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Sera from many HIV-1-infected individuals contain broadly reactive, specific neutralizing antibodies.
Despite their broad reactivity, variant viruses, resistant to neutralization, can be selected in vitro in the
presence of such antisera. We have previously shown that neutralization resistance of an escape mutant with
an amino acid substitution in the transmembrane protein (A582T) occurs because of alteration of a

conformational epitope that is recognized by neutralizing antibodies directed against the CD4 binding site. In
this report we demonstrate that immune escape via a single-amino-acid substitution (A281V) within a

conserved region of the envelope glycoprotein gpl20 confers neutralization resistance against a broadly
reactive neutralizing antiserum from a seropositive individual. We show this alteration affects V3 and
additional regions unrelated to V3 or the CD4 binding site. Together with previous studies on escape mutants
selected in vitro, our findings suggest that immune-selective pressure can arise by multiple pathways.

Numerous studies have shown an association of neutralizing
antibodies with lesser disease manifestation and improved
clinical outcome for both human immunodeficiency virus type
1 (HIV-1)-infected children and adults (37; for a review, see
reference 33). Moreover, the ability of neutralizing antibodies
to protect against HIV-1 infection has been clearly established
by passive immunization of a chimpanzee with a monoclonal
antibody specific for the principal neutralization determinant
(PND) (10, 27, 38) of the gpl20 of isolate HIV-1IIIB and its
subsequent protection from a live HIV-lIIB challenge (5). The
PND of gpl20 is a linear peptide epitope which lies between
two cysteine residues within the third variable (V3) region and
exhibits considerable variation between different strains of
HIV-1 (11, 12, 43, 51). While some antibodies to the conserved
tip of the V3 loop are able to neutralize several HIV-1 isolates
(9, 16), this variability in general limits neutralizing cross-
reactivity between different isolates and restricts the utility of
immune responses elicited by any single specific PND se-
quence for controlling HIV-1 infection (45). Neutralizing
antibody responses with broader specificity have been de-
scribed, including those directed against the CD4 binding site
on gpl20 (for a review, see reference 44) and other, undefined
conformational envelope epitopes (45). Responses to these
epitopes have yet to be efficiently elicited by vaccine prepara-
tions. The progression of HIV-1 infection to AIDS has been
associated with the development of neutralization-resistant
virus strains within an infected individual over time (1, 2)
which generates outbreaks of "mini-viremia" (25). According
to this model, these neutralization-resistant variants would
contribute to erosion of the CD4+ lymphocyte population,
leading to the eventual collapse of CD4+ count and the
development of AIDS. From these observations, it has been
suggested that with regard to humoral immunity, protection
against HIV-1 will best be achieved by a vaccine, or immuno-
therapeutic agent, which elicits broadly reactive neutralizing

* Corresponding author.
t Present address: The Laboratory of Cell Biology, National Insti-

tute of Mental Health, Bethesda, MD 20892.

antibodies against epitopes of HIV-1 that show minimal vari-
ability (7, 13, 21, 25, 30).
One way to identify such sites and elucidate immune escape

mechanisms is to analyze in vitro variants immune selected
with heterotypic antisera. This approach has previously been
used to identify a single-amino-acid substitution (A582T) in
the gp4l transmembrane protein of HXB2 (32), which confers
neutralization resistance to approximately one-third of sera
from seropositive individuals capable of neutralizing the pa-

rental virus (50). The mechanism of neutralization escape by
A582T has recently been identified as the loss of binding by
antibodies which block the binding of gpl20 to CD4 and
therefore inhibit viral infectivity (17). In this report, we have
employed the approach used in the selection and characteriza-
tion of variant A582T (32, 36, 50) to select and characterize
another neutralization-resistant variant of HIV-1, HXB2/
0925. Analysis of envelope clones from variant HXB2/0925
demonstrated that a single point mutation in a relatively
conserved region of gpl20, leading to a valine-for-alanine
substitution at position 281, was sufficient for resistance to
neutralization by the selecting antiserum. Further analysis
indicated that position 281 does not make up part of a linear
neutralization epitope. Moreover, the pathway for immune
escape was not via diminished antibody recognition of either
the PND of gpl20 or the CD4 binding site. We surmise from
these observations that the neutralization escape observed with
the A281V substitution must be due to a conformational
change in gpl20 that results in yet another pathway for
immune escape by HIV-1.

MATERIALS AND METHODS

Cell culture and virus strains. Cos-1 cells were cultured in
Dulbecco modified Eagle medium supplemented with 25 ,ug of
gentamicin per ml-2 mM L-glutamine-10% fetal bovine serum

(FBS), passaged, and subcultured by trypsinization using stan-
dard techniques. H9 cells were grown in RPMI 1640 medium
supplemented with 1 to 2 mM L-glutamine, 10% FBS, and
either 25 ,ug of gentamicin per ml or 100 U of penicillin per ml
and 100 ,ug streptomycin per ml. Viral strain HXB2 was

expressed from a plasmid containing a full-length infectious
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FIG. 1. Amino acid substitutions in immune-selected and molecularly constructed HXB2 variants. Sevcral of the prominent features of the
HIV-1 envelope are depicted, including the variable, CD4 binding, fusion, and transmembrane regions. The HXB2A582T mutation leading to
immune escape via the CD4 binding region (17) is also shown. The F105 recognition sites were taken from reference 47. Amino acid substitutions
resulting from point mutations in naturally derived and molecularly constructed infectious clones are shown. The sequences of peptides 271a1a288
and 454asn471 are also represented.

molecular clone (pHXB2) (6) by electroporating 40 jig of
DNA into 107 trypsinized Cos-l cells by using the Bio-Rad
gene pulser. These cells were plated into a 75-cm2 tissue
culture flask and grown for 24 h before the addition of 107 H9
cells. After 48 h of cocultivation, the H9 cells were removed
and grown separately for an additional 5 to 7 days before the
extent of the infection was assessed by immunofluorescence
assay as previously described (34). The neutralization-resistant
mutant, HXB2/0925, was generated in vitro as previously
described (36). Briefly, 10' irradiated H9 cells infected with
HXB2 were cocultured with 3 x 106 polybrene-treated unin-
fected H9 cells in the presence of 5% FBS and 5% W0925
serum obtained from an HIV-1-seropositive healthy male. The
culture was monitored periodically for expression of HIV-1
p24 by indirect immunofluorescence assay. Molecularly cloned
variant viruses derived from HXB2/0925 and variant con-
structs based on sequences of the cloned variants were ex-
pressed and cultured as described for HXB2.

Synthetic peptides and anti-peptide sera. Synthetic peptides
were purchased from Multiple Peptide Systems (San Diego,
Calif.) as 80% pure preparations. Anti-peptide sera were
produced in goats or guinea pigs by immunization with keyhole
limpet hemocyanin-conjugated peptides emulsified in com-
plete Freund's adjuvant. Booster inoculations were given in
incomplete Freund's adjuvant. The sequences of the V3 pep-
tides were NNTRKRIRIQRGPGRAFVTIGKIGC (HXB2)
and YNKRKRIHIGPGRAFYYTKNIIGC (MN). The car-
boxy-terminal cysteines were added to facilitate keyhole limpet
hemocyanin conjugation. The amino acid sequences of pep-
tides 271ala288 and 454asn477 are shown in Fig. 1. Enzyme-
linked immunosorbent assay (ELISA)-binding titers to pep-
tides, determined as described in reference 35 by using
horseradish peroxidase conjugates of rabbit anti-goat immu-
noglobulin G (IgG), goat anti-guinea pig IgG, or goat anti-
human IgG as appropriate, were defined as the reciprocal of
the serum dilution at which the absorbance of the test serum
was twice that of a control serum diluted 1:100. The titer of

goat anti-271ala288 serum against peptide 271ala288 was
6,400, and the titer of guinea pig anti-271 ala288 serum was 650.
The titer of guinea pig anti-454asn471 serum was 430,000.
Selecting antiserum W0925 showed no detectable binding to
either peptide and had titers of 260 and 930, respectively,
against HXB2 and MN V3 loop peptides.
Immunologic assays. Neutralization sensitivity or resistance

was assessed by using dilutions of fresh supernatant virus from
H9 cells infected with parental or variant viruses and a final
concentration (1:10 dilution) of immune-selecting serum
W0925 or normal human serum (NHS) as previously de-
scribed (36). Following transmission to H9 cell targets, com-
parisons of neutralization sensitivity were made by using viral
dilutions at which infectivity rates in the presence of NHS were
similar for the four viruses. Neutralization titers of HIV-1-
positive human sera obtained from U.S. and European healthy
individuals; human monoclonal antibodies which recognize the
conformationally dependent CD4 binding site on gpl2O (FI05
[29], I5e [15], 120-IBI [Virus Testing Systems Corp., Houston,
Tex.]); murine monoclonal antibodies specific for overlapping
epitopes of the HXB2 V3 loop (M77 [26], IIIB-V3-13 [18],
0.51 [20]); soluble CD4 (American Biotechnologies, Inc.,
Cambridge, Mass.); and anti-peptide antisera were determined
as previously described (34). Neutralizing titers were defined
as the reciprocal of the serum dilution or the antibody or
soluble (sCD4) concentration at which infectivity levels were
60% of control following normalization of the data to control
values.

Construction of variant viruses. DNA was isolated from H9
cells infected with HXB2/0925 by standard protocols (39),
digested with the restriction enzyme Sacl, selected for frag-
ments of 3 to 5 kb, and cloned into lambda Zap (Stratagene, La
Jolla, Calif.). The resulting library was screened with a DNA
probe for the HXB2 envelope using standard techniques (39).
Two positive clones (R12 and R13) were subcloned into
pGEM 4 (Promega, Madison, Wis.) and sequenced by dideoxy
techniques (14, 40). Sacl fragments R12env and R13env were
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FIG. 2. Kinetics of appearance of neutralization escape mutant
HXB2/0925 in the presence of serum W0925. On the days indicated,
cells were removed from the culture, washed, spotted on slides, and
fixed for 10 min with 50% acetone-50% methanol at room tempera-
ture prior to assessment of p24 expression by indirect immunofluores-
cent assay. Under similar conditions in the presence of normal human
serum, 80 to 90% infected cells appear within 7 to 14 days.

cloned into pGEM4 containing the SalI-BamHI fragment of
HXB2, and R12env and R13env SalI-BamHI fragments were

then subcloned into pHXB2 (6), producing plasmids contain-
ing infectious molecular clones R12 and R13.
The mutations N463K and S465L were generated by a

polymerase chain reaction mutagenesis technique described
elsewhere (49), and the resulting variant PvulI-BamHI frag-
ments were subcloned into pGEM4 with the SalI-PvuII frag-
ment of HXB2 to generate variant SalI-BamHI fragments,
which were then subcloned into pHXB2 as described above.
Variant R12/2 was made by cloning the SalI-PvuII fragment of
R13 and the PvuII-BamHI fragment of S465L into pGEM4
and then subcloning this SalI-BamHI fragment into pHXB2.

RESULTS

Immune selection of a neutralization-resistant variant in
vitro. To study neutralization escape mutations occurring
within the envelope of HIV-1, we employed an experimental
protocol previously used to identify an escape mutant with an

alanine (A) to threonine (T) mutation at position 582 (A582T)
in gp4l (32, 36, 50). HXB2, an infectious molecular clone of
HIV-l1IIB, was grown in H9 cells (28), which were then lethally
irradiated. Transmission of HXB2 to nonirradiated H9 cells
was conducted in the presence of antiserum W0925, a broadly
reactive neutralizing antiserum from an HIV-1 seropositive
individual. The kinetics of appearance of a virus resistant to
neutralization by serum W0925 are illustrated in Fig. 2.
Following transient p24 expression in the culture, attributable
to residual irradiated HXB2-infected H9 cells, virus expression
was not evident until the sixth week of culture. At this point,
the resistant virus was steadily propagated, and by day 72 a

productive culture was firmly established. Day 72 infected cells
were subsequently expanded for nucleic acid extraction and
the molecular analysis detailed below. Confirmation that the
emergent virus, designated HXB2/0925, was indeed resistant
to neutralization by the selecting serum was carried out by a

secondary transmission experiment. Cell supernatant from the
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FIG. 3. Cell-free transmission of (a) parental HXI2, (b) HXB2/
0925, (c) R12, and (d) R13 variant viruses in the presence of selecting
neutralizing antiserum WO925 (closed circles), and NHS (open cir-
cles). Transmissions were repeated two to six times; representative
data are depicted.

HXB2/0925 infected culture was tested for its ability to infect
fresh H9 cells in the presence of antiserum W0925 and shown
to be resistant to neutralization (Fig. 3b). In contrast, the
parental virus was efficiently neutralized by the selecting
antiserum (Fig. 3a).

Determination of the molecular basis of neutralization
resistance. A bacteriophage lambda library was generated
from HXB2/0925 DNA and screened for clones containing
the HIV-1 envelope gene. Two positive clones, Rl2env and
R13env, were subcloned and sequenced. Clone Rl2env con-
tained two amino acid substitutions relative to HXB2: a valine
(V) for alanine (A) substitution at envelope amino acid 281
(A281V) (numbering from reference 31) and a lysine (K) for
asparagine (N) substitution at amino acid 463 (N463K). Clone
R13env contained only the A281V substitution. Both envelope
genes were subcloned into pHXB2 to give two infectious
molecular clones of HIV-1, R12 and R13. R12 and R13 were
both resistant to neutralization by W0925 serum (Fig. 3c and
d) and exhibited the same initial lag in infection kinetics as the
original variant, HXB2/0925 (Fig. 3b). These results suggested
that the A281V substitution alone confers resistance to neu-
tralization by selecting antiserum W0925.
To determine whether the N463K substitution, present in

R12 but not R13, had any effect on neutralization of HIV-1 by
antiserum W0925, three further variant viruses, N463K,
S465L and R12/2, were designed (Fig. 1), constructed, and
tested. Variant N463K contained only the N463K substitution
found in variant R12. Variant S465L contained a leucine (L)
for serine (S) substitution at position 465, thereby disrupting
the N-linked glycosylation motif (N-X-S/T, where X is any
amino acid except proline). Variant R12/2 combined both the
A281V and S465L substitutions. The S465L and R12/2 variants
were designed to discriminate between the possible involve-
ment of either the amino acid at position 463 or the N-linked
carbohydrate residues at this site in neutralization escape.
When tested for resistance to neutralization by W0925 serum,
variants N463K and S465L were both sensitive to neutraliza-
tion, whereas variant R12/2 was resistant (Fig. 4). This finding
demonstrated that neither the N463K amino acid substitution
nor the removal of the N-linked carbohydrate at position 463
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FIG. 4. Cell-free transmission of HXB2 variant viruses N463K,

S465L, and R12/2 in the presence of selecting antiserum W0925
(closed circles) and NHS (open circles). The variant viruses were
asscssed twicc with similar results. Control experimcnts with HXB2,
run in parallcl, produced results similar to those shown in Fig. 3.

influences the neutralization of HXB2 by antiserum W0925.
Thus, the A281V substitution alone confers resistance to
neutralization by W0925 serum.

Determination of the immunologic basis for immune escape.
To further characterize the mechanism of the immune escape
by variants of HXB2 containing the A281V mutation, a
synthetic peptide from the 281 region of HXB2 (271ala288)
(Fig. 1) was synthesized, and antisera were raised to this
peptide. These reagents were used to determine whether the
281 region constitutes a contiguous binding site for neutraliz-
ing antibodies. The addition of an excess of peptide 271ala288
to incubation mixtures did not abrogate neutralization of
HXB2 by the immune selecting serum, W0925, nor did it
significantly affect syncytial inhibition of the parental virus by
the same serum. A synthetic peptide from the N463K region
(454asn477) gave similar results. The neutralizing titer of
W0925 scrum on HXB2 in the absence of peptide was 940, in
the presence of 271ala288 was 950, and in the presence of
454asn471 was 1,090. Percent syncytial inhibition of HXB2 by
W0925 serum in the absence of peptide or in the presence of
peptides 271ala288 or 454asn471 was 75, 57, and 83, respec-
tively. Antiscra raised in a guinea pig and a goat against
271ala288 bound to the peptide yet failed to neutralize HXB2
cell-free virus infection or inhibit syncytium formation by
HXB2-infected cells. Similarly, a guinea pig antiserum to
peptide 454asn477 recognized the peptide 454asn471 but failed
to neutralize HXB2.

Additional analysis of the neutralization resistance con-
ferred by the A281V mutation was conducted by analyzing the
rcsistance of the original variant, HXB2/0925, to neutraliza-
tion by a panel of broadly neutralizing antisera from HIV-1-
seropositive individuals. The results of these experiments
showed that HXB2/0925 was still neutralized by all antisera
tested, except for the immune-selecting serum (W0925). How-
ever, the overall mean neutralizing titer of these antisera was
lower against variant HXB2/0925 than against HXB2 (Table
1). Of 12 nonselecting sera tested, 4 (W6235, WN512, WN529,
and W0395) showed little difference in their ability to neutral-
ize either HXB2 or HXB2/0925. Two of the sera (WN510 and
WN524) showed increased neutralizing capabilities on HXB2/
0925 compared with those on HXB2. The remaining six sera

TABLE 1. Neutralization of HXB2 and variant HXB2/0925 by
antisera from HIV-1-seropositive individuals

Ncutralizing titer on:
Serum

HXB2 HXB2/0925

W6235 115 l00
WN510 140 265
WN512 325 300
WN518 275 90
WN524 25 65
RT 965 390
WN529 50 40
W0380 115 65
W0395 90 100
W0426 175 100
W0745 140 50
W0747 565 9(
W0925 890 <25

Mean 298 127
SEM 87 32

(WN518, RT, W0380, W0426, W0745, and W0747) showed
a reduction in neutralizing titer against HXB2/0925. Although
the neutralizing titers of the 12 nonselecting sera were not
sufficiently different to distinguish variant from parental virus,
the twofold decrease in mean neutralizing titer against HXB2/
0925 suggcsts the sera did recognize subtle differences in
epitope presentation between the two viral envelopes.
A previous neutralization escape variant, A582T, selected by

using the same protocol resembles the A281V variant in
possessing a mutation which leads to immune escape in a
region shown not to be a linear neutralizing epitope (50).
Recent work has shown that the mechanism of neutralization
escape by variant A582T is through the alteration of confor-
mational binding sites for antibodies which block the binding
of gpI20 to CD4 (17). This effect has been clearly demon-
strated in the case of variant A582T with several monoclonal
antibodies which recognize the CD4 binding site of gpl20,
most notably the human monoclonal antibody F105, which
neutralizes HXB2 but not variant A582T. Serum RT used to
select variant A582T exhibits a 2.5-fold greater neutralizing
titer against HXB2 than against HXB2/0925 (Table 1), sug-
gesting that the latter might possess an envelope conformation
poorly recognized by conformation-dependent antibodies to
the CD4-binding region of gpl20 present in the selecting
serum. Therefore, to examine the possibility that variant
A281V utilized the same mechanism as A582T for neutraliza-
tion escape, we tested the abilities of monoclonal antibodies
F105, I5e, and 120-lB1 as well as sCD4 to neutralize variants
HXB2/0925, R12, and R13. The results of these experiments
(Table 2) showed no significant differences between HXB2 and
the variants in sensitivity to neutralization by F105, ISe,
120-lBI, or sCD4, indicating that the mechanism of neutral-
ization escape for A281V variant viruses is different than for
the A582T variant, which required more than 81-fold more
F105 for neutralization than HXB2 (17).
By logical extension, we reasoned that if a mutation in gp4l

(A582T) can affect distant conformational antibody binding
sites on a different protein (gpl20), then the A281V mutation
could affect antibody binding sites within the V3 loop of gpl20,
which lies between amino acids 296 and 331, relatively close to
the site of the mutation. To test this possibility, we examined
the ability of neutralizing monoclonal antibodies 0.5S, M77,
and IIIB-V3-13 to neutralize variants HXB2/0925, R12, and

J. VIROL.
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TABLE 2. Neutralization of HXB2 and variant viruses by anti-HIV- I monoclonal antibodies and sCD4

Titer'
Virus stralin

F1()5" lSe" 120-lBI' sCD4' M77" IIIB-V3-13' 0$.5p'
HXB2 290 6.8 10.8 130 1125 6.2 3.8
HXB2/0925 340 10.0 18.6 93 500 9.6 8.8
R12 250 6.4 20.0 200 1625 10.0 12.2
R13 200 8.0 14.0 110 500 9.8 7.4

For low-titcr antibodies, average values were calculated by taking the highest antibody concentration used as the value for samples which were not neutralized.
"Titer defined aIs the reciprocal of the antibody dilution aIt which infectivity was reduced by 75%e.
Concentraition in micrograms per milliliter (nanograms per milliliter for sCD4) at which infectivity was 60% of the control value is listed.

d Titer defined as the reciprocal of the antibody dilution at which infectivity was 60(C'c of the control.

R13. These data showed that a slight increase in the concen-
tration of monoclonal antibodies 0.5,B and IIIB-V3-13 com-
pared with HXB2 was required to neutralize all three variant
viruses, with variant R12 showing the greatest resistance and
monoclonal antibody 0.53 showing the largest increases. The
increases observed, ranging from 2.3- to 3.2-fold for 0.51, were
not sufficient to explain the escape from serum W0925, since
6- to 38-fold more W0925 serum was necessary to neutralize
the variant viruses compared with HXB2. The neutralization
titers of W0925 against HXB2, HXB2/0925, R12, and R13
were 940, 25, 65, and 150, respectively. Corresponding percent-
ages of syncytium inhibition were 75, 14, 39, and 35.

DISCUSSION

Using an established technique for the derivation of neutral-
ization-resistant variants of HIV-1, we selected variant HXB2/
0925 by growing an HIV-1 infectious molecular clone in the
presence of a broadly neutralizing antiserum, W0925. Molec-
ular cloning of the envelope of HXB2/0925 gave two clones,
Rl2env and R13env, which were tested for resistance to
neutralization by antiserum W0925 following subcloning into
the parental virus, HXB2, and using the resulting variant
viruses, R12 and R13, in neutralization assays. The results of
these assays, and tests on additional variant viruses (N463K,
L465S, and R12/2), demonstrated that a single-amino-acid
substitution (a change from alanine to valine at amino acid 281
in gpl2O) found in both R12 and R13 gave rise to the
neutralization-resistant phenotype.

Searches of the AIDS data base (23) to assess the degree of
variation at amino acid 281 in gpl20 among different HIV-1
isolates revealed that four amino acids have been observed at
this site. Of 41 available sequences for review, 33 contain
alanine at position 281, 5 contain valine, 2 contain threonine,
and 1 contains isoleucine. To compare relative antibody reac-
tivities to both the A281 parent and the V281 variant, we
conducted comparative studies of HXB2 and HXB2/0925 with
a panel of human sera from HIV-1-seropositive individuals.
HXB2/0925 was sensitive to neutralization by 12 of 13 human
sera which neutralize HXB2 and was resistant to W0925. This
observation has two alternative explanations: either serum
W0925 differs from the sera of most HIV-1-seropositive
individuals in its inability to recognize A281V variant viruses,
or most sera contain other anti-HIV-1 reactivities which
neutralize regardless of 281 variation. Our data favor the latter
possibility. The lower range of neutralizing titer seen with
natural antisera against HXB2/0925 (Table 1) and the twofold
decrease in the mean neutralizing titer exhibited against
HXB2/0925 compared with HXB2 indicate that while the
majority of seropositive individuals produce antibodies which
neutralize both parent and variant viruses, recognition of the
variant is weaker, suggesting that recognition of the epitope

disrupted by the A281V mutation may have been lost. This
would also agree with the much lower incidence of V281 in the
data base, which, if it accurately reflects the relative incidence
of V281 among infected individuals, would suggest that only 10
to 15% of sera from seropositive individuals would contain this
reactivity. It is not yet known whether the substitution of
threonine or isoleucine for alanine at position 281 in HXB2
would result in similarly reduced antibody reactivity and
enhanced neutralization resistance. Analysis of either T281 or
1281 variants may allow a distinction to be made between the
two alternative mechanisms, since recognition of either variant
should be very rare. It is clear, however, that there are
additional pathways for neutralization that are unaffected by
the amino acid present at position 281.
To establish whether the neutralization escape we observed

was due to the disruption of a linear neutralization epitope by
the substitution of valine for alanine at position 281, we used
two approaches. First, we attempted to block the neutraliza-
tion of HXB2 by W0925 serum with a synthetic peptide
(271ala288) to this region and secondly, we used antisera
raised against this peptide in neutralization studies to deter-
mine whether anti-peptide activity to peptide 271ala288 neu-
tralized HXB2. These studies did not demonstrate any loss of
neutralizing activity by W0925 serum in the presence of
peptide 271ala288 or any neutralizing activity in antiserum to
peptide 271ala288. From these results, we concluded that the
mechanism of immune escape by variants containing the
A281V mutation could not be attributed to the disruption of a
linear neutralization epitope that included amino acid 281.
These observations are consistent with previous reports that no
detectable HIV-1 neutralizing activity has been associated with
antibodies that bind to peptides from this region of gpl20;
however, it is impossible to eliminate the possibility that
neutralizing antibodies to this region may not recognize syn-
thetic peptides. As the mechanism of immune escape of the
variant viruses described here could not be attributed to
alteration of a linear neutralizing epitope in the 281 region, we
carried out additional experiments to elucidate the immuno-
logic basis for the neutralization resistance.

In previous studies of a neutralization-resistant variant (36)
attributed to a point mutation in gp4l (32) (Fig. 1), we
concluded that resistance was due to a conformational change
at a distant location (50). Recently, Klasse et al. (17) have
shown that escape for this variant (A582T) occurred within or
near the CD4 binding site, as the resistant variant is less readily
neutralized by conformationally dependent antibodies directed
to this region, including monoclonal antibody F105 (29). No
effect on neutralization of the A582T variant via the V3 loop
was observed. In addition, binding of antibody Fl05 has been
shown to be impaired by mutations at discontinuous sites
within gp120 (47) (Fig. 1); however, position 281 was not
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evaluated in these experiments. Experiments with F105
showed no significant differences in neutralization titers
against HXB2, HXB2/0925, R12, or R13 (Table 2). In a

related experiment, we found the amount of sCD4 necessary to
inhibit infectivity was similar for HXB2, HXB2/0925, R12, and
R13 (Table 2). Additionally, monoclonal antibodies 15e and
120-1B1, which neutralize HIV-1 via the CD4 binding site,
were equally able to neutralize HXB2 and the A281V-contain-
ing variant viruses. Previous studies of neutralizing monoclonal
antibodies that recognize gpl20 after binding to CD4 have
examined A281V variants but did not find a significant contri-
bution of this mutation to resistance to neutralization by these
antibodies (46). Thus, the A281V mutation does not appear to
affect the conformation of the CD4 binding site, the binding of
antibodies to this site, or the affinity of gpl20 for the CD4
receptor. Therefore, we conclude that the observed neutraliza-
tion resistance to serum W0925 must involve a different site.

In pursuit of this alternative, we compared neutralization of
the parental and variant viruses by monoclonal antibodies M77
(26), IIIB-V3-13 (18), and 0.5,3 (20), which neutralize HIV-
1l1IB-related isolates (including HXB2) through binding to the
V3 domain. Between 2.3- and 3.2-fold more 0.5,B was required
to neutralize HXB2/0925, R12, and R13 than HXB2, a

difference which is insufficient to account for the 6- to 38-fold
difference in the neutralizing antibody titer of W0925 against
the variant viruses compared to HXB2 (Table 2). Antibodies
M77 and IIIB-V3-13 showed smaller differences in neutralizing
titer between HXB2 and the variant viruses than 0.513. Our
data suggest that the variant viruses only minimally resist
neutralization because of a conformational alteration of their
V3 loop resulting from a substitution of V for A at position
281. That this effect on the V3 loops of HXB2/0925, R12, and
R13 is only partial is not surprising considering that the
selecting serum, W0925, possesses negligible antibody capable
of recognizing the HXB2 V3 loop peptide, and only a modest
binding antibody titer to a V3 loop peptide of the HIV-IMN
strain, an early HIV-1 isolate (8, 41) representative of the
consensus sequence of the V3 loop described for isolates in the
United States (19). Most sera from HIV-positive individuals in
the United States and Europe recognize the V3 loop of MN
(3). We conclude the immunologic basis for the neutralization
resistance of HXB2/0925 is not escape via a change in the
CD4 binding site, or primarily escape via a change in V3, but
may depend on local and/or more distant conformational
changes induced by the A281V alteration. Compared to
HXB2/0925, R12 and R13 are somewhat less resistant both to
cell-free neutralization and syncytial inhibition by the W0925-
selecting serum. This may indicate that further variants exist
within the HXB2/0925 population with greater neutralization
resistance than R12 or R13. Analysis of additional neutraliza-
tion-resistant clones of HXB2/0925 and their immunologic
characterization may elucidate the alternate mechanism of
immune escape suggested by our results.

It has recently become clear that immune escape can occur
via the CD4 binding site region on gpl20 (17) as well as via V3.
The latter can involve amino acid substitution within a V3
epitope leading to alteration of a linear (22) or conformational
(4) V3 loop epitope. Amino acid changes outside the V3 loop
can also lead to escape from V3-specific neutralizing antibod-
ies (24). The change from alanine to valine at position 281 has
been observed as one of three amino acid changes in the gpl20
sequences of matched viruses in which one virus is more
resistant to soluble CD4 neutralization (48). Our data suggest
that the A281V mutation alone is not responsible for this
increase in relative resistance to soluble CD4 neutralization
with time in culture, since all three of our A281V-containing

variants were as susceptible to sCD4 neutralization as the
parental virus HXB2 (Table 2).
The region around position 281 has also been implicated in

influencing the structure and function of the V3 loop. A
change from aspartate (D) to asparagine (N) at a position
equivalent to 279 in HXB2 gpl20 has been shown to cooperate
with a histidine (H) for tyrosine (Y) substitution at position
317 in the V3 loop of HIV-1sFl3 with regard to viability (42)
and to be associated with decreased syncytium-forming ability
in HIV-lSF2 (42). From these observations, it would appear
that the 281 region may interact with the V3 loop, affecting its
structure and function. We, however, have detected only a
modest change in the neutralizing titer of monoclonal antibod-
ies that recognize the V3 loop of HXB2 against variants
containing the A281V mutation (Table 2).
On the basis of our studies here, we conclude that immune

escape by HIV-1 from neutralizing antisera occurs via multiple
discrete mechanisms, which in vivo may operate in concert.
This circumstance poses a severe challenge to vaccine devel-
opment and suggests that a successful AIDS vaccine may
require identification of highly conserved, immunogenic (and
probably conformational) regions of critical functional impor-
tance, such that mutation within them would result in a
noninfectious virus. Identification of further mutations that
give rise to immune escape will allow this hypothesis to be
tested, and, if correct, efficient presentation of the relevant
epitopes may lead to the development of a vaccine against
HIV-1.
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