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Abstract

To design a vaccine that will remain potent against HIV-1, the immunogenic regions in the viral envelope that
tend to change as well as those that remain constant over time must be identified. To determine the neutral-
ization profiles of sequential viruses over time and study whether neutralization patterns correlate with se-
quence evolution, 12 broadly neutralizing plasmas from HIV-1 subtype B-infected individuals were tested for
their ability to neutralize sequential primary HIV-1 subtype B viruses from four individuals. Three patterns of
neutralization were observed, including a loss of neutralization sensitivity by viruses over time, an increase in
neutralization sensitivity by sequential viruses, or a similarity in the sensitivity of sequential viruses to neu-
tralization. Seven to 11 gp160 clones from each sequential virus sample were sequenced and analyzed to iden-
tify mutational patterns. Analysis of the envelope sequences of the sequential viruses revealed changes char-
acteristic of the neutralization patterns. Viruses that evolved to become resistant to neutralizing antibodies also
evolved with diverse sequences, with most of the changes being due to nonsynonymous mutations occurring
in the V1/V2, as well as in the constant regions (C2, C3, C4), the most changes occurring in the C3. Viruses
from the patient that evolved to become more sensitive to neutralization exhibited less sequence diversity with
fewer nonsynonymous changes that occurred mainly in the V1/V2 region. The V3 region remained constant
over time for all the viruses tested. This study demonstrates that as viruses evolve in their host, they either be-
come sensitive or resistant to neutralization by antibodies in heterologous plasma and mutations in different
envelope regions account for these changes in their neutralization profiles.
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Introduction

APOLYVALENT VACCINE designed to induce a humoral im-
mune response to prevent infection by the human im-

munodeficiency virus (HIV)–type 1 would need to include
immunogens from both variable and constant viral envelope
regions, including those that are shared by/or unique to each
strain. Data from longitudinal studies with sequential
viruses and autologous plasma reveal that sequence changes
in neutralization-sensitive epitopes within or in adjacent en-
velope regions will evolve over time either through point

mutations, insertions and/or deletions, and changes in N-
linked glycosylation patterns to escape neutralization.1–6

Thus, during acute HIV-1 infection, viruses undergo im-
mune escape losing their neutralization-sensitive epitopes to
autologous antibodies over time.4,6 Conversely, the host im-
mune response also matures over time resulting in increas-
ing titers of neutralizing antibodies in the host that are ca-
pable of potently neutralizing virus collected early in the
infection.4,6 While mutations occur over time on viral en-
velopes in response to autologous antibodies generated by
their hosts, it is not known how these mutations also affect
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epitopes that are sensitive to neutralization by heterologous
antibodies.

Heterologous plasma (or sera) from HIV-1-infected indi-
viduals tested in cross-sectional neutralization experiments
exhibit differential patterns of neutralization to primary
HIV-1 isolates within and between clades.7–12 Several sce-
narios of neutralization of heterologous plasma with pri-
mary viruses do exist, including (1) plasmas that neutral-
ize mainly their autologous viruses, suggesting recognition
of strain-specific epitopes; (2) those that neutralize pre-
dominantly viruses from within the same clade, suggesting
that there are clade-specific epitopes; and (3) those that neu-
tralize viruses from many different clades, suggesting the
presence of shared neutralization-sensitive epitopes across
clades.7–12 While neutralization of primary isolates by het-
erologous plasma in cross-sectional studies represents a
snapshot of an evolving virus, it is not known if in longi-
tudinal studies these patterns of neutralization by these
same heterologous plasma to viruses obtained sequentially
will persist. However, what is certain is that epitopes rec-
ognized by autologous antibodies in plasma always evolve
resulting in neutralization resistance.4,6 A successful vac-
cine candidate that would prevent infection by different
HIV-1 strains and clades must be composed of immuno-
gens that induce antibodies to epitopes that will remain sta-
ble over time and will be recognized by such antibodies. In
the present study, we examined the neutralization profiles
of sequential HIV-1 subtype B viruses by heterologous
plasma samples from HIV-1 subtype B-infected individu-
als and determined the evolutionary sequence patterns of
various regions of the envelope proteins of these sequen-
tial viruses in order to attempt to correlate changes in neu-
tralization profiles over time with sequence evolution of the
viral envelope.

Materials and Methods

Study subjects and virus isolation

Blood specimens were obtained sequentially at approxi-
mately 1 year intervals over a 3- to 4-year period from four
HIV-1 subtype B-infected subjects attending the AIDS Ref-
erence Center at the Institute of Tropical Medicine, Antwerp,
Belgium. The blood samples were used to obtain peripheral
blood mononuclear cells (PBMCs) for virus isolation. A por-
tion of the whole blood obtained at each time point was also
used for CD4 determination.

PBMCs were obtained from each subject at each time point
by Ficoll-Hypaque density gradient centrifugation; they
were kept in liquid nitrogen in Antwerp and shipped in dry
ice to New York for the studies described here. The thawed
PBMCs were used to isolate viruses by cocultivation with
donor PBMCs over a 2- to 3-week period. Virus growth in
cultures was monitored twice weekly by determining p24
concentration in culture supernatant using a noncommercial
p24 ELISA.13 When a p24 concentration of 100 ng/ml was
attained, the virus culture supernatant was aliquoted in 
1-ml tubes and stored in liquid nitrogen until used to pre-
pare virus stocks. Stocks of viruses were prepared in HIV-
negative donor PBMCs over a 2-week period as previously
described,7,13 titrated in GHOST cells, and tested in the
GHOST cell neutralization assays as described below and in
previous studies.14,15

Plasma

A panel of 10 heterologous plasma and two sera (FDA-2
and UCLA) obtained from HIV-1 subtype B-infected subjects
was used in the neutralization assays to test escape from neu-
tralization by the sequential viruses from the four HIV-1 sub-
type B-infected subjects. The 10 plasma samples were 
obtained from HIV-1 treatment-naive, asymptomatic, chron-
ically infected individuals attending the Veterans Affairs
New York Harbor Healthcare Systems, New York. The two
sera, FDA-2 and UCLA, were donated by Dr. L.K. Vujcic and
Dr. S. Miles, respectively.

These plasma samples were selected based on studies in
our laboratory showing a broad neutralizing capacity to
many subtype B and non-B primary isolates as well as lab-
oratory-adapted strains (unpublished data). The plasma
samples were all from chronically HIV-1-infected drug-naive
asymptomatic individuals. The plasma and serum samples
from all 12 HIV-1 subtype B-infected individuals were tested
for their ability to neutralize the sequential viruses from the
study subjects.

Ghost cell neutralization assay

Neutralization assays were performed in GHOST cells
as previously described.14,15 Briefly, equal volumes of 
patient-derived virus, at a dilution predetermined in ear-
lier experiments to yield 200–1000 infected cells per
15,000–20,000 cells, and heat-inactivated patient’s plasma
or sera, at a final dilution of 1:40, were incubated for 1 h
at 37°C. (We choose to use plasma at dilutions of 1/40 for
all our experiments to avoid nonspecific neutralization and
background noise at much lower dilutions and based on
our prior experiments, the neutralization assays were best
reproducible even with neutralizations �50%.) An HIV-
negative human plasma pool was used as negative control.
Prior experiments of coreceptor determination with the
GHOST cell assay indicated that all the sequential viruses
utilized the CCR5 coreceptor; thus, each virus/plasma
mixture was added to GHOST-CD4-R5 cells that had been
seeded in 24-well plates. The cells were maintained in 1 ml
Dulbecco’s modified essential medium (DMEM) contain-
ing 10% heat-inactivated fetal calf serum (FCS), 2% peni-
cillin-streptomycin, 1% L-glutamine, 500 �g/ml geneticin,
50 �g/ml hygromycin, 1 �g/ml puromycin, and 25 �g/ml
DEAE-Dextran and incubated at 37°C in a 7% CO2 incu-
bator overnight. The next day the virus/plasma mixture
was removed, the cells were washed once with 1 ml of
phosphate-buffered saline (PBS) followed by the addition
of 1 ml DMEM media and incubated at 37°C in 7% CO2 for
3–4 days. The cells were harvested by resuspension in 1
mM EDTA, fixed in 6% formaldehyde, and analyzed by ac-
quisition of 15,000–20,000 cells with a FACScan flow cy-
tometer as previously described.14,15 Tests of each
plasma/virus combination in neutralization experiments
were repeated two or three times. Percent neutralization
was calculated by dividing the difference in the number of
fluorescent cells of the negative control and the test well
containing the patient plasma by the number of fluores-
cent cells in the negative control. The averages of the re-
peat experiments were computed and used to determine
the neutralization sensitivity. Neutralization �50% was
considered potent.
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RNA extraction, reverse transcriptase-polymerase chain
reaction (RT-PCR), cloning, sequencing, and 
phylogenetic analysis

RNA extraction and RT-PCR. Viral RNA was extracted
from virus culture supernatant (the same aliquote used for
neutralization) as described by Boom et al.16 followed by re-
verse transcription using oligo(dT) primer (Promega Corpo-
ration, Madison, WI) and AMV reverse transcriptase (Access
RT-PCR system, Promega Corporation, Madison, WI). Viral
RNA was heated at 70°C for 10 min with the oligo(dT) primer
and immediately chilled on ice prior to the addition of the
enzyme mixture, followed by one cycle of 48°C for 1 h. The
Expand Long Template PCR System (Roche, Mannheim,
Germany) was used for the first-round and second-round
PCR amplification of the envelope gp160 gene according to
the instructions given by the manufacturer. Amplification
was performed with outer primers R8005B (forward) 5� GC-
CCTGGAAGCATCCAGGAAGTCAGCCT 3� (HXB2 loca-
tion 5857–5884) and ENV N (reverse) 5� CTGCCAATC-
AGGGAAGTAGCCTTGTGT 3� (HXB2 location 9171–9145),
and with inner primers R8003B (forward) 5� AAAAGGCT-
TAGGCATCTCTATGGCAGGAAGAAGCG 3� (HXB2 loca-
tion 5950–5985) and R8004B (reverse) 5� ATATGTCGAC-
CTCGAGATACTGCTCCCACCCCTTCTGCTACTG 3�
(HXB2 location 8912–8870). The amplification protocol for the
first-round PCR was one cycle of 94°C for 2 min, followed by
30 cycles of 94°C for 10 s, 55°C for 30 s, and 68°C for 8 min,
ending with a single extension cycle at 68°C for 10 min. For
the second-round PCR, the protocol started with one cycle of
94°C for 2 min, followed by 10 cycles of 94°C for 10 s, 60°C for
30 s, and 68°C for 8 min, continuing with an additional 20 cy-
cles of 94°C for 15 s, 62°C for 35 s, and 68°C for 8 min, and
ending with a single extension cycle at 68°C for 10 min.

Cloning and sequencing. PCR products were cloned into
the Topo TA cloning vector and plasmids were transformed
into chemically competent Escherichia coli cells according to
the manufacturer’s recommendations (Invitrogen, Carlsbad,
CA). Ten colonies selected by Kanamycin (Kan) resistance
and blue-white screening were grown up in 3 ml LB � Kan
broth overnight. Plasmids were purified using the QIAprep
Spin Miniprep kit (Qiagen Inc, Valencia, CA) and analyzed
by PCR to determine insert size. Positive clones were se-
quenced at the 5� and 3� ends with the universal T3 and T7
primers. Primer walking was performed to obtain the full se-
quence. Sequences were assembled using the Pregap and
Gap programs from the Staden software package.17 Se-
quences were assessed for nonsense mutations using the Se-
quence Locator program on the Los Alamos HIV Sequence
database website (http://hiv-web.lanl.gov/content/hiv-
db/LOCATE/locate.html).

Phylogenetic analysis. Sequences were automatically
aligned with reference sequences from the Los Alamos HIV
sequence database (http://hiv-web.lanl.gov/content/hiv-
db/SUBTYPE_REF/align.html) of all known HIV-1 group M
(sub)subtypes and CRFs (A1, A2, A3, B,C, D, F1, F2, G, H, J,
K, and CRF01_AE–CRF34_01B) using CLUSTAL X with mi-
nor manual adjustments.18 Phylogenetic analyses were per-
formed using the MEGA version 3.1 software package.19

Pairwise evolutionary distances were estimated using
Kimura’s two-parameter method, and phylogenetic trees

were constructed by the neighbor-joining method of the
MEGA 2.1 software package.20,21 The reliability of tree
topologies was estimated by bootstrap analysis (1000 repli-
cates).22 Bootstrap values �70% were considered significant
for subtype determination.

Phylogenetic tree distance analysis

A phylogenetic tree of patient’s first time point consensus
sequence (Consensus Maker Tool, www.hiv.lanl.gov) and
the cloned sequences from later time points for the selected
conserved (C2, C3, and C4) and variable regions (V1/V2, V3,
and V4) were individually constructed by the neighbor-join-
ing method of the Mega 3.1 software using 1000 bootstrap
cycles. Pairwise evolutionary distances were estimated us-
ing Kimura’s two-parameter method and each tree was
rooted using the HXB2 sequence of the given region ana-
lyzed. The branch length from the node of the individual’s
first time point consensus sequence to the node of each of
the later time point clones was measured and the mean dis-
tance for each time point of each region was calculated.

Synonymous nonsynonymous analysis program (SNAP)

The proportion of synonymous versus nonsynonymous base
substitutions as described in Nei and Gojobori23 was deter-
mined by comparing codon aligned sequences of the first time
point viral clones pairwise with all clones from each of the sub-
sequent time points using the synonymous nonsynonymous
analysis program (SNAP) (www.hiv.lanl.gov).24 This analysis
was performed individually for each of the variable (V1/V2,
V3, V4) and constant (C2, C3, C4) regions of gp120.

Results

CD4 T cell profiles of study subjects

Sequential blood samples were collected at approximately
1 year intervals from the four HIV-1-infected subjects over a
3- to 4-year study period and used to determine the CD4 cell
counts by FACScan. These subjects studied were asympto-
matic during the study period and were naive to antiretro-
viral drugs. At the start of the study, the CD4 counts of three
study subjects (ITM27, ITM39, and ITM50) ranged between
400 and 468 cells/mm3, while that of one subject (ITM60)
was at 1031 cells/mm3. The CD4 T cell profiles of these sub-
jects are shown in Fig. 1 and reveal that over the 3- to 4-year
study period, the CD4 counts of three subjects (ITM27,
ITM39, and ITM50) stayed relatively stable over time while
that of ITM60 declined to 671 cells/mm3, though remaining
higher than those of the three study subjects. This subject
(ITM60), however, remained asymptomatic, as did all the
three subjects with lower but stable CD4 counts. It was noted
that in the last 6 months of analysis, the CD4 T cell count of
subject ITM27 increased from 415 to 767 cells/mm3. Viruses
isolated from a portion of the blood sample that was used
for CD4 count determination were used for the neutraliza-
tion studies described below.

Neutralization profiles of sequential viruses 
from study subjects

Neutralization of virus obtained at the first visit. Neutral-
ization was categorized as potent when plasma neutralized
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viruses with a neutralization capacity of �50%. Based on this
cutoff, the plasmas were grouped into two categories of neu-
tralization patterns: those that neutralized two or more of
the four viruses and those that neutralized none or only one

of the four viruses. As shown in Fig. 2, seven of the 12 plasma
samples including SX5, SX16, SX18, SZ2, SZ3, UCLA, and
FDA-2 neutralized the first visit viruses from two to four pa-
tients with a neutralization capacity �50%. The remaining
five plasma including SB1, SB3, SB4, SZ1, and SZ4 showed
weak neutralization capacities to the first visit viruses of the
four patients, except for plasma SB3 that neutralized the first
visit virus from patient ITM60.

Of note was that two of the seven potently neutralizing
plasma samples (SX5 and SX16) were able to neutralize
viruses from the four study subjects obtained at the first visit
with similar potency (Fig. 2). For example, plasma SX5 neu-
tralized virus from patients ITM27, ITM39, ITM50, and
ITM60 with capacities ranging between 63% and 79% (Fig.
2). These data suggest that the antibodies in these plasma
samples could be targeting antigenic regions that are shared
among the different viruses.

Neutralization patterns of the sequential viruses. Three
patterns of neutralization were noted among the sequential
viruses from the four study subjects (Fig. 3). The first pat-
terns included that seen with patient ITM27, in which over
time there was loss of neutralization capacity by all 12 plas-
mas tested with the sequential viruses (Fig. 3A). The second
pattern was that seen with patient ITM60, in which there was
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FIG. 1. CD4 profile of HIV-1 subtype B-infected, treatment-
naive subjects. All the study subjects were asymptomatic.
CD4 counts were determined by FACScan.

FIG. 2. Neutralization patterns of the heterologous plasma samples from HIV-1 subtype B-infected subjects against the
HIV-1 subtype B viruses obtained from patients at the first visit. The plasma samples were tested at a final dilution of 1:40
with the virus in the GHOST cell neutralization assay.



an increase in the neutralizing capacity of the 12 plasmas
against the sequential viruses (Fig. 3B). A third pattern was
seen in ITM 39 and ITM50, in which some plasma samples
neutralized the sequential viruses from these patients with
potency similar to the case with plasmas SX5, SX16, and SX18
(Fig. 3C and D).

As noted with viruses from patient ITM27, loss of neu-
tralization sensitivity occurred for viruses collected from
later visits. Among the sequential viruses obtained from this
patient, loss of neutralization by viruses collected from the
patient at the month 36 visit was noted for six plasma sam-
ples (SX5, SX16, SX18, SZ2, SZ3, and FDA-2) that neutralized
patient virus obtained at the first visit (month 0) (Fig. 3A).
This pattern of loss of neutralization was also noted for the
second category of plasma samples, which showed a weak
neutralizing capacity to the initial virus collected at the first
visit. For example, four plasma, SB1, SB3, SB4, and SZ1, were
found to have lost their ability to even weakly neutralize the
sequential viruses from patient ITM27 (Fig. 3A).

Unlike the pattern of neutralization observed for patient
ITM27 described above, an entirely different pattern of neu-
tralization was observed for the sequential viruses from pa-
tient ITM60 with eight potently and four weakly neutraliz-
ing plasma (Fig. 3B). Notably, for patient ITM60, virus

collected at the last visit was more sensitive to neutralization
than the virus obtained from the first visit. As well, the eight
plasma samples (SX5, SX16, SX18, SB3, SZ2, UCLA, SZ3, and
FDA-2) that potently neutralized (�50%) viruses from the
first visit also potently neutralized viruses from the last visit,
obtained 31 months later (Fig. 3B). Of particular interest was
the pattern revealed by the remaining plasma (SB1, SB4, SZ1,
and SZ4), which weakly neutralized viruses from the first
visit but potently neutralized (�74–88%) viruses obtained 31
months after.

The third pattern of neutralization was exhibited by the
sequential viruses of patients ITM39 and ITM50, in which
their sequential viruses were either neutralized by some
plasma with similar potency, as seen for plasma SX5 and
SX16 against the viruses of patient ITM39, or their sequen-
tial viruses became more resistant to neutralization by the
plasma, as seen for plasma SZ2 and UCLA for patient ITM39
and plasma SB3 for patient ITM50 (Fig. 3C and D).

Analyses that define the three neutralization profiles:
increasing, decreasing, and unchanging

The percent neutralization of each of the 12 plasma sam-
ples for each patient’s sequential viruses over time was plot-
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FIG. 3. Neutralization profile of the sequential viruses from HIV-1 subtype B-infected subjects (A–D). The sequential
viruses were obtained from the four HIV-1 subtype B-infected subjects and tested in a GHOST cell neutralization assay
with heterologous plasma samples from HIV-1 subtype B-infected individuals at a final dilution of 1:40. Virus obtained
from the patient at the first visit (month 0) does not indicate virus taken after seroconversion. The subsequent visit months
noted (e.g., visit 12 months) represent time points at which viruses were obtained after the first visit.



ted graphically and a linear regression line was then fitted
as shown in Fig. 4. A positive, negative, or zero slope indi-
cates the neutralization profile and can be interpreted as fol-
lows: a positive slope represents an increasing neutralization
sensitivity, a negative slope represents a decreasing neutral-

ization sensitivity (increasing resistance), and a zero slope
represents an unchanging neutralization sensitivity over
time. From the regression lines shown in Fig. 4 for each pa-
tient’s sequential viruses, a positive slope can clearly be
noted for the sequential viruses from patient ITM60 (Fig. 4A)
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FIG. 4. Analysis that defines HIV-1 neutralization profiles (A–D) with heterologous plasma: (a) increased, (b) decreased,
and (c) unchanging neutralization sensitivity. The percent neutralization data were plotted as dots and a linear regression
line was fitted to determine the neutralization profile. Positive and negative slopes represent increased and decreased neu-
tralization sensitivity, respectively. The sequential viruses of patients ITM39 and ITM50 did not exhibit the same pattern
with all the 12 plasma samples tested; thus, they are classified as unchanging neutralization sensitivity.
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with all the 12 plasma samples; conversely, a negative slope
is noted for the sequential viruses from patient ITM27 with
the same 12 plasma samples (Fig. 4B). No uniform slope was
seen for the sequential viruses of patients ITM39 and ITM50
(Fig. 4C and D); thus it can be characterized as unchanging.

Because the fitted slopes from the linear models may rep-
resent unreliable measurements for predicting percent neu-
tralization as a function of time, we tested the null hypoth-

esis that N � 12 slopes, corresponding to 12 plasmas, were
a sample from a distribution of plasma that has probability
p � 1/2 for a positive slope and 1 � p � 1/2 for a negative
slope. The alternative hypothesis is that p is not 1/2. We as-
sociate a true p � 1/2, p � 1/2, and p � 1/2 with the three
patterns of neutralization. The number of positive slopes has
a binomial distribution with parameter (N � 12, p � 1/2)
and, under the null hypothesis, we expect six negative
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slopes. A test of the null hypothesis against the alternative
that p � 1/2 rejects the null hypothesis if the number of pos-
itive slopes is too large. It follows for independent samples
that the null probability of having as many as 12 slopes pos-
itive (as for patient ITM60) is 1/2 to the power 12, a van-
ishingly small p-value. It also follows similarly for the data
of patient ITM27 where all the slopes are negative. Thus, for
these two patients, the null hypothesis is resoundingly re-
jected, but not so for the remaining two patients; in this way,
our data exhibit one or more examples of each pattern of
neutralization.

Sequence analysis of the sequential viruses

Phylogenetic analysis of the sequential viruses from the
study subjects. The envelope (gp160) of the sequential
viruses infecting the study subjects were cloned, sequenced,
and phylogenetically analyzed to confirm that all the viruses
tested in neutralization assays were of the subtype B lineage
and that these subjects were not dually infected with differ-
ent virus subtypes. A total of 1–11 clones from each time
point per subject were sequenced. The phylogenetic tree was
rooted with subtype A1 sequences from the Los Alamos
database. As shown in the phylogenetic tree, all the clones
analyzed were of the subtype B lineage (Fig. 5). With the ex-
ception of the first two time point sequences intermixing (pa-
tient ITM27), sequences of all clones from each time point
clustered together. These data reveal that at each time point
(1 year interval) at which the samples were analyzed, the vi-
ral quasispecies had changed and did not contain viruses
present at previous time points.

Genetic distance analysis and mutational patterns that
reflect differences in neutralization sensitivity

Genetic distance and neutralization sensitivity. We exam-
ined the evolution of the various envelope regions of the
viruses infecting these individuals by determining the phy-
logenetic tree distances of the sequential viral sequences (Fig.
6). In examining the genetic distances for patient ITM27 at
months 0, 12, 24, and 36, we observed a continuous increase
in the genetic distance over time (Fig. 6A). This increase in
the genetic distance reflects each envelope region’s contri-
bution to the divergence and evolution of the virus as a
whole. In particular, we noted the greatest divergence in the
V1/V2, C3, and V4 regions of the viral envelope. These data
reveal how different viral envelope regions evolve over time,
consequently resulting in neutralization escape, as demon-
strated by the neutralization studies presented in Fig. 3A. It
was also noted that the V3 region exhibited the least change
over time.

For patient ITM60, an increase in genetic distance was
noted for the V1/V2 and V4 regions between months 0 and
12 and between months 12 and 31 (Fig. 6B). No significant
changes were noted in the C2, C3, C4, or V3 regions. For pa-
tient ITM39, an increase in the genetic distance was noted in
the V1/V2 and V4, as well as in the C3 regions (Fig. 6C). No
significant difference was noted between months 12 and 26.

Nonsynonymous mutations and the differences in the neu-
tralization sensitivities exhibited by the sequential viruses of
patient ITM27 and ITM60. Sequence changes that contribute
to virus evolution over time include insertions and deletions,

synonymous and nonsynonymous changes, and changes in
glycosylation patterns. Such changes have been documented
to occur both in the constant and variable regions of gp160,
and can result in escape from the neutralizing effect of anti-
bodies.1–6 To analyze the nonsynonymous changes that oc-
cur among the viral quasispecies over time, the gp120 se-
quences obtained at the first visit for patients ITM27, ITM60,
and ITM39 were compared with those of subsequent visits
for each patient using the SNAP analysis as described in Nei
and Gojobori23 and available at the Los Alamos website. Both
variable and constant regions of gp120 were analyzed. The
variable regions analyzed included V1/V2, V3, and V4. In
analyzing the V1/V2 sequences from samples collected from
the first and last visits, we identified eight and three muta-
tions due to nonsynonymous changes for patients ITM27 and
ITM60, respectively. In the V4 region, three and two changes
were noted for ITM27 and ITM60, respectively. In the V3 re-
gion, two changes and no change were noted for ITM27 and
ITM60, respectively. In analyzing the constant regions (C2,
C3, C4), more nonsynonymous changes were observed for
ITM27 than for ITM60. In particular, in the C2 region, four
and one change, in the C3 region, six and one change, and
in the C4, five and no changes were noted for ITM27 and
ITM60, respectively. Though the number of changes between
the sequential viruses of patients ITM27 and ITM60 identi-
fied in the various envelope regions appears small, we fur-
ther analyzed the data to determine whether there is a sta-
tistical difference. Thus, we organized the number of changes
in the variable and constant regions for patient ITM27 as n �
8, 3, 2, 4, 6, 5 and those for ITM60 as n � 3, 2, 0, 1, 1, 0. We
then tested the null hypothesis that the mean difference be-
tween ITM27 and ITM60 is zero. Applying a one-sample t-
test using the differences in the six regions as data results
yields a p-value � 0.005, thus rejecting the null hypothesis
and thereby indicating that the differences seen between
ITM27 and ITM60 are statistically significant. We also ap-
plied the Wilcoxon rank sum test with continuity correction
and obtained a p-value � 0.01.

The sequences were also examined for insertions and dele-
tions. While one amino acid insertion was noted in the V3
and C3 regions of ITM27, no insertions were noted for
ITM60. Five and four amino acid deletions were noted in the
V1/V2 region of ITM27 and ITM60, respectively. There was
no pattern of changes in the N-linked glycans in the se-
quences of both patients (data not shown).

Discussion

The fact that the heterologous plasma samples obtained
from the HIV-1 subtype B-infected subjects neutralized early
viruses from these study subjects suggests that these early
viruses share common neutralization epitopes recognized by
antibodies present in the plasma samples. Without relevant
sequence changes in the envelope, the sequential viruses
from these study subjects would be expected to remain sen-
sitive to neutralization over time; however, this was not the
case for many of the viruses described in this study. Our
studies with heterologous plasma samples identified three
patterns of neutralization against the sequential viruses from
the four study subjects including (1) a loss of neutralization
sensitivity of viruses over time, as exhibited by viruses from
patient ITM27; (2) an increase in neutralization sensitivity of
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FIG. 5. Phylogenetic analysis of the se-
quential HIV-1 sequences obtained from
the HIV-1 cohort. Phylogenetic trees were
initially constructed with all subtype refer-
ences available at the Los Alamos Sequence
DataBase. All the clones sequenced clus-
tered with subtype B references. Subse-
quently all the sequences from the patients
(ITM27, ITM60, ITM50, and ITM39) were
then phylogenetically analyzed with sub-
type B references and the tree rooted with
two subtype A references. The bootstrap
values are shown at the internodes. Se-
quences obtained at sequential visits are
shown in sequential order as virus T1, virus
T2, virus T3, and virus T4 and represent the
visits from which virus was obtained and
used in the neutralization studies. Between
1 and 11 clones at each visit were sequenced
and analyzed.



sequential viruses, as seen with those from patient ITM60;
and (3) similar sensitivities of sequential viruses to neutral-
ization, as seen with some plasma with viruses from patients
ITM39 and ITM50 (Figs. 3 and 4). These patterns of neutral-

ization identified may have several implications for vaccine
design: (1) the loss of neutralization by heterologous plasma
of sequential viruses over time suggests that some viruses
could evolve to escape the effect of a potent vaccine. Thus,
vaccines must target envelope regions that are less likely to
evolve to escape recognition by antibodies induced by such
a vaccine. (2) Viruses that evolve over time to become more
sensitive to neutralization suggest that as some viruses
evolve in their host, some antigenic epitopes become exposed
and accessible to antibodies. If such viruses are transmitted,
they may represent easy targets for vaccine-induced anti-
bodies. The study presented here indicates the need to test
the neutralization specificities of these sequential viruses us-
ing reagents such as anti-HIV-1 monoclonal antibodies di-
rected at specific epitopes and techniques of epitope map-
ping to specifically identify the changes that account for the
patterns of increase or decrease in neutralization sensitivity
over time.

SNAP and phylogenetic distance analyses of the sequen-
tial viruses revealed changes that were characteristic of each
neutralization profile. Of interest was the pattern seen with
viruses from patient ITM27, whereby the sequential viruses
became more resistant to neutralization by the heterologous
plasma samples. This pattern of neutralization could, in part,
be explained by the extensive mutations observed in the dif-
ferent envelope regions, as demonstrated by SNAP and phy-
logenetic tree distance analyses (Fig. 6). The pattern of neu-
tralization escape exhibited by the sequential viruses from
patient ITM27 has been documented in both acutely and
chronically HIV-1-infected patients using sequential homol-
ogous plasma, whereby virus obtained at a later date is in-
creasingly resistant to neutralization.4–6,15,25 Furthermore,
neutralization studies of sequential viruses from a subtype
B-infected individual with purified HIVIG, mAbs, and solu-
ble CD4 have demonstrated neutralization escape26 similar
to that seen with patient ITM27 (Fig. 3).

Of particular interest was patient ITM60, whose sequen-
tial viruses became more sensitive to neutralization by all the
heterologous plasma tested. The increase in sensitivity of the
viruses from this patient could, in part, be related to the
higher CD4 counts in this patient compared to the other pa-
tients (Fig. 1), resulting in a better immune control of the
viruses and limiting viral diversity. Indeed, our sequence
analysis suggests that changes in certain envelope regions
can render the virus more susceptible to neutralization. In
comparing the changes that occurred in ITM60 and ITM27
as shown in the phylogenetic distance tree analysis, fewer
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FIG. 6. Phylogenetic tree distances of the sequential enve-
lope gp120 regions from the subtype B-infected subjects. The
distances were obtained through phylogenetic analysis from
which the branch length from the node of the viral consen-
sus sequence obtained from each subject’s first visit to the
node of each of the sequence clones from later visits was
measured and the mean distance for sequences from each
visit time point of each region was calculated. The consen-
sus sequence for each subject’s first visit was obtained from
8 clones each from patient ITM27 (A) and ITM60 (B), 10
clones from patient ITM39 (C), and 3 clones from patient
ITM50 (D). The gp120 envelope regions analyzed include C2,
C3, C4, V1V2, V3, and V4.



changes occurred for ITM60 than for ITM27. The V3 se-
quences and sequences of the constant regions remained rel-
atively unchanged, a reflection in their genetic distances (Fig.
6). Further studies are underway to characterize the amino
acid changes that result in increased viral sensitivity to neu-
tralizing antibodies. Such epitopes should be relevant when
designing a potent HIV-1 vaccine.

While the sequential viruses of study subjects ITM39 and
ITM50 exhibited a similar sensitivity to neutralization by
many plasmas, it was noted that over time, the sequential
viruses also became resistant to a few plasmas, as seen with
plasma samples SZ2 and UCLA against the sequential
viruses of ITM39 (Fig. 3A). This observation suggests the
early emergence of escape mutants and the possibility that
subsequent viruses from these individuals would be resis-
tant to such plasma samples, as seen with patient ITM27.

Previous studies have identified immunogenic epitopes in
the viral envelope gp120 to include the V1/V2, V3, the CD4
binding domain (CD4bd), and epitopes in the gp41 re-
gion.27–35 Little is known regarding whether other constant
envelope regions such as C2, C3, and C4 are immunogenic,
nor have antibodies been derived from HIV-1-infected indi-
viduals that are directed at these envelope regions; yet, we
observed several nonsynonymous mutations that occurred
in these regions over time. Mutations in the C3 have also
been documented in analysis of HIV-136 and simian immu-
nodeficiency virus (SIV) sequences.37 The question that re-
mains is whether the mutations observed in these regions
are due to immune pressure by neutralizing antibodies. If
so, then these studies suggest that these regions may repre-
sent other important epitopes involved in viral escape from
the host immune response. Alternatively, mutations that oc-
cur in these regions might cause a conformational change in
other envelope regions that are more immunogenic, thereby
obscuring them from the effect of antibodies. The changes
identified, however, could also be relevant in the virus’s es-
cape from the effect of the host’s cell-mediated immune re-
sponse. Furthermore, though not studied here, other viral
genomic regions such as gag and nef may also play a role 
in immune escape. Thus, extensive analysis that would ex-
amine the full genomic spectrum of HIV-1 and viral escape
from the humoral and cell-mediated immune responses 
is critical to fully understand how to design an effective 
HIV-1 vaccine.

Despite the fact that several antibodies that have been
derived from HIV-1-infected individuals are directed at
epitopes in the V3 loop,27 indicating that this region of the
virus is under immense immune pressure, it was surpris-
ing that the V3 region of the sequential viruses from all four
subjects studied exhibited few sequence changes over time,
irrespective of their neutralization profiles. In particular,
few V3 sequence changes were noted for patient ITM27,
whose initial viruses were sensitive to neutralization but
whose later viruses were resistant. Similarly, the V3 se-
quence remained conserved in the sequential viruses from
patient ITM60, whose later time point viruses became more
sensitive to neutralization by the heterologous plasma. This
was noted both in the SNAP (data not shown) and phylo-
genetic tree distance analyses (Fig. 6). Because the V3 loop
plays a critical role in virus infectivity,38,39 significant
changes in this envelope region may be detrimental to the
virus.40,41 Therefore, the virus might escape from anti-V3

antibodies through different mechanisms not yet fully un-
derstood. For example, the virus may escape the immune
response through few and specific point mutations occur-
ring within or outside the V3 loop. Furthermore, studies
also suggest that the V1/V2 region masks the V3 loop,
thereby resulting in its inaccessibility to anti-V3 antibodies
to neutralize the virus.31,42,43 This may also help explain
why the V3 loop undergoes very little sequence change. An-
tibodies directed at the V3 loop are known to be both intr-
aclade and interclade cross-reactive. Thus, the conforma-
tion as well as specific amino acids sequence contributes to
V3-coreceptor binding, antibody binding, cross-reactivity,
and cross-neutralization.30,43–51 That the V3 sequence re-
mains constant over time and is very immunogenic is an
indication that this region must be seriously considered as
an important immunogenic epitope in a vaccine.

In conclusion, the data presented demonstrates that (1)
viruses sensitive to neutralizing antibodies in a heterologous
plasma sample may evolve over time to escape neutraliza-
tion by the same plasma sample; and (2) viruses that are re-
sistant or less sensitive to neutralization may evolve to be-
come more neutralization sensitive. Because this study
demonstrates that HIV-1 viruses can evolve over time in the
V1/V2, V4, C2, and C3 regions to become resistant or sen-
sitive to the effect of antibodies in plasma, changes that oc-
cur over time in these regions should be considered carefully
when attempting to design a potent vaccine against HIV-1.
Studies of epitope mapping using anti-HIV-1 monoclonal an-
tibodies to different envelope regions should help identify
changes that account for the increasing or decreasing neu-
tralization sensitivities and should help improve our ability
to design better HIV-1 vaccines.
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