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Various strategies of interrupting highly active antiretroviral therapy (HAART) are being investigated for
the treatment of human immunodeficiency virus (HIV) infection. Interruptions of greater than 2 weeks
frequently result in rebound of plasma HIV RNA. In order to discern changes in the viral population that might
occur during cycles of treatment interruption, we evaluated the homology of HIV-1 envelope gene sequences
over time in 12 patients who received four to seven cycles of 4 weeks off HAART followed by 8 weeks on HAART
by using the heteroduplex tracking assay and novel statistical tools. HIV populations in 9 of 12 patients
diverged from those found in the first cycle in at least one subsequent cycle. The substantial genetic changes
noted in HIV env did not correlate with increased or decreased log changes in levels of plasma HIV RNA (P >
0.5). Thus, genetic changes in HIV env itself did not contribute in a systematic way to changes in levels of
plasma viremia from cycle to cycle of treatment interruption. In addition, the data suggest that there may be
multiple compartments contributing to the rebound of plasma viremia and to viral diversity from cycle to cycle
of intermittent therapy.

While highly active antiretroviral therapy (HAART) has
significantly reduced human immunodeficiency virus (HIV)
mortality (4), it is clear that HIV replication persists despite
prolonged treatment that maintains plasma viremia below the
limit of detection (18, 31, 43). Thus, lifelong treatment may be
required for many HIV-infected individuals. Unfortunately,
the long-term use of HAART is associated with an increasingly
broad array of toxicities (2, 16, 22, 26, 29, 30, 35, 39), adher-
ence to regimens is difficult (23), and the monetary cost of
therapy and monitoring is prohibitive for many individuals and
countries (3). In an attempt to reduce the requirement for
lifelong therapy, several approaches to treatment interruption
have been studied with individuals who have maintained sup-
pression of plasma viremia and relatively high CD4� T-cell
counts while receiving HAART. One strategy, structured treat-
ment interruptions (STI), allows bursts of plasma viremia dur-
ing interruptions of HAART with the goal of enhancing HIV-
specific immune responses (i.e., autoimmunization) (19, 32, 36,
37; B. Hirschel, C. Fagard, A. Oxenius, H. F. Gunthard, and F.
Garcia, 9th Conf. Retrovir. Opportunistic Infect., poster
528-M, 2001).

In patients who began HAART during acute HIV infection,
significant reductions in plasma viremia have been noted from
cycle to cycle of STI, suggesting that successful autoimmuni-

zation had occurred (36). There was also a correlation in those
individuals between an enhanced HIV-specific immune re-
sponse and reductions in levels of HIV RNA from cycle to
cycle of treatment interruptions. In individuals who began
therapy during the chronic stage of infection, the results have
been inconsistent, and a significant reduction in HIV plasma
viremia from the first to subsequent cycles off HAART oc-
curred in a much smaller proportion of patients (19, 32, 37;
Hirschel et al., 9th Conf. Retrovir. Opportunistic Infect.). Fur-
thermore, while there was a correlation between reductions in
plasma HIV RNA levels from cycle to cycle and enhanced
HIV-specific immune responses in certain reports (34, 37),
other studies have failed to observe an immunologic benefit of
treatment interruptions (32; Hirschel et al., 9th Conf. Retrovir.
Opportunistic Infect.). Virologic factors may also contribute to
changes in plasma viremia from cycle to cycle of treatment
interruptions; for example, fluctuations in levels of plasma
viremia may be correlated with genetic and biologic changes in
HIV that result in differing replication kinetics.

A pool of HIV-infected resting CD4� T cells that harbor
replication-competent HIV is established early in infection (7),
and this reservoir persists in the presence of long-term
HAART despite the fact that plasma HIV RNA levels remain
below the limit of detection (8, 15, 41). Persistent HIV repli-
cation during HAART also suggests the existence of reservoirs
of infection that are impervious to antiretroviral drugs (7, 8, 15,
41). Several investigators have found that, in the plasma of
certain individuals, HIV RNA that rebounded following a sin-
gle interruption of HAART was genetically homologous to
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HIV isolated from resting CD4� T cells prior to treatment
interruptions (6, 24, 42). However, in other individuals, re-
bounding plasma viremia seemed to originate from different
potential reservoirs (6, 42), such as lymphoid tissue, the repro-
ductive tract, and other tissues (5, 8, 15, 27, 33). Regardless of
the source of heterogeneous HIV from cycle to cycle, the
appearance of divergent populations during multiple treat-
ment interruptions may provide insights into the inability of
the immune system to control viremia: i.e., diverse HIV pop-
ulations may require a diverse immune response in order to
control replication (1, 36).

Utilizing a heteroduplex tracking assay (HTA) to measure
genetic diversity, we evaluated the homology of HIV-1 enve-
lope from plasma HIV RNA obtained during multiple cycles of
STI, implemented as 4 weeks off HAART followed by 8 weeks
on HAART. We found that 9 of 12 individuals had divergent
HIV env from the first to at least one subsequent cycle of
treatment interruptions. There was no correlation between
genetic changes in HIV env and changes in levels of plasma
HIV RNA. These data provide important insights into the
complexity of HIV rebound during multiple long-cycle antiret-
roviral treatment interruptions that may account, in part, for
the limited success of such strategies for the purpose of auto-
immunization in patients with chronic HIV infection.

MATERIALS AND METHODS

Patients. Individuals participating in a clinical protocol approved by the Na-
tional Institute of Allergy and Infectious Diseases Internal Review Board to
evaluate the effects of repeated cycles of 4 weeks off HAART followed by 8
weeks on HAART were included in this analysis. Patient characteristics are
provided in Table 1. The first 15 patients to reach a minimum of four cycles of
intermittent therapy were evaluated; 3 patients were excluded from the final
analysis due to an inability to consistently amplify viral gene products. Plasma
HIV levels were determined in all patients every 4 weeks; patients had the option
to undergo additional evaluations during any of the weeks during the periods of
4 weeks off HAART. Plasma HIV-1 levels were determined by branched-chain
DNA (limit of detection of 50 copies per ml; Bayer Corporation, Tarrytown,
N.Y.)

RNA isolation and RT-PCR. Patient plasma samples stored at �80°C (at least
1 ml) were thawed and centrifuged at 17,530 � g for 1 h at 4°C. The plasma was
removed, and 750 �l of Trizol-LS (Invitrogen, Rockville, Md.) was added to the

pellet. Tubes were incubated for 5 min at room temperature, and RNA was
extracted with 200 �l of chloroform. RNA was precipitated by addition of an
equal volume of isopropanol and washed twice with 70% ethanol. The air-dried
pellets were dissolved in 25 �l of diethyl pyrocarbonate (DEPC) � H2O, and 7 �l
was reverse transcribed in 20 �l of reverse transcription mix containing 1�
reverse transcriptase (RT) buffer (Life Sciences, St. Petersburg, Fla.), 1 mM
deoxynucleoside triphosphates (dNTPs) (Applied Biosystems, Inc., Foster City,
Calif.), 30 U of avian myeloblastosis virus RT (Life Sciences), 20 U of RNase
inhibitor (Roche Diagnostic, Indianapolis, Ind.), and 30 pmol of antisense
primer ED12 (9). Reactions were carried out at 42°C for 45 min followed by heat
inactivation at 70°C for 10 min.

Two microliters of HIV cDNA was used as the template for amplification of
the V3-V5 coding region of the env gene by a nested PCR amplification strategy
with primer pairs ED12 and ED5 (10) in the first round and ED7 and ED8 (38)
in the second round. In both rounds of PCR, the reaction mixture contained 200
pmol of forward primer (ED5 or ED7), 200 pmol of reverse primer (ED12 or
ED8), 1� PCR buffer, 2.5 mM MgCl2, 400 �M dNTPs, and 2.5 U of Taq
polymerase (Invitrogen, Inc., Frederick, Md.) in a volume of 50 �l. The first-
round amplification conditions were 4 cycles at 94°C for 45 s, 55°C for 45 s, and
72°C for 1 min followed by 32 cycles at 94°C for 30 s, 57°C for 30 s, and 72°C for
45 s with a 10-min extension at 72°C. One microliter of the first-round PCR
product was amplified in a second round of PCR under the following conditions:
4 cycles at 94°C for 45 s, 53°C for 45 s, and 72°C for 1 min followed by 32 cycles
at 94°C for 30 s, 55°C for 30 s, and 72°C for 45 s with a final extension at 72°C
for 10 min.

HTA. We wanted to maximize our ability to observe and differentiate between
two classes of viral variants. The first class includes those variants that were
prevalent prior to therapy and their direct descendants. The second class in-
cludes those existing at very low to undetectable frequency in the blood prior to
therapy, which have greater levels of sequence difference from prevailing variants
than expected in direct descendants (�1.5% different from prevailing virus), and
which are thus likely to represent different viral lineages (9). For this analysis, we
used patient-specific, radiolabeled single-stranded HTA probes (12) generated
from each patient from a time point within the earliest off-drug cycle. The probe
was derived from the second PCR product and labeled in a 50-�l reaction
mixture containing 200 pmol of biotin-labeled ED7 primer, 200 pmol of ED8
primer, 1� PCR buffer, 2.5 mM MgCl2, 25 �M dNTPs, 0.2 �Ci of [�-32P]dTTP,
and 5 U of Taq polymerase (Invitrogen). Labeling was performed by amplifica-
tion for five cycles at 94°C for 1 min, 55°C for 2 min, and 72°C for 2 min followed
by an extension for 10 min at 72°C. The HTA probe was purified by binding the
biotin moiety of the PCR product to streptavidin-coated magnetic beads (Dynal
Biotech, Inc., Lake Success, N.Y.) and isolating the complementary strand with
0.1 N NaOH solution as previously described (13).

For HTA, the radiolabeled probe was annealed to target DNA derived from
the nested RT-PCR of longitudinally collected, reverse-transcribed plasma
HIV-1 RNA. Heteroduplexes were separated on a 5% acrylamide gel at 250 V
for 2 h 50 min, stained with ethidium bromide, and visualized with the Kodak
Imaging System (Eastman Kodak Company, Rochester, N.Y.). Gels were dried,
exposed to phosphor screens overnight, and analyzed with ImageQuant (Molec-
ular Dynamics, Inc., Sunnyvale, Calif.).

Gel analysis. We developed statistics to compare two populations based on the
number of bands having the same or different mobilities between two lanes, as
well as the relative intensities of those bands. Band mobility was measured as the
Rf, or fraction of the total distance traveled by homoduplex DNA. Band intensity
was measured as the relative fraction of total lane signal (see below).

Kodak 1D gel analysis software (Eastman Kodak Co.) was used to identify and
quantify bands manually in a computer-assisted way. Band intensity was calcu-
lated by interactively modeling bands as Gaussian functions and integrating over
those functions. Background signal, estimated by the software along the length of
each lane, was subtracted from band intensity. Integration and background
subtraction were performed automatically by the software. In some cases, Gauss-
ian modeling also separated bands whose signals overlapped; however, smears
without visually distinct positions of signal concentration that could identify
centers of bands were treated as part of the background. All bands that were
visible in the software’s display of the TIFF image of each gel were used;
however, bands of very high apparent molecular weight (MW) (Rf of �0.10) were
excluded, and faint (�1% of total signal) bands of intermediate MW (Rf of �0.3
to 0.7) present in all lanes were excluded, with the assumption that they were
nonspecific products or single-stranded DNA (ssDNA). Not all bands included in
the analysis were visible in the print reproductions of the figures. (The gels that
were analyzed are available upon request.)

An a priori intensity cutoff for the inclusion of bands was not used; rather,
visual ascertainment of bands was performed, erring on the side of inclusion. Of

TABLE 1. Characteristics of the patients in this study

Patient

Baseline no. of
CD4 cells/mm3

before
interruptions

Nadir in no.
of CD4

cells/mm3a

No. of pre-HAART
plasma HIV RNA

copies/mlb

101 415 257 217,006
102 1,419 453 117,136
103 581 246 158,099
104 645 371 8,806
105 772 390 5,333
106 709 508 4,790
107 730 382 20,641
108 537 337 18,950
111 466 205 451,375
114 1,090 426 80,060
115 387 209 75,317
121 617 258 153,333

Mean 697 337 109,237

a Lowest reported CD4� T-cell count.
b Highest reported level of HIV plasma viremia. Patients may have been

receiving dual or single antiretroviral drugs.
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533 bands identified, 28 (5%) had relative intensities of 0.01 or lower, and 15
(3%) had relative intensities of 0.001 or lower; two bands were identified with
intensities of �0.0001. There was no correlation (P � 0.65) between the relative
intensity of bands and the absolute lane signal for bands that had a relative
intensity of �1% (data not shown).

Lane entropy. Shannon’s entropy (12) was applied to band data as a basic
measure of viral population diversity within an individual lane. Suppose a lane
has n bands. Let the proportion of total signal intensity of band i be denoted pi.
Then the lane entropy is given by

E	p
 � �
i�1

n

pi ln	pi


pi in this case is always non-zero, since these values always represent observed
bands.

ED. The entropy of the difference (ED) quantifies the difference of mobility
and intensity in banding patterns between a pair of lanes. Suppose that between
the two sets of bands there are m unique mobilities. Then for any mobility j, 1 �
j � m, let pj be the intensity of the band at mobility j in the first lane. If there is
no band at mobility j in the first lane, let pj � 0. Define qj similarly for bands in
the second lane. Then the ED is defined as

ED	p,q
 � �
i�1

m�1

�i, where �i � � di ln(di), di � 0
0, di � 0 , and

di �
�pi � qi�

2 , 1 � i � m,

dm�1 � 1 � �
i�1

m

di

ED can be visualized in the following way. Overlay two lanes to produce a
composite “lane.” Where band positions coincide, suppose they cancel out each
other’s signal. Then the entropy of the resulting lane is essentially the ED.

The ED quantifies both changes in relative abundance of variants common to
both lanes and changes in the diversity between the lanes. Two lanes with
variants of identical mobility and intensity will give an ED of zero, while lane
pairs with completely nonoverlapping sets of variants will give the highest ED,
with the ED growing with the total number of distinct variants.

Since variations in gel conditions can cause identical heteroduplexes to mi-
grate at slightly different rates, we assumed that bands migrating within 5% of the
average of their relative mobilities had the same mobility for the purpose of
calculating ED.

This method assumes that bands having the same mobility represent identical
or very similar variants. Two targets can have two different sets of changes with
respect to a probe, which nevertheless lead to similar heteroduplex mobilities.
However, since for each patient we use a probe derived from that patient, all
target sequence is evolutionarily closely related to that probe. Since very few new
nucleotide differences are expected to arise during the time intervals studied,
shared differences with the probe are most likely to account for identical mobility
shifts between two targets.

OC. The overlap coefficient (OC) is a normalization of the ED, which takes the
value zero when the banding patterns are identical (i.e., when ED � 0) and which
takes a maximum of 1 when there is no overlap at all between lane variants. For
banding patterns p and q, if we write

ED0	p,q
 �
E	p
 � E	q


2 � ln(2)

where E is again the Shannon entropy of the individual banding pattern, then the
OC is given by

OC	p,q
 � 1 �

ED	p,q
 � ED0	p,q
�

ED0	p,q


ED0 is the value of ED if the patterns were completely nonoverlapping; i.e., if
no pair of bands belonged to the same mobility class.

For any patient, the mean OC is the average of OCs calculated for every pair
of 4-week HTA lanes. Thus, the mean OC characterized patients based on viral
population differences occurring among all STI cycles. This quantified the pro-
pensity of a patient to generate unique viral variants at any cycle; the higher the

mean OC, the more likely a patient is to have had distinct viral populations
between any two cycles.

Scripts (written in PERL) for calculation of these statistics are available upon
request.

Statistics. The Spearman test for correlation was used for each patient, com-
paring the association between log decreases and log increases in plasma HIV
RNA and the corresponding OC for pairs of consecutive cycles. The Student’s
one-sample t test was used to determine if the mean of these correlations was
significantly different from zero. Adjustment of P values for multiple testing was
done by the Bonferroni method.

For each patient, the OCs were taken on pairs of adjacent time points and then
grouped according to whether the change in plasma viral levels between the pair
of time points did or did not achieve at least a 0.5-log viral decrease. For each
patient, the average OC over cycles with at least a 0.5-log decrease was calcu-
lated, and the average OC for each patient over cycles at which a 0.5-log decrease
was not achieved was calculated. The means for each of these groups were
calculated and reported with the corresponding 95% confidence interval (CI).

RESULTS

Analysis of week 4 rebound plasma HIV by HTA. Twelve
patients underwent a minimum of four cycles of 4 weeks off
HAART followed by 8 weeks on HAART. For each patient,
the HTA was performed on plasma HIV env (V3-V5) se-
quences obtained from the 4th week of each sequential treat-
ment interruption. Although the levels varied from cycle to
cycle, each patient had sufficient HIV plasma RNA to perform
the necessary amplification during each treatment interruption
period analyzed. Double-stranded DNA (dsDNA) heterodu-
plexes with mismatched nucleotides show reduced mobilities
when the degree of divergence exceeds 1 to 2%, and further
reduction in mobility occurs when gaps are present due to a
deletion or insertion in one of the annealing strands (13). Nine
of 12 patients had HIV env populations that diverged signifi-
cantly (i.e., exhibited several persistent or recurrent bands not
found in pretreatment samples, with an Rf of �0.95 relative to
the homoduplex band) from the first interruption period to at
least one subsequent cycle (Fig. 1A). By this criterion, HIV env
remained relatively homogeneous from the first to each sub-
sequent cycle in 3 of the 12 patients (Fig. 1B).

In order to quantify the sequence divergence between pop-
ulations with a greater degree of sensitivity, we utilized the ED,
a measure of the divergence in band mobility and intensity of
HIV env between each pair of time points. Among the three
patients without evidence for significant divergence in HIV env
from cycle to cycle, the mean entropy was 0.57 (range, 0.41 to
0.75) versus 1.26 (range, 0.85 to 1.83) among the patients with
apparent divergence (data not shown). In order to normalize
the ED, the OC was evaluated by comparing adjacent lanes as
a measure of the likelihood of divergent HIV env at any given
interruption. Similar to visual inspection (Fig. 1) and the ED
results, the mean OC of the three patients who did not appear
to have significant alterations in mobility or intensity in adja-
cent lanes was 0.39 (range, 0.38 to 0.40) versus 0.75 (range,
0.53 to 0.85) among the nine patients with apparent diversity in
intensity and mobility (P � 0.001). Therefore, these statistical
analyses validated the subjective interpretation of the gels.
(The ED and OC for all lane pairs are available upon request.)

In order to evaluate the possibility that divergence in HIV
env was the result of random errors in PCR, the reproducibility
of variant population sampling (9, 11) was analyzed. A mini-
mum of 1,000 copies of HIV env RNA were reverse tran-
scribed and amplified in two independent PCRs from various
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time points for three patients (Fig. 2A). As determined by
visual inspection, the results were highly reproducible. In ad-
dition, the OC was determined for each pair of samples. The
OC ranged from 0.00 to 0.30 (Fig. 2). In order to evaluate the
possibility that various levels of input RNA above 1,000 copies
could result in the appearance of variant populations, HTA
was performed on a single time point for patient 101 by utiliz-
ing a fivefold serial dilution of cDNA-derived HIV RNA. Two
independent PCRs were done per dilution (Fig. 2B). As de-
termined by visual inspection, the results were highly repro-
ducible. The OC ranged from 0.15 to 0.29 for each pair of
samples, and the average OC across all samples was 0.19.

Comparison of genetic changes in HIV env and plasma HIV
RNA levels. Seven patients experienced a �0.5-log decrease in
maximal plasma HIV RNA rebound compared to the previous
period off HAART during a total of 10 interruption intervals
(one to two events per patient) (patients 101, 102, 105, 107,
114, 115, and 121). The overall average of the OCs during

these episodes of decreased plasma HIV RNA (0.62; 95% CI:
0.44, 0.80) was similar to that of the 22 episodes in the same
individuals with a �0.5-log decrease in plasma HIV RNA
compared to adjacent cycles off HAART (0.51; 95% CI: 0.36,
0.67). In addition, five patients (patients 103, 104, 106, 108, and
111) did not experience a single episode of �0.5-log decrease
in plasma HIV RNA compared to the previous cycle off
HAART during 23 treatment interruptions and had an average
OC of 0.62 (95% CI: 0.45, 0.80), yet the average OC was
similar to that of the seven patients with significant decreases
in plasma HIV RNA. Therefore, it was not surprising that
there was no correlation between the log change in plasma
viremia and a change in the overall average OC (mean corre-
lation for log decreases, 0.23; range, �1 to 1; and mean cor-
relation for log increases, 0.02; range, �1 to 1; P � 0.5).

Although there was no correlation between the average OC
and log changes in plasma HIV RNA from adjacent cycles off
HAART, it was possible that a log decrease of �0.5 from the

FIG. 1. Week 4 HTA and plasma HIV RNA levels from multiple HAART interruptions. Plasma HIV RNA was determined by branched-chain
DNA assay and is reported as the number of copies per milliliter (F). Nine of 12 patients (patients 101, 103, 104, 106, 107, 108, 114, 115, and 121)
had heterogeneous HIV env during four to seven cycles of treatment interruptions (A), while 3 patients (patients 102, 105, and 111) maintained
similar levels of HIV env as determined by HTA (B). The sample from which the probe was made is indicated by an asterisk.
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first to the last cycle off HAART was associated with diver-
gence in HIV env compared to that in patients with no log
change or a log increase in plasma HIV RNA. The average OC
of the six patients (patients 102, 106, 108, 115, 114, and 121)

with a �0.5-log decrease in plasma HIV RNA over all cycles
off HAART was 0.67 (95% CI: 0.53, 0.81). This was not sig-
nificantly different from the average OC of the six patients
(patients 101, 103, 104, 105, 107, and 111) with no change or a
�0.5-log increase in plasma HIV RNA from the first to the last
cycle off HAART of 0.65 (95% CI: 0.48, 0.82) (P � 0.5).

Analysis of multiple time points during treatment interrup-
tions. Four of the nine patients with divergent HIV env during
multiple treatment interruptions had plasma viral isolates
available from multiple time points during each interruption.
For each of these individuals, the first week shown was the first
level of plasma HIV RNA of �50 copies per ml during each
cycle (Fig. 3). Given the complexity of the gel patterns and the
difficulty of interpreting them visually for changes in mobility
and intensity, we plotted the OC for each patient for all pairs
of lanes as colors on a grid in order to more easily interpret
genetic shifts in plasma HIV populations within and between
interruptions (Fig. 4). Warm (more red) colors indicate greater
divergence of the banding patterns between two lanes, while
cool (more blue) colors indicate greater homogeneity of band-
ing patterns. (The OC for all lane pairs is available upon
request.)

The OC plots demonstrate that patients 101 and 104 had
substantially divergent HIV env levels at all cycles subsequent
to the initial rebound. This is indicated by the orange-to-red
boxes along the first row and column (Fig. 4). Patient 115
replicated virus similar to the initial isolate during cycle 1 of
week 2 (cycle 1/week 2) to cycle 2/week 2, cycle 3/week 3, and
cycle 5/week 3, as indicated by the greenish boxes, but rela-
tively divergent virus in cycles 3/week 4, 4/week 3, and 5/week
4 as indicated by the orange-yellow boxes at each intersection
(Fig. 4). In contrast, patient 105 had relatively homogenous
HIV env from the initial viral isolates from the first to each of
the subsequent cycles, with the possible exception of cycles 5
and 6, as indicated by the green-yellow boxes (Fig. 4).

Patient 101 appeared to generate distinct HIV populations
in almost every sample. The predominance of orange-to-red
colors throughout the plot indicates the divergence of HIV env
within as well as between cycles of treatment interruptions. A
clear exception is shown by cycle 2/week 2 and cycle 5/week 4,
where the blue box at the intersection of these time points on
the OC plot indicated homology (Fig. 4). Patient 105 tended to
vary around a relatively stable spectrum of variants. However,
oscillations between different sets of variants at late time points
can be observed as warm-colored columns at cycle 5/week 2
and cycle 6/weeks 1 and 3 (Fig. 4). Patients 104 and 115 ex-
hibited intermediate levels of divergence. Virus in patient 104
from cycle 1/week 1 was divergent compared to that at all other
time points, and cycle 4/week 4 was relatively divergent from
multiple time points (Fig. 4). Virus from patient 115 was char-
acterized by fluctuations in closely related variants (rapidly
migrating bands in Fig. 3), with the occasional outgrowth of
rather highly divergent variants (slowly migrating bands). This
behavior is reflected in the haphazard color pattern in the OC
plot.

DISCUSSION

In the present study, we have examined the heterogeneity of
HIV env in patients who underwent cyclic interruptions of

FIG. 2. Reproducibility of HTA results. Independent PCRs for
paired samples from week 4 of multiple cycles of HAART interruption
were evaluated in three patients to analyze the reproducibility of vari-
ant population sampling (A). The OC for each pair is provided. In
addition, the effects of different numbers of input HIV RNA copies on
HTA were evaluated by serial dilutions of a single sample from patient
101 (B). Two independent PCRs were performed for each sample. The
OC for each sample pair is provided. The overall OC was 0.19.

FIG. 1—Continued.

VOL. 77, 2003 REBOUNDING HIV-1 DURING MULTIPLE INTERRUPTIONS OF HAART 3233



HAART. Although HIV env heterogeneity was found in 9 of
12 patients who underwent multiple cycles of 4 weeks off
HAART followed by 8 weeks on HAART, there was no cor-
relation between divergence in HIV env and changes in levels
of plasma HIV RNA for all of the patients evaluated together
(P � 0.5). These data indicate that genetic changes per se in
HIV env do not contribute in a systematic way to fluctuations
in plasma HIV RNA levels. Furthermore, three of four pa-
tients who had specimens available from the initial time point
in each cycle when plasma HIV RNA was greater than 50

copies per ml had initially genetically divergent HIV env from
cycle to cycle (Fig. 3 and 4). Thus, the HIV env gene associated
with most rebounds in plasma viremia was divergent from the
initial population during multiple interruptions in antiretrovi-
ral therapy. In addition, fluctuations in HIV env within the
limited 4 weeks of treatment interruptions were observed dur-
ing at least 1 cycle in all four patients. The env region of HIV
is known to accumulate nucleotide changes within untreated
patients at a rate of about 1% per year (38), while the rate of
nucleotide evolution in patients on effective HAART is

FIG. 3. HTA and plasma HIV RNA levels for patients with multiple HIV env isolates within cycles off HART. Plasma HIV RNA was
determined by branched-chain DNA assay and is reported as the number of copies per milliliter (F). Four patients (patients 101, 104, 105, and
115) had weekly evaluations during each of 4 weeks off HAART during a cycle of 4 weeks off HAART followed by 8 weeks on HAART. The first
sample shown for each cycle is the first sample with �50 copies of HIV RNA per ml. The sample from which the probe was made is indicated by
an asterisk.
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�0.05% per year, if it can be detected at all. Thus, continued
evolution of virus in any of our patients over the course of the
study should be less than that in an untreated patient. The
significant HTA mobility shifts that we observed typically cor-
respond to �1 to 2% difference (13). Therefore, it was possible
that preexisting viral variants originating from evolutionary
lineages distinct from that of strains prevailing before therapy,
rather than newly evolved variants, are frequently responsible
for viral outgrowth during antiretroviral STI. It was also pos-
sible that ongoing evolution during STI was responsible for the
divergence in HIV env that we observed during multiple cycles
of treatment interruptions. Sequence analysis and phylogenetic
evaluation are necessary to further explore this issue.

The anatomical source of divergent lineages remains un-

clear. Several investigators have demonstrated that rebound
plasma HIV RNA following a single interruption of HAART
was genetically homologous to HIV isolated from resting
CD4� T cells prior to treatment interruptions in certain indi-
viduals (6, 24, 42), whereas in other individuals, rebounding
plasma virus seemed to originate from other potential reser-
voirs (6, 42). Distinct genetic variants of HIV have been de-
tected in multiple fluid, anatomical, and cellular compart-
ments: e.g., brain (5, 27), lung (25), spleen (14, 20), kidney
(28), genital secretions (33), and natural killer cells (40). Thus,
during multiple interruptions of HAART, it is possible that
plasma HIV can originate from different reservoirs or sites
within a reservoir.

It was possible that the numbers of nucleotide substitutions

FIG. 4. OC plots for patients with divergent HIV env variants within cycles off HAART. The plot reduces the complexity of the gel data to a
single comparative measure to assist in interpretation of the gels. The OC, a measure of divergence in mobility and intensity of bands between pairs
of lanes, is calculated and displayed for each pair of lanes or time points. Warm (more red) colors indicate greater divergence of the banding
patterns between two lanes, while cool (more blue) colors indicate greater homogeneity of banding patterns. cyc, cycle; Pt, patient.
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were similar between the patients with relatively homogeneous
and relatively divergent HIV env genes as determined by HTA,
but that the patients with relatively divergent HIV env genes
also had length variability. Sequence analysis is necessary to
evaluate this possibility. However, it has been demonstrated
that length variation itself may have biological implications
(17, 21).

We have introduced novel descriptive statistics for HTA
divergence based on a computer-aided ascertainment of bands.
The number of bands in an HTA lane is a direct measurement
of the minimum number of different genetic variants in the
target population as a whole. Therefore, we have analyzed the
absolute number of bands to determine statistically the diver-
sity and divergence of bands by HTA. This approach contrasts
with previous reports in which an image analysis of each lane
in its entirety was performed (9, 11). This technique may min-
imize the inclusion of background signal and spurious banding
thereby enhancing the statistical power of comparisons.

We have demonstrated that interruptions of therapy that
allowed for relatively high levels of plasma HIV RNA resulted
in the emergence of divergent HIV env populations in 9 of 12
patients. In addition, we demonstrated that this diversity was
not correlated with significant fluctuations in the level of
plasma HIV RNA observed from cycle to cycle of intermittent
therapy. Thus, the alterations in peak plasma viremia observed
during treatment interruptions cannot be explained by diver-
sity in HIV env as determined by HTA. These data suggest that
multiple compartments are responsible for rebound plasma
HIV during sequential long-cycle antiretroviral treatment in-
terruptions in patients with chronic HIV infection; sequence
and phylogenetic analyses will be required to confirm the latter
hypothesis.
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