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We analyzed the evolution of the human immunodeficiency virus type 1 (HIV-1) env gene in 12 chronically
infected individuals who underwent structured treatment interruptions (STIs). Analyses of length variation
and of clonal sequences demonstrated highly unpredictable evolution, which may limit the strengthening of
HIV-specific immune responses by STIs because of the variability in exposure to viral antigens.

To determine whether temporary exposure to a patient’s
autologous human immunodeficiency virus type 1 (HIV-1) an-
tigens may promote HIV-specific immune control of viral rep-
lication, the potential benefits of structured treatment inter-
ruptions (STIs) are being evaluated (7, 14, 16, 17). A rapid
rebound of the virus usually occurs following treatment inter-
ruption in chronically infected patients (7, 8, 13, 17, 18). This
is in contrast to findings from studies of STIs in acutely in-
fected patients, some of whom exhibit sustained control of viral
replication. This difference in outcomes may reflect the rela-
tively modest cytotoxic T-lymphocyte and T-helper-cell re-
sponses in cases of chronic infection compared to those in
cases of acute infection (16, 20).

In chronically infected patients with suppressed viral loads
during highly active antiretroviral therapy, the source of the
rebounding virus is not clear. One study involving a single
interruption showed that the rebounding plasma virus was
genetically similar to cell-associated HIV RNA and the repli-
cation-competent virus within the detectable pool of latently
infected, resting CD4" T cells (11). Another study showed
genetic differences between these populations (3). We hypoth-
esized that the inability of sequential STIs to induce a vigorous
immune response during chronic HIV infection might be due
to the emergence of different viral variants with each interrup-
tion. Highly variable viral evolution between patients would
also be consistent with the apparently contradictory results of
Imamichi et al. (11) and Chun et al. (3). To test this hypothesis,
we determined the pattern of evolution of viral populations
sequenced from plasma RNA and peripheral blood mononu-
clear cell (PBMC) DNA at different time points following
STIs.

The study included 12 adults with chronic HIV-1 infection
who had suppressed viral loads during highly active antiretro-
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viral therapy and who underwent four cycles of therapy inter-
ruption (6, 17). Each interruption lasted approximately 30 days
and was followed by a treatment period of approximately 3
months to allow the virus to be suppressed to undetectable
levels prior to the next interruption.

We compared the genetic relationships between different
viral populations based on length polymorphisms in the V1-V2
and V4-V5 hypervariable regions of HIV-1 gp120 as previously
described (20). The technique was adapted to be performed
under denaturing conditions in a capillary electrophoresis
analysis, and results were analyzed with GeneScan software
(Applied Biosystems). The frequency of each length variant in
a sample was calculated from the area of each peak divided by
the total area of all the peaks. Very similar results were ob-
tained when the peak heights were used to calculate the fre-
quencies of each variant. Patient 9 was excluded from the
analysis because she did not experience viral rebound during
any of the four STIs in the protocol (17). The reproducibility of
the results of the analysis was tested by performing two repli-
cates on each of 15 samples, 7 with plasma RNA and 8 with
PBMC DNA.

In order to estimate the degree of the diversity of length
polymorphisms in each sample, we calculated Simpson’s index
of diversity for each region j (1 — D;, where j is V1-V2 or
V4-V5) from the frequency of each length variant (i) in a
sample (x;) with the formula

1-D;=1-2x; (1)
i=1

where m; is the total number of length variants in region j. This
is a composite measure of diversity (equal to 0 if there is no
variation) that takes into account both the number and the
frequency of peaks. The average diversity for each patient was
summarized by calculating the median value of 1 minus D.
In order to estimate the degree of divergence between two
samples from the frequency of each length variant, i, in region

12344



CT L I ]
(NN e
§3 J\M 1 M ,AIL J 1Ry }l Al
NI RINIAENEY L b |
"k HM ) J\“M ﬂ jﬁh J ) mﬂhM i
ELM. 0 b P | L e L
RN RN "‘ffhl AR
L b LR

FIG. 1. Length polymorphisms of the rebounding plasma virus in comparison with those isolated from PBMCs. Plasma RNA samples were
collected at the peak of viremia during each STI, and cell-associated DNA samples were obtained the day before each STI was initiated, while viral
load was below 50 copies/ml. RNA was reverse transcribed and PCR amplified in one step by using the QTAGEN OneStep reverse transcription-
PCR kit. Nested PCR was performed with Platinum High Fidelity DNA polymerase (Gibco BRL). Results for the V1-V2 region are shown in
black; those for the V4-V5 region are shown in blue. The size of each peak ranges between 250 and 350 nucleotides. nd, not determined; ¥, sample
from the fifth STI was used because plasma viremia was less than 50 copies per ml during the fourth STI.

j in each population, x; and y;;, we calculated the distance D,
described by Nei et al. (12), given by the formula

roomj

1
D=1 > @

j=li=1

In equation 2, r is the number of regions analyzed (here, r =
2). Software written to calculate these statistics is available on
request. Wilcoxon-Mann-Whitney tests (for unpaired data)
and Wilcoxon signed rank tests (for paired data) were used to
analyze estimates of 1 minus D and D,; reported P values are
exact and two sided.

The patterns of length polymorphisms varied greatly among
patients and sample types, ranging from relatively stable pat-
terns (patients 2, 3, 6, 7, and 8) to highly variable patterns
(patients 1, 4, 5, 10, 11, and 12) (Fig. 1). Variable patterns
based on plasma RNA were not due to measurement error, as
the same pattern of length variants (in terms of the number
and lengths of variants) was detected when our assay was
performed twice on seven plasma RNA samples. Although
reproducibility was less for PBMC DNA, which showed arti-
factual changes in the number of variants in five out of eight
PBMC samples, length variants detected in PBMC DNA were
often not detected in RNA. Given the high reproducibility of
our assay on RNA samples, this suggests the presence of ge-

netic differences between plasma RNA and PBMC DNA in at
least some of our patients. Only one patient (patient 8) had a
highly stable pattern of both PBMC DNA and plasma RNA
length polymorphisms during the entire study, although there
was a moderate increase in the diversity of the V4-V5 fragment
in the rebounding virus in this patient’s plasma after the first
STI (Fig. 1).

The overall degree of env diversity, measured by Simpson’s
index of diversity, showed that plasma RNA was more diverse
than cell-associated proviral DNA in the V4-V5 region (me-
dian difference in 1 — D values for patients, 0.38; Wilcoxon
signed rank test; P = 0.04) but not in the V1-V2 region (me-
dian difference in 1 — D values, —0.07; P = 0.1). As there were
no systematic differences in diversity between replicates (me-
dian differences in 1 — D values, 0.02 and —0.02 for RNA and
DNA, respectively), measurement error cannot account for the
higher diversity of plasma RNA.

The divergence between samples from a patient, as mea-
sured by Nei et al.’s D, was significantly higher between DNA
populations (median D, = 0.68) than between RNA popula-
tions (median D, = 0.29) (Wilcoxon signed rank test; P =
0.004), and the divergence between RNA populations was in
turn significantly greater than the divergence between DNA
replicates (median D, = 0.09, Wilcoxon-Mann-Whitney test; P
= 0.04), which in turn was significantly greater than the diver-
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FIG. 2. (a) Median differences in diversity across STI cycles between plasma RNA and PBMC DNA samples for the V1-V2 region and the
V4-V5 region; (b) divergence over four therapy interruptions estimated by using PBMC DNA and plasma RNA samples from patients (DNA/pt.
and RNA/pt., respectively). The divergence estimated from replicated assays on PBMC DNA and plasma RNA are also shown (DNA/rep. and

RNA/rep., respectively).

gence between RNA replicates (median D, = 0.01, Wilcoxon-
Mann-Whitney test; P = 0.01) (Fig. 2). As the level of diver-
gence in our samples was significantly higher than the level of
divergence generated by measurement error, this represents a
real biological difference in diversity rather than a sampling
artifact.

To further analyze the evolution of rebounding HIV popu-
lations in plasma during STIs and in infected PBMCs, three
patients were selected for extensive sequencing based on their
different viral load kinetics in vivo during the course of the
study (patients 4, 6, and 11). PCR amplification and sequence
analysis were done as previously described (21), with the ad-
ditional sequencing primers U7316env (5'-CTC AGG AGG
GGA CCC AGA AA-3') and L7344env (5'-CCT CCA CAA
TTA AAA CTG TG-3'). Both DNA strands were sequenced in
opposite directions. A total of 96 plasma RNA and PBMC
DNA clonal sequences were obtained by endpoint dilution
from the C2-V5 region within gp120. Sequences were aligned
with the Clustal program (9), adjusted by manual editing, and
trimmed to a total length of 759 bp (including gaps), corre-
sponding to positions 6954 to 7682 in the reference strain
HXB2. Samples were obtained at the same time points as those
described for the length polymorphism technique. Available
pretherapy population-based sequences were also included for
all three patients.

Phylogenetic analysis was performed using a Bayesian ap-
proach with the MrBayes program (10), the output of which is
a joint probability distribution of phylogenetic trees, branch
lengths, and substitution rate parameters. Estimates of cluster-
ing were obtained by estimating the probability of a given
cluster from a sample of 1,000 phylogenetic trees, analogous to
bootstrap supports commonly used in phylogenetic analysis
(5). The tree was rooted by using the population-based se-

quence obtained from plasma RNA prior to the treatment
leading up to the interruption study.

Figure 3 shows phylogenetic trees for patients 4, 6, and 11,
with clusters labeled if their support was greater than 70%.
Although there is sufficient sequence variation to identify sev-
eral clusters of sequences within patients, these trees show that
for all three patients, there is extensive intermingling of the
sequences between DNA and RNA and between time points,
with no apparent ordering in time. We also estimated the level
of clustering between different subpopulations by calculating a
correlation coefficient, r, between genetic distances and sub-
populations, which ranges between —1 and 1 (4). High r values
indicate clustering, and the statistical significance of these val-
ues was determined by a permutation test. We estimated r
using numbers of nonsynonymous and synonymous differences
per site, denoted d,, and dg, with the method of Yang and
Nielsen (19) and obtained the P value against the null hypoth-
esis of no clustering using 10,000 permutations of the se-
quences between the subpopulations. This analysis revealed
some statistically significant but weak clustering of sequences.
Patient 4 showed statistically significant levels of clustering by
STI but relatively little clustering by tissue (plasma versus
PBMC) (Table 1). In contrast, patient 11 showed significant
levels of clustering by tissue (plasma versus PBMC) but not
STI. There was very little clustering by either STI or tissue
(plasma versus PBMC) for patient 6, with the exception of
nonsynonymous diversity between PBMC and plasma viruses.
Inspection of the data revealed that this was due to a small
number of amino acid substitutions between PBMC and
plasma viruses (resulting in a slightly higher value for d,/d
between PBMC and plasma viruses) (Table 1).

Coreceptor usage plays a critical role in viral tropism, patho-
genesis, and disease progression. It has been shown that there
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FIG. 3. Majority rule consensus trees for patients 4 (a), 6 (b), and
11 (c). Numbers at the nodes represent the percentages of support for
the clusters. For patient 6, virus samples from the fifth STI were
studied because the levels of the virus in plasma did not rebound
during the fourth STI. Parameter values are as follows. A Hasegawa-
Kishino-Yano (HKY) model of nucleotide substitution was assumed,
with a uniform prior distribution and a range 3 to 6 assumed for the
transition-transversion parameter. Base frequencies were fixed at their
empirical estimates. The rate of heterogeneity was modeled as a mix-
ture of invariant sites, at frequency p, with the substitution rates of the
remaining sites following a discrete gamma distribution with shape
parameter a. A Dirichlet distribution with parameter 1 (corresponding
to a vague distribution) was assumed for p, and a uniform distribution
(range, 0.05 to 0.5) was assumed for «.

can be a viral population shift from X4 to RS after treatment,
independent of changes in the level of HIV-1 RNA in plasma
and the CD4 " -cell count (15). Although most of the patients in
our study did not meet the clinical definition of having ad-
vanced disease, they had been infected for up to 13 years (17).
Thus, we used U87.CD4 cells transfected with CCRS5 or
CXCR4 (2) to investigate whether coreceptor usage changed
during our sequential STT study. Viral strains from 11 of the 12
patients were RS at the first STI and maintained their pre-
dicted phenotype over the four STI cycles. Only viruses iso-
lated from patient 8 were able to infect cells expressing either
CCRS or CXCR4, and this phenotype was stable over the study
period.

Our results show that HIV can evolve in a highly unpredict-
able fashion during STIs. It is not clear whether the evolution
of HIV during STIs is driven by selection pressure or is simply
due to chance effects arising as a consequence of outgrowth
from a small population. The strengthening of HIV-specific
cell-mediated immune responses might be limited in chroni-
cally infected patients because the exposed viral antigens keep
changing over sequential STIs. These observations contrast
with the low degree of viral genetic diversity seen in patients
treated during early infection and who later discontinued ther-
apy (1, 20). Thus, a less diverse virus population along with



12348 NOTES

TABLE 1. Standardized generalized correlation coefficients (r
values) between nonsynonymous and synonymous distances and
pairs of subpopulations

Subpopulations Diversity Standardized P

Patient compared dlds’ measure  GCC (r)® value®
4 PBMC and plasma 0.75/0.74 dy 0.07 <0.05
dg 0.06 <0.1
1st STI and 4th 0.70/0.78 dy 0.34 <0.001
STI
dy 0.16 <0.001
6 PBMC and plasma 0.57/0.84 dy 0.30 <0.001
dg -0.02 NS
1st STI and 5th 0.68/0.72 dy 0.09 <0.1
STI
dy 0.03 NS
11 PBMC and plasma 1.18/1.00 dy 0.17 <0.001
dg 0.16 <0.001
1st STI and 4th 1.04/1.1 dy 0.08 <0.05
STI
dy 0.01 NS

“dyldg ratios for within-population/between-population comparisons are
given for each set of subpopulations compared.

? GCC, generalized correlation coefficient. High values for r indicate clustering
by subpopulation.

¢ NS, not significant (P value > 0.1). The observed generalized correlation
coefficient was greater than the simulated value.

conserved HIV-1-specific CD4"-T-cell responses might con-
tribute to increased virus-specific cytotoxic T lymphocytes and
ultimately keep viremia under control (1, 16). However, al-
though the changes in viral genetic variation demonstrated in
this study are consistent with this hypothesis, it does not nec-
essarily imply that there are changes in viral epitopes. Detailed
studies of the kinetics of the HIV-specific immune response
are required to explicitly address this hypothesis.

Nucleotide sequence accession numbers. The sequences re-
ported herein have been submitted to the EMBL data bank
under accession numbers ALIGN_000324 to ALIGN_000326.
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