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The development of surrogate markers capable of detecting residual ongoing human immunodeficiency virus
type 1 (HIV-1) replication in patients receiving highly active antiretroviral therapy is an important step in
understanding viral dynamics and in developing new treatment strategies. In this study, we evaluated the
utility of circular forms of the viral genome for the detection of recent infection of cells by HIV-1. We measured
the fate of both one-long terminal repeat (1-LTR) and 2-LTR circles following in vitro infection of logarith-
mically growing CD4� T cells under conditions in which cell death was not a significant contributing factor.
Circular forms of the viral genome were found to be highly stable and to decrease in concentration only as a
function of dilution resulting from cell division. We conclude that these DNA circles are not intrinsically
unstable in all cell types and suggest that the utility of 2-LTR circle assays in measuring recent HIV-1 infection
of susceptible cells in vivo needs to be reevaluated.

In some human immunodeficiency virus type 1 (HIV-1)-
infected individuals, treatment with highly active antiretroviral
therapy (HAART) decreases the amount of virus in plasma to
levels below the limit of detection of standard clinical assays
(10, 11, 24). However, initial hopes that HAART might permit
virus eradication have been dampened by two findings (re-
viewed in reference 26). First, in both children and adults
receiving HAART, replication-competent HIV-1 persists in
latently infected resting memory CD4� T lymphocytes, provid-
ing the potential for lifetime persistence of the virus despite
potent HAART regimens (1a, 2, 7, 8, 25, 32). Second, a low
level of virus production continues in patients receiving
HAART (9, 14, 19; V. Natarajan, M. Bosche, J. A. Metcalf,
D. J. Ward, H. C. Lane, and J. A. Kovacs, Letter, Lancet
353:119–120, 1999). Patients who have plasma virus levels be-
low the limit of detection of conventional ultrasensitive assays
(50 copies/ml) often are found to be virus positive when even
more sensitive assays for viral RNA are used (limit of detec-
tion � 5 to 50 copies/ml) (3). In addition, unintegrated forms
of HIV-1 DNA can also be detected in patients receiving
HAART (9, 29). If these forms are intrinsically unstable, their
presence can only result from ongoing viral replication.

In considering studies of ongoing replication, it is important
to make a distinction between continuous new cycles of infec-
tion and virus release by cells that were infected previously, for
example, latently infected cells that become activated and pro-
duce virus. This distinction is important because evolution of
drug resistance is dependent upon the errors made in reverse
transcription during new cycles of infection. The detection of
very low levels of viremia in patients with plasma HIV-1 RNA
levels below 50 copies/ml does not prove that new cycles of

infection are occurring. In principle, this extremely low level of
viremia could result from the release of virus from chronically
infected cells or latently infected cells that become activated
(13). Therefore, there is an urgent need for an assay to detect
new cycles of infection in patients receiving HAART who have
plasma HIV-1 RNA levels below the limit of detection.

The molecular processes that mediate HIV-1 infection pro-
vide several potentially useful markers of recent infection, in-
cluding circular DNA forms that arise when the reverse-tran-
scribed HIV-1 DNA fails to integrate into the host genome and
instead undergoes one of two possible circularization reac-
tions. 1-LTR circles form through homologous recombination
between the two LTRs that flank the linear genome (27, 28),
while 2-LTR circles form through the intramolecular (end-to-
end) ligation of the linear HIV-1 cDNA (15, 17, 30, 31).

In several recent studies, 2-LTR circles have been used as a
marker of recent infection on the basis of the notion that these
circles are unstable (9, 21–23, 29, 34). Sharkey et al. demon-
strated the apparent rapid decay of 2-LTR circles in T-cell
lines infected in vitro and in patients starting HAART (29). In
contrast, several different types of DNA circles, both viral and
cellular, are known to be stable (4, 35). Therefore, in this study
the intrinsic stability of circular forms of the HIV-1 genome
was evaluated.

The fate of DNA intermediates generated during HIV-1
replication is a complex function of the stability of the viral
DNA, the life span of the infected cell, and the fate of the
DNA intermediate following cell division. The number of
2-LTR circles in a population of infected cells might decline if
the circles are intrinsically unstable or if the cells harboring the
circles die. In addition, since circular forms of the viral genome
lack an origin of replication, the average number of circles per
cell will decrease if the cells are proliferating. Our approach
was designed to measure the stability of circular forms of the
viral genome in a system in which the contribution of cell death
and cell division could be carefully measured. Primary T cells
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could not be used because of variable growth and poor survival
in long-term culture. Therefore, studies were carried out with
the transformed CD4� T-cell line MT-2.

MT-2 cells were spin inoculated with DNase I-treated HIV-1
IIIb at a multiplicity of infection (MOI) of 0.05 as described
recently (20). Cells were then incubated in minimal medium
(MM) consisting of RPMI 1640 supplemented with 10% fetal
calf serum, 100 U of penicillin per ml, 100 �g of streptomycin
per ml, and 2 mM glutamine. Forty-eight hours after infection,
the infected cells were washed twice in MM containing 60 �M
indinavir, an inhibitor of the HIV-1 protease (50% inhibitory
concentration, 20 nM) (18). To prevent further rounds of viral
replication, the cells were maintained in the presence of indi-
navir at a concentration of 0.5 � 106 cells per ml. Periodic
sampling of culture supernatant was performed for analysis in

a p24-specific antigen capture ELISA (limit of detection, 15
pg/ml; Beckman Coulter Electronics Ltd., Hialeah, Fla.). The
efficacy of indinavir treatment in these experiments was con-
firmed by the absence of p24 release in the infected culture
during the study period. Following infection, cell number and
viability were carefully monitored by cell counting and vital dye
exclusion (Fig. 1A). Analysis of cellular proliferation in culture
demonstrated that logarithmic growth occurred throughout
the period of study, with a doubling time of 34.0 h (95%
confidence interval [CI], 31.5 to 36.9 h). Average cell viability
during culture was 94.3%. At each time point, DNA was iso-
lated and the relative amounts of 2-LTR circles and total
HIV-1 DNA were measured.

To measure 2-LTR circles, we developed a PCR assay based
on a modification of a previously published strategy (15, 17, 30,

FIG. 1. Intrinsic stability of 2-LTR circles following infection of log-phase MT-2 cells. (A) Proliferation of MT-2 cells infected with HIV-1 IIIb.
Cells were infected with HIV-1 IIIb (MOI � 0.05) and cultured for 48 h in MM. Indinavir was then added to the culture, and at the indicated times,
cells were counted and viability was measured by trypan blue exclusion. Cells were maintained at a concentration of 0.5 million/ml after each count
in order to sustain an exponential rate of growth. (B) Analysis of the decay of 2-LTR circles. At the indicated times, cells were harvested and
assayed by 28 and 25 cycles of semiquantitative PCR for 2-LTR circles and total HIV-1 DNA, respectively. The observed decay rates of 2-LTR
circles and total HIV DNA were measured by phosphorimager analysis. To normalize for DNA input, amplification of �-globin was performed
(data not shown).
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31). PCR primers were positioned at the terminus of the linear
genome, allowing amplification across the junction of the two
LTRs only after a covalently closed circle had formed
(LPCR-L, TGGTACTAGCTTGAAGCACCATCCA; LPCR-R,
GCCTGTACTGGGTCTCTCTGGTTAG). Specificity of this
reaction was confirmed by sequence analysis of cloned prod-
ucts. Measurements of 1-LTR circles were made as previously
described (1a). Total HIV-1 DNA was monitored using a pre-
viously described method employing primers that span the
LTR and gag regions. This allows detection of reverse tran-
scription products that have been largely or fully completed as
well as integrated HIV-1 DNA and 1- and 2-LTR circles (33).
Each PCR was performed on a mass of 500 ng of DNA using
a 1 �M concentration of each primer, a 200 �M concentration
of each deoxynucleoside triphosphate, 1.5 mM MgCl2, and 2.5
U of Platinum Taq polymerase in 1� proprietary reaction
buffer (Invitrogen Corp., Carlsbad, Calif.). Reaction mixtures
were incubated initially for 3 min of denaturation at 94°C,
followed by cycling between 94 and 65°C for 30 s at each
temperature. To ensure each reaction was performed with the
same mass of DNA, each sample was assayed by PCR specific
for �-globin as described previously (1a). Reaction products
were run on a 2% agarose gel, transferred to nylon mem-
branes, and Southern blotted with a 32P-end-labeled oligonu-
cleotide probe (for 1- and 2-LTR circles, CACACACAAGG
CTACTTCCCTGA; the probe for �-globin was described in
reference 1a). The intensity of each band was quantified using
phosphorimager analysis and is expressed as arbitrary phos-
phorimager units.

This study focused on the rate of decay of 2-LTR circles
generated after an initial cycle of infection, which involved the
analysis of a small number of HIV-1 DNA molecules per mass
of DNA. To ensure that PCR measurements in this study
maintained a linear relationship between band intensity and
copy number, control experiments were performed to demon-
strate the linearity of our PCR chemistry. Plasmids mimicking
proviral DNA and 1-LTR and 2-LTR circles were diluted into
uninfected human genomic DNA and analyzed as described
above. Under the conditions described, the reaction mixtures

used in this study maintained a linear relationship between
copy number and band intensity up to 104 copies/500 ng of
genomic DNA (data not shown). Due to the low MOI, DNA
from infected cells contained only a small number of HIV-1
molecules (10 to 1,000 copies/500 ng), which was well within
the linear range of the assays employed. Because the study
focused on the rate of decay of 2-LTR circles generated in the
initial cycle of infection, band intensities were compared to the
initial time point, and no attempt was made to determine the
absolute number of circles formed in a given experiment.

While both the 2-LTR circles and LTR-gag DNA were de-
tected throughout the 10 days of culture, each decayed at a
different rate after new infection was halted by the addition of
indinavir. Phosphorimager analysis (Fig. 1B; Table 1) revealed
that the decay of the 2-LTR circles (half life [t1/2], 35.4 h; 95%
CI, 32.2 to 39.4 h) was very similar to the inverse of the
doubling time of the host cells (34.0 h), suggesting that the
decrease in the number of 2-LTR circles per microgram of
DNA could be completely accounted for by dilution. Using a
linear model with the combined data from cell division and
2-LTR circle experiments, there was no statistical evidence
(P � 0.510) of any residual decay in the 2-LTR circles beyond
that expected from dilution by cell division (Fig. 2). Decay of
2-LTR circles could be caused by either molecular decay of the
circles or death of cells harboring the circles. Our results sug-
gest that neither process occurred at a detectable rate over the
course of the experiment. The decay of the LTR-gag signal was
even slower (t1/2, 49.5 h; 95% CI, 41.0 to 62.3 h), presumably
due to integration of HIV-1 into a fraction of the infected cells.
In contrast to the episomal circles, integrated DNA does not
decay by dilution. These results are representative of three
replicate experiments, all of which demonstrated the stability
of 2-LTR circles (Table 1). It should be noted that our analysis
of decreases in 2-LTR circle numbers in a population of pro-
liferating cells is not based on the assumption that the rate of
division of cells containing circles is the same as the rate of
division of cells that do not contain circles. Even if cells with
circles divide more slowly, the decay in the number of circles

TABLE 1. Analysis of residual decay in LTR circles

Expt. no. Parameter
Phosphorimager results Residual decay resultsc

t1/2 (h) 95% CI Pb t1/2 (h) 95% CI

1d Cells�1a
33.97 30.00–39.16

2-LTR circles 35.40 32.15–39.37 0.510 NA NA – 367.45
Total HIV 49.45 41.01–62.26 0.005

2d Cells�1 29.90 23.63–40.71
2-LTR circles 26.12 24.31–28.22 0.025 206.53 1225.37 – 112.77
1-LTR circles 27.50 22.11–36.38 0.590 342.69 NA – 64.66

3e Cells�1 27.74 25.66–30.19
2-LTR circles 28.30 26.13–30.85 0.691 NA NA – 291.47
1-LTR circles 23.88 20.56–28.48 0.185 171.46 NA – 64.99
Total HIV 21.02 18.07–25.13 0.042

a Cells�1, doubling time of the cells.
b P values are for comparison of t1/2 and cells�1.
c Residual decay relative to cell division. NA, not available.
d Experiment with replication-competent virus.
e Experiment with integrase mutant virus.
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per unit DNA would be slower, but this would be corrected for
in our analysis, which is normalized for cell number.

To confirm these observations, a second series of experi-
ments was performed to study the decay of 2-LTR circles after
infection of MT-2 cells with an HIV-1 IIIb strain bearing a
mutation (D64N) in the first catalytic residue of the integrase
protein. This well-characterized mutant is incapable of medi-
ating either the terminal processing or integration functions of
integrase (5, 6, 16). Previously published studies demonstrate
that viruses deficient in integrase function produce larger
quantities of 2-LTR circles compared to wild-type virus but
with similar kinetics (12, 15). We reasoned that the increased
number of circles generated by the D64N mutant virus would
allow more accurate analysis of decay rates in a setting where
none of the cells became productively infected. MT-2 cells
were infected with DNase I-treated HIV-1 D64N mutant as
described above. Total cell number and the proportion of dead
cells were monitored over the course of infection. MT-2 cells
infected with the HIV-1 D64N mutant doubled every 27.7 h
(95% CI, 25.7 to 30.2 h) (Fig. 3A). Cell viability in HIV-1
D64N mutant-infected cells averaged 98.2%. As was observed
in cultures infected with wild type HIV-1, the number of
2-LTR circles/�g of DNA decreased with a slope that was very
close to the inverse slope of the doubling time of the cells (Fig.
3B). In the experiment shown, the t1/2 was 28.3 h (95% CI, 26.1
to 30.9 h), which was statistically indistinguishable (P � 0.692)
from the doubling time of the infected culture. In contrast, the
decay of total HIV-1 DNA (t1/2, 21 h; 95% CI, 17.8 to 25.6 h)
differed significantly, reflecting the fact that the D64N mutant
virus is incapable of integration (P � 0.0426). This more rapid
decay likely reflects the contribution of the rapid decay of
linear unintegrated molecules in the absence of stable inte-
grated forms (T. Pierson and R. F. Siliciano, unpublished re-
sults). Analysis of the data combined from both wild-type and
D64N mutant infections indicated no additional decay of
2-LTR circles relative to the rate of cell division (P � 0.400).

In addition to determining the t1/2s of 2-LTR circles, we
determined the residual decay in 2-LTR circles after taking the

doubling time of the cells into account (Table 1). In some
experiments, there was no residual decay after accounting for
the dilutional effects of cells division, precluding the calcula-
tion of a t1/2. In other experiments, very slight residual decay
was detected. The precision of the measurement of residual
decay is indicated by the 95% confidence intervals about the
residual decay t1/2s (Table 1). Even when the lower 95% con-
fidence interval for the residual decay slope is used to estimate
the most rapid decay consistent with the data, very slow decay
is predicted (t1/2 � 112.8, 291.5, and 367.5 h in the experiments
shown).

To determine whether 1-LTR circles are also stable, we
monitored their decay in the same culture system. As was the
case for 2-LTR circles, the decrease in the number of 1-LTR
circles/�g of DNA could not be distinguished from the de-
crease expected from dilution (P � 0.1859). The stability of
both 1- and 2-LTR circles was observed following infections of
MT-2 cells with either wild-type virus (data not shown) or the
D64N mutant HIV-1. Additionally, the rates of decay of 1- and
2-LTR circles were indistinguishable (P � 0.5225) (Fig. 4).
Taken together, these data suggest that both circular forms of
HIV-1 are highly stable.

The results presented here demonstrate that the circular
DNA forms of the HIV-1 genome are intrinsically stable in a
CD4� T-cell line. The decrease in 2-LTR circles observed in
our in vitro experiments can be completely accounted for by
dilution through cell division (Fig. 2). We suggest that the
reported lability of the circles in vivo needs to be reevaluated
before this assay can be used to measure recent HIV-1 infec-
tion of susceptible cells in infected individuals.

Extensive use of circular forms of HIV-1 in the study of viral
dynamics has been reported (9, 21, 29). Interpreting these
studies depends on understanding the stability of 1- and 2-LTR
circles in HIV-1-infected individuals. The factors that regulate
decay of the circles in T-cell populations in vivo are complex
and may involve more than the intrinsic stability of these cir-
cular pieces of DNA. Studies of HIV-1 dynamics in response to
antiretroviral therapy have revealed that the life span of pro-
ductively infected CD4� T lymphoblasts in vivo is relatively
short (t1/2 of 1 to 2 days). The relatively rapid clearance of
productively infected cells in vivo may be a function of the
immune response and/or the cytopathic effects of the virus
(reviewed in reference 26). This complex relationship between
viral and cellular dynamics must be considered when evaluat-
ing the rate at which 2-LTR circles decay in vivo in response to
HAART. Decreases in the number of circles detected in a cell
population will reflect not only the intrinsic stability of the
2-LTR circles, but also the life span of the relevant population
of infected cells and its distribution between the blood and
other compartments. A recent study by Sharkey et al. (29)
measured the decay of 2-LTR circles in vitro and in four HIV-1
infected individuals. The authors suggest that the circles are
short-lived and are a reasonable measure of recent HIV-1
replication, but there are other possible interpretations. While
a t1/2 for the decay of 2-LTR circles was not reported in this
study, analysis of the fall in the number of 2-LTR circles in
response to HAART suggests that 2-LTR circles in these pa-
tients decay with a t1/2 of 0.4 to 7 weeks. It is possible that these
values reflect the decay or redistribution of cells bearing circles
rather than the actual molecular decay of 2-LTR circles them-

FIG. 2. Comparison of the rate of observed decline of the 2-LTR
circle signal to the decrease in signal predicted, assuming complete
stability of the circles and a decrease in concentration as a conse-
quence of dilution from cell division measured during the course of
study. Data are normalized to the signal at time zero.
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selves. In the study by Sharkey et al., decay of the circles
following in vitro infection was suggested, but the effects of cell
proliferation and death were not described.

The present study took a reductionist approach to the anal-
ysis of circular forms of the viral genome. The intrinsic stability
of circular forms at the molecular level was evaluated in vitro
in a system in which results were not complicated by cell death
or redistribution. There is no evidence that circular forms of
HIV DNA allow high levels of transcription, and therefore
cells carrying circles are not expected to die from viral cyto-
pathic effects, especially since a vpr� virus (HIV-1 IIIb) was
used. In fact, when infections were carried out at low MOIs,
minimal cell death was evident in our culture system, and cells
maintained a logarithmic state of growth. It should be noted
that the death of cells bearing circles would produce a more

rapid decay than expected from dilution, and therefore cell
death cannot be an explanation for the stability observed here.
Thus, having accounted for the effects of cell division and
death, we demonstrate that circular forms of the viral genome
are highly stable.

It is interesting that several other episomal DNA circles
within the nucleus, both viral and cellular, have been shown to
be highly stable. Circular intermediates of hepadnavirus infec-
tion have been shown to persist in infected liver cultures,
decreasing in number only as a function of cell death (35). The
long-term stability of T cell receptor excision circles has al-
lowed their use in several studies as a marker of emergence of
T lymphocytes from the thymus (4). Thus, it is not surprising
that circular forms of HIV-1 DNA would be highly stable as
well.

FIG. 3. Decay of 2-LTR circles following infection with an integrase mutant HIV-1. MT-2 cells were infected as described with a virus carrying
a single point mutation in integrase (D64N) that renders it incapable of multiple rounds of replication. (A) At the indicated times, cells were
counted to determine the rate of proliferation, and a sample was harvested for quantification of 2-LTR circles and total HIV-1 DNA, as described
in the legend to Fig. 1. (B) Observed decay of 2-LTR circles and total HIV-1 DNA measured by phosphorimager analysis.
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The ability of suppressive HAART regimens to reduce virus
levels in plasma to a level below the limit of detection makes it
imperative that assays capable of studying viral dynamics in
individuals who have responded well to HAART be developed.
In patients with measurable viremia, the extremely rapid rate
of clearance of free virus from the plasma allows real-time
measurements of viral replication in vivo (reviewed in refer-
ence 26). While the formation of 2-LTR circles occurs rela-
tively soon after infection, our data suggest that the intrinsic
stability of these circles may allow them to persist indefinitely
should the infected cell survive and remain in the compartment
being sampled. The in vitro stability of 2-LTR circles has re-
cently been confirmed by the work of Butler et al. (1). There-
fore, although measurement of 2-LTR circles in vivo offers
some indication of previous viral replication, it may not pro-
vide the same type of real-time measure of viral replication
that plasma HIV-1 RNA assays provide. In conclusion, our
results raise the possibility that the use of 2-LTR circles as a
surrogate marker of ongoing HIV-1 replication may be limited
by the stability of these forms of HIV-1 DNA.
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