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To assess the antigenicity of envelope glycoproteins derived from primary human immunodeficiency virus
type 1 populations, their interactions with the receptor CD4, and their coreceptor usage, we have cloned and
expressed multiple gp120 proteins from a number of primary virus isolates. Characterization of these proteins
showed a high degree of antigenic polymorphism both within the CD4 binding site and in defined neutraliza-
tion epitopes, which may partially account for the general resistance of primary isolates to neutralizing agents.
Furthermore, chimeric viruses expressing gp120 proteins with reduced CD4 binding abilities are viable,
suggesting that primary viruses may require a less avid interaction with the receptor CD4 to initiate infection
than do their laboratory-adapted counterparts. The coreceptor usage of chimeric viruses was related to the
ability of the virus to bind CD4, with reduced CD4 binding correlating with preferential usage of CXCR4.
Changes in coreceptor usage mapped to sequence changes in the C2 and V4 regions, with no changes seen in

the V3 region.

Human immunodeficiency virus type 1 (HIV-1) predomi-
nantly infects T-helper cells and macrophages, inducing pro-
found immunosuppression. This tropism correlates with ex-
pression of the viral receptor CD4 (9, 29) and one of several
chemokine receptors which act as strain-dependent corecep-
tors (1, 5, 11, 14-16, 44; reviewed in reference 7). The binding
determinants for both CD4 and coreceptor reside in the exter-
nal gp120 subunit of the envelope glycoprotein (Env). Much
evidence suggests that entry occurs through an initial gp120-
CD4 binding event which induces conformational changes in
gp120, facilitating the formation of a ternary gp120-CD4-co-
receptor complex and culminating in activation of the fuso-
genic gp41 subunit of Env (39, 45, 47). The molecular interac-
tion of monomeric HIV-1 glycoprotein with CD4 and its
coreceptors has been defined (25, 43, 62) and has been mod-
eled for oligomeric gp120 (26); however, this is complicated by
the extensive degree of variation present within the env gene.

The coreceptor usage of a primary virus isolate correlates
well with tropism for macrophages (CCRS utilizing [R5]) and
T-cell lines (CXCR4 utilizing [X4]). Viral isolates obtained
from 40% of infected individuals during the course of disease
progression change their in vitro properties from the RS to the
X4 phenotype (8, 57), suggesting that the appearance of X4-
utilizing virus is associated with a more rapid CD4 cell decline
and onset of symptoms (stage IV disease) (3, 8, 23, 49). These
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late-stage isolates are often dualtropic (R5X4), utilizing both
CCRS5 and CXCRA4, and even at the molecular level, dualtropic
isolates are composed predominantly of dualtropic R5X4 vari-
ants, as opposed to a mix of monotropic R5 and X4 viruses
(54). The change from R5 to X4 has been associated with the
occurrence of basic residues in the V3 region of gp120 (4, 19,
37) and changes elsewhere (38, 55).

Several studies have shown that intrasample sequence diversity
increases during infection until the onset of stage IV disease and
subsequently fails to increase or may even decline (10, 31, 32, 42,
50, 51, 64). All isolates obtained for this study were from patients
showing signs of immunodeficiency and from whom X4 viruses
were isolated either between the time points sampled or imme-
diately thereafter. Hence, the level of genetic polymorphism in
these samples is expected to be high. We characterized multiple
gp120 glycoproteins derived from a number of paired isolates and
demonstrated that each isolate consisted of a polymorphic pop-
ulation of phenotypically distinguishable variants. This antigenic
variation may contribute to the resistance of primary viruses to
neutralization by various ligands. Significantly, considerable vari-
ation was observed in gp120 affinity for CD4, and such polymor-
phism associated with the coreceptor usage of chimeric viruses
expressing the heterologous gp120s.

MATERIALS AND METHODS

PCR amplification and cloning of gp120-encoding regions. RNA was prepared
from 200 pl of cell supernatant by the method of Chomezynski and Saachi (6).
The RNA pellet was resuspended in 20 pl distilled water, and 10 wl was used to
set up a cDNA synthesis. Each reaction consisted of 40 U of Superscript reverse
transcriptase (Life Technologies, Paisley, Scotland) in a volume of 20 wl, 1x
reverse transcription (RT) buffer, 1 mM each of the four deoxynucleoside
triphosphates (dNTPs), and 20 ng of the antisense primer 631L (CCA GAC
YGT GAG TTG CAA CAG ATG C, where Y is C or T). The reactions were
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incubated at 42°C for 90 min and then frozen at —20°C. A first-round PCR was
performed in a volume of 50 wl, using 5 l of either cDNA or isolate DNA
containing provirus. The PCR contained 1.25 U of the proofreading polymerase
Pfu (Stratagene, Cambridge, United Kingdom) and 0.125 U of Thr polymerase
(NBL, Cramlington, United Kingdom) in 1X Pfu buffer, with 200 uM each of the
four dNTPs and 400 ng each of 627L (GAT GTT GAT GAT CTG TAG TGC,
sense), 989L (TCA TCA AGT TTC TCT AYC AAA GC, sense), 632L (GCG
CCC ATA GTG CTT CCT GCT GC, antisense), and 631L (CCA GAC TGT
GAG TTG CAA CAG ATG C, antisense) per ml. The inclusion of multiple
primers allowed the amplification of templates even when one of the primers
failed to match the template. The PCR consisted of 30 cycles of 94°C for 45 s,
45°C for 45 s, and 72°C for 210 s and was performed in a Perkin-Elmer TC1
thermal cycler. Of the completed PCR, 2 wl was used to initiate a second reaction
in a volume of 20 pl. This second-round PCR mixture contained 0.5 U of Pfu
polymerase (Stratagene, Cambridge, United Kingdom) and 0.05 U of Tbr poly-
merase in 1X Pfu buffer, with 200 pM each of the four dNTPs and 400 ng each
of primers 626L (GTG GGT CAC CGT CTA TTA TGG G, sense, BstEII
restriction site underlined) and E524 (B-CAC CAC GCG TCT CTT TGC CTT
GGT GGG, antisense, Mlul restriction site underlined; B, biotin) per ml. The
second-round PCR consisted of 25 cycles of 94°C for 35 s, 55°C for 35 s, and 72°C
for 150 s. Of the completed PCR, 10 pl was visualized by agarose gel electro-
phoresis to assess the concentration of the PCR product. The PCR product was
cloned into the expression vector pCDNA3-tpa-CA (Invitrogen), modified by
insertion of the RER-targeting leader sequence of tissue plasminogen activator
at the HindIII and BamHI restriction sites and by the addition of uracilated tails
(Life Technologies) to the linearized vector to facilitate PCR cloning. A tertiary
PCR was set up with 100 ng of the PCR product in a volume of 50 pl. This
reaction mixture contained 1.25 U of Tbr polymerase in 1X Tbr buffer, with 200
M each of the dNTPs and 400 ng of uracilated versions of 626L and E524 per
ml. In order to minimize PCR-induced error, this reaction was performed using
the same reaction temperatures and times as for the second-round amplification,
but with a reduced cycle number (10 cycles). Together, these steps act to reduce
the effective number of amplification cycles. Screening of transformants typically
showed 60 to 100% of colonies to contain inserts.

Expression and characterization of soluble gp120. For each isolate, 8 to 26
plasmids were transiently transfected using calcium phosphate into the human
embryonic kidney cell line 293 previously infected with vIF7-3, a recombinant
vaccinia virus expressing T7 polymerase (17). Extracellular supernatants were
collected after 72 h, clarified by centrifugation, and assayed for gp120 levels in a
quantitative capture enzyme immunoassay (EIA) (35). Saturating concentrations
(500 ng/ml) of gp120 were tested for their ability to bind a polyclonal human
serum (QC256), soluble CD4-immunoglobulin (sCD4-Ig) (5 pg/ml) (Genentech,
San Francisco, Calif.), and a panel of neutralizing monoclonal antibodies
(MAbs). The MAbs studied were 38.1a (34), recognizing a linear epitope in the
C4 region (amino acids [a.a.] 427 to 436); 728, 589, and 654 (18, 27), human
MADbs specific for the discontinuous CD4 binding site (b.s.); 39.3b (34) and
10/46¢ (unpublished), rat MAbs specific for the CD4 b.s.; 12b (35), recognizing
a linear epitope in V2 (a.a. 181 to 191); 697 (18) and 55/39 (52), recognizing
conformation-dependent V2 epitopes; 268 and 257 (60), human MADs specific
for linear epitopes in V3 (HIGPGR and KRIHI, respectively); and 2G12 (58),
recognizing a discontinuous epitope dependent on N-linked glycosylation in C2,
C3, V4, and C4. Proteins were also tested for their ability to bind a nonneutral-
izing MAb (58/30; unpublished), recognizing a conserved nonlinear gp120
epitope independent of the CD4 b.s. Bound ligands were visualized with either
anti-human Ig-horseradish peroxidase (HRP) or anti-rat Ig-HRP (Harlan Se-
raLabs, Crawley, United Kingdom). Results were expressed as the ratio of the
optical density (OD) of the expressed protein to BH10 protein (or MN gp120 for
V3 MADs) and termed the relative binding index (B.L.).

Construction of chimeric molecular clones. Four isolates (669 and 1629 from
individual A, 2401 from individual D, and 5015 from individual C) were chosen
from the eight isolates described previously. Isolates 669 and 1629 were selected
as the only confirmed R5-to-X4 switch pair. From each isolate, a number of
gp120 open reading frames (ORFs) previously shown to display a range of
CD4-binding abilities were chosen for transfer into chimeric viruses.

The vector used to provide all of the HIV-1 genes except the gp120 ORF was
a molecular clone containing a truncated gp120 ORF with a 299-bp deletion in
the V4 and V5 regions (HXB2Aenv) (33). The gp120 region of the env ORF was
removed from this construct by digestion with the restriction enzymes BsfEII and
Miul. The chosen primary virus-derived gp120 ORFs were excised from the
vector pPCDNA3-tpa-CA, using BstEIl and Mlul, and ligated with the prepared
pHXB2-Aenv. Colonies were screened for the presence of the gp120 insert by
PCR, and positive colonies were confirmed by restriction digestion of plasmid
DNA. Use of HXB2-Aenv rather than “full-length” HXB2 as the vector back-
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bone allowed any bacterial transformants containing contaminating vector to be
distinguished by size from those containing the desired insert. Chimeric viruses
were designated by adding the gp120 clone number to the patient and isolate
time; thus, chimera A2.172 is derived from gp120 clone 172, which was obtained
from the second isolate (1629) of patient A.

Chemokine receptor usage of chimeric viruses. Chimeric molecular clone
DNAs were transfected into HEK-293 cells using Lipofectamine (Life Technol-
ogies, Paisley, Scotland), and production of p24 antigen in the extracellular
supernatant was measured by capture EIA (35). The clarified supernatant was
used to infect U87-CD4 cells expressing a range of chemokine receptors. Cells
were fixed with methanol-acetone 3 days postinfection, and infection was iden-
tified by visualizing intracellular p24 antigen using two mouse anti-p24 MAbs
(EF7.1 and 38.96K; Medical Research Council [MRC] AIDS Reagent Pro-
gramme), followed by an anti-mouse Ig B-galactosidase-conjugated antibody.
Inhibition of infection by an anti-CD4 MAD was assessed by treating cells with 1
ng of ADP 318 (MRC AIDS Reagent Programme) per ml for 1 h prior to
incubation with virus-containing extracellular supernatant, as described above.
Levels of MAb were maintained throughout the infection, and infected cells were
visualized by staining with the anti-gp120 MAb 2G12, followed by an anti-human
Ig B-galactosidase-2 conjugated antibody.

Sequencing. Plasmid DNA was prepared from the pCDNA3-tpa clones using
a Wizard miniprep kit (Promega, Southampton, United Kingdom) and se-
quenced using an Amersham Vistra 725 semiautomated sequencer and cycle
sequencing protocol (RPN2444; Amersham UK). The V3 sense strand was
sequenced using 2 pM primer 619L-TR (5’ TR-T GGC AGT CTA GCA GAA
GAA G-3'; TR, Texas Red) and 1 g of plasmid; the antisense strand was
similarly obtained using primer 307D-TR (5'TR-CTG GGT CCC CTC CTG
AGG-3"). For direct sequencing of proviral DNA, PCR products derived from
infected cells were purified (Qiagen PCR cleanup column), and 200 ng was used
in the sequencing reaction. The two sequenced strands were aligned using Se-
quencher 3.0 software (Gene Codes Corp., Ann Arbor, Mich.), and the consen-
sus was translated to give the amino acid sequence shown. For the four full-
length gp120 sequences, eight additional Texas red-labeled primers were used to
generate complete sequences of both sense and antisense strands as described
previously (28).

RESULTS

Source of primary isolates. Eight virus isolates from four Swed-
ish homosexual men (A to D) were used in the study. All indi-
viduals suffered from moderate immunodeficiency. Two subjects
(A and B) were classified as B2 according to the Centers for
Disease Control classification system (22); subjects C and D were
classified as C2 and A2, respectively. The subjects and the virus
isolates were selected from a larger cohort of well-characterized
individuals (23). HIV-1 was isolated from peripheral blood mono-
nuclear cells (PBMC), and the isolates were tested for their ability
to infect U87-CD4 cells expressing various chemokine receptors
and to replicate in the immortalized cell line MT-2 (Table 1) (23).
Consistent with previous reports (8), the ability to use R4 corre-
lated with syncytium induction in the MT-2 cell line. All isolates
were resistant to neutralization by sCD4-Ig (20 pg/ml) and by
MAUDs (20 wg/ml) specific for the V3 (268 and 257) and CD4 b.s.
(39.3b), compared with a >90% reduction in p24 antigen from
MN-infected PBMC. However, MAb 2G12 (10 pg/ml) neutral-
ized isolates 1629, 5015, and 2401 by 44, 33, and 50%, respectively
(data not shown).

Antigenic variation within CD4 b.s. To study the level of
antigenic variation present within the CD4 b.s., the gp120-
encoding region was amplified from proviral DNA obtained
from all of the primary virus-infected PBMC cultures and
cloned into the vector pCDNA3-tpa-CA. In addition, the
gp120-encoding region was amplified from cDNA syntheses of
viral RNA obtained from isolates 5045, 1629, and 2401. At
least 20 clones containing a gp120 ORF were obtained from
each sample, and plasmid DNA was prepared and transfected
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TABLE 1. Characterization of primary virus cultures and recombinant soluble gp120 proteins®
Infected Isolate Phenotype of Chemokine No. gp120s binding: No. gp120s binding
individual No. isolate in receptor usage V2 mAbs V3 mAbs sCD4-1gG, derived from:
MT-2 cells of isolate 2G12 12b 697 55/39 268 257 proviral DNA viral RNA
A 669 NSt R5 12/12 13/13 9/13 5/13 13/13 13/13 713 NT
1629 Si R5/X4 8/9 9/9 8/9 3/9 9/9 9/9 7/9 3/9
B 4196 NSI R5 6/11 1M1 6/11 0/11 11/11 11/11 8/11 NT
5045 NSI R5 8/9 0/12 6/12 0/12 12/12 12/12 9/12 17/19
c 3300 NSI R5 0/13 113 4/13 3/13 NT 4/4 9/13 NT
5015 NSI R5 8/8 1/8 0/8 2/8 NT 6/6 6/8 NT
b 2129 NSI R5 2/3 0/5 3/5 4/5 NT 212 5/6 NT
2401 NSI R5 a/7 0/8 5/8 6/8 NT 2/2 4/8 3/8

“ The non-syncytium-inducing (NSI)/syncytium-inducing (SI) and R5/X4 phenotypes of the original PBMC-derived isolate in MT-2 and U87-CD4 coreceptor cells,
respectively, are shown. All expressed gp120 proteins shown were able to bind the conformation-dependent MAb 58/30 and were tested for their ability to bind linear
(12b) and conformation-dependent (697 and 55/39) anti-V2 MAbs, linear anti-V3 MAbs (268 and 257), 2G12, and sCD4-IgG. Also shown is the ability of clones derived
from viral RNA to bind sCD4-IgG. A gp120 is considered to bind the respective ligand if its binding index relative to BH10 gp120 is greater than 0.2. NT, not tested.

Data are presented as number positive/number tested.

into VTF7.3-infected 293 cells. Multiple gp120 proteins, de-
rived from the same PBMC culture, were tested by EIA for
their ability to bind sCD4-Ig and a panel of neutralizing MAbs
specific for epitopes within the CD4 b.s. In addition, the pro-
teins were tested for their ability to bind the nonneutralizing
conformation-dependent MADb 58/30, MAb 2G12, and a panel

of neutralizing MAbs specific for epitopes within V2, V3, and
C4. The results are expressed as the ratio of ligand binding to
primary recombinant gp120 relative to the BH10 standard
(measured as OD at 450 nm) and are termed the relative
binding index. Levels of proteins tested were similar, as deter-
mined by comparable reactivity with HIV-positive human sera

TABLE 2. Antigenic variation within gp120 proteins cloned from proviral DNA®

Antibody specificity
Rat C4 Human CD4 bs Rat CD4 bs Conf-dep
Clone No. 38.1a sCD4-1gG 728 589 654 39/3b 10/46¢ 58/30

*602 +++ +++ ++ ++ ++ ++ ++ +++

601 +++ +++ ++ ++ ++ +++ +++ +++

620 +++ +++ +++ +++ +++ +++ ++ +++

162 +++ +++ +++ +++ +++ ++ +4+ +++

551 +++ +++ +++ ++ +++ +++ +++ +++

% 550 +t++ ++ ++ + +++ +++ ++ +++
% 612 ++ ++ + + + + + 4+
2 605 e+ - + * + + - +++
*156 e+ - + + kS + £ +H+

596 +++ - + + + - t +++

609 +++ - * * + + + +++

613 +++ - - - + - - +4+4

619 +4++ - - - - - - +4+

*172 +++ +++ +++ +++ +++ +++ + +++

564 +++ +++ +44 +++ +++ 4+ + +++

168 +++ + +++ +++ ++ ++ + +4++

% 590 +++ +++ +++ +++ +++ +++ + +++
E *586 +++ + ++ + + + F3 ++
§ 593 +++ + ++ + ++ ++ + +++
*588 ++4+ + + + * - t++

500 +++ - * ES + - +++

167 +++ - - - - - - +++

“ Recognition of gp120 proteins by 38.1a, sCD4-IgG, MAbs specific for the CD4 b.s. and MAb 58/30, specific for a conformational CD4-independent (Conf-dep)
epitope. Proteins analyzed were cloned from individual A, isolates 669 and 1629. Clones marked with an asterisk were also cloned and expressed as recombinant viruses.
Results were calculated as a binding index relative to BH10 gp120: +++ = >0.8; ++ = 0.61 to 0.8; + = 0.41 to 0.6; = = 0.21 to 0.4; — = <0.21.
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TABLE 3. Antigenic variation in a second individual®

Antibody specificity
Rat C4 Human CD4 bs Rat CD4 bs Conf-dep
Clone No. 38.1a sCD4-1gG 728 589 654 39/3b 10/46¢ 58/30
221 +H++ +++ +++ +++ +++ +++ ++ +++
219 4+ +++ +++ +++ +++ +++ +++ +++
215 +++ +++ +++ +++ +++ +++ + +++
469 ++ +++ +++ +++ +++ ++4+ ++ +4+
§ 467 +++ +++ +++ ++ +++ ++ + +++
; 468 +++ +++ ++ ++ ++ ++ - +++
% 471 +++ +++ +++ ++ +4 ++ - ++
- 213 +++ ++ +++ +++ +++ +++ +4+ ++
223 +++ - - + - - + +++
474 +++ - - - - - - +++
472 +++ - - - - - - +++
178 +++ +++ +++ +++ +++ +++ ++ +++
183 +++ +4++ +++ +++ +++ +++ +++ +++
186 ++ +++ +++ +++ +++ +++ +++ +++
481 +++ +++ +++ +++ +++ +++ +++ +++
g 477 ++ +++ +++ ++4+ +++ +++ ++ +td
% 181 ++ ++ +++ +4+ +++ +++ +4 +++
ﬁ 179 +++ + + + +++ + + +++
‘—9’ 182 ++ +4++ ot +4+ ++ + +++
483 ++ + ++ +++ +++ + + +++
187 * - + + + + +
180 ++t - £ + £ + - +tt
475 + - - - - - - +

“ Data are for isolates from individual B. See Table 2, footnote a, for details.

(QC256). The results are shown for proteins derived from
sequential PBMC isolates obtained from two infected individ-
uals, A and B (Tables 2 and 3, respectively); comparable re-
sults were also obtained from individuals C and D (summa-
rized in Table 1).

Proteins derived from a single primary isolate showed a
spectrum of binding indices for sCD4-Ig ranging from 0 to 1.5
relative to BH10 gp120 (Tables 2 and 3). The majority of
proteins tested bound MAb 58/30, specific for a conforma-
tional epitope independent of the CD4 b.s., suggesting that the
expressed proteins were correctly folded. Generally, a strong
correlation between binding to sCD4-Ig and the CD4 b.s.
MAbs (728, 589, 654, 39.3b, and 10/46c) existed; however,
binding to the C4 epitope 38.1a was conserved for all proteins
(Tables 2 and 3). The percentage of proteins obtained from a
single isolate showing negligible binding to sCD4-Ig (B.I. <
0.2) ranged from 15 to 50% (Table 1). The frequency of such
proteins changed over time when analyzing the second isolate
from the same individual, suggesting that they were derived
from a nonstatic population. Furthermore, similar numbers of
proteins expressed from gp120 ORFs amplified from cDNA
syntheses of viral RNA preparations (isolates 5045, 1629, and
2401) demonstrated a comparable variation in binding to
sCD4-IgG (Table 1) and the CD4 b.s. MAb 39.3b (data not
shown) while maintaining recognition of the 58/30 antibody,
suggesting expression of the variant gp120s in infected cultures.

In addition to the variation within the CD4 b.s., proteins
derived from a single isolate showed a range of binding indices
for MAbs specific for a number of neutralizing epitopes within
V2 (12b, 697, and 55/39) and the discontinuous 2G12 epitope,
with no correlation to sCD4-Ig binding indices. However, bind-
ing to MADs specific for linear epitopes within the V3 region
(268 and 257) was conserved for the majority of proteins tested
(summarized in Table 1).

The data presented in Tables 2 and 3 represent a single
(saturating) concentration of ligand binding to the various
proteins. In order to study relative binding affinities, increasing
concentrations of sCD4-Ig were tested for their ability to bind
a number of proteins (Fig. 1). These data confirm that a range
of binding affinities exist within a single isolate and, further-
more, that some proteins demonstrate a higher relative affinity
for sCD4-Ig than the BH10-gp120 standard. The binding of
gp120 to the dimeric sCD4-Ig molecule was shown to represent
the interaction with cellular CD4, since the ability of a given
protein to bind CD4 at the cell surface (measured by fluores-
cence-activated cell sorting analysis) correlated well with its
binding index for sCD4-Ig obtained by EIA and was inhibited
by the anti-CD4 MAD 337 (data not shown).

Assessment of PCR-induced error. To address whether the
antigenic polymorphism observed was partially due to PCR-
induced error(s), we simultaneously performed a series of am-
plifications using a clonal template. First, we determined the
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FIG. 1. Affinity of gp120 proteins cloned from proviral DNA for sCD4-IgG. BH10 gp120 and a number of proteins cloned from individual A,
isolates 669 and 1629 (A), and individual B, isolates 4196 and 5045 (B), were analyzed for their ability to bind increasing concentrations of sCD4-Ig.
The previously determined sCD4-IgG binding index is shown next to each curve.

viral copy number in the proviral DNA from isolates 1629 and
669 and in the cDNA derived from viral RNA of isolates 1629
and 2401 by the limiting dilution method (53) and found 2.6 X
10°,2.6 X 10%,4.3 X 10°, and 1.1 X 10° viral genome copies per
wl of template, respectively. Thus the original PCR assays, i.e.,
5 wl of template, contained a minimum of 5.5 X 10° copies per
reaction (for 2401 cDNA). We therefore diluted pHXB2 in
uninfected cellular DNA to 2.6 X 10° and 4.3 X 10° copies per
pl for use as the template in a nested gp120 amplification using
the same conditions and enzyme as used for the other reac-
tions. The gp120 PCR products obtained were cloned into
pCDNA3-tpa-CA, and plasmids were prepared and trans-
fected into vIF7.3-infected 293 cells. All of the 20 expressed
gp120 proteins bound QC256, 39.3b, 58/30, and sCD4-Ig sim-
ilarly, with binding indices of 0.92 to 1.23 (data not shown).
These data suggest that the antigenic polymorphism of pro-
teins derived from primary viruses was unlikely to be an artifact
of PCR amplification.

Construction of chimeric molecular clones. To study the
effect of gp120 CD4-binding ability on virus viability and che-
mokine receptor usage, a number of gp120 ORFs encoding
proteins with various abilities to bind sCD4-IgG were trans-
ferred into the full-length infectious molecular clone pHXB2.

We have previously reported that HXB2 viruses expressing
gp120 ORFs of several molecularly cloned laboratory-adapted
viruses maintain the tropism of the gp120-derived clone and
demonstrate the same sensitivity to neutralizing agents as the
gp120-derived clone, validating the generation and character-
ization of such chimeric viruses (36). Chimeric constructs were
transfected into 293 cells, and the recovered virus was used to
infect U87-CD4 cells expressing CCR1, CCR2b, CCR3, CCRS,
and CXCR4. All chimeric viruses with sCD4-Ig binding indices
of 0.2 or greater were able to infect at least one of the U87-
CD4 coreceptor cell lines, demonstrating their viability. This
agrees with previous data from our laboratory (20, 28, 36)
demonstrating that chimeric viruses expressing gp120 proteins
with CD4 binding indices of <(.2 were nonviable. Significantly,
chimeric viruses with sCD4-Ig binding indices between 0.2 and
0.7 infected only U87-CD4-CXCR4 cells, while viruses ex-
pressing gpl20 proteins with sCD4-Ig binding indices of
greater than 0.7 preferentially infected U87-CD4-CCRS5 and
-CCR3 cells (Fig. 2). No infection via CCR1 or CCR2b was
observed, and the presence of Bonzo on the U87 cell line (12)
also demonstrates that none of the chimeric viruses were able
to use this coreceptor. The cytopathic effect (CPE) induced by
viruses in the U87-CD4 coreceptor cell lines was far less pro-
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A Viruses with sCD4-Ig B.I. >0.7 Viruses with sCD4-Ig B.l. <0.7
A2.588 A2.586a D2.523

A1.602 D2.688

U87-CD4-
CCR5
U87-CD4- i \u
CXCR4 .8 .
B Isolate Chimeric Virus| sCD4-IgG Infection of U87-CD4 cells expressing:
Clone No. |Binding Index| CCR1 CCR2b CCR3 CCR5 | CXCR4
HXB2 1.00 - - - - +H++
A1.156 0.04 - - - - -
669 A1.156a 0.04 - - - - -
A1.602 1.14 - - - +++4+ -
A2.588 0.27 - - . i +
0. - - - - ++
1629 A2.586 48
A2.586a 0.51 - - - R +
A2.172 1.06 - - - i -
C2.509 0.70 - - + ++++ -
2015 C2.505 0.87 - - + +++ -
D2.109 0.05 - - - - -
D2.109a 0.05 - - - R -
2401 02.523 0-28 - - - - +
D2.579 0.44 - - R _ +
D2.688 0.84 - - +4+4 4 -!.
D2.688a 1.03 - - +++ ++++ +

FIG. 2. Chimeric virus infection of U87-CD4-coreceptor-expressing cells. Each cell-free transfection supernatant (200 pl, containing compa-
rable levels of p24 antigen) was used to infect U87-CD4-coreceptor cells at ~20% confluency in 1-cm? wells. Virus was left for 3 days to infect.
The cells were then stained for intracellular p24 antigen. (A) Representative fields of view shown for selected viruses. (B) Infection of all chimeras
was measured by scoring the number of blue foci (both single blue cells and syncytia) per well: — = 0 blue foci; + = <5 foci; + =5 to 10 foci;
++ = 11 to 30 foci; +++ = 31 to 100 foci; ++++ = >100 foci.
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FIG. 3. CD4 dependence of chimeric viruses. U87-CD4-CXCR4 or
-CCRS5 cells at ~20% confluency in 1-cm? wells were treated with
anti-CD4 MAb 318 (1 pg/ml) prior to infection with 200 ul of each
cell-free transfection supernatant (containing comparable levels of p24
antigen). Virus was left for 3 days to infect. Cells were then stained for
intracellular gp120 antigen, and the number of blue foci per well was
counted and expressed as percent neutralization. The coreceptor pref-
erence of each chimeric virus is distinguished.

nounced for viruses with sCD4-Ig binding indices of less than
0.7 than for viruses with binding indices of 0.7 or greater, foci
of infection being less frequent and containing fewer nuclei.
This was not merely a reflection of a differential susceptibility
to virus-mediated cytopathicity between U87-CD4-CCRS and
-CXCR4 cells, since infection of both cell lines with equivalent
titers of a dualtropic virus, HIVy¢pe, resulted in comparable
CPE (data not shown). Infection of U87-CD4-CCR5 or
-CXCR4 cells by all chimeric viruses tested could be blocked
by the anti-CD4 MAb ADP 318, irrespective of sCD4-IgG
binding index, indicating a CD4-dependent route of infection
in all cases (Fig. 3). Furthermore, the characteristic neutral-
ization resistance of primary viruses was retained in the chi-
meric viruses, as demonstrated by the resistance to neutraliza-
tion by sCD4-Ig of four chimeras with high binding indices for
this ligand (chimeras A1.602, C2.509, C2.505, and D2.688 were
neutralized 49, 19, 20, and 25%, respectively, compared with
89% for HXB2). These data suggest that primary viruses retain
viability despite a reduced ability to bind the receptor CD4,
that the variant gp120s were likely derived from replication-
competent virus, and that the chimeras generated maintain
primary virus-like characteristics.

Sequence analysis of gp120 ORFs. Since the sequence of the
V3 region has been reported to determine both viral tropism
and coreceptor usage, this region of each chimeric virus was
sequenced. Sequencing of the V3 and surrounding region con-
firmed that the proviral DNA sequence was identical to the
pcDNA3 sequence in all cases. Previous reports suggested that
an uncharged residue (S or G) at position 11 and an uncharged
(A or Q) or negatively charged (E or D) residue at position 25
conferred a macrophage R5-tropic phenotype, while a T-cell
X4-tropic phenotype was associated with substitution of basic
amino acids at either position (19, 56). However, in this study,
no correlation was found between V3 sequence and coreceptor
usage, with both R5- and X4-using clones derived from the
same parental primary isolate displaying identical V3 se-
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quences (Fig. 4A). These data suggest that regions of gp120
other than the V3 loop may influence viral coreceptor prefer-
ence. Consistent with previous work, all of these chimeras
expressing primary virus-derived gp120s carried the consensus
N-linked glycosylation signal at position 8 of the V3, a glyco-
sylation associated with neutralization resistance (30), and all
carried the highly conserved arginine at position 3 reported to
contribute to both X4 and R5 usage (61).

Complete sequences of the region transferred into the
pHXB2 chimaeras were derived from both proviral DNA and
pHXB?2 sources for two pairs of clones for which coreceptor
usage differed; each pair derived from the same parental iso-
late. The clones chosen were A2.172 (RS utilizing, CD4 B.I. =
1.06) and A2.586 (X4, CD4 B.I. = 0.48), and D2.688 (R5/R3,
CD4 B.I. = 0.84) and D2.579 (X4, CD4 B.I. = 0.44). Five
amino acid differences were found between the two clones
from isolate A2 and 15 between those from isolate D2 (Fig.
4B). Common to both pairs were changes in a region of C2
(a.a. 232 in A2 and 234 to 240 in D2) and in the V4 domain. In
contrast, changes found in the C1 region between A2.172 and
A2.586 and in both C3 and V5 regions between D2.579 and
D2.688 were not shared by the other pair of clones studied.
The positions of the changes identified are shown projected
onto the crystal structure for HIV-1,;y g, gp120 (Fig. 5). Mod-
eling of the M232T change in C2 using the Swiss-Model pro-
cedure showed no global disturbance in the overall structure as
a result of the substitution (data not shown).

DISCUSSION

The data presented in this study demonstrate that antigenic
variation exists within the envelope glycoproteins of primary
HIV-1 isolates with respect to recognition by sCD4-IgG and by
MADs specific for the discontinuous CD4 b.s. (Tables 2 and 3).
No differences in these antigenicity patterns were observed
between gpl120 proteins cloned from RS (virus 669) and X4
(virus 1629) viruses isolated from a single individual over time.
However, the ability of a given gp120 to bind sCD4-Ig ap-
peared to associate with the coreceptor usage of chimeric virus
expressing the heterologous protein.

The majority of the glycoproteins tested were capable of
binding MAD 58/30, which recognizes a discontinuous epitope
independent of the CD4 b.s. (Tables 2 and 3), suggesting that
the proteins were correctly folded and that the observed poly-
morphisms were not due merely to a loss of conformational
structure but to specific variation in the epitopes tested. These
data also support the conclusion that the observed polymor-
phisms were not PCR derived, since if this were the case,
variation may be observed in the epitope(s) recognized by this
nonneutralizing, conformation-dependent MAb. Confirming
this, no variation was seen in gp120s obtained from a clonal
template using the same PCR conditions as for the primary
virus-derived gp120s.

The degree of variation observed within the CD4 b.s. of pri-
mary virus-derived gp120 proteins is surprising given the report-
edly conserved nature of this region (40, 46), although the pres-
ence of islands of variability in this region is now known (25, 62).
Several reports considering the resistance of primary viruses to
neutralization by sCD4 have proposed that this is due to a re-
duced affinity of the envelope for CD4, apparent in the oligomeric
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Isolate | Phenotype | Chimeric | sCD4-IgG Co- V3 sequence
No. in MT-2 pHXB2 Binding receptor
cells Cione No. Index usage 1 11 25
MN Sl - 1.0 X4 CTRPNNNTRKGIHIGPGRAFYATGDIIGDIRQAHC
A1.156 0.04 non-viable || ——----=~~-- G-H----RAF-A-GD------ Q---
669 NSI
A1.602 1.14 RS J|--—----- G-H----RAF-A-GD------ Q---
A2.588 0.27 X4 |--------- G-Y--~-RKV-A-EK------ K---
1629 SI A2.586 0.48 X4 - G-Y----RKV-A-EK------ K---
A2.172 1.06 R f--------—- G-Y----RKV-A-EK------ K---
C2.509 0.70 R5,R3 | ---------- 8-H----SAF-T-GD------ Q---
5015 NSI
C2.505 0.87 R5,R3 | ---———————- 8-H----SAF-T-GD------ o---
D2.109 0.056 non-viable | ~=---=---- G-H----RAF-T-GE-----~- K---
D2.523 0.28 X4 fj--m—- G-H----RAF-T-GE------ K---
2401 NSI = =
D2.579 0.44 X4 | mmmm—————— G-H----RAF-T-GE------ K---
D2.688 0.84 R5,R3 || --=---—---- G-H----RAF-T-GE------ K---
A2.172 SAAEKLWVTVYYGVPVWKNAVTTLFCASDAKTYDTEAHNVWATHACVPTDPNPQE I ELKNVTENFNMWKNDMVEQMHEDI I SLWDQSLKPCVKLTPL
B2.586 T 1
D2.688 SAAEKLWVTVYYGVPVWKEATTTLFCASDARAYDTEVHNVWATHACVPTDPNPQEVELVNITEQFNIWKNDMVEQMHEDT I SLWDQSLKPCVKLTPL
D2.579
|<--- V1 ———> |<--- v2 ———>
A2.172 CVTLNCTDANTTSSNTTSSNTNSNSGEKMDKGEIKNCSFNVTTNIRDKVQKEYALFYRLDVIPID-NDNT-SYRLINCNTSVITQACPKVSFEPIPT
12.586
D2.688 CVTLNCTD-- ---- LGNDTKLENATLAMERGEIKNCSFNITTSIRDKMQKEYALFYKLDVVPIDDSTNTSSYRLISCNTSVITQACPKVSFEPIPT
D2.579
|<-~- V3
A2.172 HYCAPAGFAILKCNNKMFSGKGPCTNVSTVQCTHGIKPVVSTQLLLNGSLAEEDIVIRSDNLTDNAKTI IVQLKEAVVINCTRPNNNTRKGIYIGPG
B2.586 T
D2.688 HYCAPAGFAILKCKDKKFNGKGQCKNVSTVQCTHGIRPVVSTQLLLNGSLAEEEVVIRSDNFTDNAKTIIVQLKEAVEINCTRPNNNTRKGIHIGPG
D2.579 S AT R
V3 ——=>| |<=-- v4 -
A2.172 RKVYATEKIIGDIRKAHCNISGVKWNNTLKQIATKLREKFGNRTIIFNQSSGGDLEIVMHSFNCGGEFFYCNTTKLFNSTWNGTENATNTGEPKDTI
A2.586 H F
D2.688 RAFYTTGEIIGDIRKAHCNISRAKWNNTLGQIVRKLREQFKNKTIVFNQSSGGDPEIVMHSFNCGGEFFYCNTTQLFNSTWNTTE - -RNVTDDKDPT
D2.579 K D D PNEN
> |<-- V5 —->|
A2.172 TLPCRIKQITNMWOKVGKAMYAPPIKGQIRCSSNITGLLLVRDGGSDNNKTTETFRPGGGDMRDNWRSELYKYKVIRIEPLGVAPTKAKRRVVQREKR
A2.586
D2.688 ILPCRIKQITNMWQEVGKAMYAPPIRGQIRCSSNITGLLLTRDGGDNTNSSSEIFRPGGGDMRDNWRSELYKYKVVKI EPLGVAPTKAKRRVVQREKR
D2.579 T NG N-

FIG. 4. Chimeric virus V3 sequences and alignment of A2 and D2 gp120 proteins. (A) V3 regions of a number of chimeric virus gp120 ORFs
were sequenced from the pHXB2 constructs, shown in the single-letter amino acid code. The consensus sequence was derived from the V3
sequences of the pCDNA3-gp120 ORFs (data not shown), and numbering is based on MN gp120. Residues 11 and 25, previously implicated in
determining the non-syncytium-inducing (NSI)/R5 syncytium-inducing (SI)/X4 phenotype, are underlined, and any residues which vary from the
consensus are highlighted in bold. Residues which do not vary from the consensus are shown as dashes. (B) Peptide translation (single-letter amino
acid code) of two pairs of gp120 sequences with different coreceptor usage, two clones obtained from the A2 sample and two from D2. For the
second sequence in each pair, only the different positions are shown. The upper sequence in each pair is R5 tropic, and the lower is X4 tropic.
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| constant regions
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D2

234-240 (C2)

348 (C3)

! variable regions

FIG. 5. Positions of changes seen in A2 and D2 in the predicted gp120 structure. The crystal structure of gp120 (cartoon format) was drawn
using the RasMol program (48) in the same orientation as in Wyatt et al. (62). Positions at which polymorphisms are seen are highlighted in blue

by space-filling the amino acids on the ribbon structure.

form of the glycoprotein but not in the monomer (2, 59). Our
results suggest that a reduced affinity for CD4 is also apparent in
monomeric gp120 proteins derived from a primary virus isolate
and that since replicate gp120 proteins derived from single pri-
mary virus isolates display a wide range of relative binding affin-
ities for CD4, the overall population may demonstrate a reduced
net affinity.

The ORFs encoding gp120 proteins demonstrating reduced or
negligible binding to sCD4-Ig were cloned from both proviral
DNA and viral RNA sources, suggesting that these variants were
not derived from a latent proviral population. To determine
whether these proteins may have been derived from replication-
competent viruses and to address the possibility that they may
mediate infection via CD4-independent routes, a number of
gp120 ORFs were transferred into the full-length infectious mo-
lecular clone pHXB2. Infection of U87-CD4-CXCR4 cells dem-
onstrated that chimeric viruses expressing gpl120 proteins with
reduced CD4-binding abilities are viable (Fig. 2); furthermore,
their infectivity was shown to be CD4 dependent (Fig. 3). This
suggests that the variant gp120 proteins were derived from infec-
tious virus and that primary viruses are capable of CD4-depen-
dent infection despite a lower ability to bind the receptor, albeit at
a reduced efficiency. These data are in agreement with the work
of Kabat and colleagues (21, 24, 41; reviewed in reference 13),
who demonstrated that, while CXCR4-using primary viruses in-
fect cells in direct proportion to the amount of cell surface-ex-
pressed CD4, infection by laboratory-adapted viruses is indepen-
dent of CD4 levels, suggesting that adaptation to growth in T-cell
lines involves the acquisition of a more efficient CD4-binding
mechanism.

Chimeras expressing gp120s derived from an R5-using iso-
late were a mix of R5/R3- and X4-dependent viruses. Similarly,
chimeras derived from an isolate defined as R5/X4-using
(1629) also demonstrated this mix, although a higher propor-
tion were X4-using. Numbers in each group are, however, too
small to make statistically valid conclusions. However, it is
clear that an isolate with a defined coreceptor preference con-
tains a mix of envelope glycoproteins able to confer entry not
only by the coreceptor preferred by the isolate, but also by
others. This is not unexpected, since all infected individuals in
this study initially displayed R5-using isolates and subsequently
developed X4-using isolates. No correlation was observed be-
tween coreceptor usage of a given isolate and the proportion of
envelope glycoproteins derived from it with high or low sCD4-
IgG binding abilities.

The observation that viruses with reduced CD4 binding in-
dices (B.I. between 0.2 and 0.7) preferentially used CXCR4 as
a coreceptor, while those with a greater ability to bind the
receptor (B.I. > 0.7) used CCRS5 and sometimes CCR3 as a
coreceptor (summarized in Fig. 3) requires further investiga-
tion. To date, however, all chimeric viruses expressing primary
virus-derived gp120 proteins studied in our laboratory have
conformed to this pattern, suggesting a possible mechanistic
difference for infection via CXCR4. Previous work shows that
for infection in vitro, levels of CD4 and CCRS are interdepen-
dent, such that when CD4 is abundant, only trace amounts of
CCRS are required for maximal susceptibility to infection,
whereas cells expressing low levels of CD4 require a much
larger amount of CCRS for infection (41). Mondor and col-
leagues reported that the ability of anti-CXCR4 MAbs to block
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gp120-CXCR4 interaction associated with cell surface CD4
expression levels. Furthermore, the gp120-CXCR4 interaction
could be abolished by MAbs specific for a conformation-de-
pendent CD4-induced binding site (38). This site is normally
only exposed on gp120 which is bound to CD4; however, Wyatt
and colleagues have shown that removal of the V1/V2 region
leads to exposure of this epitope and proposed that the C2
region forms a part of this site (63). Thus, a complex interac-
tion between CD4, coreceptor, and gp120 is a critical determi-
nant of efficient entry; it is plausible that changes in affinity of
the gp120-CD4 component of this interaction may impact on
the coreceptor selected to achieve the most fusion-competent
ternary complex. It will be interesting to assess whether other
sample sets also display the association found here between
CD#4 affinity and chemokine receptor usage.

Complete gp120 sequences from pairs of chimeras with differ-
ent coreceptor usage and CD4 affinity are valuable in mapping
the genetic determinants of the phenotypes observed. In the pair
of sequences derived from isolate 1629 (patient A, sample 2), only
five differences in the deduced peptide sequence were found. In
the C1 region two changes were seen (V49T and M95I; number-
ing by alignment to the HXB2 sequence); however, several au-
thors have shown that this region is not required for CD4 or
coreceptor binding. Indeed, this region of gp120 is absent from
the recently published gp120-CD4 crystal structure (25, 38, 43,
62). In addition, the other pair of cloned sequences showed no
differences in this region, suggesting that these mutations play
little role in the phenotypic changes seen. In the V4 region, two
changes were apparent between the A2 clones (T403H and
P408F). The fifth change apparent between these clones is lo-
cated in the C2 region (M232T). For the second pair of clones
(patient D, sample 2), many more polymorphic sites were seen.
Of the 15 nonsilent differences, 7 were found in the V4 region, 3
in the V5 region, 1 in the C3 domain (R348K), and 4 in C2
(N234S, Q238A, K240T, and S264R). Therefore, changes in the
V4 and C2 regions were the only common features between the
paired clones.

Given the proximity of the changes seen in the V4 to C4
region, which has been shown to be a major determinant of
CD#4 affinity, it is possible that such changes may affect the
exposure of this part of the CD4 binding site and thereby
modulate CD4 binding (33, 40, 43). The changes in the C2
region may also be associated with a change in coreceptor
usage. This region is reported to form part of the CD4-induced
epitope which may affect the gp120-CXCR4 interaction (38,
63). Furthermore, Rizzuto and colleagues reported that muta-
tions in the C2 region abolished both CD4 and CXCR4 bind-
ing, with one mutation at position 257, T to D, being close to
the polymorphic site in the D2 clones (S264R) (43).

The precise mechanism(s) of envelope glycoprotein-CD4-
coreceptor interaction awaits further investigation. The gp120
proteins identified in this study, which are capable of mediating
viral infection despite their reduced ability to bind CD4, will be
useful in the further elucidation of these interactions.
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