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ABSTRACT V3 envelope sequences were determined from
amplified human immunodeficiency virus type 1 (HIV-1) se-
quences of uncultivated leukocytes obtained sequentially from
four infected adults over the course of infection. Lower levels
of sequence heterogeneity were noted in samples obtained early
in HIV-1 infection, prior to CD4 depletion, than in samples
obtained at later times during disease. The pattern of amino
acid sequence divergence included nonrandom changes, with
evidence of sequence variants arising from HIV-1 quasi-species
present earlier in infection. Consensus sequences for isolates
obtained early after infection from different patients demon-
strated a high level of conservation with one another and a
consensus sequence for macrophage-tropic HIV-1 isolates.
These findings suggest that a highly restricted subset of HIV-1
quasi-species can be transmitted and can establish infection.

Sequence heterogeneity is a well-recognized characteristic of
all RNA viruses, particularly human immunodeficiency virus
type 1 (HIV-1), a member of the lentivirus family (1, 2). A
wide range of sequence heterogeneity has been noted among
HIV-1 isolates obtained from unrelated infected individuals
(6-22% of nucleotides in env) (3-5), close contacts (0-9% of
nucleotides in env) (6-8), or the same individual (0-2% of
nucleotides in env) (7, 9, 10). The high level of HIV-1
diversity has been ascribed to an error-prone reverse tran-
scriptase (11, 12), recombination during virus replication (13,
14), and selective pressures exerted by the host immune
system. Sequence heterogeneity may alter cell-specific tro-
pism (15-17), replication kinetics (18), cytopathic activity
(19), and responses to neutralizing antibodies (20, 21) and
cytotoxic T lymphocytes (22).

The env gene of HIV-1 manifests the greatest level of
heterogeneity of any element in the viral genome (23).
Distinct regions within env vary by as much as 75% of
nucleotides among viral isolates (5). These domains encode
portions of the envelope protein that are designated variable
regions V1-V5 (24).

The third variable domain, or V3, comprises a loop struc-
ture in a B-turn configuration (25), which includes 34-37
amino acids bordered by a disulfide-linked cysteine bridge
(26). Although residues at the tip of the loop are highly
conserved, sequences on either side are highly variable (5,
25). The V3 loop includes a single potential N-linked glyco-
sylation site and is flanked on either side by several additional
potential sites for oligosaccharide modification of asparagine
residues.

The V3 loop sequence is a major epitope for cytotoxic
T-lymphocyte responses (27), and it is also the primary
neutralizing domain for antibodies capable of blocking HIV-1
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infection (28). Although the V3 loop is not directly involved
in binding envelope protein to the first immunoglobulin-like
loop in CD4 (29), it is involved in subsequent events of virus
entry mediated by fusion of viral and cellular membranes (30,
31). In addition, sequences immediately C terminal to the V3
loop may provide structural support for the CD4 binding
pocket in the envelope protein (29). The V3 loop has also
been demonstrated to be critical in modulating HIV-1 tropism
for macrophages, T-lymphoid cell lines, and brain-derived
fibroblasts (15-17, 32). These activities may be mediated by
V3 loop cleavage by a serine protease(s) (33) or by interac-
tions with a second cell-surface molecule or a second binding
domain in CD4 (34).

In the current study, we analyzed V3 loop sequences from
naturally occurring HIV-1 isolates to determine whether
sequence heterogeneity is related to the stage of HIV-1
infection. One interesting aspect of this study is the use of
clinical samples from four individuals, including samples
from early through late stages of infection, as measured by
CD4* lymphocyte counts. In addition, these experiments
utilized uncultivated mononuclear cells for this analysis to
avoid bias introduced by in vitro propagation of HIV-1 (35).

MATERIALS AND METHODS

Subject Selection. High-risk individuals were evaluated
every 6 months over a 2.5- to 4.5-year period with clinical
evaluations and CD4 determinations. Ficoll-purified periph-
eral blood leukocytes were stored from each clinic visit.
Subjects were selected based on the availability of leukocyte
samples through the full course of infection as reflected by
CD4 levels. The four subjects are designated S1-S4. None
received 3'-azido-3'-deoxythymidine (AZT) therapy during
the study.

Sequence Analysis. Peripheral blood leukocytes were re-
suspended in lysis buffer (1% SDS/1% 2-mercaptoethanol/10
mM TrissHCl, pH 8.0/150 mM NaCl/5 mM EDTA) and
treated with proteinase K (300 ug/ml) (Sigma) overnight at
37°C. Negative controls were included in each group of
amplification reaction mixtures. DNA was extracted with
phenol/chloroform, precipitated with ethanol, and resus-
pended in water. Nucleotide sequences 6587—-6920 (number-
ing according to ref. 7) were amplified using a nested primer
protocol (36) with a sensitivity of detection of 10 copies of
DNA and an error rate of <1/2000 nucleotides (37). Ampli-
fied sequences were cloned into pUC19. For each sample,
2-10 recombinant plasmids were sequenced with Sequenase
version 2.0 (United States Biochemical) on both DNA
strands according to the manufacturer’s recommendations
(38). Sequences were validated by independent analysis of
separate PCRs performed with the same primers and an
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alternative primer pair combination. Nucleotide sequences
are available upon request.$

RESULTS

Sequential samples of primary mononuclear cells were ob-
tained from four subjects over a 2.5- to 4.5-year period of
HIV-1 infection. For two subjects (S2 and S4), the initial
sample (sample A) was obtained when the CD4 count was
>900 per mm?3 (1225 and 943, respectively), a second sample
(sample B) when the CD4 count was 500-800 per mm3 (756
and 575, respectively), and a third sample (sample C) when
the CD4 ¢ount was 100—-400 per mm? (368 and 187, respec-
tively). Sample A from S2 was obtained within 3 months of
an influenza-like illness characteristic of acute HIV-1 infec-
tion. For S3, samples were obtained at only the latter two
time points (CD4 counts, 537 and 142). Subject S1 had
fluctuating numbers of CD4* lymphocytes, and sequential
samples from this individual are designated D, E, F, and G
(470, 826, 273, and 515 CD4 lymphocytes per mm3, respec-
tively). The A and D time point samples were both obtained
at the first 6 monthly visit at which the subject seroconverted.

For S2 and S4, the early stage sample (sample A) showed
a restricted population of nucleotide sequences compared to
those obtained from late disease stage samples (samples B
and C from S4 and sample C from S2; Fig. 1). For S4, the
mean level of HIV-1 nucleotide sequence divergence in-

$The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. L03430-L03515).
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Fi1G. 1. Sequence heterogeneity during progressive HIV-1 infec-
tion. Sequence comparisons are shown for clones obtained from two
subjects for each time point, A, B, and C (intraperiod comparisons),
and a comparison is shown between clones obtained at the A and C
time points (interperiod comparisons). All possible 2-fold compari-
sons among a group of distinct sequences were performed, and the
number of comparisons for each determined level of sequence
identity (ranging from 92% to 100% identity) is shown (39). Increas-
ing nucleotide sequence divergence is represented by migration of
bars to the left. Mean nucleotide divergences (see Results) were
calculated as the average of all possible comparisons of two se-
quences.

Proc. Natl. Acad. Sci. USA 89 (1992)

creased steadily from 1.1% to 2.3%, while, for S2, mean
divergence increased from 0.2% to 0.9% over the course of
infection. For S3, the mean divergences were 1.2% and 1.9%
for the two available samples. For S1, sequence divergence
increased from 0.2% in sample D to 3.2% in sample E and to
2.5% in sample F, but in sample G it decreased to 0.2%.

The predicted amino acid sequences manifested nonrandom
changes over time in the sequential samples (Fig. 2). Sequence
differences compared to the first clone were generally present
in more than one clone obtained at a given time point.
Furthermore, some clones obtained from the later time points
also exhibit the same sequence alterations identified at an
earlier time point. Sequence alterations were also noted to be
significantly more frequent downstream than upstream of the
V3 loop, particularly in late time point samples (Fig. 2 legend).

Amino acid sequence comparisons demonstrated changes
at three of nine, one of eight, three of eight, and three of nine
potential N-linked glycosylation sites in samples from S1-S4,
respectively (Figs. 2 and 3). Potential N-glycosylation sites at
residues 229 and 243 were conserved among all sequences.
Other sites were variably conserved, and in several cases
distinct differences were noted between sequences obtained
from early and late stage samples. For example, a potential
N-glycosylation site was present at residue 256 in 100% of
sequences of the early disease sample and 21% of sequences
of late disease stage samples and at residue 305 in 0% of early
stage sequences and 86% of late stage sequences from S1. A
potential N-glycosylation site at residue 262 was noted in 0%
of early and in 88% of late stage sequences from S4. Also of
note is an insertion in the majority of late time point clones
of S1, which shifts by one residue the predicted N-glycosy-
lation site at position 321.

Residues 329, 330, 334, and 336 are critical for CD4
binding, although additional sequences required for receptor
binding are found on both sides of this region (29, 41).
Alterations are found at residue 329 in clone S2.A.6 and at
residues 329 and 330 in most S4 clones. Cysteine residues
flanking the V3 loop were completely conserved, although an
additional cysteine is present in clone S3.C.27. The GPGR
sequence at the center of the V3 domain was conserved in
samples from three of the subjects, but changes are noted in
this sequence in clones obtained from S2.

Predicted amino acid sequences obtained at different times
from the same patient demonstrated up to 9.8% divergence in
three cases (S2-S4) and up to 19.5% divergence for S1.
Higher levels of sequence heterogeneity were seen in com-
paring consensus amino acid sequences from different pa-
tients, with divergences of 13.4-25.9% among these and
other representative North American or European patients
(JFL, WMJ2, and HXB?2) and 37.5-43.8% for a representa-
tive African isolate (ELI) (5).

Fig. 2 portrays the pattern of amino acid divergence of
sequences obtained from each patient. Sequences with the
greatest similarity from clones obtained at different time points
are indicated by boxes. A clear pattern of evolution of pre-
dominant amino acid sequence alterations among clones at
different time points is noted. However, in at least one case,
S1.F.7, a sequence is identified at a late point that more closely
resembles those obtained at an earlier time point, S1.D.31, -32,
-33, and -37, than sequences for the same time point.

V3 loop amino acid sequences obtained from the earliest
time point samples also demonstrated a high level of se-
quence similarity to one another and to a consensus sequence
generated for North American and European isolates (Fig. 4;
ref. 25). Conservation with a recently reported consensus
sequence for macrophage-tropic clones was also noted (40,
42). In contrast, more divergent V3 domain sequences were
noted for late time point samples (Fig. 4) and sequences
obtained from isolates tropic for T-lymphoid cell lines rather
than macrophages (data not shown; ref. 42).
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F1G6. 2. Amino acid sequence alignments of HIV-1 sequences derived from infected leukocytes during progressive infection in four subjects.
Amino acid sequence from a clone obtained during the first time point of each patient is shown, and differences in other clones are indicated.
Positions at which differences are noted in other sequences are listed in lowercase letters. Clone numbers for each patient and time point are
indicated on the left, and those for which identical sequences were determined are grouped together. Clone numbers in boxes indicate those
that are most similar to clones at subsequent or preceding time points. Above each group of sequences the position of every 10th residue is shown
by a dot numbered according to Westervelt e al. (40), potential N-glycosylation sites are shown by open circles, with the position number of
each indicated above, and the position of the V3 domain is indicated. Sequence alterations were noted upstream and downstream of the V3 loop
at 19.4% and 25.6% of positions, respectively, for S1.D-F, at 8.3% and 13.5% of positions, respectively, for S2.B-C, and at 16.6% and 23.0%
of positions, respectively, for S4.B-C. Date and CD4 count per mm3 (in parentheses) for each sample are as follows: S1.D, Nov. 1985 (470);
S1.E, July 1987 (826); S1.F, Jan. 1988 (273); S1.G, May 1989 (515); S2.A, May 1985 (1225); S2.B, Apr. 1987 (756); S2.C, Oct. 1987 (368); S3.B,
June 1987 (537); S3.C, Dec. 1987 (142); S4.A, Jan. 1985 (943); S4.B, Jan. 1989 (575); S4.C, June 1989 (187).

DISCUSSION

The current findings demonstrate that sequence heterogene-
ity is related to disease stage, as measured by CD4 lympho-
cyte count. Samples obtained at the earliest stage of HIV-1
infection demonstrated limited nucleotide and predicted V3
loop amino acid sequence diversity. At later stages of dis-
ease, 4- to 14-fold more sequence diversity was noted than at
earlier stages of infection. This is analogous to a recent report
of restricted HIV-1 sequence heterogeneity in infected chil-
dren compared to their infected mothers (39).

One exception to the correlation of sequence heterogeneity
and disease progression is noted for S1. The highest levels of
sequence diversity were noted in samples obtained at the
second and third time points (E and F) compared to the initial
time point (D), but heterogeneity was restricted in sequences
at the fourth time point (G). Similar findings were also noted

by Nowak et al. (43) in one of two patients. Predominance of
a single virus type late in infection may be due to its ability
to avoid an attenuated immune response.

Other sequential HIV-1 isolates have been examined from
infected children, hemophiliacs, and homosexual adults (7, 9,
10, 35, 44). In each case, levels of sequence variation of 0-5%
were noted in V3 loop amino acid sequences. However, these
studies did not include samples from the earliest time points
of infection.

Neither termination codons nor frameshifts were identified
in these sequences (Fig. 2). Although deletions and insertions
are commonly found in HIV-1 env sequences (5), only a
single in-frame insertion was found in clones from S1. Studies
of tat (35) and other areas of env (7) identified a high
proportion of defective proviral genomes, which may con-
tribute to HIV-1 pathogenesis. However, in several studies of
V3 sequences, no inactivating mutations were detected among
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FiG. 3. Substitutions in potential N-glycosylation sites. (Upper)
Schematic of the portion of the envelope examined, location of the
V3 loop, and positions of the nine potential N-glycosylation sites.
(Lower) Frequency of potential N-glycosylation sites at each position
is shown for early (A or D) and late (B, C, E, F, and G) time point
clones for each of the four subjects. For S1, a shift in glycosylation
sites from 321 to 322 is noted for late time point clones, and, for S2,
a potential glycosylation site is at position 329 rather than 328
(indicated by *).

amplified products (8, 45, 46). These findings, together with
the observation from the current study that 86% of nucleotide
changes result in amino acid changes, suggest that envelope
variants arose as a result of phenotypic selection.
N-glycosylation may modify HIV-1 infectivity or recogni-
tion by neutralizing antibodies (47-49). Potential N-glycosy-
lation sites at residues 229 and 243 were completely con-
served among all sequences in the current study, suggesting
a potentially important role for these modifications. In other
clones, differences in the frequency of specific potential
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FiG.4. Conserved V3 domain sequence early in HIV-1 infection.
Consensus amino acid sequence derived for 245 North American and
European isolates is shown. (Upper) Differences from consensus V3
loop amino acid sequence among sequences obtained from the
earliest time points of three of the patients in the study and from the
consensus sequence for 21 macrophage tropic isolates. (Lower)
Differences from consensus V3 loop amino acid sequence of those
obtained from the later time points of all four subjects. Sequences
shown for different time points of subjects in this analysis represent
those present in =50% of clones (100% of S1.D and S2.A, 71% of
S4.A, 67% of S1.F, 83% of S1.G, 86% of S2.B, 62% of S2.C, 57% of
S3.B, 100% of S3.C, 78% of S4.B, and 50% of S4.C clones). MTcon,
consensus sequence for macrophage-tropic isolates (40, 42). *,
Residues potentially important for HIV-1 tropism (40); \/, potential
cleavage site (33).
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N-glycosylation sites were noted between early and late
stages of infection, which may contribute to biological and
immunological differences among such isolates.

The pattern of evolution of V3 loop sequences identified in
the current study suggests that sequence heterogeneity is not
completely random. The finding that certain variants may be
progenitors of viruses found later in infection has been
confirmed in studies of simian immunodeficiency virus-
infected macaques (50) and HIV-1-infected children (46).
However, not all mutations were preserved in the later time
points, suggesting that mutations may be progressive, but not
necessarily cumulative. These findings are consistent with
the proposed selective influences of the immune system that
determine which escape mutants will predominate.

Increased viral diversity may be a by-product of disease
progression or it may be critical for disease progression.
Nowak et al. (43) proposed that an antigenic threshold exists
above which the number of viral variants exceeds the im-
mune regulatory effectors. The threshold level may depend
on the replication rates of the quasi-species and the strength
of the immune response.

The functional role of sequence changes described in this
study remains to be analyzed. Isolates obtained from asymp-
tomatic infected individuals generally replicate slowly and to
low titers in vitro and are unable to infect T-lymphoid cell
lines or induce syncytia, whereas virus isolates from more
advanced disease stages are characterized by high titers and
rates of replication, T-lymphoid cell line infection, and syn-
cytia induction (19, 51, 52). These studies have utilized
cultured isolates, and, thus, it will be instructive to assess the
activity of more representative HIV-1 clones, including those
obtained early after infection and without the bias of in vitro
cultivation. Of particular interest in this regard are amino acid
alterations occurring at positions that may affect V3 loop
cleavage (residue 280 changes in all S2.B clones and residue
281 changes in most S4.B and C clones), cell tropism (residue
278 alterations in most S2.C clones and residue 287 alter-
ations in S4.B and S4.C clones), or CD4 binding activity
(residue 329 changes in S2.A.6 and residues 329 and 330
change in S4 clones) (16, 32, 33, 40, 42). Furthermore,
frequent sequence alterations, including a shift of an N-gly-
cosylation site C terminal to the V3 loop may affect the
conformation of the CD4 binding pocket (29).

In the current study, sequences were obtained exclusively
from peripheral blood leukocytes. It is unclear whether these
are representative of HIV-1 isolates present in lymphocytes
or monocytes at each stage of disease. Although the predom-
inant infected cell in blood at late stages of disease is the
lymphocyte (53), comparable studies have not been per-
formed during early stages of infection. In addition, it is likely
that tissue reservoirs for HIV-1 may account for a significant
portion of the virus load in an infected individual (54).
Distinct viral variants may evolve in different tissue com-
partments (37, 45, 55). Studies of HIV-1 heterogeneity in
lymph nodes or other tissue sources at different stages of
infection may be particularly useful in defining the role of
sequence heterogeneity in disease progression and disease
manifestations.

In the current study, only sequences from the V3 region
were examined. It is unclear whether a limited range of
sequences in other portions of the genome occur in the early
stages of infection. Nevertheless, this is a major epitope for
both T- and B-lymphocyte responses to HIV-1, and, thus, V3
loop sequences are likely to be an important determinant of
viral pathogenicity.

One striking and unexpected observation was that consen-
sus V3 sequences from early infection samples of different
individuals are remarkably similar. A similar consensus se-
quence is also present in an early isolate from an infected
child (44) and an infected hemophiliac (56). Moreover, this
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consensus sequence matches that determined to be necessary
for HIV-1 infection of macrophages (40, 42). Thus, macro-
phage infection may be critical for virus transmission or
establishment of infection. It is possible that HIV-1 may be
transmitted primarily in macrophages, or that macrophage-
tropic isolates may be most efficient in infection or replica-
tion at portals of infection within an immunologically intact
host. Alternatively, macrophage-tropic isolates may be less
cytopathic and, thus, a greater proportion of such isolates
will be found in viable leukocyte samples. Perhaps the
capacity to infect macrophages confers a survival advantage
by allowing these isolates to evade the vigorous host immune
response generated in early HIV-1 infection. However, it is
also possible that macrophage infection is not directly in-
volved in establishment of infection in vivo but that it merely
serves as an indicator of another property critical for HIV-1

infection of the host.

These findings also have important implications for vac-
cine development. A vaccine targeted at the consensus V3
loop demonstrated in early infection may be particularly
useful for protection of uninfected individuals.
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