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Unintegrated HIV-1 proviral DNA is one of the
earliest detectable forms of HIV-1, and the influ-
ence of an antiretroviral drug on its appearance
may reflect the efficacy of that agent in prevent-
ing infection of new cells. We characterized the
dynamics of HIV-1 p24 (p24) antigen production,
HIV-1 gag DNA, tandem long-terminal-repeat
circular unintegrated proviral (2-LTR) HIV-1
DNA, HIV-1 tat mRNA, and cell viability in the
presence of three antiretroviral agents: recombi-
nant soluble CD4 (rsCD4), zidovudine, and sa-
quinavir. Interference with HIV-1 entry by rsCD4
decreased p24 antigen levels modestly, de-
creased HIV-1 gag by twofold, and 2-LTR was
detectable at the end of the culture period. Inhi-
bition of reverse transcription by zidovudine de-
creased p24 antigen levels modestly, decreased
HIV-1 gag by 19-fold, and inhibited detection of
2-LTR HIV-1 DNA. The protease inhibitor, sa-
quinavir, had the greatest overall effect, with the
lowest levels of p24 antigen and HIV-1 gag, and
inhibition of 2-LTR. There was no detection of tat
mRNA in the saquinavir-treated cultures. In ad-
dition, cell viability was significantly higher in
cultures treated with saquinavir. In these experi-
ments, 2-LTR HIV-1 DNA was indicative of the
relative inhibitory effects of three antiretroviral
agents acting at different steps of the HIV-1 rep-
lication cycle. We demonstrated in vitro that
2-LTR HIV-1 DNA was a useful indicator of an
antiretroviral drug in preventing new cell infec-
tion and could be utilized as a dynamic marker of
drug efficacy in HIV−1–infected patients. J. Med.

Virol. 58:165–173, 1999. © 1999 Wiley-Liss, Inc.
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INTRODUCTION

Multiple copies of unintegrated proviral DNA per cell
have been demonstrated in tissue culture infections
with cytopathic animal retroviruses. Examples include
equine infectious anemia virus [Rasty et al., 1990], vi-
sna virus [Brahic et al., 1981], feline leukemia virus
[Mullins et al., 1986], spleen necrosis virus [Chen and
Temin, 1982], avian leukosis virus [Weller and Temin,
1981], and reticuloendotheliosis virus [Temin et al.,
1980]. Similarly, unintegrated human immunodefi-
ciency virus type-1 (HIV-1) proviral DNA has been
demonstrated in acute in vitro infections of lympho-
cytes [Pauza et al., 1990; Robinson and Zinkus, 1990],
monocytes [Besansky et al., 1991], and chronically in-
fected cell lines [Chowdhury et al., 1992]. Moreover,
unintegrated HIV-1 provirus is inducible upon stimu-
lation of these chronically infected cells. High amounts
of unintegrated HIV-1 DNA found in mononuclear cells
and tissues of HIV-infected patients is associated with
clinical progression of HIV disease [Levy et al., 1985;
Shaw et al., 1985; Pang et al., 1990; Zazzi et al., 1997;
Panther et al., 1998]. Recent studies have shown de-
creases in unintegrated HIV-1 DNA [Dickover et al.,
1992; Bush et al., 1993; Donovan et al., 1994a, 1994b;
Pauza et al., 1994; Nicholson et al., 1996] in the pe-
ripheral blood mononuclear cells (PBMCs) of patients
after starting antiretroviral monotherapy, suggesting
that unintegrated HIV-1 DNA is a dynamic marker of
infection of new cells. Consequently, unintegrated
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HIV-1 DNA may also be useful to understand the rela-
tive efficacy of different antiretroviral agents in vitro
and in vivo [Donovan et al., 1994a, 1994b; Bush et al.,
1996; Zazzi et al., 1997].

The exact mechanism responsible for the intracellu-
lar accumulation of unintegrated proviral DNA is un-
known but either reinfection of cells or cell-to-cell
transfer of viral DNA [Pauza et al., 1990; Sato et al.,
1992; Laurent-Crawford and Hovanessian, 1993;
Sonza et al., 1994; Guan et al., 1997; Marquina et al.,
1997] seem most plausible. In acutely infected cells,
accumulation of unintegrated HIV-1 DNA may result
from failure to establish viral interference [Stevenson
et al., 1988; Kawamura et al., 1989]. In chronically in-
fected cells, multiple copies of unintegrated HIV-1
DNA may result from entry of multiple virions via re-
established surface receptors, syncytium formation, or
alternate mechanisms of viral entry [Temin, 1988;
Guan et al., 1997]. Understanding these mechanisms is
important for explaining the persistence of uninte-
grated HIV-1 proviral DNA after potent antiretroviral
therapy [Chun et al., 1997a, 1997b].

Unintegrated HIV-1 DNA assumes several mono-
meric and multimeric forms [Farnet and Haseltine,
1991]. We used polymerase chain reaction (PCR) am-
plification to detect the circular 2-LTR form of HIV-1
DNA (2-LTR) that results from end-to-end joining of
the provirus. As such, 2-LTR is a specific marker of a
completely reverse-transcribed, unintegrated infec-
tious viral RNA genome [Kulkosky et al., 1990; Farnet
and Haseltine, 1991]. Our goal was to characterize the
dynamics of 2-LTR in an in vitro cell culture system by
using a syncytium-inducing HIV-1 isolate to study the
effects of three antiretroviral agents that act at differ-
ent points in the viral replication cycle. We used recom-
binant soluble CD4 (rsCD4), which blocks entry of the
virus into CD4+ cells, zidovudine, which inhibits HIV-1
reverse transcription, and saquinavir, a protease in-
hibitor known to interfere with posttranscriptional pro-
cessing of virions and that may also inhibit replication
steps prior to integration [Nagy et al., 1994].

MATERIALS AND METHODS
Cells and Virus Strain

CEM and ACH-2 cells were maintained at a density
of 1 × 105 to 1 × 106/mL in RPMI 1640 supplemented
with 10% fetal bovine serum, penicillin, streptomycin,
DEA-dextran, and L-glutamine [Foley et al., 1965]. The
cells were passaged 48 hr prior to infection. In two
experiments, HIV-1–negative human peripheral blood
mononuclear cells maintained at a density of 1 × 105 to
1 × 106/mL in RPMI 1640 supplemented with 10% fetal
bovine serum, penicillin, streptomycin, DEA-dextran,
L-glutamine, and phytohemaggluttinin (PHA) were
used [Coombs et al., 1989]. For all experiments, we
used aliquots of cell-free HIVLAI-1 virus that had been
titered by an endpoint dilution assay on CEM host cells
and stored at −70°C.

Antiretroviral Drugs

HIVLAI-1 was cultured in CEM cells in the presence of
either 200-nM rsCD4 (Biogen, Boston, MA), 1-mM zi-
dovudine (Glaxo-Wellcome, Research Triangle Park,
NC), or 30-nM saquinavir (Hoffman-La Roche, Welwyn
Garden City, Hertfordshire, England). The dosages of
these agents were equal to or exceeded the IC90 in
other in vitro studies of inhibition of HIVLAI-1 infection
in T-cell lines [Gomatos et al., 1990; Craig et al., 1991;
Masquelier et al., 1991]. HIVLAI-1 was cultured in
PBMCs in the presence of either zidovudine or protease
inhibitor at the above concentrations.

Experimental Design

Cells (50 × 106) were incubated with 8,000 tissue
culture infectious dose 50% (TCID50) of HIV-1 for 1 hr
at 37°C in a total volume of 10 mL. The cells were then
washed four times with 30 mL of phosphate-buffered
saline (PBS) and pelleted after each wash in a Beck-
man model TJ-6 centrifuge at 1,200 × g for 10 min at
4°C. In six cultures, an aliquot of the fourth PBS wash-
supernatant was assayed for HIV-1 p24 antigen to en-
sure that cell-free virus was effectively removed and
also to establish a baseline for HIV-1 p24 antigen mea-
surements. The cells were then resuspended in PBS,
counted by trypan blue exclusion, and aliquots of 5 ×
106 cells were placed into four culture flasks designated
for harvesting on days 2, 3, 4, or 7. The cells and virus
were cultured in the presence of rsCD4, zidovudine, or
protease inhibitor. In all experiments, virus controls
were cultured in the absence of drug.

One flask from each of the control and drug-treated
cultures was harvested on days 2, 3, 4, and 7. Culture
supernatants were saved for HIV-1 p24 antigen mea-
surement. Cells were pelleted by centrifugation,
washed twice, resuspended in PBS, counted, and vi-
ability was assessed by trypan blue exclusion. Aliquots
of 5 × 104 cells from each flask were added to 1.5-mL
Eppendorf vial containing 2 × 106 uninfected carrier
PBMC and set aside for DNA extraction and polymer-
ase chain reaction (PCR) amplification. From each of
the CEM cultures treated with protease inhibitor, an
aliquot of cells at each harvest was added to 500-mL
activated guanidinium thiocyanate (GuSCN) for tat
mRNA analysis.

HIV-1 p24 Antigen
Aliquots of culture supernatant were taken from

each culture on days 2, 3, 4, and 7 for p24 antigen
quantitation (Abbott Laboratories, Abbott Park, IL).
For HIV-1 p24 antigen levels above 600 pg/mL, the
supernatants were diluted 10-fold and reassayed for
HIV-1 p24 antigen.

HIV-1 Proviral DNA Preparation
Each aliquot of 5 × 104 cells saved for PCR was re-

suspended in 167 microliters each of: a buffer solution
comprised of 100-mM KCl, 10-mM Tris-HCl (pH 8.3),
and 2.5-mM MgCl2; a detergent solution comprised of
10-mM Tris-HCl (pH 8.3), 2.5-mM MgCl2, 1% Tween
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20, 1% Nonidet P-40, and 0.12-mg proteinase-K/mL, to
give a final concentration of 6 × 106 cells/mL, of which
there were 7,500 treated cells per PCR amplification
reaction. The samples were incubated in a 60°C water
bath for 1 hr and then placed in a 95°C heating block
for 10 min to inactivate the proteinase K.

HIV-1 RNA Preparation

To each aliquot of 5 × 104 cells in GuSCN saved from
the protease inhibitor cultures was added 50 mL of 2M
sodium acetate (pH 4 4), 500-mL water-saturated phe-
nol, and 100 mL of 49:1 chloroform/isoamyl alcohol.
This mixture was incubated 15 min on ice and centri-
fuged for 20 min at 12,000 rpm (4°C). To the top aque-
ous phase was added one volume of isopropanol and the
sample was incubated for 30 min at −20°C, then cen-
trifuged 20 min at 14,000 rpm (4°C). The resulting
RNA pellet was dissolved in 250-mL GuSCN and pre-
cipitated again with 250-mL isopropanol. The pellet
was washed with 75% ethanol, dried, and dissolved in
10-mL DEPC-treated water. Reverse transcription of
RNA to cDNA was done by adding to each sample 100
pmol of random hexamer primers (Pharmacia, Piscat-
away, NJ), 10-U Moloney murine leukemia virus (M-
MLV) reverse transcriptase (Boehringer Mannheim,
Indianapolis, IN), 1 mM of each dNTP, and 25 units of
RNAsin in a buffer of 50-mM KCl, 20-mM Tris-HCl (pH
8.4), 2.5-mM MgCl2, and 100-mg/mL nuclease-free bo-
vine serum albumin, for a final volume of 25 mL. The
samples were incubated 1 hr at 37°C and then for 5 min
at 95°C to inactivate the enzymes.

HIV-1 DNA PCR

Proviral HIV-1 DNA PCR amplifications were per-
formed separately to detect total HIV-1 gag and 2-LTR
unintegrated HIV-1 DNA. To 50 mL of a sample DNA
preparation were added 50 mL of master mix such that
final reaction conditions were 50-mM KCl, 10-mM Tris
(pH 8.4), 2.5-mM MgCl2, 0.01% gelatin, 0.2 mM each of
dATP, dCTP, dGTP, and dTTP, and 2.5-U Taq poly-
merase (U.S. Biochemical, Cleveland, OH) in a total
volume of 100 mL. Primers SK38 and SK39 [Kwok et
al., 1988] were used to amplify a portion of the HIV-1
gag gene, and primers U3 and U5 were used to amplify
the 2-LTR circular HIV DNA [Whitcomb et al., 1990].
The samples were placed in a Perkin-Elmer Cetus
DNA Thermal Cycler and the PCR reaction was per-
formed using a step-cycle file programmed for 30 cycles
of 89°C for 40 sec and 62°C for 80 sec.

The gag and 2-LTR PCR products were labeled using
a liquid hybridization procedure with nested probes
end-labeled with (g-32P). The probe SK19 [Ou et al.,
1988] was used to detect the 113-bp gag PCR product.
A n e s t e d o l i g o n u c l e o t i d e p r o b e ( “ P 2 ” 5 8 -
G G A A A A T C T C T A G C A G T A C T G G A A G G G C -
TAATTCA-38) spanning the 2-LTR circle junction se-
quence was designed to detect the 132-bp 2-LTR prod-
uct. 32P-labeled PCR products were detected by
electrophoresis on a 10% polyacrylamide gel and auto-
radiography. Semiquantitation of the PCR products

was done by comparing band intensities with a stan-
dard curve included in each PCR run; copy number was
estimated as either equal to or exactly in between two
dilutions of the standard curve depending on band in-
tensity. PCR standard curves for HIVLAI-1 DNA were
derived from 10-fold dilutions of ACH-2 cells, which
contain one integrated copy of the HIV-1 genome per
cell. Standard curves for 2-LTR were derived from 10-
fold dilutions of a pTZ19U plasmid into which had been
subcloned a 590-bp DNA sequence containing the
2-LTR circle junction [Smith et al., 1990]. Junction
phage was diluted in 50 ng/mL of human placental
DNA to a negative endpoint. Using these standards,
the reproducible sensitivity for both gag and 2-LTR
PCR assays was 10 copies.

HIV-1 tat mRNA PCR
For HIV-1 tat mRNA (cDNA) PCR amplification, to

each 25-mL cDNA sample was added 2.5-U Taq DNA
polymerase (Perkin-Elmer Cetus), 20 pmol each of
primers MF5869 and MF8760 [Furtado et al., 1991],
2.25-mL MgCl2, and buffer for an end volume of 50 mL
and amplified for 30 cycles. The 550-bp PCR product
was detected using liquid hybridization to a 32P-labeled
probe MF5945, electrophoresis on 10% polyacrylamide
gel by autoradiography. The intensity of the band at
each time point was compared in a relative fashion to
the intensity of the control culture at the same time
point. Actin primers AT-1 and AT-4 were used as an
internal control to assess for fidelity of RNA extraction
and reverse transcription.

Statistical Analysis
Differences among treatment groups were assessed

for statistical significance using the one-way ANOVA.
When a significant difference among treatment groups
was present, multiple comparisons among all pairs of
treatment groups were tested using the unpaired t-test
with Bonferroni correction for level of significance.

RESULTS
Seven replicate experiments were carried out using

200-nM rsCD4, nine replicates using 1-mM zidovudine,
and six replicates using 30-nM saquinavir. Twenty-one
control cultures were done in the absence of antiretro-
viral drug. Two cultures each of PBMCs infected with
HIVLAI-1 in the presence of either zidovudine or sa-
quinavir were used for comparison of results in differ-
ent host cell populations.

Cell Viability
Cell viability was measured in the CEM cell cultures

as a general indicator of each drug treatment’s protec-
tion against viral-induced cell lysis and death in
acutely infected cells. Baseline viability of CEM cells
was greater than 90%. In control cultures, >90% of the
cells were viable at the time of infection and remained
so until day 4, after which viability decreased substan-
tially (Fig. 1). By day 7, only the saquinavir-treated
cultures had significantly higher viability compared to
the untreated, infected controls (P 4 0.007, t-test). In
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the PBMC cultures, viability was similar to that of
CEM cells. Cell viability was not affected by the drugs
themselves, with >80% of uninfected cells viable after 1
week in the presence of each of the three agents at the
concentrations used in the experiments (data not
shown).

HIV-1 p24 Antigen

HIV-1 p24 antigen was measured throughout the
culture period to assess the effect of each drug on pro-
ductive infection in the CEM cells. The mean (SD)
HIV-1 p24 antigen level in the supernatant was 3.4
(1.9) pg/mL (n 4 6) at the start of the culture period,
indicating that subsequent HIV-1 p24 antigen levels
represented virus produced from productively infected
cells. The HIV-1 p24 antigen levels between treatment
group controls were similar throughout the culture pe-

riod. By the end of the 7-day culture, mean HIV-1 p24
antigen levels were 56-fold lower in rsCD4-treated cul-
tures, 641-fold lower in zidovudine-treated cultures,
and 5,210-fold lower in the saquinavir-treated cultures
compared to controls (Fig. 2). The HIV-1 p24 antigen
levels in the rsCD4- and the zidovudine-treated cul-
tures were not significantly lower than for the controls.
However, the HIV-1 p24 antigen level for the saquina-
vir-treated cultures was significantly lower than for
the control at day 7 (P 4 0.012, ANOVA). For the
PBMC cultures treated with zidovudine and saquina-
vir, HIV-1 p24 antigen levels in the culture superna-
tants were similar to CEM cultures treated with these
agents (data not shown).

HIV-1 Proviral DNA PCR

HIV-1 gag DNA PCR measured both integrated and
unintegrated (linear and circular) reverse-transcribed
forms of HIV-1 provirus. In control cultures, HIV-1 gag
was detected by day 2 and increased throughout the
culture period and 2-LTR DNA was detected by days 3
to 4 but at a lower level than HIV-1 gag DNA (Figs. 3A
and 4). This pattern of band intensity was expected
since PCR for gag will detect most forms of integrated
and unintegrated HIV-1 DNA, whereas PCR for 2-LTR
circular HIV-1 specifically detects only one of several
forms of unintegrated HIV-1 DNA.

Addition of 200-nM rsCD4 to the culture medium
only decreased slightly the PCR gag signal intensity
compared to untreated controls. Though appearance of
the 2-LTR was delayed in the rsCD4-treated cultures,
it became consistently detectable by day 4 or 7 and was
10-fold lower compared to controls by day 7. In the
cultures treated with 1-mM zidovudine, mean PCR gag
signal was 19-fold lower compared to controls and
2-LTR was undetectable throughout the culture period.
The protease inhibitor, saquinavir, had a marked ef-
fect, with a 367-fold reduction in mean gag PCR signal
by day 7 and undetectable 2-LTR throughout the cul-
ture period (Figs. 3A and 4). Breakdown of antiretro-
viral agents did not explain the PCR findings for either
rsCD4 or zidovudine, since daily supplementation of
cultures with drug gave similar results compared to
cultures that had drug added only at the start of the
culture period. PCR findings for PBMC cultures
treated with zidovudine or saquinavir showed the su-
periority of saquinavir to block the production of pro-
virus (Fig. 3B).

To explore further the ability of antiretroviral
therapy to block the production of 2-LTR, we stimu-
lated chronically infected ACH-2 cells with phytohe-
magglutinin (PHA). Treatment with saquinavir (Fig.
5), in contrast to either rsCD4 or zidovudine (data not
shown), completely blocked the production of 2-LTR
and blunted any rise in HIV-1 gag level following PHA
stimulation.

HIV-1 tat mRNA PCR

It was of interest to know whether there were unde-
tectable amounts of integrated HIV-1 provirus capable

Fig. 1. Cell viability following infection. CEM cell viability was
measured by trypan blue exclusion in cells infected with HIV-1LAV-1
and cultured in the absence or presence of either rsCD4, zidovudine,
or saquinavir. Cell viability at the time of infection was >90%. Seven
days following infection, between-treatment group cell viability was
not different (P 4 0.2, ANOVA). However, within-treatment group
cell viability was significantly greater in the saquinavir compared to
control treated cultures (*P 4 0.007, t-test). Bars represent mean
values and vertical lines show one standard deviation. Open bars
indicate control cultures and solid bars indicate antiretroviral-treated
cultures.
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of transcription. To address this question, HIV-1 RNA
PCR was performed to detect transcription of the
HIV-1 tat regulatory gene, which would indicate the
presence of low levels of integrated HIV-1 provirus ca-
pable of generating a productive infection. In the cul-
tures treated with saquinavir, there was no tat mRNA
detected, compared to a strong signal produced for tat
mRNA in infected control cultures (Fig. 6). Actin signal
was equal for both drug-treated and control cultures at
each time point (data not shown). The consistent de-
tection of gag DNA at day 2 of infection (Fig. 3) and tat
mRNA at day 3 suggested that the tat mRNA assay
was less sensitive than the gag DNA assay for detect-
ing viral replication.

DISCUSSION

We detected unintegrated 2-LTR circular HIV-1 pro-
viral DNA in cell culture and measured the effect of
antiretroviral agents on the accumulation of this pro-
viral DNA moiety in acutely and chronically infected
cells. Because 2-LTR circular provirus represents a
complete reverse transcription of the viral RNA ge-
nome, we postulated that unintegrated 2-LTR circular
provirus would be a molecular determinant of infectiv-
ity. As such, we showed that this form of provirus was
useful for assessing the activity of antiretroviral agents
in vitro. This complements our earlier work that
showed the in vivo utility of measuring unintegrated
2-LTR circular provirus [Panther et al., 1998].

We found that 200-nM rsCD4 inhibited the accumu-
lation of 2-LTR circular HIV-1 DNA to some extent, but
1-mM zidovudine was more effective in preventing ac-
cumulation of circular HIV-1 provirus. Moreover, 30-
nM saquinavir prevented accumulation of virtually all
HIV-1 reverse transcripts and thus also prevented the

formation of 2-LTR circular HIV-1 provirus. The mul-
tiplicity of infection used in these experiments was low
and there was no PCR signal for HIV-1 gag DNA or
2-LTR circular DNA 1 hr after incubation with virus.
However, the appearance of high levels of gag DNA by
day 2 in the control cultures suggested that viral entry
into the cells was efficient and that corresponding de-
creases in gag DNA and 2-LTR circular DNA in the
presence of antiretroviral agents was most likely ex-
plained by the prevention of new cell infection.

High levels of rsCD4 delayed the appearance of gag
DNA and 2-LTR circular DNA compared to the control
cultures, while HIV-1 p24 levels remained relatively
high. It is possible that initially infected cells continued
to produce HIV-1 that was subsequently bound by
rsCD4 in the culture medium. However, the binding
capacity of rsCD4 was eventually surpassed and new
cell infection was unimpeded by day 7.

Zidovudine (1 mM) totally inhibited the appearance
of 2-LTR circular DNA in CEM cells and resulted in a
19-fold decrease in HIV-1 gag DNA. Both of these
events were associated with a 1,000-fold decrease in
HIV-1 p24 antigen by the end of the culture period.
Zidovudine’s effect on unintegrated 2-LTR circular
DNA and gag DNA is consistent with inhibition of de
novo infection and possibly reinfection of cells by block-
ing of viral reverse transcriptase.

Saquinavir treatment of the infected cells resulted in
extremely low levels of gag HIV-1 DNA in both CEM
cells and PMBSs and total absence of 2-LTR circular
DNA as well as tat mRNA. Although HIV-1 p24 anti-
gen levels were substantially lower compared to that
for rsCD4- and zidovudine-treated cultures, HIV-1 p24
antigen was still approximately 100 pg/mL by the end
of the culture period. It is possible that this low level of

Fig. 2. Effect of rsCD4, zidovudine, and saquinavir on HIV-1 p24 antigen production in HIV-1–infected CEM cells. Vertical bars show
interquartile ranges and crossbars show median values. The HIV-1 p24 antigen levels were not significantly different between any of the
treatment groups at any time point except between saquinavir and control at day 7 (*P 4 0.012, ANOVA). Boxes represent infected, untreated
control cultures and circles represent drug-treated cultures.
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HIV-1 p24 antigen represented production of defective,
noninfectious virions from initially infected cells [Craig
et al., 1991].

It has been shown both in vivo [Zhang et al., 1994]
and in vitro [Lori et al., 1992] that there exists partially
reverse-transcribed HIV DNA packaged within infec-
tious HIV-1 virions. The concentrations of zidovudine
we used may have allowed some reverse transcription
of HIV-1 RNA within the assembling virions and thus
partially transcribed HIV-1 DNA may have been pre-
sent in infecting virus particles. This could have con-
tributed to the presence of low levels of HIV-1 gag DNA
observed in the zidovudine-treated cultures. In con-
trast, saquinavir may have inhibited more effectively
the packaging of HIV-1 DNA partial transcripts and
blocked the packaging of the virion RNA and process-
ing of structural proteins into infectious virions.

Acute HIV-1 infection of CD4+ cells in vitro demon-
strates accumulation of ∼80 copies of unintegrated, in-
complete sequences of HIV-1 proviral DNA per cell
within 48 hr of infection [Robinson and Zinkus, 1990].
It has been shown that the dominant species of HIV-1
DNA in vivo is a full-length unintegrated linear moiety
with less than 10% as unintegrated 1- and 2-LTR cir-
cular DNA [Chun et al., 1997a]. We showed that unin-
tegrated 2-LTR circular HIV-1 DNA appears in stimu-
lated ACH-2 cells, suggesting that unintegrated HIV-1
DNA in chronically infected cell lines probably repre-
sents reinfection. Thus, our data suggest but do not
prove that the accumulation of unintegrated 2-LTR cir-
cular DNA results from de novo cell infection or rein-
fection. As such, 2-LTR circular DNA may be a more
sensitive indicator of antiviral effect compared to mea-
sures of HIV-1 p24 antigen or viral genomic RNA. We

Fig. 3. A: Effect of antiretroviral treatment on the appearance of HIV-1 2-LTR and gag DNA in CEM cells. PCR products were detected using
32P-labeled nested probes and autoradiography. Control cultures showed rapid appearance of 2-LTR (arrow), which was partially blocked by
rsCD4 and totally blocked by zidovudine and saquinavir. There was little effect of rsCD4 on HIV-1 gag (arrow*), while zidovudine decreased
gag substantially and saquinavir blocked it almost completely. B: Effect of zidovudine and saquinavir on accumulation of HIV-1 2-LTR and gag
DNA in PBMCs.
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also postulate that the 2-LTR circles are a marker of
the small portion of virus that is replication competent
[Chun et al., 1997a, 1997b]. Further validation of this
using clinical specimens is in progress.

The absence of gag HIV-1 DNA in the saquinavir-
treated CEM cell cultures and the marked delay in its
appearance in PMBCs argue for a point of viral inter-

ference prior to reverse transcription of genomic viral
RNA into proviral DNA. The absence of tat mRNA in-
dicates insufficient integrated provirus for gene tran-
scription at our level of assay sensitivity. In agreement
with our findings, using an in vitro model for a single
cycle of infection, Nagy et al. [1994] and Baboonian et
al. [1991] have shown that protease inhibitors UK-
88,947 and Ro 31-8959 (saquinavir) were inhibitory at
some point between the initiation of reverse transcrip-
tion and the formation of full-length integrated or un-

Fig. 4. Summary of semiquantitative PCR from control and drug-
treated CEM cultures. Data points indicate mean values. Control gag
and 2-LTR copies are represented by open boxes and circles, respec-
tively. Solid boxes represent gag levels and solid circles represent
2-LTR levels in drug-treated CEM cultures. In the cultures treated
with either zidovudine or saquinavir, HIV-1 gag was lower compared

to control on days 4 (*P 4 0.002, ANOVA) and day 7 (*P < 0.0001,
ANOVA). Treatment with either zidovudine or saquinavir also inhib-
ited the appearance of HIV-1 2-LTR by day 7 compared to control (‡P
< 0.0001, ANOVA). HIV-1 gag and 2-LTR levels were not significantly
affected by rsCD4 treatment.

Fig. 5. Appearance of unintegrated 2-LTR HIV-1 DNA after phy-
tohemaggluttinin (PHA) stimulation of chronically infected ACH-2
cells in the presence or absence of saquinavir. Stimulation of ACH-2
cells resulted in detection of 2-LTR (arrow), which was blocked by
addition of saquinavir.

Fig. 6. Effect of saquinavir on appearance of tat mRNA in CEM
cells acutely infected with HIV-1. Appearance of tat mRNA (arrow)
was completely blocked in the saquinavir-treated cultures.
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integrated forms of HIV-1; however, this has not been
confirmed [Jacobsen et al., 1992]. The finding that
HIV-1 protease might act at an early step in viral rep-
lication is in accord with an in vitro study of equine
infectious anemia virus (EIAV) protease [Roberts et al.,
1991]. The speculation that protease inhibitors may act
at two distinct sites of retroviral replication may be one
factor contributing to the enhanced in vivo antiviral
potency of these drugs [Collier et al., 1996; Gulick et
al., 1997; Hammer et al., 1997].

If the accumulation of unintegrated HIV-1 DNA rep-
resents either de novo cell infection or reinfection of
already-infected cells, then it may be a plausible bio-
logic marker for active HIV-1 replication and clinical
progression [Pauza et al., 1990; Bush et al., 1993, 1996;
Donovan et al., 1994a, 1994b; Jurriaans et al., 1995;
Nicholson et al., 1996; Zazzi et al., 1997; Panther et al.,
1998]. For example, patients with neurological mani-
festations of HIV-1 have a higher ratio of unintegrated
to integrated HIV-1 DNA in their brain tissue than
HIV-positive patients without clinical symptoms [Pang
et al., 1990; Teo et al., 1997]. In addition, initiation of
antiretroviral therapy results in decreased levels of un-
integrated HIV-1 DNA in the PBMCs of patients fol-
lowed longitudinally. This observation suggests that
unintegrated viral DNA may be a dynamic clinical
marker for active HIV-1 replication and infection or
reinfection of CD4+ cells [Dickover et al., 1992; Bush et
al., 1993; Donovan et al., 1994a, 1994b; Panther et al.,
1998].

In summary, we have shown, as have others, that
2-LTR circular HIV-1 DNA is a quantifiable form of
unintegrated HIV proviral DNA in acutely infected
PBMCs, CEM cells, and ACH-2 cells. Unintegrated
2-LTR HIV-1 proviral DNA appeared to be a specific
marker for de novo cell infection, and possibly reinfec-
tion of susceptible cells and measurement of this HIV-1
proviral form may be a useful aid in the study of an
antiretroviral drug’s mechanism of action.
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