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The effectiveness of highly active antiretroviral therapy (HAART), the standard of care for the treatment of
human immunodeficiency virus type 1 (HIV-1) infection, is assessed by measuring the viral RNA load in
plasma. A patient is considered to be successfully treated when the HIV-1 load in plasma stays below the
detection limit of commercial assays. However, virus replication and evolution do continue in patients under
HAART, which may eventually result in the development of drug-resistant HIV-1 strains and therapy failure.
To monitor this low-level virus replication in peripheral blood mononuclear cells (PBMC), sensitive methods
are required to measure HIV-1 molecular markers. We report the development of highly sensitive methods for
the quantitation of unspliced and multiply spliced HIV-1 RNA and proviral DNA in PBMC. The methods are
based on innovative seminested real-time reverse transcription-PCR (RT-PCR) that combines the accuracy
and precision of real-time PCR and the sensitivity of nested PCR. We show that the newly developed methods
are superior to the conventional single-step real-time RT-PCR in their sensitivity, accuracy, dynamic range,
and the power of quantitative detection of HIV-1 RNA and DNA in clinical samples. These easy-to-perform
methods can be widely used in research, including clinical studies, to monitor intracellular processes of virus
replication.

Human immunodeficiency virus type 1 (HIV-1) load in
blood plasma, as measured by the number of copies of HIV-1
RNA, is a major laboratory marker widely used in clinical
practice. Higher virus loads are directly linked to more rapid
progression to AIDS in HIV-1-infected individuals. The effec-
tiveness of highly active antiretroviral therapy (HAART) is
also assessed by measuring the HIV-1 load in plasma. A pa-
tient is considered to be successfully treated by HAART when
HIV-1 load in plasma stays below the detection limit of com-
mercial assays, which is currently 50 copies of HIV-1 RNA per
ml of plasma. However, in spite of its clinical success, HAART
cannot eradicate the virus, mainly due to the persistence of
various viral reservoirs, including latently infected resting
CD4� cells (14, 20). Recent studies demonstrated that both
virus replication and evolution do continue in (some) patients
even when HIV-1 RNA in plasma is undetectable, and therapy
is considered to be successful (4, 11, 13, 19, 23). HAART
failure, as a result of development of drug-resistant HIV-1
strains, is a common problem (5). Thus, special attention
should be given to characterizing HIV-1 residual replication by
studying its molecular markers in peripheral blood mononu-

clear cells (PBMC). In particular, the amounts of cell-associ-
ated HIV-1 RNA, both unspliced RNA (usRNA) and multiply
spliced RNA (msRNA) forms and proviral DNA (prDNA)
should be quantified. Of these, the expression of msRNA spe-
cies that encodes Tat and Rev proteins may be linked to pro-
ductive infection (21, 25), whereas the amounts of usRNA and
prDNA may reflect the size of the pool of latently infected
cells. However, systematic studies of the relationships between
the cellular HIV-1 RNA/DNA levels and therapy outcome are
hindered by the extremely low copy numbers of HIV-1 RNA/
DNA in PBMC under HAART. Therefore, development of
highly sensitive methods for quantitation of cellular forms of
HIV-1 RNA/DNA is essential.

Real-time reverse transcription-PCR (RT-PCR) is currently
the preferred method for quantitation of HIV-1 RNA/DNA in
cells (7, 9). However, despite their accuracy and specificity,
single-step real-time RT-PCR methods using the TaqMan de-
tection chemistry are unable to reliably quantify �100 copies
of HIV-1 RNA/DNA target per reaction in the context of total
cellular RNA/DNA (8). This evokes the possibility of yielding
false-negative results when PBMC material from patients un-
der HAART is studied, especially when limited amounts of
clinical material are available for analysis. Methods that use
Sybr green-based detection chemistry to detect HIV-1 RNA/
DNA may be more sensitive (8) but are prone to false-positive
results, because DNA binding dyes do not bind in a sequence-
specific manner. With a theoretical detection limit of one mol-
ecule per reaction, nested PCR is considered a more sensitive

* Corresponding author. Mailing address: Laboratory of Experi-
mental Virology, Department of Medical Microbiology, Center for
Infection and Immunity Amsterdam, Academic Medical Center, Uni-
versity of Amsterdam, Meibergdreef 15, Amsterdam 1105 AZ, The
Netherlands. Phone: 31-20-5665861. Fax: 31-20-5669064. E-mail:
v.lukashov@amc.uva.nl.

� Published ahead of print on 7 May 2008.

2206



method than real-time PCR. However, only semiquantitative
data can be produced with this method. In addition, it requires
labor-intensive and time-consuming experimental procedures.
In contrast, quantitative nested real-time PCR, an approach
recently developed for detection and quantitation of several
pathogens and tumor markers (3, 12, 16, 17, 22), allows in-
creasing the assay sensitivity dramatically without losing the
quantitative factor. Here we report the development of highly
sensitive seminested real-time RT-PCR methods for the de-
tection and quantitation of HIV-1 RNA and DNA in PBMC
samples from patients under HAART, with a detection limit of
four copies per reaction and a linear range of 6 orders of
magnitude.

MATERIALS AND METHODS

Patients and clinical samples. In the present study we used the archival clinical
samples from the patients who were participating in the Amsterdam Cohort
Studies (ACS) on HIV infection and AIDS. The ACS have been conducted in
accordance with the ethical principles set out in the declaration of Helsinki, and
written informed consent is obtained prior to sample collection. The study was
approved by the ACS medical committee.

Cells and nucleic acid extraction. PBMC were isolated by standard Ficoll-
Hypaque density gradient centrifugation and frozen in aliquots in liquid nitro-
gen. Total cellular nucleic acids were extracted from PBMC samples (0.5 to 3
million PBMC was used for one extraction) according to the isolation method of
Boom et al. (1), eluted in water, and frozen in aliquots at �80°C until further
processing.

Seminested real-time PCR assays. For seminested real-time PCR for HIV-1
prDNA, the eluted cellular DNA, or serial dilutions of plasmid DNA standards,
were directly subjected to two rounds of PCR amplification. The primer pair
used in the first PCR, GAG1 and SK431, amplifies a region within the HIV-1 gag
gene (Table 1). The first round of the PCR was performed on a conventional
PCR machine (GeneAmp PCR System 9700; Applied Biosystems) in 25 �l of
PCR mix containing 5 �l of template, 20 mM Tris (pH 8.3), 50 mM KCl, 2 mM
MgCl2, 0.4 mM concentrations of deoxynucleoside triphosphates, 1 U of Ampli-
Taq (Applied Biosystems), and 50 ng each of both primers. The PCR settings
were as follows: 94°C for 3 min, followed by 15 cycles of 94°C for 30 s, 55°C for
30 s, and 72°C for 1 min. The product of the first PCR was subsequently used as
a template in the second, seminested, real-time, PCR amplification, performed
on the ABI Prism 7000 real-time PCR machine (Applied Biosystems) using
TaqMan detection chemistry. A total of 2 �l of the first PCR product was diluted
to 50 �l with PCR mix containing 25 �l of 2*Pt qPCR mix (Invitrogen), 1 �l of
ROX reference dye (Invitrogen), 1 mM MgCl2, 0.2 �M concentrations of each
of both primers, GAG1 and GAG2, and 0.2 �M TaqMan dual-labeled fluores-
cent probe GAG3. Real-time PCR settings were as follows: 50°C for 2 min, then
95°C for 10 min, followed by 50 cycles of 95°C for 15 s and 60°C for 1 min. The
amplicon sizes were 221 bp for the first PCR and 83 bp for the second (real-time)
PCR.

Seminested real-time PCR on HIV-1 RNA were performed as follows: the
eluted cellular RNA, or serial dilutions of synthetic RNA standards, were first
subjected to DNase treatment, to remove HIV-1 prDNA which could interfere

with the quantitation, and subsequently to RT. DNase treatment was performed
with DNase I (Invitrogen) for 15 min at room temperature, after which DNase
was heat inactivated for 10 min at 70°C in the presence of EDTA and dithio-
threitol. RT was performed with random hexamers as primers and SuperScript
III (Invitrogen) at 42°C for 60 min according to the manufacturer’s instructions,
after which reverse transcriptase was heat inactivated for 10 min at 70°C. cDNA
was divided into two portions, one of which was used in the usRNA assay, and
the other was used in the msRNA assay. Two rounds of PCR were performed
under the same PCR conditions as described above for the prDNA assay. For the
usRNA assay, real-time PCR was run for 45 cycles, and for the msRNA assay,
real-time PCR was run for 50 cycles. For the usRNA assay, the same primers and
fluorescent probe were used as for the prDNA assay. The first PCR of the
msRNA assay was performed with the primer pair ks1 and mf83, which amplifies
the msRNA species encoding the Tat and Rev proteins (Table 1). Subsequently,
the seminested real-time PCR of the msRNA assay was performed with the
primers mf83 and mf84 and the TaqMan fluorescent probe ks2-tq. The amplicon
sizes were 171 bp for the first PCR and 115 bp for the second (real-time) PCR
of the msRNA assay.

Single-step real-time PCR (for DNA and RNA assays) was performed as
described above, with the omission of the first PCR.

Standard curves and normalization. The amounts of PBMC-derived HIV-1
DNA and RNA were determined by using the standard curve method. The
standard curves were built based on the results of seminested real-time (RT-)-
PCR, run in parallel, in which serial dilutions of the external standards were
used. As external standards, we used plasmid DNA or synthetic RNA molecules,
corresponding to the regions of interest. Specifically, for the prDNA assay, we
used the plasmid pLAI�RT, which is a molecular clone of HIV-1 harboring a
deletion of the RT gene (6). The external standards for the RNA assays were
synthetic runoff transcripts generated from the linearized plasmids pGAG2-A5
(for the usRNA assay) and pEX4�7 (for the msRNA assay). The pGAG2-A5
plasmid contains HIV-1 gag sequences, and pEX4�7 represents a partial se-
quence (exons 4 and 7) of HIV-1 msRNA encoding the Tat and Rev proteins.
The lengths of the synthetic transcripts were 955 nucleotides (nt) for pGAG2-A5
and 860 nt for pEX4�7. The concentrations of DNA and RNA standards were
determined spectrophotometrically and recalculated to copies/�l. Master stocks
of the standards, diluted to 1011 copies/�l for RNA standards and to 109 cop-
ies/�l for DNA standards, were frozen in aliquots at �80°C until use.

The amounts of PBMC-derived HIV-1 DNA and RNA were normalized to the
total cellular input in the first PCR, which was quantified in separate real-time
PCRs by using a beta-actin detection kit (Applied Biosystems). To control the
integrity of the RNA assays, we used the rRNA detection kit (Applied Biosys-
tems). In addition, to assess the reproducibility of the nucleic acid extraction and
RT protocols, we used an internal control. Equal amounts of the RNA-contain-
ing lysate of Phocine distemper virus were spiked into the PBMC samples (which
differed in their cellular content by 2 orders of magnitude) before nucleic acid
extraction. In the real-time PCR assay for Phocine distemper virus, done on this
PBMC-derived material as described elsewhere (24), the mean cycle threshold
(CT) value � the standard deviation was found to be 33.48 � 1.05 cycles,
indicating the reproducibility of nucleic acid extraction and RT-PCR/real-time
PCR protocols.

Statistical analyses of quantitative data were performed by using Microsoft
Excel software. The statistical tests used are specified in Results.

TABLE 1. Oligonucleotide primers and probes used in this study

Assay Genomic
region

Primer or
probe Typea Sequence (5�–3�) Genomic

locationb Tm (°C)

usRNA, prDNA gag GAG1 Sense I, II TCAGCCCAGAAGTAATACCCATGT 1280–1303 58.3
SK431 Antisense I TGCTATGTCAGTTCCCCTTGGTTCTCT 1474–1500 61.5
GAG2 Antisense II CACTGTGTTTAGCATGGTGTTT 1341–1362 55.1
GAG3 Probe FAM-ATTATCAGAAGGAGCCACCCCACAAGA-TAMRA 1311–1337 61.7

msRNA tat/rev ks1 Sense I CTTAGGCATCTCCTATGGCAGGAA 5956–5979 59.0
mf83 Antisense I, II GGATCTGTCTCTGTCTCTCTCTCCACC 8433–8459 61.7
mf84 Sense II ACAGTCAGACTCATCAAGTTTCTCTATCAAAGCA 6012–6045 60.4
ks2-tq Probe FAM-TTCCTTCGGGCCTGTCGGGTCCC-TAMRA 8399–8421 67.8

a I, first PCR; II, second (real-time) PCR.
b That is, relative to the sequence of HXB2 reference strain of HIV-1.
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RESULTS

Design and validation of the seminested real-time PCR
methods. Since the sensitivity of single-step real-time (RT-)PCR
methods was suboptimal for the quantitative detection of
HIV-1 RNA and DNA in PBMC from patients undergoing
HAART (Fig. 1A), we set out to develop and validate semi-
nested real-time RT-PCR methods. To achieve this, for the
HIV-1 prDNA and usRNA assays we designed oligonucleotide
primers (GAG1 and GAG2) and a dual-labeled TaqMan flu-
orescent probe (GAG3). The primers and probe, correspond-
ing to the conserved region encoding Gag protein, were de-
signed based on the sequences of different HIV-1 (subtype B)
strains from the Los Alamos HIV database. As a reverse
primer for the first PCR, we used primer SK431 (15). For the
msRNA assay, we utilized the primers and TaqMan fluores-
cent probe that were initially designed by Fischer et al. (9) for
their single-step real-time PCR assays. Table 1 presents the
localization of the primers and probes in the HIV-1 genome.

We started the validation of the methods by testing their
sensitivity and accuracy using serial dilutions of synthetic
RNA/DNA standards that corresponded to the amplified re-
gions. First, we tested the methods with different numbers of
cycles of the first PCR and found that, in order to prevent
nonlinear amplification, the number of cycles in the first PCR
had to be limited to 15 (data not shown). Accordingly, all
subsequent experiments were done with 15 cycles of the first
PCR.

Next, we used the serial dilutions of standards to compare
seminested and single-step real-time PCR methods for all
three assays: HIV-1 usRNA, msRNA, and prDNA. Experi-
ments were done in triplicate, separated in time by at least 1
week. In every experiment a separate master stock was used to
make serial dilutions of the standards. Figure 1A shows that,
for all three assays, four copies of an RNA or DNA standard
per reaction could be detected by the seminested real-time
PCR compared to the detection limit of 100 copies per reac-
tion of the corresponding single-step real-time PCR. For all
assays, no positive signals have been obtained from the nega-
tive controls of the first PCR, which were routinely included in
the experiments, as well as from further dilutions of the stan-
dards (data not shown). Comparisons of the amplification
graphs of seminested and single-step real-time PCRs (Fig. 1A,
solid versus dotted lines) demonstrated that the first PCR
preamplified the DNA or cDNA signals more than by a factor
of 1,000. Figure 1B shows that this preamplification did not
interfere with the linearity of the standard curves throughout
the whole range of serial dilutions (R2 � 0.99 for all three
assays). On the contrary, the linearity was even slightly higher
in the seminested assays. For all three assays, the linear rela-
tionship between the copy number of input RNA or DNA and
the threshold cycle number (CT value) of the seminested real-
time PCR was held within the range of 100 to 106 in the semilog
plot (Fig. 1B). In other words, the amounts of HIV-1 RNA or
DNA could be accurately measured within the quantitation
range of 6 orders of magnitude. Table 2 shows the CT values of
serially diluted standards for all three assays. The reproduc-
ibility of the CT values of standards in the seminested assays
was higher than in the respective single-step assays: the stan-
dard deviations of the CT values were 0.43 � 0.32 cycles (semi-

nested) versus 0.65 � 0.38 cycles (single step) for the usRNA
assay, 0.91 � 0.32 cycles (seminested) versus 1.05 � 0.71 cycles
(single step) for the msRNA assay, and 0.58 � 0.44 cycles
(seminested) versus 0.74 � 0.57 cycles (single step) for the
prDNA assay (means � the standard deviations).

Detection and quantitation of HIV-1 DNA and RNA in clin-
ical samples. We proceeded with the validation of the devel-
oped methods to assess their power of detection and quanti-
tation of HIV-1 RNA and DNA in clinical samples. First, we
validated the usRNA assay by using blood plasma samples
from HIV-infected patients (n 	 18) with plasma HIV-1 RNA
loads previously measured by a commercial assay (Amplicor).
The experiment has been conducted as a blind study. The
mean difference between the set of values generated by the
seminested real-time RT-PCR and the control set (Amplicor)
was 0.31 log10 (standard deviation 	 0.74 log10, 95% confi-
dence interval 	 �0.03 to 0.65 log10), which is the acceptable
difference between the values measured by two different as-
says, taking into account that the accepted threshold of clini-
cally significant variability of an assay is 0.5 log10.

Next, we selected 14 archival PBMC samples from HIV-1
(subtype B)-infected patients receiving HAART. Samples
were selected randomly with respect to the plasma HIV-1
RNA load or CD4� count. RNA and DNA were extracted
from these samples and examined by using the seminested
real-time PCR and, in parallel, the corresponding single-step
real-time PCR methods. Samples were quantified by the stan-
dard curve method using serial dilutions of synthetic RNA and
DNA standards. A sample was considered positive if its quan-
tified amount was described above the detection limit of an
assay (4 copies per reaction for the seminested methods and
100 copies per reaction for the single-step methods [see
above]). Experiments were done in duplicate, and a sample
was considered detected by an assay only if it was positive in
both of them. The results of the quantitation, expressed as the
number of copies in real-time PCR, are shown in Table 3. For
all three assays, seminested real-time (RT-)PCR was clearly
superior to the single-step real-time (RT-)PCR in both the
power of detection and the accuracy: with the seminested
methods, HIV RNA and DNA could be detected and quanti-
fied in higher proportions of clinical samples (usRNA, P �
0.01; msRNA, P 	 0.08; prDNA, P � 0.001 [Fisher exact test]),
and the coefficients of variation of the seminested methods
were lower (P � 0.001 for all three assays [Student t test]) than
those of the single-step methods.

Finally, we selected 35 additional archival PBMC samples
from HIV-1 (subtype B)-infected patients under HAART,
whose HIV-1 plasma RNA loads were below the detection
limit of commercial assays. By the seminested real-time PCR
methods, HIV-1 usRNA and prDNA were detected in 31
(89%) and 33 (94%) samples, respectively. On the other hand,
msRNA was detectable in six samples (17%), probably reflect-
ing the cessation of viral transcription under HAART.

DISCUSSION

Having combined the accuracy and precision of real-time
PCR and the sensitivity of nested PCR, we developed and
validated new, highly sensitive methods for quantitation of
HIV-1 unspliced and multiply spliced RNA and proviral DNA.
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FIG. 1. Comparison between seminested (solid lines) and single-step (dotted lines) real-time PCR methods. (A) Comparison of individual
amplification graphs. Signals were obtained from amplification of serially diluted synthetic RNA or DNA standards: }, 2.5 
 106 copies (usRNA
and msRNA, seminested methods) or 5 
 106 copies (prDNA, seminested method and all assays, single-step methods); f, 5 
 105 copies; Œ, 5*104

copies; �, 5 
 103 copies; ✳, 5 
 102 copies; F, 1 
 102 copies; crosses, 20 copies; -, 4 copies. (B) Comparison of standard curves. The starting
copy number of each serially diluted synthetic RNA or DNA standard was plotted against the corresponding threshold cycle number on a semi-log
scale and fitted with a linear regression model.
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We have shown that the seminested real-time (RT-)PCR is
superior to the conventional single-step real-time (RT-)PCR in
the detection and quantitation of HIV-1 RNA and DNA and
that it can be used to study HIV-1 gene expression in PBMC
samples from patients receiving HAART, including samples
from patients with an undetectable HIV-1 load in plasma. To
our knowledge, this is the first report of a nested real-time
RT-PCR method for HIV-1 RNA detection. Several groups
have recently reported development of nested real-time Alu-
HIV PCR on HIV-1 prDNA for analysis of HIV-1 integration
sites (2, 26). Our prDNA assay is not aimed at discriminating
between integrated and unintegrated forms of HIV-1. Al-
though it is unclear at the moment whether unintegrated
HIV-1 plays a functional role in patients receiving HAART
(18), our method can be modified to specifically detect inte-
grated/unintegrated HIV-1 DNA forms. Similarly, the usRNA
assay can be modified for the specific detection of intracellular
and extracellular RNA forms, for example, using the freeze-
thaw nuclease digestion method developed by Fischer et al.
(10).

Our initial attempts to analyze viral gene expression in
PBMC from patients under HAART were hindered by the
difficulties in obtaining quantitative data when HIV-1 RNA
and DNA were present in very low copy numbers in cells, and
limited amounts of starting clinical material were available for
analysis. On the other hand, the detection limit of four copies
of RNA or DNA per reaction of our new methods means that
high amounts of starting material are no longer necessary to
produce quantitative data without the risk of obtaining false-
negative results. The possibility to easily study HIV-1 gene
expression in PBMC becomes critical when the viral RNA load
in plasma under therapy falls below the detection limit of
clinical assays, making cells the only source of information
about viral persistence and gene expression. Latently infected
cells in peripheral blood are considered to be an important
HIV-1 reservoir in patients under HAART, and the failure of
HAART and the development of drug-resistant strains in a
proportion of patients is most probably the result of virus
replication taking place during therapy. The latter process
should ideally be monitored in the clinic, provided that fast and

TABLE 2. Comparison of seminested and single-step real-time PCR methods: amplification of the synthetic standards

Copy
no. of

standard

Mean CT � SDa

usRNA msRNA prDNA

Seminested real-time
PCR

Single-step real-time
PCR

Seminested real-time
PCR

Single-step real-time
PCR

Seminested real-time
PCR

Single-step real-time
PCR

5 
 106 20.00 � 1.30 23.61 � 1.78 10.66 � 0.08 18.73 � 0.16
2.5 
 106 11.81 � 0.78 12.33 � 0.30
5 
 105 14.47 � 0.25 22.95 � 0.36 17.73 � 1.01 29.54 � 0.43 13.78 � 0.38 23.03 � 1.54
5 
 104 17.72 � 0.33 26.96 � 0.53 21.95 � 1.05 36.03 � 1.32 17.18 � 0.82 28.29 � 0.74
5 
 103 21.20 � 0.42 31.43 � 0.69 26.90 � 0.86 41.66 � 0.81 21.01 � 0.33 31.93 � 0.25
5 
 102 25.05 � 0.16 34.71 � 0.81 32.24 � 1.05 45.47 � 1.82 24.19 � 0.62 36.48 � 1.03
1 
 102 27.40 � 0.06 37.47 � 0.23 35.41 � 1.16 49.27 � 0.12 26.82 � 0.24 38.31
2 
 101 30.02 � 1.01 ND 38.49 � 1.29 ND 28.99 � 0.67 ND
4 
 100 30.78 � 0.40 ND 42.50 � 0.58 ND 32.05 � 1.48 ND

a ND, not detected.

TABLE 3. Quantitation of HIV-1 RNA and DNA in PBMC samples by seminested and single-step real-time PCR methods

Sample
code

Mean copy no. in reaction � SDa

usRNA msRNA prDNA

Seminested real-time
PCR (n 	 8)

Single-step real-time
PCR (n 	 1)

Seminested real-time
PCR (n 	 5)

Single-step real-time
PCR (n 	 1)

Seminested real-time
PCR (n 	 12)

Single-step real-time
PCR (n 	 2)

1 ND ND 11.96 � 0.35 ND ND ND
2 ND ND ND ND 8.68 � 1.34 ND
3 10.89 � 0.13 ND 9.44 � 0.16 ND 10.46 � 1.87 ND
4 19.76 � 14.17 ND 12.11 � 0.55 ND 8.21 � 1.00 ND
5 6.58 � 2.50 ND ND ND 6.23 � 0.33 ND
6 ND ND ND ND ND ND
7 86.63 � 5.87 ND ND ND 49.41 � 14.42 ND
8 ND ND ND ND 29.89 � 4.99 ND
9 197.58 � 38.27 ND ND ND 45.41 � 0.91 ND
10 21.44 � 0.31 ND ND ND 10.66 � 5.18 ND
11 ND ND ND ND 7.37 � 0.89 ND
12 30.26 � 14.32 ND 24.65 � 2.09 ND 16.33 � 0.05 ND
13 ND ND ND ND 84.86 � 0.70 2,547.61 � 2,292.91
14 859.74 � 110.51 1,789.60 � 1,523.18 12.84 � 1.18 156.90 � 28.69 156.45 � 12.06 3,734.30 � 3,424.77

a n, Number of samples detected. ND, not detected. The mean percent coefficients of variation (95% confidence intervals �where applicable�) were as follows: usRNA
seminested real-time PCR, 25% (7% to 43%); usRNA single-step real-time PCR, 85%; msRNA seminested real-time PCR, 5% (2% to 8%); msRNA single-step
real-time PCR, 18%; and prDNA seminested real-time PCR, 14% (6% to 22%); prDNA single-step real-time PCR, 91% (89% to 93%).
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sensitive methods are available to do so. In this light, the
detection and quantitation of viral DNA and RNA in PBMC of
HAART-treated patients by our ultrasensitive methods is of
significant clinical importance. With high sensitivity (four cop-
ies per reaction), wide linear range (6 log10), and relative ease
in performance, our methods can be widely used in clinical
research to monitor intracellular viral processes in patients
treated with antiretroviral drugs. Likewise, the methods can be
used in basic and clinical research to monitor the effects of
various inhibitors of HIV-1. Studies are ongoing in our labo-
ratory to apply the methods described here to study the rela-
tionships between intra-PBMC HIV-1 RNA/DNA levels and
the outcome of HAART.
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