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Individuals infected with human immunodeficiency virus type 1 (HIV-1) harbor a mixture of viral variants
with different sequences and in some instances with different phenotypic properties. Major and rapid fluctu-
ations in the proportion of viral variants coexisting in an infected individual can be observed under strong
pharmacological and immune selective pressure. Because of the short half-life of HIV-infected cells and of HIV
virions in the blood, plasma virus populations are highly relevant to HIV evolution in the face of these selective
pressures. Here we analyzed the sensitivity to antibody-mediated neutralization of viral variants coexisting in
the plasma virus populations of two infected patients. For each patient, several replication-competent viral
clones were constructed that carry primary envelope gene sequences obtained from a single plasma sample.
Viral clones differed in their tropism and replicative capacity and in the number and positions of glycosylation
sites in the envelope glycoproteins. Viruses were tested against heterologous and autologous sera obtained at
different time points. Interestingly, we found that viral variants coexisting in each plasma sample were highly
heterogeneous in terms of sensitivity to neutralization. The order of sensitivity depended on the serum used
and was not associated with virus tropism. The neutralization potency of sera increased with the duration of
the infection for both autologous and heterologous neutralization.

Antibody-mediated neutralization is an essential mechanism
of protection against several pathogens, but its role in protect-
ing and limiting the spread of human immunodeficiency virus
type 1 (HIV-1) infection is unclear (2, 17, 31, 32, 35, 37, 38).
Two lines of evidence support the idea of the ability of humoral
immunity to influence the outcome of retroviral infection: (i)
effective protection was obtained by passive transfer of anti-
bodies before experimental exposure of macaques to patho-
genic strains of simian/human immunodeficiency viruses (3, 29,
34, 52), and (ii) higher levels of neutralizing antibodies are
found in patients who are long-term nonprogressors compared
to individuals with more-rapid disease progression (8, 33, 37).
Progression of HIV pathogenesis in spite of the presence of
neutralizing antibodies could result from inefficient neutraliza-
tion, delayed antibody production, and rapid virus adaptation.

Recent longitudinal studies precisely measured both the in-
crease in the potency of the antibody response and the evolu-
tion of the susceptibility of viruses to neutralization during the
course of infection (1, 16, 41, 54). Interestingly, sexually trans-
mitted viral variants appear to be particularly sensitive to neu-
tralization by antibodies (14), suggesting that reduced sensitiv-
ity to antibodies comes at a cost in terms of virus replicative
capacity. Potent antibody response is mounted very early in
HIV infection in a percentage of patients (41), and the lack of
control of virus spread is currently attributed to the continual
selection of escape variants (41, 54). A close competition is
thus engaged early in the course of infection between the

capacity of the virus to modify its antigenic determinants and
the ability of the immune response to adapt to these changes.
In this context, HIV genetic variability and rapid viral turnover
confer sufficient advantage to the virus to grant virus persis-
tence and spread. The mechanisms involved in viral escape
from neutralizing antibodies include accumulation and shuf-
fling of glycosylation sites (4, 10, 39, 48, 54) as well as confor-
mational masking of receptor binding sites (22).

In view of the rapid replication dynamics of HIV in vivo (27,
53, 55), one would predict that at any given time point, viral
variants coexisting in an infected individual might be relatively
homogeneous in terms of susceptibility to neutralization, since
the more sensitive strains should be rapidly cleared. Here we
analyzed the sensitivity to antibody-mediated neutralization of
viral variants coexisting in the plasma virus populations of two
infected patients. Plasma was chosen as the virus source, be-
cause fluctuations in the virus population due to changes in the
selective pressure can be detected very early in this compart-
ment (6, 27, 53, 55). For each patient, several replication-
competent viral clones were constructed that carry primary
envelope sequences obtained from a single plasma sample.
The two treatment-naı̈ve patients studied here were previously
characterized as carrying virus populations capable of using
both CCR5 and CXCR4 chemokine receptors (47), allowing
the comparison of levels of sensitivity to neutralization as a
function of virus tropism. Viral clones were characterized for
their chemokine receptor usage, viral replicative capacity, and
sensitivity to antibody-mediated neutralization by use of both
autologous and heterologous sera. Interestingly, we found that
viral variants coexisting in each plasma sample were highly
heterogeneous in terms of sensitivity to neutralization. The
level and the order of sensitivity of different clones depended
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on the serum used, and neutralization sensitivity was not as-
sociated with chemokine receptor usage or with the replicative
capacity of virions.

MATERIALS AND METHODS

Cell culture. 293-T cells were cultivated in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal calf serum and antibiotics (50 IU/ml
penicillin and 50 �g/ml streptomycin) (complete DMEM). U373MG-CD4 cells
stably transfected with an expression vector for the chemokine receptor CCR5 or
CXCR4 (23) were cultured in complete DMEM in the presence of 10 �g of
puromycin/ml and 100 �g of hygromycin B to maintain the expression of the
receptors. The HeLa-derived P4C5 cell line, characterized by constitutive ex-
pression of CXCR4 and stably transfected with an expression vector for CD4 and
CCR5 (26), was maintained in complete DMEM containing hygromycin B (100
�g/ml).

Amplification and cloning of patient-derived envelope sequences. We ampli-
fied viral envelope sequences from two symptomatic, untreated patients, patients
T28 and T5, characterized by 30 and 13 CD4� T lymphocytes per mm3, respec-
tively, and 105 and 106 viral RNA copies/ml of plasma. Viral RNA was isolated
from frozen plasma samples by use of a Roche Amplicor kit (Roche Diagnos-
tics). An initial reverse transcriptase PCR (RT-PCR) amplification was carried
out using the following primers: E00, 5�GAAAGAGCAGAAGACAGTGGCA
ATGA3� (nucleotides [nt] 6196 to 6224 of pNL4-3) (43), and E01�, 5�TCCAG
TCCCCCCTTTTCTTTTAAAAA3� (nt 9054 to 9079 of pNL4-3) (43). An ali-
quot of the RT-PCR product was then used in a nested PCR with the following
primers: E10, 5�TTGTGGGTCACAGTCTATTATGGGGT3� (nt 6320 to 6345 of
pNL4-3) (43), and FuB, 5�GGTGGTAGCTGAAGAGGCACAGG3� (nt 8503 to
8522 of pNL4-3) (23). By this approach, a 2,200-bp product spanning the gp120
and most of the gp41 region was obtained (23). This PCR product was column
purified (QIAGEN) and cloned using a Topo-TA cloning kit (Invitrogen) ac-
cording to the manufacturer’s instructions.

Primary envelope sequences of independent clones were then transferred in a
variant of pNL4-3, pNL4-3XC-MS2, which contains an MluI site in the C1
domain of gp120 (nt 6435) in addition to the natural BamHI site in the cyto-
plasmic domain of gp41 (nt 8465). To allow cloning, the MluI and BamHI
restriction sites were introduced in the subcloned envelope sequences (BamHI
was sometimes present in the primary sequences) by use of a QuikChange
site-directed mutagenesis kit (Stratagene) and the following primers: NBam(�)
(5�CGATTAGTGAACGGATCCTTAGCACTTATCTGGG3�) and NBam(�)
(5�CCCAGATAAGTGCTAAGGATCCGTTCACTAATCG3�) for patient T28
or NBamT5(�) (5�GATCCGGGACATTAGTGGATGGATCCTTAGCAATT
TTCTGG3�) and NBamT5(�) (5�CCAGAAAATTGCTAAGGATCCATCCA
CTAATGTCCCGGATC3�) for patient T5 and MluV(�) (5�GGGCCACACA
CGCGTGTGTACCCACAG3�) and MluV(�) (5�CTGTGGGTACACACGCG
TGTGTGGCCC3�). The MluI/BamHI fragment was then excised from the
pCR2.1 plasmid and transferred in pNL4-3XC-MS2.

Sequence analysis. Nucleotide sequences of primary envelope subclones were
analyzed using Sequence Navigator and were manually corrected and aligned
using the Clustal X program (49) followed by visual inspection and manual
adjustment. Based on these sequences, distance-matrix based trees were built
using the neighbor-joining method (42) and the Kimura’s two-parameter model
of nucleotide substitution (20), after gap stripping. The reliability of the branch-
ing order was estimated by performing 100 bootstrap replicates. Amino-acid
sequences were inferred from nucleotide sequences.

Transfection of proviral clones and production of viral stocks. Transfection of
293-T cells with proviral constructs was carried out using polyfectamine (QIA-
GEN) according to the manufacturer’s instructions. Briefly, 12 �g of the proviral
DNA in a final volume of 450 �l of DMEM were mixed with 120 �l of poly-
fectamine and incubated for 5 to 10 min at room temperature, and 3 ml of
complete DMEM was added and used to transfect subconfluent 293-T cells in a
10 ml final volume, in 75-cm2 flasks. At 12 to 18 h after transfection, cells were
washed with phosphate-buffered saline (PBS) and fresh medium was added.
Viral supernatants were harvested every 24 h during 3 days, centrifuged, and
frozen (�80°C).

Determination of viral infectivity. After determination of p24 antigen concen-
trations of viral stocks (p24 detection kit; NEN), serial dilutions of supernatants
were used to infect P4C5 cells in presence of 20 �g/ml DEAE dextran. After an
incubation period of 12 h, medium was replaced by fresh medium containing 1
�M zidovudine to guarantee a single cycle of viral infection. After 48 h, infection
of target cells was determined in a CPRG (chlorophenolred-�-D-galactopyrano-
side) assay (51) or by blue staining using X-Gal (5-bromo-4-chloro-3-indolyl-�-

D-galactopyranoside). Briefly, cells were washed with PBS and fixed using 0.5%
glutaraldehyde in PBS. A total of 60 �l of an X-Gal solution (4 mM potassium
ferricyanide, 4 mM potassium ferrocyanide, 0.4 mg X-Gal, 2 mM MgCl2 in 1�
PBS) was added. After 3 h at 37°C, the reaction was stopped by replacing the
X-Gal solution with PBS, and blue cells were counted using a light microscope.
The dilution of supernatant in which infection of target cells was observed in
50% of the wells (50% tissue culture infectious dose [TCID50]) was determined
for each virus.

Neutralization assay. Viral stocks were diluted to obtain 400 TCID50/ml in
complete medium containing 40 �g/ml DEAE dextran; a volume of 60 �l was
then incubated for 1 h at 37°C with 60 �l of serial dilutions of decomplemented
serum in complete medium. Aliquots of 100 �l of the virus/serum mixture,
corresponding to 20 TCID50/well, were used to infect P4C5 target cells (26)
(10,000 cells/well seeded in 96-well microtiter plates 24 h before infection). As
for the infectivity assay, medium was replaced by fresh complete DMEM con-
taining 1 �M zidovudine 12 h after infection. After 48 h of incubation, a CPRG
assay was carried out. Optical density values were measured 30 min to 8 h after
addition of substrate.

Determination of the effective concentration for 50% inhibition (EC50 values).
The optical density (OD) value obtained in absence of human serum was taken
as 100% infectivity. In each experiment, a pool of sera from HIV-negative donors
was used as a control. To calculate the percentage of residual infectivity in the
presence of different serum dilutions, the ratio between the OD value measured
for the sample serum and the OD value in presence of negative serum at the
same dilution was calculated and multiplied by 100. Serum dilutions required to
reduce 50% of infectious events (EC50) were extrapolated in a nonlinear regres-
sion using Prism (GraphPad Software), by plotting the residual infectivity as a
function of the serum dilutions. Values of EC50 (and not EC90) were used
because they can be more precisely evaluated, being derived from the linear
portion of the sigmoid curve.

Nucleotide sequence accession numbers. Sequences corresponding to the V1-
to-V3 region of 25 clones from patient T5 and 19 clones from patient T28 have
been deposited in the EMBL database under the following accession numbers:
AJ888821 to AJ888864. Full-length envelope sequences of five clones from
patient T28 and five clones from patient T5 have been deposited in the EMBL
database under the following accession numbers: AJ810475.2 to AJ810484.2

RESULTS

Analysis of plasma virus sequence variability. Envelope se-
quences spanning the entire gp120 domain and most of gp41
were RT-PCR amplified from plasma samples and subcloned
into Topo pCR2.1 plasmid. Phylogenetic trees were drawn
using the neighbor-joining method (42), after sequencing the
V1-V3 region of the envelope gene from 19 clones isolated
from patient T28 (Fig. 1A) and 25 clones from patient T5 (Fig.
1B).

On the basis of the nucleotide sequences we calculated ge-
netic distances using the Kimura two-parameter model (20).
The average genetic distance of clones from patient T28 was
5.1% (range, 0.1 to 9.7%) while for clones from patient T5 it
was 3.1% (range, 0.0 to 7.5%). When the amino acid sequences
were compared, all clones from patient T28 were found to be
unique, while for patient T5, five sequences were found in two
or three different clones (clones with identical amino acid
sequences are highlighted in Fig. 1B).

Construction and characterization of viral clones carrying
patient-derived envelope sequences. We then transferred the
gp120 and most of gp41 envelope domains of independent
clones in a variant of the HIV molecular clone pNL4-3, as
described in the Materials and Methods section. Five replica-
tion-competent clones per patient were obtained. For patient
T5, two of these clones, T5-R5-1 and T5-R5-2, harbored amino
acid sequences that were represented three and two times in
the viral population, respectively. We determined the chemo-
kine receptor usage of these patient-derived clones by trans-
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fection of 293-T cells and infection of the U373-MG-CD4-
CCR5 and U373-MG-CD4-CXCR4 reporter cell lines (23).
Infection of these cell lines with R5- and X4-tropic HIV-1
strains, respectively, results in the induction of �-galactosidase,
which can be conveniently detected by a colorimetric assay
(51). For patient T28, two viral clones were found to use CCR5
(T28-R5-1 and T28-R5-2) and three clones used CXCR4 (T28-
X4-1, T28-X4-2, and T28-X4-3), whereas for patient T5, three
clones were R5 (T5-R5-1, T5-R5-2, and T5-R5-3) and two
were able to use both CCR5 and CXCR4 (T5-R5X4-1 and
T5-R5X4-2).

To determine the replicative capacity of the viral clones
independently of virus tropism, limiting serial dilutions of viral
supernatants from transfected 293-T cells were used to infect a
reporter cell line (P4C5) that can be infected by both CCR5-
and CXCR4-tropic viruses (26). Tissue culture infectious doses
(TCID50) were measured as a function of p24 antigen concen-
tration. Interestingly, viral clones isolated from each patient
were characterized by marked differences in their replicative
capacities. Clones obtained from patient T28 displayed values
ranging from 0.02 to 11 TCID50 per ng of p24 antigen. These
two extreme values were found for the two R5 clones from this
patient (T28-R5-1 being the virus with the highest replicative
capacity). Similarly, for clones obtained from patient T5 the
replicative capacity values ranged from 0.03 to 4 TCID50 per
ng of p24. These values were observed for a dual-tropic (T5-
R5X4-1) and an R5 (T5-R5-3) clone, respectively. Thus, che-
mokine receptor usage does not appear to be a major deter-
minant of replicative capacity, since R5 and X4 viruses
displayed similar replicative capacity values, while the highest
and the lowest replicative capacities were measured for two R5
viruses from the same patient.

Sensitivity to neutralization by heterologous sera. The anal-
ysis of the sensitivity to neutralization by heterologous sera
provides an estimation of the intrinsic sensitivity of viruses to
neutralization and can be useful to compare viruses obtained
from different patients. On the other hand, autologous neu-
tralization provides information on virus evolution and on the
specificity of the humoral response.

The sensitivity of different clones to neutralization was mea-
sured on P4C5 target cells, because these cells allow the direct
comparison of viruses with different chemokine receptor us-
age. Dilutions of control serum (a pool of five HIV-negative
sera) were performed for all experiments, and no significant
inhibition was measured. The inhibitory effect of each positive
serum was calculated by comparing infectivity in the presence
of the same dilution of control sera. To draw inhibition curves,
infection in the absence of human serum was taken as 100%
infectivity.

We initially used three pools of sera, each composed of
serum from three HIV-infected patients. The samples corre-
sponded to the time when HIV infection was diagnosed, and
these individuals were asymptomatic. The sensitivity of two
prototypic viral clones was measured and used as reference in
all experiments: NL4-3, a tissue culture-adapted X4 virus, and
YU-2, an R5 isolate. As previously shown (48), NL4-3 was
found to be highly sensitive to neutralization, while YU-2 was
relatively resistant (Fig. 2A and 2B).

Interestingly, a wide range of neutralization sensitivities was
observed for the viral clones isolated from patient T28 (Fig.
2A). This disparity was particularly evident when the serum
pools P2 and P3 were used. The clone T28-X4-3 was consis-
tently the most susceptible clone, while R5-1 was the least
susceptible. The order of sensitivity of the other clones de-
pended on the serum pool used. R5 clones from this patient
appeared less susceptible to neutralization than X4 clones
when serum pool P1 was used, but this was not the case with
the other sera.

Similar variability in the level of sensitivity to neutralization
was also observed for the clones isolated from patient T5 (Fig.
2B), although these clones were overall more sensitive to neu-
tralization than clones obtained from patient T28. Most of the
clones from patient T5 were as sensitive as NL4-3 when tested
with serum pools P1 and P3. Again, sensitivity to neutralization
did not appear to correlate with virus tropism.

The EC50 values of each virus and serum pairing are re-
ported in a matrix format in Table 1. Although less informative
than actual neutralization curves, this representation has the
advantage of allowing the quantification of the differences ob-
served in neutralization sensitivity. The diversity of EC50 val-
ues obtained with different clones from patient T28 amounted
to a 17-fold difference (serum pool P3), and a difference of
7.5-fold was observed for viral clones from patient T5 (when
tested with serum pool P2).

In a separate set of experiments, heterologous neutralization
was measured using three different heterologous sera from
single patients (patients DRO, CAB, and JAN; designations
for patients were randomly selected and are not patients’ ini-
tials) whose inhibitory capacities were previously characterized
as weak, average, and strong, respectively, using peripheral
blood mononuclear cell-derived primary viruses of different
subtypes (5). These sera were obtained from treatment-naı̈ve

FIG. 1. Phylogenetic trees of the V1-V3 viral envelope sequences
from plasma virus populations isolated from patient T28 (A) and T5
(B). Trees were drawn using Clustal X after gap stripping, using 705
nucleotides for patient T28 and 687 nucleotides for patient T5. Clones
from patient T5 sharing identical amino acid sequences are grouped
within dashed ellipses. Filled circles represent clones selected for fur-
ther infectivity and neutralization analyses. Numbers at each branch
point indicate the bootstrap values derived from 100 bootstrap resam-
plings. Bootstrap values greater than 90 are indicated.
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long-term-infected patients, with viral loads ranging from 3.3
to 4.5 log10 RNA copies/ml.

Neutralization curves of reference viruses and viral clones
from patient T28 are shown in Fig. 3A. As expected, NL4-3

was easily neutralized by all sera, whereas YU-2 displayed
higher resistance to neutralization, the extent of which de-
pended on the serum used. As for the assay conducted with the
serum pools, the clone T28-X4-3 was particularly sensitive to

FIG. 2. Titration curves of plasma-derived viral clones with different tropism against the three serum pools (P1, P2, and P3) from HIV-1-
positive asymptomatic individuals. Percentages of infection are plotted against the serum dilutions. R5 tropic viral clones are indicated in red, and
viruses using CXCR4 exclusively (X4) or in addition to CCR5 (R5X4 or dual tropic) are indicated in blue. The reference viruses NL4-3 and YU-2
are indicated in black. Values represent the mean of triplicate wells. The graphic is representative of at least two independent experiments.
(A) Neutralization curves of viral clones from patient T28. (B) Neutralization curves of viral clones from patient T5.

TABLE 1. Antibody neutralization titers (EC50) for paired virus/serum samples

Serum

Virus

NL4-3 YU-2
T28 T5

R5-1 R5-2 X4-1 X4-2 X4-3 R5-1 R5-2 R5-3 R5X4-1 R5X4-2

P1 0.00124 0.00884 0.00505 0.00313 0.00238 0.00279 0.00194 0.00085 0.00053 0.00039 0.00199 0.00044
P2 0.00082 0.00991 0.01506 0.00378 0.00340 0.00451 0.00119 0.00069 0.00123 0.00046 0.00347 0.00055
P3 0.00159 0.00756 0.01096 0.00711 0.00816 0.01298 0.00076 0.00023 0.00045 0.00032 0.00087 0.00032

DRO 0.00643 0.01138 0.00839 0.00718 0.02199 0.01413 0.00085
CAB 0.00197 0.00409 0.00247 0.00344 0.00651 0.00528 0.00105
JAN 0.00163 0.01705 0.00263 0.00147 0.00723 0.00408 0.00051

DRO*a 0.01552 NDb 0.00017 0.00083 0.00009 0.00030 0.00016
CAB*a 0.00493 0.02378 0.00056 0.00240 0.00046 0.00700 0.00078
JAN*a ND ND 0.00019 0.00016 0.00010 0.00039 0.00013

Late T28 0.03517 �0.05 0.00810 0.00255 0.00684 0.00263 0.00409
Late T5 0.00831 �0.05 �0.05 0.01083 0.00013 0.00011 0.00009 0.00018 0.00014
Early T5 �0.05 �0.05 0.00549 0.00428 ND �0.05 0.00553

a Serum samples DRO*, CAB*, and JAN*, used to neutralize viral clones from patient T5, were collected at an earlier time point than those used to neutralize viral
clones from patient T28.

b ND, not determined.
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neutralization. The wide range of neutralization sensitivity of
viruses carrying envelope sequences isolated from patient T28
was particularly evident when tested with sera from DRO and
JAN (Fig. 3A), with differences in the EC50 values of 26- and
14-fold, respectively (Table 1).

Due to the limited quantity of serum available from patients
CAB, DRO, and JAN, the sera of these patients used for the
neutralization of clones from patient T5 corresponded to time
points that were earlier (more than 2 years) than those used for
patient T28. The lower neutralization potency of these earlier
sera, indicated as DRO*, CAB*, and JAN* in Fig. 3B, can be
appreciated by comparing the neutralization profiles of refer-
ence strains NL4-3 and YU-2 in Fig. 3A and 3B. Despite the
relatively low neutralization potency of these sera, we could
confirm the higher neutralization sensitivity of the clones ob-
tained from patient T5 compared to those obtained from pa-
tient T28. The EC50 of these sera on some T5 clones was lower
than 1/5,120, which corresponded to the highest serum dilution
tested here. With serum from CAB*, 15-fold differences in
EC50 values were measured (Table 1).

To assess that differences in neutralization sensitivity were
not the result of mutations inserted by the amplification or
mutagenesis procedure, NL4-3 viral particles were diluted in
donor plasma and subjected to the same procedure used to

obtain patient-derived clones. Several independent recon-
structed NL4-3 clones were analyzed with serum pool 2, and
their neutralization curves were virtually indistinguishable
(data not shown).

Sensitivity to neutralization by autologous sera. In order to
test the sensitivity of different viral clones to autologous neu-
tralization, we used the sera of patient T28 and T5 collected 35
and 21 months, respectively, after the plasma sample from
which viral clones were reconstructed. For both patients, these
“late” sera samples corresponded to an advanced symptomatic
phase of infection, following a first-line treatment failure.

The neutralization curves of the reference strains show that
these sera were characterized by a weak neutralizing activity,
since YU-2 was not inhibited even at high serum concentra-
tions (Fig. 4A and 4B). They also indicate that reverse tran-
scriptase inhibitors, supposedly present in the plasma of these
treated patients, did not exert a measurable inhibitory effect.

Analysis of viral clones from patient T28 showed a modest
degree of variability (3.2-fold differences in EC50) (Table 1).
Of note, we did not observe a correlation between virus che-
mokine receptor usage and sensitivity to autologous neutral-
ization (Fig. 4A). Interestingly, the clone T28-X4-3, which was
the most sensitive clone in the heterologous neutralization
analyses, showed higher resistance to neutralization than

FIG. 3. Titration curves of plasma-derived viral clones against three previously characterized sera (DRO, CAB, and JAN). Percentages of
infection are plotted against the serum dilutions. R5-tropic viral clones are indicated in red; viruses using CXCR4 exclusively (X4) or in addition
to CCR5 (R5X4 or dual-tropic) are indicated in blue. The reference viruses NL4-3 and YU-2 are indicated in black. Values represent the means
of triplicate wells. The graphic is representative of at least two independent experiments. (A) Neutralization curves of viral clones from patient
T28. (B) Neutralization curves of viral clones from patient T5. Asterisks indicate that serum samples DRO*, CAB*, and JAN*, used to neutralize
viral clones from patient T5, were collected at an earlier time point than those used to neutralize viral clones from patient T28.
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clones T28-R5-2 and T28-X4-2 when tested with the autolo-
gous serum, indicating that neutralization sensitivity is not an
intrinsic property of this virus but depends on the serum used.

Clones isolated from patient T5 showed a remarkable sen-
sitivity to neutralization by the autologous serum, with all vi-
ruses being neutralized more than 50% in the presence of
serum diluted 1/5,120. The neutralization curves for the clones
from patient T5 were very similar, and only a twofold differ-
ence was observed among their EC50 values (Table 1).

It is worth mentioning that for both T28 and T5 sera, the
specificity of the immune response against autologous viruses
becomes evident by comparing the neutralization curves of
reference viruses, which are poorly neutralized, and patient-
derived clones, which are strongly inhibited. In this respect, we
also tested two X4 clones from patient T28 against the late
serum from patient T5 (Fig. 4C). This serum only partially
inhibited the heterologous viruses from patient T28, and the
neutralizing profiles of these clones clearly differed from those
from patient T5 (Fig. 4B).

Finally, for patient T5, we could test the viral clones against
the “autologous contemporaneous” serum, a serum sample
obtained at the same time point from which viral envelope
sequences were amplified. The neutralizing activity of this se-
rum was clearly lower than that of the late serum from this
patient, not only for reference strains, which were not inhibited
by this serum, but also for autologous viruses (Fig. 4D). Inhi-

bition of 50% of virus infectivity was measured at serum dilu-
tions between 1/20 and 1/320. This stands in contrast to the
results obtained with the late serum, for which the EC50 values
were below a 1/5,120 dilution. These results underline the
increase in the potency of the immune response with time. In
contrast to autologous neutralization by the late sera, EC50

values of individual clones differed up to 12-fold by use of the
autologous contemporaneous serum (Table 1), showing that
viruses with clearly different sensitivities to antibody-mediated
neutralization coexisted in the plasma virus population of this
patient.

Envelope sequence analyses of viral clones. The PCR-am-
plified and cloned envelope sequences were entirely sequenced
for all clones by use of the primers E20, J53Y, and FuB (Fig.
5). Sequence analysis showed that all clones were different. In
addition, the genotypic prediction of virus tropism, based on
the charge of residues 11 and 25 of the V3 loop and on the
overall charge of this region (19, 40), was in agreement with
the phenotypic determination of chemokine receptor usage. Of
note, genotypic predictions do not distinguish between X4- and
dual-tropic variants. Accordingly, the two clones able to use
both CCR5 and CXCR4 (from patient T5) were identified as
X4 variants.

Sequence analysis allows the determination of the number
and position of potential N-linked glycosylation sites, which
were previously shown to modulate the neutralization sensitiv-

FIG. 4. Neutralization of plasma-derived viral clones by autologous sera. Percentages of infection are plotted against the serum dilutions.
R5-tropic viral clones are indicated in red; viruses using CXCR4 exclusively (X4) or in addition to CCR5 (R5X4 or dual-tropic) are indicated in
blue. The reference viruses NL4-3 and YU-2 are indicated in black. Values represent the means of triplicate wells. The graphic is representative
of at least two independent experiments. (A) Neutralization of viral clones from patient T28 by its autologous late serum, collected 35 months after
the sample from which viral clones were isolated. (B) Neutralization of viral clones from patient T5 by the autologous late (21 months) serum.
(C) Heterologous neutralization of viral clones from patient T28 by the late T5 serum. (D) Neutralization of viral clones from patient T5 by its
autologous contemporaneous serum.
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ity of primary viruses (4, 10, 39, 48, 54). We observed that
several positions of potential glycosylation sites differed in the
clones from each patient, whereas their overall number was
relatively constant, with 30 to 31 sites per clone for patient T28
(variations in V1, V3, and V4) and 25 to 28 sites for the clones
of patient T5 (variations in V1, C2, C3, V4, and gp41). Some
of the sites that were present in some and absent in other
clones corresponded to positions at the beginning of the V4
domain (Fig. 5) that were previously observed to evolve in
longitudinal follow-up of patients (54). Note, however, that in

our analysis, these differences correspond to sequence variabil-
ity of coexisting viruses and not of sequential isolates. We
observed additional differences in potential glycosylation sites
(Fig. 5), in particular at positions 130, 147, 310, and 362 for
patient T28 and 136, 146, 235, 290, 363, 386, and 392 as well as
618 and 627 in gp41 for patient T5. No single site appears to
determine the neutralization sensitivity. However, the lower
overall number of potential glycosylation sites in clones from
patient T5 correlates with the higher sensitivity to neutraliza-
tion of these clones compared to those of patient T28.

FIG. 5. Full-length envelope sequences of viral clones from patient T28 (A) and patient T5 (B) used in this study. The N-terminal 71 residues
of the envelope glycoproteins (upstream of the MluI restriction site) as well as the C-terminal 106 residues (downstream of the BamHI restriction
site) are derived from NL4-3. Amino acid identity (�), insertions/deletions (�), or substitutions are indicated. The first amino acid of each variable
(V) and conserved (C) region is indicated in boldface. The potential N-linked glycosylation sites that differed in clones from the same patient are
shown as shaded boxes.
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DISCUSSION

Analysis of the viral genomes present in the plasma of HIV-
infected patients provides insight into the potency and the
nature of the selective forces that shape plasma virus popula-
tions throughout the course of disease progression and during
treatment. Treatment of patients with effective antiretroviral
therapy results in a rapid and dramatic reduction of viremia.
With time, in a percentage of patients, viral variants harboring
changes in the viral enzymes targeted by the treatment are
selected and expand with kinetics that depend on the selective
advantage conferred by the mutations. The impact of the im-
mune pressure on plasma virus population has been more
difficult to establish. Data from infected patients as well as
from animal models allowed identification of the HIV-specific
cytotoxic-T-lymphocyte response as a key determinant of the
set point of viremia following primary HIV infection (6, 21).
Despite remarkable research efforts in this field, the role of the
humoral immune response has remained more elusive (2, 3, 17,
25, 28, 29, 31, 32, 34–38, 46). Recent studies, facilitated by
improvements in the techniques used to reconstruct viruses
carrying plasma-derived envelope sequences, have permitted a
better estimate of the kinetics of development of neutralizing
antibodies in recently infected patients (41, 54). These studies
document the production of neutralizing antibody in a percent-
age of patients only weeks after HIV infection. In these pa-
tients, rapid selection of virus variants with reduced sensitivity
to neutralization initiates a cycle in which the immune system
needs to keep a constant adaptive pace. Selection of viral
variants able to resist neutralization is probably even faster
than the selection of drug-resistant variants, because the tar-
gets of neutralization, the viral envelope glycoproteins, are
naturally more variable and polymorphic than viral enzymes
targeted by current regimens.

In this setting, coexisting viral variants are expected to be
characterized by similar neutralization sensitivities. In the
study by Wei and colleagues, this was indeed the case for
viruses carrying envelope sequences obtained from three con-
temporaneous variants, obtained 16 days after the onset of
symptoms of acute HIV infection (54). When two variants
obtained at a later time point (day 212) were compared, how-
ever, a 10-fold difference in their sensitivities to neutralization
was observed (54). Both variants were more resistant (10 and
100 times) than the earlier-time-point variants. The difference
between the homogeneity of the clones from day 16 and the
variability of clones from day 212 could be due to the fact that
the virus population is quite homogeneous early in infection
compared to later time points (13, 45). Analysis of early time
points in infected patients may have underestimated the extent
and the impact of the variability in neutralization sensitivity
among coexisting viral variants. Interestingly, a recent study in
which viruses present in donor-recipient couples were analyzed
showed that recently transmitted viruses were more sensitive to
neutralization than those of the donors and exhibited a nar-
rower range of sensitivity to neutralization (14).

In our study, we analyzed coexisting viral variants isolated
from patients with a longer history of infection. Both patients
were symptomatic at the time when the plasma samples used
here were collected, with low CD4 counts (below 50 per mm3)
and relatively high viremia (equal to or above 105 copies/ml).

As previously shown, plasma samples from these patients har-
bored both CCR5- and CXCR4-tropic viral variants (47), a
feature that permits the comparison of the neutralization sen-
sitivities of viruses with different chemokine receptor utiliza-
tion characteristics. We analyzed neutralization by both autol-
ogous and heterologous sera. Neutralization by heterologous
sera reveals the general sensitivity of a virus to neutralization.
We found that individual viral clones were characterized by up
to 25-fold differences in their sensitivities to heterologous neu-
tralization. This could be due to the fact that the neutralization
by heterologous sera relies on the cross-recognition of
epitopes, the efficacy of which depends on the conservation of
the epitope in different viruses from different patients. Widely
neutralizing antibodies, which would provide more-homoge-
neous neutralization profiles, were probably absent at least
from the pooled sera, given that they were obtained from
asymptomatic patients. Interestingly, the order of sensitivity to
neutralization of viral clones was dependent on the sera used,
suggesting that different epitopes were indeed recognized by
each serum.

In some instances, heterologous neutralization provided ho-
mogeneous neutralization curves for the clones obtained from
one patient (e.g., pool P1 against viruses for patient T28 or
serum JAN* against viruses for patient T5). This observation
suggests that neutralizing antibodies, targeting epitopes that
are conserved among different clones from one patient, were
present in these sera. Interestingly, the neutralizing titers of
these sera were comparable to those of the autologous late
sera, confirming that heterologous neutralization can be rela-
tively potent. Neutralization by the autologous sera, obtained
21 and 35 months (for patient T5 and T28, respectively) after
the plasma sample from which viral clones were isolated,
showed that a strain-restricted neutralizing response was
mounted and persisted in both patients. Neither patient ap-
peared to have developed broadly neutralizing antibody, since
a reference virus known to be highly sensitive to neutralization
(NL4-3) was inefficiently neutralized by these sera. Sensitivity
to neutralization by the autologous sera was relatively homo-
geneous among clones from each patient (two to threefold
differences), supporting the idea of the impact of the selection
by antibodies in determining the composition of plasma virus
population.

The most puzzling observation, however, was that highly
variable neutralizing titers were observed when viral clones
from patient T5 were challenged by the autologous contempo-
raneous serum. This finding shows that viral variants coexisting
in the plasma population differed in their sensitivity to neu-
tralization not only by heterologous sera but also by the anti-
bodies circulating in the bloodstream of this patient at the very
same time. In view of the rapid clearance of susceptible viral
variants and the continuous change in the specificity of the
antibody response reported in recent studies, one would expect
a rather homogeneous sensitivity to neutralization by the au-
tologous contemporaneous serum. Of note, a dual-tropic clone
from this patient (T5-R5X4-1) appeared to be more resistant
to the autologous contemporaneous serum than the other
clones. Interestingly, the plasma virus population of patient T5
at this time point was composed predominantly of dual-tropic
variants, which persisted for at least 21 months (47). These
observations suggest that a more-resistant variant was recently
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selected and emerged in the virus population. Alternatively,
the observed variability may suggest that different selective
pressures contribute to define the composition of the plasma
virus population at any given time point. Antibody-sensitive
variants may still be advantaged in terms of replicative capacity
in vivo, sensitivity to chemokines, or T-cell lysis, among other
mechanisms. On the other hand, detection of neutralization-
sensitive variants in the plasma virus population could also
reflect virus replication taking place in tissue compartments
where the selective pressure by antibodies is lower.

One additional feature of our study was the possibility of
analyzing neutralization sensitivity of primary viruses as a func-
tion of chemokine receptor usage. The emergence of viruses
using CXCR4 is generally associated with a more-rapid de-
crease in the number of CD4� T cells and with faster disease
progression than those observed in patients with a persistent
R5 virus population (12, 44). This observation supports the
hypothesis that X4 variants are responsible for the deteriora-
tion of the immune function. Alternatively, the emergence of
X4 variants can be interpreted as the consequence, and not the
cause, of the loss of immune competence. Selection against X4
variants, exerted by the immune system, could explain their
delayed and infrequent emergence despite the fact that only a
few amino acid changes in the envelope are sufficient to switch
to CXCR4 usage (11, 15, 18). Neutralizing antibodies could
participate to limit the spread of X4 viruses. Accordingly, T-
cell-line-adapted X4 viruses have been shown to be more sen-
sitive to neutralizing antibodies than R5 viruses (7, 48). This
difference in sensitivity, however, was not confirmed when pri-
mary X4 and R5 viruses were compared (9, 24, 30, 50, 56),
suggesting that increased sensitivity of T-cell-line-adapted
strains was the result of virus growth in culture (7, 48). We took
advantage of the specificity of our clones, which represent
closely related coexisting primary viruses, to address this point.
The neutralization curves of R5 and X4 (or R5X4) viruses
were indistinguishable and intersected each other. Two excep-
tions were observed; these would, however, support opposing
interpretations: R5 clones from patient T28 appeared more
resistant than X4 clones when tested with pool P1, while R5
clones from patient T5 appeared more sensitive than CXCR4-
using clones when tested with late serum T5. Altogether, these
results argue against an intrinsic difference in neutralization
sensitivity associated with virus tropism.

Finally, it was demonstrated that not only the overall num-
ber but also the position of glycosylation sites is a determinant
of virus sensitivity to neutralization (4, 10, 39, 48, 54). Viral
clones isolated from patient T5 showed a lower number of
potential N-glycosylation sites (between 25 and 28 sites) com-
pared to the clones from patient T28 (30 to 31 sites). Viral
clones from patient T5 were more sensitive to neutralization
than those of patient T28 with all sera tested here. The differ-
ences in neutralization sensitivity among different clones from
each patient, despite the conservation of the final number of
glycosylation sites, is in agreement with the recent glycan shield
model (54), according to which differences in the position of
glycosylation sites (and not necessarily in the overall number)
can result in major differences in sensitivity to neutralization, a
strategy used by HIV to escape antibody-mediated neutraliza-
tion.
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