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We previously described the adaptation of the neutralization-sensitive human immunodeficiency virus type
1 (HIV-1) strain IIIB to a neutralization-resistant phenotype in an accidentally infected laboratory worker.
During long-term propagation of this resistant isolate, designated FF3346, on primary peripheral blood
leukocytes in vitro, an HIV-1 variant appeared that had regained sensitivity to neutralization by soluble CD4
(sCD4) and the broadly neutralizing monoclonal antibody b12. When an early passage of FF3346 was subjected
to limiting-dilution culture in peripheral blood mononuclear cells, eight virus variants with various degrees of
neutralization resistance were isolated. Two of them, the sCD4 neutralization-resistant variant LW_H8res and
the sCD4 neutralization-sensitive variant LW_G9sens, were selected for further study. Interestingly, these two
viruses were equally resistant to neutralization by agents that recognize domains other than the CD4 binding
site. Site-directed mutagenesis revealed that the increased neutralization sensitivity of variant LW_G9sens

resulted from only two changes, an Asn-to-Ser substitution at position 164 in the V2 loop and an Ala-to-Glu
substitution at position 370 in the C3 domain of gp120. In agreement with this notion, the affinity of b12 for
monomeric gp120 containing the N164S and A370E substitutions in the background of the molecular clone
LW_H8res was higher than its affinity for the parental gp120. Surprisingly, no correlation was observed between
CD4 binding affinity for monomeric gp120 and the level of neutralization resistance, suggesting that differences
in sCD4 neutralization sensitivity between these viruses are only manifested in the context of the tertiary or
quaternary structure of gp120 on the viral surface. The results obtained here indicate that the neutralization-
sensitive strain IIIB can become neutralization resistant in vivo under selective pressure by neutralizing
antibodies but that this resistance may be easily reversed in the absence of immunological pressure.

Resistance to antibody neutralization is a hallmark of pri-
mary human immunodeficiency virus type 1 (HIV-1) isolates
that have not been passaged through T-cell lines in vitro. This
property allows these viruses to persist in vivo and, as such, has
significant implications for vaccine strategies aimed at inducing
HIV-neutralizing antibodies. Although it is known that HIV-1
becomes neutralization sensitive when cultured in vitro in per-
manent T-cell lines (9, 21, 42, 48), recent studies have shown
that experimental introduction of a chimeric T-cell-line-
adapted, neutralization-sensitive simian-human immunodefi-
ciency virus in a rhesus macaque resulted in adaptation to a
neutralization-resistant phenotype (6, 13, 36).

We previously reported that HIV-1 also has the capacity to
revert from a neutralization-sensitive to a neutralization-resis-
tant phenotype in vivo. The virus variant that was reisolated 7
years after an accidental infection of a laboratory worker in the

United States (27, 28, 31, 37, 46), designated FF3346, had a
neutralization resistance that was comparable to that generally
observed for primary HIV-1 isolates (1). These results sug-
gested that neutralization-sensitive HIV-1 variants lack the
capacity to persist in vivo or, at least, lack the capacity to
dominate the viral quasispecies in vivo in the presence of
neutralizing antibodies.

The increased neutralization resistance of isolate FF3346
was accompanied by 38 amino acid substitutions in the gp120
envelope; three of these involved residues in the CD4 binding
site (CD4bs) of gp120, A281 (replaced with Val), E370 (re-
placed with Ala), and K429 (replaced with Glu). E370 is im-
portant for CD4 binding (24, 25, 39, 40) and contributes up to
57% of the interatomic contacts between gp120 and CD4 (17).
We hypothesized that the striking E370A mutation may have
been the only substitution allowed in the background of
FF3346 that was compatible with replication competence and,
at the same time, provided an escape from CD4bs-directed
neutralizing antibodies in vivo; somewhat similar escape con-
figurations have been described in vitro (19, 20, 44). As neu-
tralization resistance is likely to be dispensable when neutral-
izing antibodies are absent from the environment in which the
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virus is replicating, we reasoned that the resistance of isolate
FF3346 might be lost during propagation in the absence of
neutralizing antibodies, even when only primary lymphocytes,
which are typically used for the culturing of primary virus
isolates, would be used as target cells.

Here, we report that in vitro culturing of the neutralization-
resistant isolate FF3346 on primary lymphocytes indeed re-
sulted in progeny virus with increased sensitivity to neutraliza-
tion by soluble CD4 (sCD4) and the broadly neutralizing
human monoclonal antibody (MAb) b12. This phenotypic
change could be attributed primarily to a dual amino acid
reversion: an Asn3 Ser substitution at position 164 in the V2
loop and an Ala 3 Glu substitution at position 370 in the C3
region of gp120. The results obtained in this study strongly
support the notion that the neutralization resistance of HIV-1
strains is a dynamic process that can easily be modulated de-
pending on the milieu of the replicating virus (32, 45).

MATERIALS AND METHODS

PBMCs. For virus propagation, experiments were performed with phytohe-
magglutinin (PHA)-stimulated peripheral blood mononuclear cells (PBMCs)
with a wild-type CCR5 genotype (CCR5�/�) pooled from at least five healthy
blood donors according to previously described procedures (34). The CCR5
genotype was determined by PCR as described elsewhere (12). PBMCs were
isolated from buffy coats after Ficoll density gradient centrifugation. For PHA
stimulation, 5 � 106 cells/ml were cultured for 3 days in Iscove’s modified
Dulbecco’s medium (BioWhittaker, Verviers, Belgium) supplemented with 10%
fetal calf serum (HyClone, Logan, Utah), penicillin (10 U/ml), streptomycin (10
�g/ml), cyproxin (5 �g/ml), and PHA (5 �g/ml; Murex Biotech, Dartford, En-
gland). Subsequently, cells (106/ml) were grown in the absence of PHA in me-
dium supplemented with 10 U of recombinant interleukin 2 (Chiron Benelux BV,
Amsterdam, The Netherlands) per ml.

Virus isolation. The neutralization-resistant variant FF3346 was reisolated by
cocultivation of PBMCs from healthy donors with PBMCs from an accidentally
infected laboratory worker (designated LW-F) in 1992, approximately 7 years
after the assumed time of infection (46). Recently, biological virus clones were
isolated from the quasispecies of the second PBMC passage of the FF3346
isolate by limiting-dilution coculture of FF3346-infected PBMCs (50 cells/well)
with PHA-stimulated PBMCs (105 cells/well) in 96-well microtiter plates (34).
Each week, culture supernatants were tested for the presence of p24 in an
in-house p24 antigen capture enzyme-linked immunosorbent assay (ELISA).
Simultaneously, half of the cells were transferred to empty microtiter plates, and
105 fresh PHA-stimulated PBMCs were added to propagate the culture. Viruses
were considered clonal when at least one third of the microcultures were posi-
tive. From these p24-positive cultures, virus stocks were grown, and 50% tissue
culture infectious doses (TCID50s) were determined by endpoint dilution.

Molecular cloning and expression of replication-competent viruses. Biological
virus clones LW_H8res and LW_G9sens, resistant and sensitive to sCD4 and MAb
b12 neutralization, respectively, were obtained from the quasispecies of the
FF3346 isolate by limiting-dilution coculture, as described above. Genomic DNA
was isolated from PBMCs infected with either LW_H8res or LW_G9sens. The
entire envelope of strain LW_H8res was amplified by PCR with Taq and Pwo
DNA polymerases (Expand High Fidelity; Boehringer Mannheim, Germany)
with the primer combinations and conditions described previously (1, 43). PCR
products were purified with the GFX purification kit (Amersham Pharmacia)
and inserted into the pGEM-T Easy vector (Promega, Madison, Wis.). To ensure
proper ligation of the inserts, the resulting plasmids were sequenced with a
BigDye terminator cycle sequencing reaction kit (ABI Prism; Applied Biosys-
tems, Warrington, United Kingdom), according to the manufacturer’s protocol,
on an ABI Prism 373S automated sequencer.

To generate the full-length molecular clone of LW_H8res, the pGEM-T vector
containing the LW_H8res envelope gene was digested with SalI and BamHI, and
the resulting fragment (positions 5786 to 8480 of the envelope gene; numbers
relative to the HXB2 reference sequence) was ligated into SalI- and BamHI-
digested pLAI-2, which contains the molecular clone of HIV-1 IIIB (see Fig. 3A)
(26). Recombinant viruses were obtained by transfection of 70% confluent 293T
cells with 10 �g of plasmid DNA and Lipofectamine (Gibco BRL, Breda, The

Netherlands) as described by the manufacturer. Two days after transfection, the
supernatants were used to infect PHA-stimulated PBMCs.

To insert the V1/V2 domain of LW_G9sens into the LW_H8res background,
gp120 of LW_G9sens was digested with SalI and StuI (positions 5786 to 6833
relative to HXB2). The resulting 1047-bp fragment was then ligated to the SalI-
and StuI-digested pGEM-T Easy vector containing the LW_H8res envelope with
a rapid ligation kit (Hoffman-La Roche, Basel, Switzerland). The vector was then
digested with SalI and BamHI, and the resulting fragment was cloned into the
background of pLAI-2. By site-directed mutagenesis, the Ala residue at position
370 and the Asn at position 164 were replaced with Glu and Ser, respectively.
These mutations were introduced into the LW_H8res envelope in the pGEM-T
vector. Therefore, primers containing sequences that encoded the 370Glu or
164Ser residue and one or two silent mutations resulting in an XbaI or SpeI
restriction site, respectively, were designed. For the introduction of both 370Glu
and 164Ser, two PCR products were generated. The two PCR products with the
370Glu sequence were digested with XbaI and then ligated to each other. The
products with the 164Ser-encoding sequence were ligated to each other after
digestion with SpeI. The envelopes generated containing either the 370Glu or
164Ser mutations were ligated into the pGEM-T Easy vector, after which a
SalI/BamHI envelope fragment was cloned into the pLAI-2 background (Fig.
3A).

Neutralizing agents and neutralization sensitivity of HIV-1 variants. All vi-
ruses were tested for neutralization sensitivity to increasing concentrations of
sCD4, b12, HIVIg (a preparation of purified polyclonal immunoglobulin derived
from HIV-infected donors), Amshps (pooled sera from 34 patients from the
Amsterdam Cohort) (50), MAbs gp13, gp68, and F105 (which, like b12, recog-
nize epitopes overlapping the CD4bs on gp120) (30, 35), and MAb 902 (which
binds to the V3 loop of gp120) (7). From each virus isolate, an inoculum of 100
TCID50/ml in a 100-�l final volume was incubated for 2 h at 37°C with increasing
concentrations of sCD4, serum, or antibody. Subsequently, 105 PHA-stimulated
human PBMCs were added to the mixtures in 96-well microtiter plates.

To avoid interference of anti-p24 antibodies in patient sera in the subsequent
p24 ELISA, plates incubated with HIVIg or Amshps were washed the following
day. On days 7 and 14, virus production in supernatants was analyzed in triplicate
with an in-house p24 antigen capture ELISA. The percent viral inhibition was
calculated as the mean reduction in p24 production of cultures in the presence
of the neutralizing agent compared to that in viral cultures in the absence of
neutralizing ligand. In general, 50% inhibitory concentrations (IC50) were de-
termined by linear regression.

Binding of monomeric gp120 of HIV-1 variants to MAbs b12 and CD4-IgG2.
To determine the relative binding affinities of MAbs b12 and CD4-IgG2, which
was used in this assay as a surrogate for sCD4, a gp120 ELISA was performed as
described recently (21, 25). HIVIg, at 1 �g/ml, was used to ensure that equivalent
amounts of gp120 were captured onto microtiter plates coated with a polyclonal
antibody to the C5 region of gp120 (Aalto Bioreagents). Bound antibody was
detected with a peroxidase-conjugated anti-human immunoglobulin secondary
antibody in conjunction with tetramethylbenzidene (TMB; Pierce) as the sub-
strate. Color development was stopped by adding sulfuric acid (2 M), and
absorbance was measured at 450 nm. Apparent binding affinities were calculated
as the antibody concentration at half-maximal binding.

RESULTS

Isolation and characterization of HIV variants with various
neutralization sensitivities that are present in the quasispecies
of the FF3346 isolate. Seven years after the presumed time of
accidental infection of an American laboratory worker with the
neutralization-sensitive HIV-1 strain IIIB, a neutralization-re-
sistant variant, denoted FF3346, that was highly resistant to
neutralization by sCD4 and MAb b12 was isolated. Although
FF3346 was only propagated in PBMCs in vitro, virus progeny
that had regained sensitivity to neutralization by sCD4 and
MAb b12 emerged after eight successive PBMC passages span-
ning a period of 6 years of in vitro cultivation. Upon perform-
ing limiting dilution of cryopreserved PBMCs that were in-
fected with the second passage of the FF3346 isolate, we
obtained eight virus variants that were either sensitive or re-
sistant to neutralization by sCD4 (data not shown). Analysis of
the gp120 envelope sequences from these eight virus variants
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showed that the presence of a Glu residue at position 370
correlated with a neutralization-sensitive viral phenotype,
whereas an Ala at position 370 was present in the neutraliza-
tion-resistant virus variants (data not shown).

We selected two virus variants, LW_H8res and LW_G9sens,
with opposite neutralization sensitivities for sCD4 and MAb
b12. LW_G9sens differs from LW_H8res at only 10 positions,
including the residue at position 370 (Ala for LW_H8res and
Glu for LW_G9sens; Fig. 1). For the LW_H8res virus variant,
the IC50s of sCD4 and MAb b12 were 12 and �100 �g/ml,
respectively, compared to 0.8 and 1.6 �g/ml, respectively, for
the LW_G9sens virus variant (Fig. 2a and b).

Compared to the T-cell-line-adapted strain IIIB, LW_H8res

and LW_G9sens were both relatively resistant to neutralization
by MAbs gp13, gp68, and F105, which recognize epitopes over-
lapping the CD4bs of gp120, and MAb 902, which binds to the
V3 loop of gp120 (Fig. 2c to f). The two viruses were also less
sensitive than IIIB to neutralization by two polyclonal immu-
noglobulin preparations derived from HIV-infected donors
(HIVIg and Amshps; Fig. 2g and h).

Molecular determinant for neutralization sensitivity of
FF3346-derived HIV-1 variants. To gain insight into the mo-
lecular basis for sCD4 and MAb b12 neutralization sensitivity,
a molecular clone of LW_H8res was generated by inserting the
envelope gene of LW_H8res into the vector pLAI-2, which
contains the molecular clone of IIIB. The resulting plasmid,
pLAI-H8, was then used as a template to generate chimeric
viruses and for site-directed mutagenesis (Fig. 3A). We first
focused on the role of residue 370 in the neutralization sensi-
tivity of the FF3346-derived virus variants, as this residue is
highly conserved among HIV-1 isolates and directly involved in
CD4 binding. Moreover, the presence of an Ala residue at
position 370 always correlated with resistance to sCD4 and
MAb b12 neutralization in the eight variants isolated from the
FF3346 quasispecies.

By site-directed mutagenesis, an Ala3 Glu substitution was
introduced at position 370 in pLAI-H8 to yield pLAI-H8/E370.
Furthermore, chimeric viruses were generated in which a SalI-

StuI fragment containing the V1/V2 region of the LW_G9sens

envelope was cloned into pLAI-H8 and pLAI-H8/E370 to yield
pLAI-H8/G9V1V2 and pLAI-H8/G9V1V2/E370, respectively
(Fig. 3A). Resistance to neutralization by sCD4 and MAb b12
was observed for viruses derived from pLAI-H8, pLAI-H8/
E370, and pLAI-H8/G9V1V2 (Fig. 3B), indicating that the pres-
ence of a Glu residue at position 370 or of the V1/V2 domain
of LW_G9sens in the background of LW_H8res did not result in
virus with a neutralization-sensitive phenotype. In contrast,
virus derived from pLAI-H8/G9V1V2/E370 was highly sensitive
to neutralization by sCD4 and MAb b12 (Fig. 3B). In fact, the
neutralization sensitivity was comparable to that of virus vari-
ant LW_G9sens.

Considering that the V1/V2 fragment of LW_G9sens is dif-
ferent from that of LW_H8res only at positions 141, 144, and
164, we compared the residues at these positions with the
observed sensitivity of all eight virus variants that were isolated
from the quasispecies of FF3346 to neutralization by sCD4 and
b12. For all eight clones, the presence of a Ser residue at
position 164 in the V2 loop of gp120 correlated with a neu-
tralization-sensitive phenotype, whereas residues at the other
positions varied irrespective of the neutralization sensitivity of
the virus variant (data not shown). To confirm that a combined
N164S/A370E substitution was indeed responsible for the neu-
tralization sensitivity of LW_G9sens, we performed site-di-
rected mutagenesis with pLAI-H8 and pLAI-H8/E370 as tem-
plates to replace the Asn at position 164 with Ser. The resulting
plasmids were designated pLAI-H8/S164 and pLAI-H8/S164/
E370, respectively (Fig. 3A).

Virus derived from pLAI-H8/S164 was resistant to neutral-
ization by sCD4 and MAb b12 (IC50, �12.5 �g/ml for both
sCD4 and MAb b12; Fig. 3B). However, virus derived from
pLAI-H8/S164/E370, which contains the dual N164S and
A370E substitutions, was sensitive to neutralization by sCD4
and b12. The sensitivity to neutralization was equivalent to that
observed for virus variant LW_G9sens (0.4 and 4.0 �g/ml, re-
spectively).

To determine whether the differences in neutralization sen-

FIG. 1. Amino acid sequences of virus clones LW_H8res and LW_G9sens in comparison to IIIB. The viruses were isolated by limiting dilution
from PBMCs infected with an isolate (FF3346) obtained 7 years after accidental infection of a laboratory worker. The predicted amino acid
sequences of the envelope glycoproteins were derived from the consensus sequences of the envelope fragments ranging from V1 to V5, which were
amplified and sequenced from DNA isolated from infected PBMC cultures. Variable and constant domains are indicated, and the numbering of
amino acid positions is relative to HXB2; dots indicate residues identical to those in the reference sequence, and dashes indicate amino acid
deletions relative to HXB2. The location of the restriction site for StuI is also depicted.
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sitivity correlated with changes in binding affinity for gp120, we
subsequently performed an ELISA with monomeric gp120
from the different mutant viruses after NP-40 lysis of virus-
containing culture supernatant from infected PBMCs. Al-
though we cannot be absolutely certain that this preparation
contains only monomeric gp120, previous studies have dem-
onstrated that the antibody preparation used in this assay for
antigen capture does not bind or binds very weakly to oligo-
meric forms of gp120 and gp120-gp41 complexes, indicating
that most likely only binding to monomeric gp120 is being
measured here (14, 21–23). In agreement with its neutraliza-
tion sensitivity for MAb b12, monomeric gp120 from virus
derived from pLAI-H8/S164/E370 bound b12 with relatively
better affinity than gp120 from neutralization-resistant variants
(Fig. 4a). The relative antibody binding affinity for gp120 from

virus derived from pLAI-H8/S164/E370 was lower than that for
wild-type virus IIIB, which also agrees with the higher sensi-
tivity of IIIB to b12 neutralization (Fig. 2). For CD4-IgG2, we
did not observe a correlation between binding affinity for mo-
nomeric gp120 and the degree of sCD4 neutralization resis-
tance for the corresponding virus (Fig. 4b). Thus, it appears
that changes in the binding affinity of CD4 for monomeric
gp120 from the neutralization-resistant and -sensitive viruses

FIG. 2. Neutralization sensitivity of LW_H8res (open circles),
LW_G9sens (solid circles), and IIIB (gray diamonds). We incubated
100 TCID50 of each virus inoculum with increasing concentrations of
(a) sCD4, (b) MAb b12, (c) MAb gp13, (d) MAb gp68, (e) MAb F105,
(f) MAb 902, (g) pooled polyclonal serum Amshps, and (h) pooled
polyclonal serum HIVIg. MAbs b12, gp13, gp68, and F105 are directed
to epitopes overlapping the CD4bs of gp120, whereas MAb 902 is
directed to an epitope in the V3 loop of gp120. Incubation of virus with
sCD4, MAbs, or sera was performed for 2 h at 37°C before PHA-
stimulated PBMCs were added. The concentration of p24 in culture
supernatants was measured, and the percent viral inhibition was cal-
culated as the mean reduction in p24 level in triplicate cultures in the
presence of the neutralizing ligand compared to that in cultures with
virus only. IC50s were determined by linear regression when possible.
Neutralization assays were performed at least twice.

FIG. 3. Construction of chimeric virus clones and analysis of their
sensitivity to neutralization by sCD4 and MAb b12. (A) The SalI/
BamHI fragment of the LW_H8res gp120 envelope was inserted into
the pLAI-2 vector, which contains the molecular clone of HIV-1 strain
IIIB, to yield pLAI-H8. Site-directed mutagenesis was used to engi-
neer three different variants of pLAI-H8 with amino acid substitutions
at positions 164 and 370, pLAI-H8/E370, pLAI-H8/S164, and pLAI-
H8/S164/E370 (the changes of A370 to Glu and N164 to Ser in the
background of pLAI-H8 are depicted). In addition, the V1/V2 frag-
ment of strain LW_G9res was placed into pLAI-H8, to yield pLAI-H8/
G9V1V2, or into pLAI-H8/E370, to yield pLAI-H8/E370/G9V1V2.
(B) Neutralization sensitivity of the chimeric molecular virus clones
pLAI-H8 (open squares), pLAI-H8/G9V1V2 (open circles), pLAI-H8/
E370/G9V1V2 (solid circles), pLAI-H8/E370 (solid squares), pLAI-H8/
S164 (open triangles), and pLAI-H8/S164/E370 (solid triangles) for
sCD4 and MAb b12. Virus stocks of the chimeric molecular clones
were obtained by infection of PHA-stimulated PBMCs with superna-
tant from transfected 293T cells. Neutralization experiments were per-
formed as described for Fig. 1.
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do not correlate with changes in affinity for functional oligo-
meric gp120 present on the surface of the virus.

DISCUSSION

Broad resistance of primary HIV-1 isolates to neutralizing
antibodies is typically lost when the viruses are adapted to
growth in permanent T-cell lines. The underlying mechanism
for this phenotypic change is not fully understood but is most
likely driven by either the absence of neutralizing antibodies,
which results in removal of antibody-imposed selective pres-
sure, or the limited availability of CD4 on permanent T-cell
lines. In the latter case, the low expression level of CD4 on
T-cell lines may select for a more open quartenary conforma-
tion of the viral envelope glycoproteins (29), which, coinciden-
tally, results in better accessibility for antibodies and other
neutralizing agents.

The increased neutralization sensitivity of resistant primary
HIV-1 isolates after passage on primary lymphocytes has not
been reported previously, and it may be argued that the num-
ber of passages may have been too small to allow the accumu-
lation of mutations required for the development of a neutral-
ization-sensitive phenotype. In our present study, the
prolonged successive propagation in primary lymphocytes of
the neutralization-resistant isolate FF3346, which was recov-
ered from a laboratory worker who was accidentally infected
with the neutralization-sensitive strain IIIB (46), led to the
emergence of progeny virus variants, some of which had re-
gained sensitivity to neutralization by sCD4 and MAb b12.
This observation emphasizes that not the propagation in T-cell
lines, but merely the absence of neutralizing antibodies in vitro
may allow the selection of virus variants that have lost their
resistance to neutralization. This most likely occurs in return
for a higher efficiency of binding to the cellular CD4 entry
complex, which has been reported to be typically inefficient in
primary isolates (22). However, although sensitivity to neutral-
ization by sCD4 and b12 was increased, resistance to neutral-

ization by other MAbs against the CD4bs as well as an MAb
against the V3 loop remained the same. Progeny virus variants
that were sensitive to neutralization by sCD4 and b12 were as
sensitive to neutralization by two polyclonal sera as resistant
progeny variants.

Our observations also reemphasize the importance of limit-
ing the number of passages in vitro to preserve the phenotype
of primary HIV isolates. Although we first observed a large
population of HIV-1 variants with increased neutralization
sensitivity after a 6-year period during which the virus was
passaged eight times on primary lymphocytes, our findings do
imply that changes in neutralization sensitivity may occur at
even earlier time points during short-term culture on primary
lymphocytes, as evidenced by the isolation of neutralization-
sensitive progeny even after the second passage of the resistant
parental isolate FF3346. Whether this will also occur with
more typical primary HIV-1 isolates remains to be determined.
However, one way to avoid the possibility of introducing a
phenotypically mixed viral quasispecies when determining the
neutralization sensitivity of primary virus isolates would be the
use of single-round neutralization assays with envelope se-
quences that have been cloned directly from the primary vi-
ruses (4, 10, 11, 15, 32, 45).

The HIV-1 isolate FF3346 had 38 amino acid substitutions
in its gp120 envelope gene in comparison to that of the neu-
tralization-sensitive virus IIIB with which the laboratory
worker was accidentally infected. Among these substitutions
was a Glu3 Ala mutation at position 370. This substitution is
striking, considering the highly conserved nature of this residue
(http://hiv-web.lanl.gov/content/hiv-db/mainpage.html). Inter-
estingly, in the neutralization-sensitive progeny of FF3346 des-
ignated LW_G9sens, the Ala at position 370 was re-replaced
with Glu. However, site-directed mutagenesis showed that the
difference between FF3346 and its neutralization-sensitive
progeny in susceptibility to neutralization by sCD4 and MAb
b12 was determined not only by a Glu or Ala residue at posi-
tion 370, but also by the replacement of the Asn residue at
position 164 in the V2 loop with Ser, which is also found in the
neutralization-sensitive strain IIIB. Considering that the inter-
action of the conserved E370 residue with CD4 is assumed to
be essential for virus binding to and entry into the target cell
(24, 38), we speculate that the Ala substitution at position 370
in the LW_H8res strain may have been selected to escape from
CD4bs-directed antibodies that were induced upon infection
of the laboratory worker. This is supported by previous studies,
which have shown that substitution of the E370 residue in
either HXB2 (X4 dependent) or YU2 (R5 dependent) results
in diminished gp120 binding to sCD4, CD4bs antibodies, and
antibodies to CD4-induced epitopes (24, 25, 33, 41, 49). Com-
parable escape mechanisms have also been described by others
(18–20, 44, 45).

The presence of a virus variant in which the Ala residue at
position 370 had been re-replaced with Glu suggested that
having this residue at position 370 in the background of the
IIIB gp120 envelope may provide the virus with better repli-
cation fitness. However, short-term replication kinetics were
indistinguishable between LW_H8res and LW_G9sens in
PBMCs in vitro, with comparable maximum p24 antigen levels
(data not shown). In further agreement, neither LW_H8res nor
LW_G9sens became the dominant virus variant in a direct

FIG. 4. Binding of MAbs b12 and CD4-IgG2 to monomeric gp120
of IIIB (solid squares) and gp120 of virus derived from pLAI-H8 (solid
triangles), pLAI-H8/E370 (open triangles), pLAI-H8/S164 (solid cir-
cles), and pLAI-H8/S164/E370 (open circles). gp120, standardized to
equivalent amounts by using HIVIg (1 �g/ml), was captured on mi-
crotiter plate wells with an anti-C5 antibody and then probed with
antibody at the concentrations indicated. Absorbance was measured at
450 nm after 30 min.
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4-week competition experiment, implicating that fitness differ-
ences under our in vitro conditions, if any, are marginal (data
not shown). Thus, merely having a Glu at position 370 does not
appear to endow LW_G9sens with increased viral fitness over
LW_H8res. Reincorporation of the Glu residue may therefore
only be advantageous in the context of other amino acid sub-
stitutions that differ between the two variants.

Conversely, the preservation of fitness of the LW_H8res vari-
ant, with the Ala at position 370, may have been established by
compensatory mutations elsewhere in gp120 (Fig. 1a) (1). Of
note here is the N164S substitution in the V2 loop, which has
previously been reported to compensate for the altered repli-
cation competence of a b12-neutralization escape mutant of
JR-CSF (20). How this mutation influences exposure of the
CD4bs on the virus remains to be established, but it is likely to
have an influence on the efficiency of CD4 binding to target
cells. Our finding that a neutralization-sensitive phenotype
may emerge and be selected on primary cells may also apply in
vivo. With progression of disease, neutralizing antibody titers
may drop when CD4�-T-cell counts decline (3, 5, 8, 47). Under
these conditions, HIV variants with reduced neutralization re-
sistance but increased replication kinetics may emerge. We
have indeed demonstrated the presence of more rapidly rep-
licating viruses with progression of disease (2, 16, 43). This
implies that neutralizing antibodies contribute to the control of
even neutralization-resistant HIV by continuously selecting vi-
rus variants with a neutralization-resistant phenotype and co-
inciding impaired replicative capacity.

Based on the in vivo readaptation of the T-cell-line-adapted
strain IIIB to neutralization resistance, we previously con-
cluded that the neutralization resistance of primary HIV can
indeed be considered an escape mechanism (45). This idea was
supported by the observation that despite cellular and humoral
immune responses elicited in the accidentally infected labora-
tory worker, virus replication could not be suppressed (27, 28,
31, 37). The in vitro reversal towards a neutralization-sensitive
phenotype during propagation on primary cells in the absence
of neutralizing antibodies, as shown here, further supports this
hypothesis. Moreover, the observation that only two substitu-
tions in gp120, N164S and A370E, are sufficient for this phe-
notypic change not only indicates that previously assumed del-
eterious mutations in gp120 may be compatible with replication
competence, but also demonstrates that such simple mutations
may offer the virus a mechanism to adapt rapidly when faced
with inadequate antibody responses (18, 19, 32, 45).
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