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A novel colorimetric assay was developed and validated for accurate quantitation of human immunodefi-
ciency virus (HIV) DNA in peripheral blood mononuclear cells (PBMCs). We tested 318 sequential samples
from 56 subjects, 53 of whom were undergoing dual or triple therapy. Patients were considered responders
when viremia levels were below 5,000 HIV RNA copies/ml. The mean DNA copy numbers for untreated and
responder subjects were similar (72 and 75, respectively), while it was 4.54-fold higher for nonresponders (339).
This report provides strong evidence that HIV DNA levels in PBMCs correlate with therapeutic efficacy and
suggests that DNA quantitation is a useful tool to monitor the decay of the HIV reservoir toward disease
remission, especially when viremia is undetectable.

Recent discoveries of the efficacy of highly active antiretro-
viral therapy (HAART) have provided important information
on the dynamics of human immunodeficiency virus (HIV) rep-
lication during treatment and have also changed the manage-
ment of HIV in infected individuals (12, 14, 18). The low or
undetectable virus levels in plasma that were observed follow-
ing the initiation of HAART (10, 15) and maintained through-
out treatment are an indication of effective suppression of HIV
replication. HIV DNA has been found in HAART-treated
individuals without detectable plasma viremia (3, 19), showing
the existence of latent reservoirs (4, 7). HIV infection can be
reactivated from the latently infected resting T-cell population
(20). Measurement of cell-associated viral DNA should pro-
vide greater understanding of the dynamics of HIV infection
and could complement the information provided by plasma
RNA when monitoring responsiveness to HAART in infected
individuals.

In this study, we quantified HIV DNA in peripheral blood
mononuclear cells (PMBCs) using a quantitative colorimetric
assay. This novel method uses (i) lysates containing total DNA
obtained from 106 PBMCs, (ii) single HIV DNA amplification
with a biotinylated antisense primer, (iii) liquid hybridization
of the biotinylated amplicons with a fluorescein-containing
probe, (iv) hybrid capture into streptavidin-coated microplate
wells, (v) single colorimetric detection with a monospecific
antifluorescein antibody conjugated with horseradish peroxi-
dase, and (vi) accurate quantitation performed by specific ap-
plication of Quanti-Kin software, based on the color kinetics of
an external reference standard curve with a dynamic range of
4 log units (8).

PCR procedures were performed with primer SK145 and the

biotinylated primer SK431. Seventy-five microliters of a PCR
mixture containing 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5
mM MgCl2, 200 mM deoxynucleoside triphosphates, a 0.15 mM
concentration of each primer (TIB Molbiol, Genoa, Italy), and
2.5 U of Taq DNA polymerase was dispensed into microtubes
placed on ice. A 25-ml aliquot of cell lysate (corresponding to
105 PBMCs) was added to the PCR mixture. Samples were
placed in a thermal cycler (GeneAmp 9600; Perkin-Elmer,
Monza, Italy) once the temperature of the cycler reached 80°C
and were held at 95°C for 1 min before being subjected to 35
cycles of DNA amplification with the following thermal param-
eters: denaturation (10 s at 95°C), primer annealing (10 s at
60°C), and DNA extension (10 s at 72°C) for 5 cycles, followed
by denaturation (10 s at 92°C), primer annealing (10 s at 55°C),
and DNA extension (10 s at 72°C) for 30 cycles. Five microli-
ters of the biotinylated amplification product was added to 120
ml of hybridization buffer (53 SSC [13 SSC is 0.15 M NaCl
plus 0.015 M sodium citrate]) containing 2 pmol of the SK102
probe, which was synthesized with the insertion of a fluorescein
molecule. The mixture was heated at 95°C for 5 min to dena-
ture the DNA duplex and then held at 57°C for 10 min to allow
hybridization. Forty-five microliters of the hybridized product
was transferred to a streptavidin-coated microplate well (Lab-
systems Oy, Helsinki, Finland) for hybrid capture. Following
incubation for 1 h at 37°C, unbound components were re-
moved by extensive washing. One hundred microliters of
horseradish peroxidase-conjugated antifluorescein antibodies
(Boehringer Mannheim, Milan, Italy), 100 mM Tris-HCl (pH
7.5), 150 mM NaCl, and 3% fetal calf serum were added to the
microwells. The microplate was incubated for 30 min at room
temperature on a microplate shaker and, after a final wash to
remove free conjugate, 100 ml of tetramethylbenzidine solution
(Celbio, Milan, Italy) was added to each well. Color develop-
ment was measured every 20 s for a period of 30 min at 650 nm
with an automated microplate reader. The reaction was
stopped by the addition of 0.2 M H2SO4, and the end point
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absorbance was read at 450 nm with a reference filter of 690
nm. All of the readings were evaluated with the Quanti-Kin
program, which selects the best interpolation method for each
reading and for each interval between the five reference stan-
dards (8). Quantitation of as few as 50 HIV DNA copies/106

PBMCs was ensured by the inclusion of an external reference
standard curve of 5, 25, 100, 1,000, and 10,000 copies of the
HIV genome (HIVZ6 plasmid; Perkin-Elmer) per reaction
prepared in seronegative cell lysates (105 PBMCs/25 ml).

Amplification of the HLA DQ-a gene was performed with
the HLA-specific primers GH26 and GH27 on HIV DNA-
negative samples in order to assess the quality of the cell lysate
(16).

The analysis of HIV DNA serial dilutions made in lysates of
PBMCs from HIV-negative donors determined that the lower
limit for quantitation was 5 copies per reaction. Assay speci-
ficity was determined by comparing the optical density (OD)
values obtained from 20 negative controls with those of six
5-copy reference standards. The OD of the negative samples
(mean 6 standard deviation) was 0.095 6 0.039, 5.4 times
lower than the 5-copy reference standards’ OD (0.511 6
0.197). There was no overlapping of the distributions of OD
values obtained from the negative samples and the 5-copy
reference standards, with a confidence interval of 99.95% (data
not shown).

An external curve of 5, 25, 100, 1,000, and 10,000 HIV DNA
copies was amplified by PCR and detected colorimetrically.
Color production was linear for the low reference standards,
which were quantified by the more sensitive end point reading.
Exponential slopes reaching plateaus were seen for the high
reference standards, and these were quantified by using the
kinetic readings. Thus, a dynamic range from 5 to 10,000 copies
per reaction was obtained.

Intra-assay variability was determined by the analysis of four
replicates of each reference standard run together in the same
assay. An external reference standard curve was used to quan-
tify the replicate reference standards (Table 1). The coefficient
of variation (CV) obtained for each reference standard con-
centration ranged from 6 to 37%, with a mean of 25%. To
assess interassay variability, a reference standard curve was
quantified in four separate and consecutive assays (Table 1).
The CV obtained for each reference standard ranged from 18
to 53%, with a mean of 32%.

The reproducibility of these estimations was further evalu-
ated by using the Z score, which measures the significance of
the differences in sets of quantitative values. The Z score was
calculated for each set of reference standard replicates by
using the following formula: Z 5 log10 (y1/y2)/(0.15 z 21/2),

where y1 was the highest value and y2 was the lowest value
obtained in each set. Theoretically, all concentrations should
be identical (null hypothesis); therefore, the Z score is nor-
mally distributed with a mean of zero and a variance of one
(17). However, Yen-Lieberman et al. (21) have shown that the
multiple fluctuations affecting PCR quantification make differ-
ences irrelevant as long as the Z score remains lower than 1.96.
If a Z score greater than 1.96 is obtained, a false difference is
detected for that set of values. Two false differences were
detected for these results, one at 100 copies (Z 5 2.07) for the
intra-assay estimation and the other at 5 copies (Z 5 2.56) for
the interassay estimation. In both cases a false difference was
found in 5% of the total estimations (n 5 20), indicating an
overall good reproducibility.

Intra-assay variability was further evaluated by quantifying
24 clinical samples in duplicate in the same assay. The CVs
obtained for the duplicate samples ranged from 5 to 51%, with
a mean of 20%; 18 samples (75%) had CVs lower than 30%
(data not shown). We quantified 17 clinical samples in dupli-
cate in two different assays to assess interassay variability. The
CVs obtained for the duplicate samples ranged from 3 to 64%,
with a mean of 26%; 11 (65%) samples had CVs lower than
30%. These results demonstrate good reproducibility in clini-
cal samples.

The objectives of this study were to determine the number
range of HIV DNA-containing cells, its variation in sequential
samples, and its correlation with therapy efficacy. A total of 318
blood samples were collected during a 3-year study period
(1996 to 1998) from 53 HIV-infected individuals being treated
with antiretroviral drugs and from 3 untreated HIV-infected
individuals. Plasma RNA levels were determined by nucleic
acid sequence-based amplification technology as previously de-
scribed (1). PBMCs were isolated, counted, and aliquoted
from whole blood treated with acid citrate dextrose by density
gradient separation on Lympholyte-H medium (Cedarlane
Laboratories, Hornby, Canada). Total cellular DNA was ob-
tained from the PBMCs by cell lysis and stored at 220°C, as
previously described (9).

HIV DNA was detected in 315 (99.1%) of the 318 samples
from HIV-infected individuals and quantified in 284 (89.3%)
samples in a range of 50 to 8,900 copies per 106 PBMCs. As
shown in Fig. 1, 92 (29%) samples had between 50 and 100
copies, 106 (33.3%) had between 100 and 1,000 copies, and 26
(8.2%) had more than 1,000 copies. Less than 50 copies per 106

PBMCs were detected in 60 (18.9%) samples by the standard
protocol. Low DNA levels were detected in 31 (9.7%) samples
by an extended amplification protocol with 45 cycles of PCR.
HIV DNA was repeatedly not detected in three (0.9%) sam-

TABLE 1. Interassay and intra-assay variability

Type of comparison No. of input copies

No. of HIV DNA copies/reaction in
calculated standard replicate Mean no. of HIV DNA

copies/reaction CV (%) Maximum Z score

1 2 3 4

Intra-assay 5 5 6 5 5 5 6 0.23
25 10 19 17 18 16 26 1.34

100 97 122 44 89 88 37 2.07
1,000 2,579 2,670 1,619 1,475 2,085 30 1.21

10,000 10,000 7,782 4,943 7,661 7,596 27 1.44

Interassay 5 3 2 7 7 5 53 2.56
25 61 46 34 41 46 25 1.20

100 118 71 80 70 85 27 1.07
1,000 1,344 1,773 2,136 849 1,525 36 1.89

10,000 7,112 6,878 10,000 7,507 7,874 18 0.77
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ples from three subjects whose other samples all contained
fewer than 50 copies. These data show that the HIV DNA
assay has an adequate range to quantify HIV DNA levels in
clinical samples.

The analysis of HIV DNA in sequential samples, collected
from these 56 patients during a 14- to 24-month follow-up,
showed a distinct distribution into two groups. In the first
group, low DNA levels (,500 copies/106 PBMCs) were de-
tected, with a linear trend throughout follow-up. High DNA
levels (.500 copies/106 PBMCs) were observed in the second
group, with wide fluctuations between samples.

To further investigate this observation, we analyzed the re-
lationship between HIV DNA levels and the efficacy of anti-
retroviral therapy in the last-tested PBMC sample from each of
the 56 subjects. Three subjects were not receiving antiretroviral
therapy at the time of the study, 34 were receiving combina-
tions of two of the five available reverse transcriptase inhibi-
tors, and the remaining 19 were treated with three drugs,
including one of the four available protease inhibitors. Subjects
were considered responders when viremia levels were below
5,000 copies of HIV RNA per ml of plasma. When these levels
of virological markers were not observed, the patient was clas-
sified as a nonresponder. Twenty dual-therapy responder pa-
tients had a mean RNA copy number of 3,492 per ml of
plasma, and 14 triple-therapy responders had a mean plasma
RNA copy number of 1,242, while the RNA mean values were
55,916 and 34,880 in the two-drug and three-drug nonre-
sponder patients, respectively.

As shown in Fig. 2, the mean HIV DNA copy numbers for
untreated and responder subjects were similar (72 and 75,
respectively), while it was 4.54-fold higher (339) for the non-
responders. Moreover, the mean DNA level was higher for
dual-therapy nonresponders than for triple-therapy nonre-
sponders, 390 and 288, respectively. These data clearly suggest
that HIV DNA levels correlate with therapy efficacy.

The use of a potent combination of antiretroviral drugs has
dramatically reduced HIV replication and viremia in and im-

proved the quality of life of infected patients. For the first time,
HIV disease progression can now be halted, and many patients
are experiencing disease remission. As scientific debates about
new strategies to eradicate HIV infection evolve, the scenario
of HIV patient management continues to change and there is
an urgent need for new virological markers, especially when
conventional markers are negative (undetectable viremia) or
of uncertain biological significance (low viremia).

This paper demonstrates that HIV DNA levels in PBMCs
correlate with antiretroviral therapy efficacy. Convincing evi-
dence has been provided from the longitudinal analysis of a
large number of samples (318 samples, 4 to 10 samples per
patient, 14 to 24 months of follow-up) collected from a cohort
of 53 infected subjects being treated with a combination of two
or three antiretroviral drugs and 3 infected, untreated subjects.

High DNA levels were observed in sequential samples from
individuals who did not respond to therapy. In the presence of
inefficient therapy, active viral replication results in elevated
viremia (up to 5 3 105 RNA copies/ml) due to de novo infec-
tion of naı̈ve cells and an increase in the number of cells
containing viral DNA (5, 20). Individuals responding to dual or
triple therapy had constantly low DNA levels, which should be
composed mainly of proviral DNA integrated in latently in-
fected CD41 cells (4).

Earlier studies have reported discordant results for the
quantitation of HIV proviral DNA and its relationship with
antiretroviral therapy and disease progression. However, most
of these studies monitored viral DNA during monotherapy
clinical trials on a limited number of subjects and used short
study periods (6, 11, 13).

Our results were obtained by an innovative and simple assay
which has been validated for accurate quantitation of HIV
DNA in PBMCs and is suitable for monitoring HIV DNA-
containing cells in infected patients receiving HAART. The
PBMC lysates used contained the total PBMC DNA popula-
tion; therefore, both unintegrated and integrated HIV DNA
forms were measured by the assay described. The HIV DNA

FIG. 1. Distribution of HIV DNA in 318 clinical PBMC samples. Pos NQ, positive nonquantifiable.
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population present in samples from responder subjects should
be composed of mainly integrated proviral DNA, while the
DNA in samples from nonresponders should contain a high
percentage of unintegrated DNA, which accumulates during
the initial phases of infection as a direct product of active viral
replication, indicating therapy inefficacy (2).

It is widely accepted that the treatment time required for
HIV eradication, if this is indeed possible, is considerably
longer than previously suggested (15). At present there is a
strong need to develop new strategies focused on eradicating
the minute population of long-living chronically infected cells,
which constitutes a reservoir of inducible infectious HIV.
Quantitation of total HIV DNA could be useful in long-term
longitudinal studies of patients receiving HAART.
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