bound the wild-type ADA glycoproteins at least as
well as the 190 S/R-197 N/S glycoproteins (Fig. 3C to E).

The results of the binding assays suggest that increases in
ligand affinity may account for the increased sensitivity of the
CD4-independent envelope glycoproteins to inhibition by
some antibodies, such as those directed against CD4-induced
gp120 epitopes, but not others.

Induction of gp120 shedding by ligands. Although the phys-
iological significance is unclear, it is well documented that the
gp120 glycoprotein can be induced to shed from the HIV-1
envelope glycoprotein complex by sCD4 binding (8, 33, 35, 41,
58–60, 82, 89). Differential susceptibility of the wild-type ADA
and 190 S/R-197 N/S envelope glycoproteins to gp120 shedding
after ligand binding could potentially contribute to differences
in neutralization sensitivity. To test this hypothesis, cells ex-
pressing the two glycoproteins, along with cells expressing an
X4 HIV-1 envelope glycoprotein (HXBc2), were radiolabeled,
and the amount of gp120 present in the cell supernatants in the
absence or presence of ligands was evaluated. The amounts of
gp120 spontaneously shed into the supernatants were equiva-

lent for the wild-type ADA and 190 S/R-197 N/S envelope
glycoproteins (Fig. 4). Slightly more gp120 glycoprotein was
present in the supernatants of untreated cells expressing the
HXBc2 envelope glycoproteins. Treatment of the envelope
glycoprotein-expressing cells with sCD4 resulted in an increase
in the amount of supernatant gp120 for all three envelope
glycoproteins. Slightly more gp120 was present in the super-
natants of cells expressing the wild-type ADA envelope glyco-
proteins than was seen for cells expressing the 190 S/R-197 N/S
envelope glycoproteins. Treatment of cells with the 17b anti-
body did not result in higher levels of gp120 in the cell super-
natants than were observed in untreated cells. These results
argue against an increase in the relative sensitivity of the CD4-
independent envelope glycoproteins to gp120 shedding follow-
ing ligand binding.

Inhibition of CCR5 binding. We tested whether the 17b
antibody could differentially neutralize the ability of wild-type
ADA and CD4-independent gp120 glycoproteins to bind
CCR5, both in the presence and in the absence of sCD4 (Fig.
5). The gp120 glycoproteins of the wild-type ADA and the two
CD4-independent variants (190 S/R-197 N/S and 197 N/K)
were preincubated with or without sCD4. Following incubation
in the presence of various concentrations of the 17b antibody,
the mixtures were added to Cf2Th-CCR5 cells. Binding of all
three gp120 glycoproteins to Cf2Th-CCR5 cells, both in the
presence and in the absence of sCD4, was inhibited ;20% by
0.3 mg of 17b per ml relative to control binding in the absence

FIG. 2. Inhibition of syncytium formation by gp120 ligands. 293T cells expressing either the wild-type ADA (Œ) or 190 S/R-197 N/S (■)
envelope glycoproteins were preincubated with the indicated concentrations of sCD4 or the F105, 19b, or 17b antibody and then cocultivated with
Cf2Th-CCR5/CD4 cells. Syncytia were scored after 24 h. The leftmost point of each curve indicates the number of syncytia observed in the absence
of added ligand. Representative results of two independent experiments are shown.
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of antibody. At a concentration of 3.0 mg/ml, the 17b antibody
almost completely inhibited the binding of the different gp120
molecules to CCR5, regardless of the presence of sCD4. Thus,
little difference in the sensitivity of inhibition of CCR5 binding
by the 17b antibody was observed among the three envelope
glycoproteins.

DISCUSSION

We have shown that for the HIV-1 ADA envelope glyco-
proteins, changes that allow CD4-independent virus entry into
cells also confer increased sensitivity to neutralization by sCD4
and antibodies. Virus entry into CD4-positive and CD4-nega-
tive cells and syncytium formation mediated by CD4-indepen-
dent envelope glycoproteins were inhibited at concentrations
of sCD4 and antibodies significantly lower than those required
to inhibit the function of CD4-dependent envelope glycopro-
teins. The observation that all of the gp120 changes associated
with CD4 independence, including single amino acid substitu-
tions and complete deletion of the V1/2 variable loops, also
were sufficient to specify an increase in neutralization sensitiv-
ity argues that these two properties of the envelope glycopro-
teins are tightly linked. It may be that an increase in neutral-
ization sensitivity is a necessary consequence of CD4
independence. This predicts that the evolution of CD4-inde-
pendent HIV-1 variants would not be favored under circum-
stances, such as in vivo infection, where envelope glycoprotein-
directed antibodies are present.

The utilization of the CXCR4 chemokine receptor as the
sole receptor for feline immunodeficiency viruses (88) and the
ability of naturally occurring SIVs to achieve a measure of
CD4-independent infection (27, 53, 59) suggest a model in
which chemokine receptors or related molecules represent the
primordial receptors for the mammalian immunodeficiency vi-
ruses. The evolution of the primate immunodeficiency viruses
toward greater dependence on CD4 not only would target virus
infection to helper T cells that are critical for antiviral immune
responses (69) but would allow the creation of a relatively
neutralization-resistant conformation in the viral envelope gly-
coprotein complex. Primate immunodeficiency virus variants
have been identified along this continuum of CD4 indepen-
dence and neutralization sensitivity. Macrophagetropic SIV
strains can utilize low levels of CD4 on the target cell for entry
and also exhibit some degree of CD4 independence (5, 27, 74).
These SIV strains are typically easier to neutralize than T-cell-
tropic SIV isolates such as SIVmac239 (56), which require

FIG. 3. Binding of antibodies to envelope glycoproteins on the cell
surface. 293T cells expressing cytoplasmic tail-deficient versions of the
wild-type (w.t.) ADA or 190 S/R-197 N/S envelope glycoproteins, or
mock-transfected control cells, were incubated with the 48d antibody
(A), the 17b antibody (B), the CD4-Ig protein (C), the F105 antibody
(D), or the 15e antibody (E). In parallel, cells were incubated with a
1:200 dilution of pooled sera from HIV-1-positive individuals to de-
termine the relative abundance of the two envelope glycoproteins on
the cell surface. After incubation with a phycoerythrin-conjugated sec-
ondary antibody, the cells were washed and sorted by FACS. Back-
ground binding for each ligand was determined by using mock-trans-
fected cells. The mean fluorescence intensity for each sample is
indicated, after subtraction of background and normalization for rel-
ative envelope glycoprotein expression.
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higher levels of target cell CD4 and exhibit little or no CD4
independence (5, 74). In the absence of specific passage on
CD4-negative cells, most HIV-1 isolates remain dependent on
CD4 to some extent. However, tissue culture passage of pri-
mary HIV-1 isolates often generates viruses that are capable of
entering cells expressing lower levels of CD4 (5, 39, 65) and
that are neutralized more readily by sCD4 and antibodies (17,
54, 55, 61, 62, 73, 80, 90, 95). In all of these instances, there is

a direct relationship between the degree of CD4 independence
and neutralization sensitivity.

Virus attachment to target cell CD4 serves as a trigger to
change the conformation of the HIV-1 envelope glycoproteins
to a state that is competent for chemokine receptor binding.
The changes that CD4 induces in free gp120 to achieve the
CD4-bound conformation include movement of the V2 vari-
able loop, which has been shown to mask the chemokine re-

FIG. 4. Ligand-induced shedding of gp120. Radiolabeled cells expressing cytoplasmic tail-deficient versions of the wild-type HXBc2 envelope
glycoproteins were incubated in the absence of ligand (No treatment), with sCD4 (30 mg/ml), or with 17b antibody (10 mg/ml). The gp120
glycoproteins present in the supernatants were measured by precipitation with a mixture of sera from HIV-1-infected individuals. The experiment
was performed twice with similar results.

FIG. 5. Inhibition of gp120-CCR5 binding. The wild-type ADA or variant gp120 glycoproteins were incubated with the indicated concentrations
of the 17b antibody in the absence (2) or presence (1) of sCD4 (10 mg/ml). The mixtures were added to Cf2Th-CCR5 cells, and the bound gp120
was quantitated by precipitation by a mixture of sera from HIV-1-infected individuals. The amount of bound gp120 is indicated, using an arbitrary
scale. The experiment was performed twice with comparable results.
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ceptor-binding site in the native gp120 glycoprotein (93). Re-
cently, the loss of glycosylation of asparagine 197 in the ADA
gp120 glycoprotein has been shown to effect CD4 indepen-
dence by allowing increased flexibility of the V1/2 loops and a
spontaneous exposure of the CCR5-binding region (43a). Con-
comitantly, an increase in the exposure of the CD4-induced
epitopes, which are near the CCR5-binding site, occurs (Fig. 3)
(43a). Similar phenotypes were associated with deglycosylation
of asparagine 197 and complete removal of the V1/2 loops with
respect to CD4 independence, exposure of the CD4-induced
gp120 epitopes, and neutralization sensitivity. The ability of
these mutants to bind CCR5 in the absence of CD4 suggests
that they spontaneously sample the gp120 conformation com-
petent for chemokine receptor binding. Our results suggest
that this conformation, which presumably resembles that in-
duced in the wild-type gp120 by CD4 binding, is potentially
more susceptible to neutralization by envelope glycoprotein-
directed ligands. Such ligands during natural infection are pre-
dominantly or exclusively antibodies; steric hindrance limits
their binding to envelope glycoprotein-CD4 complexes in the
virus-cell interface (46, 81, 94). Subneutralizing concentrations
of sCD4, when preincubated with primary HIV-1, induce dra-
matic increases in sensitivity to neutralization by some anti-
bodies against the gp120 glycoprotein (81). This observation is
consistent with a model in which the CD4-triggered envelope
glycoprotein conformation, which is competent for chemokine
receptor binding, is more vulnerable to neutralizing antibodies.

The precise mechanism that leads to increased neutralization
sensitivity in the CD4-independent envelope glycoproteins is un-
clear. Neutralization sensitivity is not merely a consequence of the
relative inefficiency of infection of CD4-negative cells, because
CD4-independent viruses are also more sensitive to neutraliza-
tion when infecting CD4-positive target cells, an efficient process.
The increased susceptibility of the CD4-independent viruses to
the 17b and 48d antibodies could be explained at least in part by
the increased exposure of these epitopes on these viruses. An-
other CD4-independent HIV-1 isolate generated on CXCR4-
expressing cells has been shown to exhibit a greater spontaneous
exposure of the 17b epitope and a greater sensitivity to neutral-
ization by this antibody (37). Spontaneous exposure of gp120
regions near the chemokine receptor-binding site may be a com-
mon feature of CD4-independent HIV-1 variants.

For sCD4 and antibodies other than the CD4-induced anti-
bodies, increased binding of the ligand to oligomeric envelope
glycoprotein complexes did not appear to explain the enhanced
neutralization sensitivity of the CD4-independent viruses. An
alternative explanation is that the wild-type ADA envelope
glycoprotein trimers require saturation by antibodies for neu-
tralization (64), whereas the CD4-independent envelope gly-
coprotein complexes can be neutralized by subsaturating anti-
body concentrations. The exposure of the chemokine receptor-
binding site may result in a metastable state vulnerable to the
binding of any ligand, which triggers an irreversible functional
inactivation. Some of these conformational transitions may
relate to those proposed to occur in the gp41 glycoprotein in
response to chemokine receptor binding (10, 86). The obser-
vation that sCD4 dramatically inhibits the infection of CD4-
negative cells by the 190 S/R-197 N/S and 197 N/K CD4-
independent viruses, yet stimulates the binding of the gp120
glycoproteins of these viruses to CCR5, supports the notion

that steps in the entry process that occur after chemokine
receptor binding may be particularly prone to disruption by
ligand binding in these viruses. Such disruption may be time
dependent, explaining why the binding of CD4 on the target
cell enhances infection by the CD4-independent viruses when
sCD4 incubation with these viruses is inhibitory.

The influence of antibodies directed against the CD4 and
CCR5 receptors on infection by the wild-type and CD4-inde-
pendent viruses provides some insight into the relative contri-
bution of receptor density to the entry of these viruses. Infec-
tion of CD4-positive target cells by the 190 S/R-197 N/S and
197 N/K viruses is more efficient than infection of CD4-nega-
tive target cells, indicating that these viruses still can utilize cell
surface CD4 to assist in the virus entry process. For CD4-
positive target cells, CD4-independent viruses and the wild-
type ADA virus exhibited roughly similar dependence upon
CD4, as evidenced by comparable sensitivity to inhibition by
the OKT4a anti-CD4 antibody. For CD4-negative target cells,
CCR5 concentration is critical to successful infection by the
CD4-independent viruses, as suggested by the potent inhibi-
tion by the 2D7 anti-CCR5 antibody.

As discussed above, primate immunodeficiency viruses that
exhibit decreased dependence on CD4 for infection may share
features such as the spontaneous exposure of the chemokine
receptor-binding site and an increase in sensitivity to some
neutralizing ligands. However, because the structural elements
that govern CD4 independence exhibit variability among virus
isolates, the details of the structure-function relationships are
expected to differ among particular HIV-1 strains. For exam-
ple, removal of the carbohydrate on asparagine 197 or deletion
of the V1/2 variable loops in some HIV-1 isolates other than
ADA results in no or only modest increases in CD4-indepen-
dent chemokine receptor binding and virus infection (10, 66,
91, 92; P. Kolchinsky and J. Sodroski, unpublished observa-
tions). The various HIV-1 isolates that have deletions of the
V1/2 variable loops exhibit increased sensitivity to different
subsets of neutralizing antibodies compared with the wild-type
virus counterparts (10, 78). Further investigation of several
examples of CD4-independent viruses should allow an im-
proved understanding of the different ways in which the V1/2
and V3 variable loops and associated carbohydrate interact
within the envelope glycoprotein oligomers of multiple iso-
lates.
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