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An assay that quantifies the amount of human immunodeficiency virus type 1 (HIV-1) DNA in peripheral
blood mononuclear cells has been developed. PCR amplification of the HIV-1 DNA is performed in the presence
of an internal quantitation standard, and colorimetric detection of the amplified product is performed with
microwell plates. The copies of HIV-1 DNA are normalized to total genomic DNA input. The assay has an analy-
tical sensitivity of 10 input copies per amplification reaction and a three-log detection range. In an analysis of
sequential samples from patients on combination therapy, HIV-1 DNA was quantifiable for all individuals
tested, including those with undetectable plasma HIV-1 RNA. In a separate study, a comparison of HIV-1 DNA
levels was made with a group of long-term survivors and progressors. The mean HIV-1 DNA levels were lower in
the long-term survivors than in the progressors (P, 0.04). The mean HIV-1 RNA levels were also lower, but the
difference was not statistically significant (P, 0.164). A quantitative DNA assay will provide an additional tool
to gain insight into the natural history of infection and the continued efficacy of potent antiretroviral therapies.

Quantitation of human immunodeficiency virus type 1
(HIV-1) RNA in plasma is a powerful prognostic tool in clin-
ical practice (15). Further, studies have shown that reductions
in plasma viral load correlate with improved clinical outcome
in patients receiving antiretroviral therapy (3, 5, 12, 13, 20). In
this era of highly active antiretroviral therapy (HAART), re-
duction of plasma viral load to below the 50-copy/ml detection
limit of the AMPLICOR HIV-1 MONITOR test (Roche Mo-
lecular Systems, Pleasanton, Calif.) with the ultrasensitive ex-
traction method is often achieved. Consequently, alternative
methods are needed to enable further evaluation of the efficacy
of therapy in a given individual as well as comparison of dif-
ferent regimens between groups in clinical trials. An assay that
quantifies HIV-1 DNA load in the peripheral blood mononu-
clear cells (PBMCs) of infected individuals is described here.
Although other HIV-1 DNA quantitative assays have been
previously described, they have required multiple amplifica-
tions and/or detection with radiolabeled probes (2, 6, 10). This
assay is almost identical to the AMPLICOR HIV-1 MONI-
TOR assay for RNA (Roche Molecular Systems) but differs in
(i) the sample preparation method, (ii) the use of plasmid
DNA rather than an RNA transcript as the quantitation stan-
dard, and (iii) the normalization of DNA load to total cellular
input. The assay uses the AMPLICOR HIV-1 MONITOR
version 1.5 primers that have a broad subtype detection range
(17, 23).

MATERIALS AND METHODS

Clinical specimens. Nineteen patients from a triple-combination trial (zidovu-
dine, didanosine, and nevirapine) were chosen for HIV-1 DNA quantification.
These patients had HIV-1 RNA levels that dropped precipitously after the
initiation of therapy, and many were below the detection limit of the ultrasen-
sitive assay.

Five long-term survivors and 10 progressors were selected from San Francisco
Men’s Health Study participants on the basis of the rate of decline in CD41

lymphocytes in peripheral blood. Long-term survivors were chosen from deciles
9 and 10, which had the lowest rate of CD41 lymphocyte decline, as described
previously (22). When samples were collected for analysis for HIV-1 DNA and
RNA, long-term survivors had been HIV-1 seropositive for more than 10 years.

Sample preparation. PBMCs are separated from whole blood by Ficoll-
Hypaque gradient centrifugation. The purified cells are either processed imme-
diately or stored frozen at 270°C in freezing medium (90% fetal calf serum, 10%
dimethyl sulfoxide) until ready for processing. Frozen cells are thawed and
separated from freezing medium by centrifugation at 16,000 3 g for 3 min. Cells
are washed twice with 1 ml of Specimen Wash Buffer (Roche Molecular Systems)
and pelleted by centrifugation at 16,000 3 g for 3 min. The supernatant is
removed, and the final pellet is resuspended in extraction buffer, containing 0.1
mg of proteinase K per ml, 0.05% Nonidet P-40, 0.05% Tween 20, and the
quantitation standard (QS). The QS is a linearized pSP64 plasmid DNA in which
a 162-bp synthetic DNA fragment that contains the HIV-1 primer binding sites
has been inserted. When the QS is amplified, a product of the same length as the
HIV-1 target is generated. The probe region for the QS is distinct from that for
the HIV-1 target and allows for differentiation by the microwell plate assay in a
manner analogous to that used to quantitate HIV-1 RNA copy number in the
AMPLICOR HIV-1 MONITOR assay. The amount of extraction reagent varies,
but 125 ml is typically used to extract DNA from 106 cells. The cells are then
incubated at 60°C for 30 min, after which the proteinase K is inactivated at 100°C
for 30 min.

Quantification of total DNA. The level of HIV-1 DNA is expressed as copies
per microgram of cellular DNA. The amount of cellular DNA released by the
extraction process is quantified with Hoechst dye (bisbenzimide) as recom-
mended by the manufacturer (Pharmacia). When Hoechst dye, which binds to
the minor groove of DNA, is excited by 365-nm light in the presence of DNA, it
fluoresces at 458 nm. Fluorescence is measured with a fluorometer that has been
calibrated using calf thymus DNA of a known concentration. Two microliters of
the extracted sample lysate is diluted in 2 ml of the recommended buffer, and the
concentration is determined. The extraction protocol used in our test yields
single-stranded DNA. Since the amount of Hoechst dye that binds to single-
stranded DNA is half as much as the amount that binds to the double-stranded
DNA standard, the DNA concentration determined following extraction is dou-
bled (see Results).

Amplification and detection. DNA amplification reactions are performed with
50 ml of sample lysate using the AMPLICOR HIV-1 MONITOR master mix
(version 1.0) that contains primers SK462 and SK431 (18) or the AMPLICOR
HIV-1 MONITOR master mix (version 1.5) that contains primers SK145 and
SKCC1B (17). Primers SK145 and SKCC1B have been shown to efficiently
amplify the different subtypes of HIV-1 group M (17, 23). Amplifications are
performed with rTth DNA polymerase, which has both reverse transcription and
DNA polymerase activities (16). To prevent carryover contamination from pre-
vious amplifications, dUTP and uracil-N-glycosylase are incorporated into the
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reactions (14). The cycling parameters used for the version 1.0 master mix are
identical to those used for the AMPLICOR HIV-1 MONITOR assay but without
the reverse transcription step. The cycling parameters used for the version 1.5
master mix are as follows: 2 min at 50°C; 4 cycles at 95, 52, and 72°C for 10 s each;
and 26 cycles at 90, 55, and 72°C for 10 s each.

Following amplification, the PCR products are denatured with NaOH and
detected with microwell plates coated with either the HIV-1-specific probe or the
QS-specific probe, as for the AMPLICOR HIV-1 MONITOR test (18).

Plasma HIV-1 RNA levels are determined using either the Ultradirect method
(19) or the AMPLICOR HIV-1 MONITOR test.

Data reduction. The DNA copy number is calculated by using the following
formula: HIV-1 copies 5 (total HIV-1 optical density/total QS optical density) 3
input QS copy number. The HIV-1 copies are then normalized to total genomic
DNA and expressed as HIV-1 copies per microgram of extracted DNA.

RESULTS

Effect of sample integrity on Hoechst dye determinations.
Since the lysis procedure involves heating the samples to 100°C
for 30 min, we evaluated the capacity of Hoechst dye to bind to
denatured and presumably single-stranded DNA. Using calf
thymus DNA as a model system, we compared the amount of
Hoechst dye that was bound to DNA that was denatured either
by heating at 100°C or treatment with 0.1 M NaOH. The
amount of dye that bound to the denatured DNA was about
50% the amount that bound to the untreated DNA, regardless
of the treatment used. The data showed that the heat treat-
ment was sufficient to completely render the DNA single
stranded, as additional treatment with 0.1 M NaOH had no
further effect on Hoechst dye-based quantitation. Similar re-
sults were obtained with clinical samples treated with either
heat alone or heat with NaOH (data not shown). Conse-
quently, a twofold correction factor was used to adjust for
differences in dye binding capacity between single- and double-
stranded DNAs. The observed twofold difference in this model
study was consistent with numerous comparisons of cell counts
with Hoechst dye for the clinical specimens (data not shown).

Comparison of Hoechst dye to cell counts. Using a conver-
sion factor of 1 mg of DNA per 150,000 cells, we compared
PBMC counts extrapolated from the Hoechst dye determina-
tions to the actual cell counts determined with a hemocytom-
eter. PBMC aliquots ranging from 107 cells to 78,000 cells were
processed in 125 ml of extraction reagent. For each Hoechst
dye determination, 2 ml of lysate (representing 1,248 to 160,000
cells) was evaluated. The correlation of the actual cell number
with the cell number extrapolated from total DNA determina-
tions with Hoechst dye indicated that the latter method can be
used to accurately measure total DNA in cell lysates from
5,000 to 160,000 cells but overestimates the DNA in cell lysates
from 1,000 to 5,000 cells. The accuracy of cell counts extrap-
olated from the Hoechst dye method was compared to that of
cell counts measured directly. Of 29 clinical samples evaluated,
24 samples (83%) showed less than a 2-fold difference between
the two methods, while the remaining 5 samples (17%) showed
between 2- and 2.5-fold differences. The data showed that the
cell numbers determined by the Hoechst dye method were
comparable to cell counts for clinical specimens.

Extraction efficiency. To evaluate extraction efficiency as a
function of cell density, various amounts of PBMCs from four
patients were extracted in triplicate with either 200, 300, or 400
ml of lysis reagent. The number of cells extracted from each
patient specimen ranged from 5.7 3 105 to 1.7 3 106 PBMCs.
The HIV-1 DNA copies per microgram of total DNA were
similar within the patient groups, indicating that efficient lysis
was achieved despite differences in cell densities and that a
higher cellular input did not interfere with amplification (Table
1).

Sensitivity and linearity range. To establish the sensitivity
and dynamic range of the assay, serial dilutions of a plasmid

DNA that contains the HIV-1 sequence were amplified in a
background of about 1.3 mg of DNA extracted from a sero-
negative donor. Linearity was achieved over a range of 10 to
32,000 copies/PCR with an analytical sensitivity of 10 copies of
HIV-1 DNA (data not shown).

Assay performance with 8E5 cells. To determine the ability
of the assay to both efficiently extract and quantify HIV-1
DNA in infected cells, we evaluated a dilution panel of 8E5
cells. 8E5 cells, which harbor a single copy of HIV-1 DNA
(9), were diluted into negative PBMCs, resulting in expected
HIV-1 DNA levels ranging from 400,000 to 10 copies/PCR.
Each sample was extracted in 125 ml of extraction reagent
and amplified in duplicate. Consistent with the plasmid stud-
ies, linearity r2, 0.996; y, 1.0x 1 0.07) was achieved at between
10 and 25,000 copies of HIV-1 DNA. Good correlation was
observed between the expected numbers based on cell counts
and the numbers determined by PCR. In separate experiments,
a coded 8E5 cell panel was analyzed, and the results showed
that the assay correctly quantified the number of 8E5 cells in
each sample and was able to detect as few as 3.2 8E5 cells per
106 cells (R. Coombs, D. Brambilla, J. Bremer, R. Dickover,
T. Greenough, S. Kwok, H. Lin, C. Michels, C. Mundy, M. No-
wicki, G. Peterson, B. Staes, J. Sullivan, S. Spector, P. Reichel-
derfer, and B. Yen-Lieberman, Program Abstr. 6th Conf. Ret-
roviruses Opportunistic Infections, abstr. 176, p. 101, 1999).

Assay reproducibility. To assess the reproducibility of the
assay, the percent coefficients of variation (CV) for amplifica-
tion and detection and for the total DNA concentrations de-
termined with Hoechst dye were calculated for 192 individual
clinical samples from 23 different patients. For amplification
and detection, the CV were ,15% for 105 of the 192 samples,
15 to 30% for 61 samples, and .30% for 26 samples. A CV of
,15% was observed for 190 of 192 (99%) of the Hoechst dye
determinations, and a CV of .15% was observed for 2 of the
samples. To assess the reproducibility of the entire assay, 12
samples from 12 patients were extracted in duplicate, and the
percent CV for the final quantitation results was calculated. A
CV of ,10% was observed for six samples; the CV were 10 to
20% for two samples, 20 to 30% for three samples, and 45%
for one sample.

Specificity of the assay for DNA. The master mix used in this
assay contains rTth DNA polymerase which, in the presence of
manganese, has both reverse transcription and DNA polymer-
ase activities (16). The extraction procedure used for the assay
releases total nucleic acid from the cells. Although the assay
does not include a reverse transcription step, intracellular

TABLE 1. Effect of lysis volume on efficiency of extraction

Sample Lysis
vol (ml)

No. of HIV-1
DNA copies/PCR

Total DNA
concn (mg/PCR)

No. of HIV-1 DNA
copies/mg of DNA

79 200 1,480 2.75 538
300 1,245 1.9 655
400 838 1.45 578

80 200 472 0.95 497
300 333 0.75 444
400 276 0.65 425

83 200 663 1.65 402
300 605 1.25 484
400 411 0.95 433

84 200 1,480 2.8 529
300 1,014 1.9 534
400 536 0.95 564
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HIV-1 RNA could conceivably be reverse transcribed during
the annealing step of the PCR provided the integrity of the
RNA was maintained. To determine what contribution intra-
cellular HIV-1 RNA has on DNA quantification, we evaluated
(i) the effect of the 100°C heat step (proteinase K inactivation)
on the integrity of the RNA and (ii) the extent to which RNA
can be reverse transcribed without a 30-min reverse transcrip-
tion step at 60°C. We found that a purified RNA transcript can
be reverse transcribed and amplified after the 100°C treatment.
No amplification was observed in the absence of the reverse
transcription step. However, when purified RNA was added
directly to proteinase K-treated cellular lysates, no amplifica-
tion was observed regardless of whether the reverse transcrip-
tion step was incorporated. These results suggest that cellular
RNases alone sufficiently degrade intracellular HIV-1 RNA to
prevent its amplification in this assay. The elimination of the
reverse transcription step further ensures that intracellular
HIV-1 RNA will not interfere with HIV-1 DNA quantification.
These results were confirmed by amplifications with Taq DNA
polymerase, which lacks reverse transcription activity in the
presence of magnesium.

Clinical data. HIV-1 DNA levels in sequential samples from
19 individuals treated with a triple combination of zidovudine,
didanosine, and nevirapine were quantified. HIV-1 DNA was
detected and quantified for all of the patients tested, including
those who had undetectable HIV-1 RNA levels. The data from
two representative patients show that the kinetics of DNA
decay are slow, even in the presence of nearly maximal sup-
pression of HIV-1 replication in plasma (Fig. 1).

To gain insight into the possible role of HIV-1 DNA levels
as prognostic markers in clinical practice, 5 long-term survivors
and 10 progressors from the San Francisco Men’s Health Study
(1, 22) were evaluated. All San Francisco Men’s Health Study
subjects analyzed were HIV-1 seropositive at cohort entry in
1984. Cryopreserved samples collected at approximately 6
years and 12 years after cohort entry in the progressors and
long-term survivors, respectively, were analyzed for HIV-1
DNA in PBMCs. Despite the fact that the long-term survivors
had been infected for 6 years longer than the progressors, the
CD41 cell counts were significantly higher (P value deter-
mined by unpaired two-tailed t test, ,0.00003) in the long-term
survivors (582 6 142) than in the progressors (165 6 110). The
long-term survivors had not been treated with antiretroviral
therapy, with the exception of patient F, who had been on
zidovudine monotherapy 2 years previously. The mean HIV-1
DNA levels were 175 copies/mg of total DNA for the long-term
survivors and 964 copies/mg of total DNA for the progressors
(P, 0.04) (Table 2). The median HIV-1 DNA levels were 50
copies/mg of total DNA for the long-term survivors and 638
copies/mg of total DNA for the progressors. The mean HIV-1
RNA levels were 6,748 copies/ml for the survivors and 506,942
copies/ml for the progressors (with the exception of patient O,
whose plasma was not available) (P, 0.164). The HIV-1 RNA
and DNA levels were highly correlated (P, , 0.001).

DISCUSSION

We have developed a prototype assay that quantifies HIV-1
DNA in PBMCs of infected individuals. DNA is extracted from
PBMCs with a buffer that contains proteinase K and detergent.
A DNA quantitation standard is coamplified with each sample
and is used to normalize reaction variability. Quantitation is
performed with microwell plates by colorimetric detection,
as for the AMPLICOR HIV-1 MONITOR test. The level of
HIV-1 DNA in PBMCs is normalized to the amount of geno-
mic DNA determined by Hoechst dye-based quantitation.
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HIV-1 DNA levels are typically reported as copies/106 cells or
as copies per microgram of total DNA; cell counts are deter-
mined either with a hemocytometer or with a Coulter counter,
and DNA concentrations are determined spectrophotometri-
cally. The Hoechst dye procedure eliminates the need for cell
counts, is simple to use, and provides accurate quantitation.
The determinations can be performed on crude lysates and
eliminate the organic extractions required for accurate spectro-
photometric determinations. Additionally, Hoechst dye mea-
sures the amount of DNA released, whereas normalization to
cell counts assumes complete lysis of the cells.

In this assay, DNA from as many as 3 3 106 cells can be
efficiently lysed and amplified. Although about 2.5 mg of DNA
(from about 400,000 cells) is typically amplified, the need for a
higher input will depend on the level of HIV-1 DNA in the
specimen. The results showed that varying the amount of ex-
traction reagent did not affect the final quantitation. The abil-
ity to analyze a larger sample size will improve the sensitivity
and accuracy of the assay for low-copy-number samples. The
current assay has a linear detection range of 10 to 32,000
copies/mg of DNA. In the analyses performed to date, the level
of DNA has generally been less than 1,000 copies/mg of DNA.
The quantitative HIV-1 DNA assay described here provides a
valuable addition to the analytical tools already available to
monitor viral replication. Analysis of sequential samples from
patients on combination therapy showed that HIV-1 DNA
levels in PBMCs remained detectable and quantifiable despite
plasma HIV-1 RNA levels that were undetectable for up to
1 year. As reported by other groups (4, 7, 11, 21), an initial
decrease in HIV-1 DNA levels was observed immediately upon
initiation of therapy, followed by slower decay. The presence of
detectable DNA is consistent with the successful isolation of
virus from PBMCs of patients with undetectable HIV-1 RNA
(8, 24). The data from the long-term survivors suggest that
lower HIV-1 DNA levels may be indicative of a better prog-
nosis; however, the sample size in this study was small. Further
work is needed with a larger sample size, and longitudinal
analysis may be required to determine if there is any correla-
tion between HIV-1 DNA levels and progression.

The availability of this new standardized assay will be im-
portant in at least three ways. First, it will facilitate the com-
parison of the efficacy of different HAART regimens. Second,
it will permit evaluation of the true depth of virological sup-

pression in patients with nonquantifiable plasma viral loads, as
any increase in HIV-1 DNA levels in this setting will be con-
sistent with ongoing low-level viral replication in tissue stores
(or perhaps even in the circulation). Third, as immune-based
therapies aimed at purging HIV-1 DNA reservoirs are evalu-
ated, this assay will be most important in quantifying their
efficacy. In conclusion, an assay has been developed to accu-
rately quantitate HIV-1 DNA in circulating PBMCs. The in-
sightful application of this assay is expected to improve the use
of antiretroviral agents in clinical practice.
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