
Introduction
In patients infected with HIV-1, early and aggressive
treatment with highly active antiretroviral therapy
(HAART) can achieve sustained suppression of plasma
viremia below the limit of detection and partial reple-
tion of CD4+ T lymphocytes (1–4). For the first time in
this epidemic, the pathogenic course of HIV-1 infection
has been dramatically attenuated, accounting for a sub-
stantial decrease in AIDS-related death in the devel-
oped world (5, 6). However, the presence of infectious
HIV-1 residing latently in resting memory CD4+ T lym-
phocytes (7–11) and the persistence of residual viral
replication despite prolonged treatment with HAART
(12–18) represent major obstacles to HIV-1 eradication.
Over the past few years, intensive efforts have been
undertaken to characterize the decay of the latent reser-
voir on HAART. It has been estimated that its pool size
is between 103 and 107 cells per patient (7, 19). In
patients whose plasma viremia levels are particularly
well suppressed by HAART, latent viruses were found
to decay with a mean half-life of approximately 6
months (13, 16), a value similar to the observed
turnover rate of memory lymphocytes in uninfected
humans and monkeys (20–22). In contrast, in patients
with episodes of intermittent viremia as a result of
residual viral replication, the apparent decay rate of
latent viruses could be as long as years (16, 23). It is

therefore clear that viral persistence during prolonged
treatment is due not only to the slow turnover of infect-
ed resting memory CD4+ T lymphocytes, but also to the
inability of current antiretroviral regimens to com-
pletely suppress viral replication (12–18).

It is thus not surprising that viral rebound occurs in
almost all patients after discontinuation of HAART
(24–28). However, the nature of the rebounding virus-
es remains unknown. In the present study, using a
newly developed genetic technique, we sought to delin-
eate the genetic relationship between the rebounding
viruses and those residing in the latent reservoir as well
as in lymphoid tissues.

Methods
PCR amplification, length polymorphism, sequencing, and
sequence analysis of HIV-1 gp120. Viral RNA was extracted
from plasma and culture supernatant, and cDNA was
synthesized according to a previously described protocol
(17, 29). Detection of unspliced (US) HIV-1 mRNA in
PBMCs was carried out as described (17). Proviral DNA
was extracted from PBMCs or tissue samples as previ-
ously described (13, 30). Our genetic analyses focused on
the V1–V2 and V4–V5 domains of the viral envelope gly-
coprotein. These regions contain not only frequent base
substitutions, but also extensive length polymorphisms.
The env primers used in the PCR were as follows, with
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their positions in the HXB2 genome indicated in paren-
theses. For the V1–V2 region, the outer primers were
V12–51 5′-GATGCATGAGGATATAATCAGTTTATGGG (+,
6533) and V12–52 5′-CCTAATTCCATGTGTACATTG-
TACTGT (–, 6954), while the inner primers were V12–50
5′-CCATGTGTAAAATTAACCCCACTCTGTGT (+, 6576) and
V12–53 5′-TCAAAGGATACCTTTGGACAGGC (–, 6834).
For the V3–V5 region, the outer primers were V3a 5′-
CCAATTCCCATACATTATTG (+, 6858) and V3i 5′-GCGT-
TATTGACGCTGCGCCCAT (–, 7814), while the inner
primers were V3e 5′-GTACAATGTACACATGGAAT (+,
6957) and V3h 5′-AATTCACTTCTCCAATTGTC (–, 7653).
Each round of PCR consisted of 30 cycles, with the first
five cycles at 94°C for 1 minute, 52°C for 1 minute, and
72°C for 1 minute, followed by 25 cycles at 94°C for 1
minute, 55°C for 1 minute, and 72°C for 1 minute. For
length polymorphism studies, PCR amplifications were
conducted on total viral cDNA in order to have an ade-
quate representation of the viral population. One primer
in the second round of PCR was labeled with a fluo-
rophore, 6-carboxy-fluorescein, at the 5′ end (PE Biosys-
tems, Foster City, California, USA). For the V1–V2

region, the labeled primer was V12–50, while for the
V4–V5 region, it was V45–407 5′-GGGGAATTTTTCTACT-
GTAA (+, 7362). PCR-amplified fluorescently labeled
products were purified using QIAquick PCR Purifica-
tion Kit (QIAGEN Inc., Valencia, California, USA), sepa-
rated on a 6% denaturing polyacrylamide gel using an
automated sequencer (ABI PRISM 377; PE Biosystems)
and analyzed by the GeneScan program (PE Biosystems).
All RNA and DNA extractions and subsequent amplifi-
cation reactions were carried out with appropriate neg-
ative controls in parallel to detect contamination at each
step of the procedures. For nucleotide sequencing, sin-
gle molecules of virus or provirus were amplified after
limiting dilution and directly sequenced using an auto-
mated sequencer (ABI PRISM 377) to avoid errors intro-
duced by PCR (30, 31). Obtained nucleotide sequences
were aligned using the Clustal W program (32). Pairwise
distances among sequences were estimated by the
DNADIST program implemented in the PHYLIP pack-
age (33). Phylogenetic analysis of the nucleotide
sequence data was carried out using the neighbor-join-
ing method (34).
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Figure 1
Changes in plasma viral load and CD4+

lymphocyte count during and after
HAART. Shaded areas indicate the treat-
ment periods. The drug regimens are as
indicated: AZT, zidovudine; 3TC,
lamivudine; RIT, ritonavir; and IND,
indinavir. The open arrows indicate the
days on which boosted cultures were
undertaken to isolate latent viruses from
resting memory CD4+ T cells. The solid
arrows indicate the days when tissue
biopsies were collected from the lymph
node, tonsil, and/or rectum.



Isolation of replication-competent virus from resting memo-
ry CD4+ T cells. To isolate infectious HIV-1 from the
latent reservoir, limiting-dilution boosted cultures were
performed as previously described (13, 16), based on
the method of Finzi et al. (10).

Results
Patients. Eight male patients, ages 31 to 39, were cho-
sen for the study (Figure 1). They had a mean baseline
CD4+ lymphocyte count of 498 cells/µl and an average
initial plasma viral load of 199,872 RNA copies/ml
(Amplicor HIV-1 Monitor Ultra Sensitive, Roche Mol-
ecular Systems, Branchburg, New Jersey, USA). All
patients were enrolled into treatment protocols with-
in the first 90 days of their acute HIV-1 infection. The
antiviral regimens consisted of zidovudine (600 mg/d)
and lamivudine (300 mg/d) along with either ritonavir
(1200 mg/d) or indinavir (2400 mg/d). As shown in
Figure 1, a precipitous decline in plasma viremia was
seen in each case after initiation of therapy; levels
below 50 RNA copies/ml were quickly reached and
then sustained for 898–1200 days into therapy. After
90 days, plasma viremia was never again detected in
any of the cases except on a single occasion in two
patients (1306 and 1311) (Figure 1). An average
increase of about 300 cells/µl was noted when com-
paring mean CD4+ lymphocyte counts for the last four
measurements with baseline values. After stopping
HAART, plasma viral rebound was found in all cases
within a few weeks, reaching levels that are equivalent
or higher than that during primary infection in six of
eight patients (313-9, 1302, 1308, 1310, 1304, and
1311). In the other two patients (1306 and 1309), the
viral rebound was delayed by 6 to 8 weeks and only
reached low levels in patient 1309 despite his remain-
ing off therapy (Figure 1). In general, there was a con-
comitant decline in the number of CD4+ T cells asso-
ciated with the viral rebound (Figure 1). It is
interesting to note that in a majority of the cases, the
initial rebound in plasma viremia was spontaneously
downmodulated without any further intervention.
Correlating the changes in plasma viremia with fluc-
tuations in HIV-1–specific immune responses will be
the subject of a separate report.

Length polymorphism of rebounding viruses and comparison
with latent reservoir viruses during HAART and those at pri-
mary infection before treatment. To compare the genetic
relationship between different viral populations, we
developed a fluorescent technique based on the known
length polymorphism in V1–V2 and V4–V5 regions of
HIV-1 gp120 (35). The new technique is sensitive
enough to detect a single nucleotide deletion or inser-
tion within PCR products, because of its fine resolu-
tion on a 6% denaturing polyacrylamide gel. We first
tested this technique on plasma samples collected from
eight acutely infected patients and eight chronically
infected cases before treatment with HAART. As shown
in Figure 2, single and uniform peaks of V1–V2 and
V4–V5 products were found in acutely infected indi-

viduals, although the lengths varied from patient to
patient. In contrast, multiple peaks with different
lengths were identified for both V1–V2 and V4–V5
products in almost all chronically infected patients.
This observation is consistent with previous findings
that during acute infection, the viral population is rel-
atively homogenous compared with that in the subse-
quent stages of infection (30, 36).

To study the genetic relatedness between the
rebounding viruses and those present during the pri-
mary infection and in the latent viral reservoir, viral
RNA preparations derived from the plasma of the eight
patients (Figure 1) before initiation of HAART and 14
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Figure 2
Length polymorphism in the V1–V2 (in red) and V4–V5 (in blue) regions
of HIV-1 env found in the plasma of eight acutely infected (left) and eight
chronically infected (right) patients. The length of each V1–V2 or V4–V5
region is indicated by the scale at the top of each panel.



to 280 days after stopping HAART were analyzed using
the novel technique developed in this report. Viral RNA
from the culture supernatant of resting memory CD4+

T cells was obtained at four different time points while
on HAART (Figure 1) and was analyzed in a similar
manner. As shown in Figure 3, replication-competent
viruses recovered from the resting memory CD4+ T
cells were identical in V1–V2 and V4–V5 lengths to
those in the plasma during primary infection in each
patient. In addition, in four independent samples col-
lected up to 3 years after initiation of HAART, viruses
residing in the resting memory CD4+ T cells remained
unchanged in length in both V1–V2 and V4–V5
regions. Interestingly, when rebounding viruses in plas-
ma were analyzed, it was found that in five of eight
patients (1308, 1310, 1304, 1306, and 1311) they were
identical in length to those recovered from latent reser-
voir while on HAART and from the plasma at primary
infection. In three patients (313-9, 1302, and 1309),
however, the initial rebounding viruses were different

in length from those in latent viral reservoir and at pri-
mary infection. In patient 313-9, a 21-bp deletion was
found in the V4–V5 region of the rebounding viruses,
whereas the V1–V2 region stayed the same (Figure 3).
In patient 1302, however, there was a 12-bp deletion in
the V1–V2 region, whereas the V4–V5 region remained
constant. In patient 1309, a 15-bp insertion was iden-
tified in the V4–V5 region of the rebounding virus. It is
interesting to note that as patients 313-9 and 1309
remained off therapy, the initial rebounding viruses
were gradually joined or overtaken by a strain similar
in length to that found in the latent reservoir and at
primary infection (Figure 3).

To analyze the rebounding viruses in greater detail,
extensive sequencing was conducted in four of eight
patients (313-9, 1302, 1308, and 1310). A total of 295
V1–V2 and 312 V4–V5 sequences were obtained from the
rebounding viruses, viruses at the primary infection, and
those from the latent viral reservoir during treatment
(GenBank accession numbers: AF290622–AF290675,
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Figure 3
Length polymorphism of the rebounding plasma virus in comparison with those isolated from the latent reservoir during therapy and those
in the plasma before therapy. Multiple samples collected after cessation of HAART are separated into three time groups: 14–42 days, 43–140
days, and 141–280 days. The V1–V2 region is shown in red; the V4–V5 region is shown in blue. The size of each peak is indicated by the scale
at the top of each panel.



AF290676–AF290722, AF290723–AF290778, AF290779–
AF290843, AF292129–AF292236, AF292243–AF292306,
and AF292327–AF292358). The most prominent result
from the sequence analysis is that all of the length poly-
morphisms observed previously were confirmed by the
actual sequences (data not shown). In patient 313-9, for
example, an exact 21-bp deletion was identified in the V5
region of the initial rebounding virus, whereas in patient
1302, a 12-bp deletion in the V1–V2 region of the
rebounding virus was noted, matching exactly findings
based on length polymorphism studies. Importantly, the
initial rebounding viruses in patients 1308 and 1310 were
not only identical in length, but also identical in
sequences to those found in the latent reservoir and at pri-
mary infections (data not shown). In addition, we also car-
ried out an extensive phylogenetic analysis on the
nucleotide sequences obtained from the four patients
(313-9, 1302, 1308, and 1310). The most consistent result
from this analysis was that nucleotide sequences from
each individual patient clustered tightly together irre-
spectively of their source of origin, be it viruses from the
primary infection, the latent viral reservoir, the rebound-
ing population, or tissue biopsies (data not shown). The
sequences on which the length polymorphism studies
were carried out are therefore all specific to each individ-
ual without evidence of contamination.

Evidence of residual HIV-1 replication in two patients
whose initial rebound viruses differ from latent viruses iso-
lated during HAART and those at primary infection. In
patients whose rebounding viruses differ from the
latent reservoir viruses, what could be the source? One
likely possibility is the persistent, low-level HIV-1
replication during HAART. To examine this hypothe-
sis, we measured the level of US HIV-1 RNA in PBMCs
of each case approximately 3 weeks before stopping
HAART. Among the five patients (1308, 1310, 1304,
1306, and 1311) whose rebounding viruses were iden-
tical in length to those recovered from the latent
reservoir, no detectable US HIV-1 RNA was found
(Table 1). Among the other patients (313-9, 1302, and
1309), however, two (313-9 and 1302) had detectable
levels of US HIV-1 RNA in their PBMCs
(Table 1). These results are consistent with
our previous findings (summarized in
Table 1) that residual HIV-1 replication
occurred in the presence of HAART in
patients 313-9 and 1302, as detected by
continued sequence evolution in the viral
envelope gene and expression of viral RNA
in lymphoid tissues (13).

Further analysis revealed that sequences
identical to the initial rebounding viruses
in patients 313-9 and 1302 were in fact
minor variants detected in biopsies of the
lymph node, tonsil, or rectum during
HAART. In patient 313-9, among a total of
40 proviral sequences obtained from the
lymph node, tonsil, and rectum, four (one
in the lymph node, one in the tonsil, and

two in the rectum) were identical to the rebounding
virus (data not shown). None of the proviral sequences
in PBMCs during treatment, however, was identical to
the rebounding virus. In patient 1302, among a total of
33 proviral sequences obtained from the tonsil and rec-
tum, one sequence (rectum) was identical to the
rebounding virus (data not shown).

Discussion
That HIV-1 rebounds promptly after cessation of
HAART (24–28) should come as no surprise, given the
persistence of infectious virus residing latently in rest-
ing memory CD4+ T cells (7–11) as well as the continu-
ation of residual viral replication despite complete sup-
pression of plasma viremia (12–17). Using a novel
genetic technique together with nucleotide sequencing,
we have studied eight acutely infected patients whose
plasma viremia had been completely suppressed by
HAART for about 3 years (Figure 1). Specifically, we
compared the genetic relationship of viruses that
rebound after stopping treatment with that present at
primary infection, as well as with those in the latent
reservoir during treatment. In five cases, the rebound-
ing virus was identical in length to viruses found at pri-
mary infection and within the latent reservoir (Figure
3). This identity of viral populations was confirmed by
additional nucleotide sequencing studies. Interesting-
ly, these five patients had no detectable evidence of
residual HIV-1 replication based on the absence of
sequence evolution or mRNA expression in PBMCs
and lymphoid tissues (Table 1) while on treatment. In
contrast, in three other patients, the rebounding virus
was distinct from the latent reservoir virus (Figure 3),
but identical to minor viral variants found in lymphoid
tissues (data not shown). Evidence of ongoing viral
replication in blood and lymphoid tissues was noted in
two of the latter cases (Table 1). Therefore, we now con-
clude that in patients with apparent complete HIV-1
suppression by HAART, the viral rebound could have
resulted from the activation of the virus from the latent
reservoir. In patients with incomplete suppression by
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Table 1
Detection of residual HIV-1 replication in blood and tissue biopsies

Patient Rebounding Unspliced Sequence evolution HIV-1 RNA–positive
virusA HIV-1 RNAB in env geneC cells in tissuesD

313-9 Different 529 Yes Yes
1302 Different 91 Yes Yes
1308 Identical <50 No No
1310 Identical <50 No No
1304 Identical <50 ND ND
1306 Identical <50 ND ND
1309 Different <50 ND ND
1311 Identical <50 ND ND

AComparison of the rebounding virus with those isolated from resting memory CD4+ T cells
during HAART and those found in the plasma before initiation of HAART. BUS mRNA copies
per microgram of total PBMC RNA (17). CBased on the studies of sequential proviral DNA
sequences obtained from PBMCs during HAART (13). DBased on in situ hybridization stud-
ies on tissue biopsies collected during HAART (13). ND, not done.



chemotherapy, however, the viral spread upon cessa-
tion of treatment is probably triggered by ongoing,
low-level replication of HIV-1, perhaps in tissue com-
partments such as lymph nodes, tonsils, or gut-associ-
ated lymphoid tissues. A similar study has recently
been conducted by Chun et al. (37). Based on het-
eroduplex mobility and tracking assays, they found
that in the majority of patients, the rebounding virus
in plasma was genetically distinct from both the cell-
associated viral RNA and the replication-competent
virus in the resting memory CD4+ T cells. They con-
cluded that the cause of viral rebound was a source
other than the latent reservoir (37).

We believe that above conclusions, however, are
subject to two important caveats. First, the identity
of HIV-1 sequences cannot unequivocally pinpoint
the latent reservoir as the source, since the viral
rebound could have been triggered by a replicating
viral population that happens to be the same as that
in the latent reservoir. Second, nonidentity also can-
not conclusively exclude the latent reservoir as the
source, since the viral rebound could have originated
from the reactivation of a divergent viral species in
the latent reservoir that was not detected due to lim-
ited sampling. It is therefore imprudent to draw firm
conclusions based on these preliminary genetic find-
ings. Nevertheless, when placed in the context of our
overall understanding, these new results do provide
valuable insights into major obstacles on the road to
HIV-1 eradication (19).

The cases in whom rebounding viruses match those
in the latent pool (1308, 1310, 1304, 1306, and 1311)
serve to emphasize the importance of this reservoir in
retaining infectious HIV-1 during HAART. Particular-
ly daunting is the observation that the viral reservoir
established during primary infection persists for years
on seemingly effective therapy. The intrinsic decay rate
of the latent reservoir is likely to be slow, perhaps with
half-life of approximately 6 months (13, 16). Purging
this latent reservoir, therefore, remains a huge chal-
lenge in our therapeutic effort to eliminate HIV-1 (19).

On the other hand, the cases in whom rebounding
viruses differ from those in the latent reservoir (313-
9, 1302, and 1309) serve to illustrate the problem of
residual HIV-1 replication during HAART even when
plasma viremia is completely suppressed. Ongoing,
low-level viral replication on treatment not only ren-
ders HIV-1 eradication infeasible but also exacerbates
the persistence of infectious virus in the latent reser-
voir. Active viral replication could continually replen-
ish the latent reservoir (16), thereby slowing its
apparent decay to rates that are essentially equivalent
to lifelong persistence (23). Thus, it is paramount
that studies be undertaken to define the fundamen-
tal mechanism responsible for residual viral replica-
tion in the presence of several specific inhibitors, as
this information will in turn inform the design of
therapeutic regimens that have the potential to block
HIV-1 replication completely.
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