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Quantification of human immunodeficiency virus type 1 (HIV-1) RNA in plasma has rapidly become an im-
portant tool in basic HIV research and in the clinical care of infected individuals. Here, a quantitative HIV
assay based on competitive reverse transcription-PCR with multiple competitors was developed. Four RNA
competitors containing identical PCR primer binding sequences as the viral HIV-1 RNA target were construct-
ed. One of the PCR primers was fluorescently labeled, which facilitated discrimination between the viral RNA
and competitor amplicons by fragment analysis with conventional automated sequencers. The coamplification
of known amounts of the RNA competitors provided the means to establish internal calibration curves for the
individual reactions resulting in exclusion of tube-to-tube variations. Calibration curves were created from the
peak areas, which were proportional to the starting amount of each competitor. The fluorescence detection
format was expanded to provide a dynamic range of more than 5 log units. This quantitative assay allowed for
reproducible analysis of samples containing as few as 40 viral copies of HIV-1 RNA per reaction. The within-
and between-run coefficients of variation were <24% (range, 10 to 24) and <36% (range, 27 to 36), respectively.
The high reproducibility (standard deviation, <0.13 log) of the overall procedure for quantification of HIV-1
RNA in plasma, including sample preparation, amplification, and detection variations, allowed reliable detec-
tion of a 0.5-log change in RNA viral load. The assay could be a useful tool for monitoring HIV-1 disease

progression and antiviral treatment and can easily be adapted to the quantification of other pathogens.

The ability to accurately determine viral and infected cell
burden is essential in understanding the natural history of
human immunodeficiency virus type 1 (HIV-1) infection (12,
24, 32). Quantification of HIV-1 RNA has also been shown to
be important in predicting the rate of disease progression and
in monitoring antiretrovirus treatment (14, 18, 19, 23). The
first reports of HIV-1 quantification which employed a semi-
quantitative PCR assay provided important information on the
relative copy number of HIV-1 RNA; however, these assays
were not designed to control the efficiency of reverse transcrip-
tion (RT) and DNA amplification (7, 20). Nevertheless, quan-
titative-competitive RNA PCR (QC PCR) procedures were
later described in which HIV-1 RNA from plasma samples was
extracted and subjected to co-RT and coamplification with
serially diluted HIV-1 RNA competitors in known copy num-
bers (25, 26). Although a great variety of different competitive
PCR protocols have been described (34), they generally in-
volve the same basic principle of mixing various amounts of
competitor, usually differing in size from the wild-type product,
with a constant amount of the sample to be determined. The
amplified products are usually separated by electrophoresis
and analyzed either by quantifying the intensity of ethidium
bromide staining on an agarose gel (25, 35) or by using fluo-
rescent labels and automated-laser fluorescent DNA sequenc-
ers (8, 29). The number of target copies in the sample can then
be determined from the point of equivalence of signal intensity
between the target and the dilution series of competitor.

* Corresponding author. Mailing address: Department of Biochem-
istry and Biotechnology, KTH, Royal Institute of Technology, S-100 44
Stockholm, Sweden. Phone: 46 8 790 87 58. Fax: 46 8 24 54 52. E-mail:
joakim.lundeberg@biochem.kth.se.

1864

However, there is also a considerable interest in more-au-
tomated detection systems, such as capillary electrophoresis (4,
33) and ion-pair, reverse-phase high-performance liquid chro-
matography (9, 10). Another step toward full automatization
of QC PCR is the development of a real-time quantitative PCR
method, i.e., a 5'-nuclease assay (Taq Man) (6, 11) which does
not require any post-PCR sample handling.

Recently, three commercial assays for quantification of HIV-1
viral RNA in plasma have become available. These include the
AMPLICOR HIV-1 Monitor Test (Roche Diagnostics, Branch-
burg, N.J.), which uses PCR; the NucliSens HIV-1 QT assay
(Organon Teknika, Boxtel, The Netherlands), which is based
on an isothermal nucleic acid sequence-based amplification;
and the Quantiplex HIV RNA assay (Chiron, Emeryville, Cal-
if.), which uses the branched DNA signal amplification tech-
nique. The rapid methodological advances in the quantifica-
tion of HIV-1 RNA in plasma have rapidly been implemented
in routine patient care. However, a major disadvantage of the
commercial assays is their high cost and their availability for
only a limited number of pathogens. It is obvious that simple,
sensitive, and reliable quantification assays for many other
pathogens are also needed. We recently described a single-
tube format for quantification of DNA targets using multiple
competitors of different sizes in a single reaction tube (29). The
post-PCR analysis and quantification were performed by con-
ventional gel electrophoresis with an automated-laser fluores-
cent DNA sequencer.

Here, we present a competitive RT-PCR assay for accurate
quantification of HIV-1 RNA in plasma in which four RNA
competitors are coanalyzed with the wild-type target. This
method compares well with commercial assays.
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MATERIALS AND METHODS

Patient blood specimen. Whole blood from HIV-1 infected patients was col-
lected in tubes containing anticoagulant EDTA, and plasma was separated by
centrifugation at 2,500 rpm (400 X g) for 10 min. Plasma samples were frozen
within 4 h at —70°C until further processing.

Preparation of RNA competitors. The construction of four HIV-1 DNA com-
petitors achieved by linker assembly into plasmid vectors was performed as
described previously (29, 30). To allow for generation of discrete polyadenylated
RNA competitors by in vitro transcription, the corresponding plasmid constructs
were first linearized at the unique restriction site (EcoRI site; Pharmacia, Bio-
tech, Uppsala, Sweden) downstream of the 30-bp poly(A) tail. After heat inac-
tivation of EcoRI, an extraction step was performed with phenol-chloroform-
isoamyl alcohol (25:24:1). The aqueous phase was reextracted twice and ethanol
precipitated. The pellet was rinsed with 70% ethanol, dried, and dissolved in
diethyl pyrocarbonate (DEPC)-treated water. In vitro transcription was per-
formed (in a final volume of 50 pl) by incubation of the restricted DNA com-
petitors (0.5 pg) at 37°C for 30 min in a buffer containing 40 mM Tris-HCI (pH
8.0), 30 mM MgCl,, 10 mM B-mercaptoethanol, 400 pM each RNase-free de-
oxynucleoside triphosphate (ANTP), 5 pg of RNase-free bovine serum albumin,
and 70 U of T7 RNA polymerase. The DNA templates were degraded by
addition of 10 U of RNase-free DNase I and incubation at 37°C for 60 min. RNA
was immediately isolated by phenol extraction and ethanol precipitation. RNA
transcripts were dissolved in 50 pl of DEPC-treated water. The concentration
and purity of the RNA were determined by absorbance according to the method
described by Maniatis et al. (17) and ultimately by end-point dilution experi-
ments (3) with RT-PCR with HIV-1 3'-long-terminal-repeat (LTR)-specific
primers. The RNA competitors were serially diluted in a buffer containing 10
mM Tris-HCI (pH 8.3) and 10 ng of yeast RNA (Boehringer, Mannheim, Ger-
many) per pl and were stored at —80°C. Recommended precautions preventing
RNA degradation by RNases were taken (17). All solutions, glassware, and
plasticware were treated with 0.1% DEPC (with the exception of Tris buffers) for
at least 1 h at 37°C, followed by autoclaving for 15 min to remove all traces of
DEPC. During the preparation and isolation stages, RNA samples were kept on
ice.

Solid-phase purification of polyadenylated RNA. Twenty-five microliters
(0.125 mg) of paramagnetic oligo(dT),s Dynabeads (Dynal, Oslo, Norway) were
prepared according to the manufacturer’s recommendations. Briefly, 25 pl of
lysis-binding buffer (100 mM Tris-HCI [pH 8.0], 500 mM LiCl, 10 mM EDTA
[pH 8.0], 1% LiDS, 5 mM dithiothreitol), was added to the sedimented beads,
which were then mixed with 10 pl of polyadenylated RNA competitor(s). Hy-
bridization was performed at room temperature for 10 min by employing a
rotation device. The beads were initially washed three times with 100 ul of
washing buffer containing lithium dodecyl sulfate (10 mM Tris-HCI [pH 8.0], 150
mM LiCl, 1 mM EDTA, 0.1% LiDS), followed by three washing steps in 100 ul
of washing buffer (10 mM Tris-HCI [pH 8.0], 150 mM LiCl, 1 mM EDTA) with
a final wash with 100 pl of PCR buffer. RT-PCR was performed either on the
solid phase with RNA captured on the beads or in solution after elution of RNA
from the beads. To elute RNA, 10 pl of elution solution (2 mM EDTA [pH 8.0])
was added to the beads, which were subsequently incubated at 65°C for 10 min
with continuous rotation. The tube was immediately chilled on ice for 2 min and
placed in a magnetic separation device (Dynal MPC), and the supernatant (10
wl) was transferred directly into a tube containing 40 wl of RT-PCR solution.

In the case of viral HIV-1 RNA isolation, plasma samples (100 pl) were mixed
with 300 pl of lysis-binding buffer, which was then added to oligo(dT),s beads
(0.125 mg) suspended in 25 wl of lysis-binding buffer. HIV-1 RNA was allowed
to bind for 10 min at room temperature. After incubation, the supernatant was
removed and the beads were rinsed three times in 500 .l of washing buffer with
lithium dodecyl sulfate and then twice with 500 pl of washing buffer. The HIV-1
RNA was eluted from the beads by incubation in 25 pl of elution buffer con-
taining 0.5 pg of RNase-free yeast RNA (Boehringer) at 65°C for 2 min. The
eluate was used immediately for RT.

Competitive RT-PCR. HIV-1 target and competitors were amplified with a
seminested primer set located in the 3'-LTR region of the HIV-1 genome. The
PCR primer sequences were as follows: JA159, 5'-CAGCTGCTTTTTGCCTG
TAC-3' (outer, 432 to 452); JA160F, 5'-FITC-CTGCTTTTTGCCTGTACTGG
GTCTC-3' (inner, 435 to 460); JA161B, 5'-biotin-AAGCACTCAAGGCAAGC
TTTATTGA-3' (inner, 524 to 499); JA162, 5'-AGCACTCAAGGCAAGCTTT
A-3' (outer, 528 to 508). Positions relative to the MN strain of HIV-1 are given
(22). RT and outer PCRs were carried out in a single-step mode in a solution
(final volume, 50 pl) containing 10 mM Tris-HCI (pH 8.3) at 25°C, 50 mM KClI,
2.5 mM MgCl,, and 200 pM each dNTP with 5 pmol of each primer [oligo(dT),s,
JA159, and JA162], 2 U of AmpliTaq DNA Polymerase Gold (Perkin-Elmer,
Norwalk, Conn.), 0.5 U of Moloney murine leukemia virus reverse transcriptase
(Pharmacia Biotech) and 2 pg of RNase-free yeast RNA (Boehringer) with
GeneAmp 9600 (Perkin-Elmer). The amounts of competitor mixtures and viral
RNA samples added to the RT-PCR master mix varied from 5 to 15 pl and from
2 to 23 ul, respectively. The temperature profile consisted of RT carried out at
37°C for 60 min linked to the outer PCR program, which consisted of denatur-
ation at 94°C for 12 min, followed by a 32-cycle program consisting of 95°C for
30 s; 50°C for 30 s, and 72°C for 30 s. Five microliters of outer PCR product was
used in the inner PCR, which was carried out in 50 ul of PCR buffer containing
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10 mM Tris-HCI (pH 8.3) at 25°C, 50 mM KCl, 2.5 mM MgCl,, and 200 pM each
dNTP with 5 pmol of each primer (JA160F and JA161B) and 1 U of AmpliTaq
DNA polymerase (Perkin-Elmer). The temperature profile and number of cycles
were identical to those in the outer PCR, except that the annealing temperature
was 60°C. Seminested PCR was performed by using three physically separated
rooms. PCR master mixtures were prepared in a DNA- and RNA-free labora-
tory; RNA competitors and clinical samples were added to the PCR tubes in a
laminar flow hood in an outer PCR room, and the outer PCR products were
transferred to the inner PCR mixes in an inner PCR room. Recommended
standard precautions against PCR contamination were taken (13), with multiple
negative controls included in each PCR run.

End-point dilution analysis. Determination of RNA competitor concentra-
tions was performed by using end-point dilution experiments (3) involving nested
RT-PCR as outlined previously. The basis for the analysis is the ability of the
nested RT-PCR to reproducibly detect single HIV-1 RNA molecules. Briefly, the
RNA samples were diluted in a fivefold manner, and at least 10 PCR determi-
nations were performed at each dilution step. The numbers of RNA copies were
calculated by the Poisson distribution formula (3) (i.e., one starting copy corre-
sponds to a dilution step in which 63% of the samples are positive).

RNA competitor configurations. Different RNA competitor configurations
were prepared and analyzed. Mixtures were arranged both with low amounts of
RNA competitors 1 to 4 (40, 250, 1,250, and 5,000 copies per reaction, respec-
tively, as determined by end-point dilution analysis) and with high amounts of
RNA competitors (4,000, 25,000, 125,000, and 500,000 copies per reaction). The
low- and high-concentration competitor mixtures were coanalyzed with different
amounts of HIV-1 target to investigate amplification efficiencies. The results
were monitored by fragment analysis after outer and inner PCRs.

Fragment analysis of PCR products. One microliter of the resulting PCR
products (or a 1:5 dilution thereof) was directly mixed with 9 pl of deionized
formamide (100%) containing 5 mg of Dextran Blue 2000 (Pharmacia Biotech)
per ml, and the mixture was heat denatured for 5 min at 95°C, immediately
chilled on ice, loaded on a 6% polyacrylamide gel (Ready Mix; Pharmacia
Biotech), and electrophoresed on an automated-laser fluorescent sequencer
(Pharmacia Biotech). A 50-bp fluorescently marked ladder (50 to 500) was used
as a size standard. Quantification and interpretation of the raw data output were
performed with Fragment Manager software (version 1.2; Pharmacia Biotech).
Calibration curves for determination of target amounts were created from peak
areas, which were proportional to the amount of each competitor coanalyzed
with viral target (29).

RESULTS

A method for quantification of HIV-1 RNA by using mul-
tiple competitors is illustrated in Fig. 1. This approach involves
co-RT and coamplification of the sample HIV-1 RNA and
multiple RNA competitors. The competitors were designed to
differ in length but to share the same PCR primer binding
sequences as the viral HIV-1 target. Moreover, the PCR prim-
ers annealing in the 3'-LTR region were located adjacent to
the viral poly(A) tail employed in the affinity purification [i.e.,
with oligo(dT) magnetic beads] of virus material. The objective
in locating the primers close to the purification handle was to
minimize the effect of RNase degradation, thereby retaining
the high sensitivity of the assay. The resulting PCR products
were analyzed by fluorescent fragment analysis with the inter-
nal competitors to create a standard curve for estimation of the
amount of target.

Construction of RNA competitors. In an initial study by
Vener et al. (29), HIV-1 DNA was quantified with a mixture of
three DNA competitors in a seminested competitive PCR. The
sizes of the inner PCR products were distributed over a narrow
interval, i.e., competitors 1 to 3 were 89, 100, and 125 bp long,
respectively. The amplification of the HIV-1 target resulted in
an amplicon of 114 bp (thus, within the interval represented by
the competitors). Here, we have extended this work, first, by
introducing a new competitor (a 136-bp amplicon) to improve
the quality of the calibration curve by an additional fourth
value (30, 31) and, second, by converting the DNA quantifica-
tion procedure into an HIV-1 RNA quantification assay. Since
the DNA competitors, which were linearized by EcoRI restric-
tion, were constructed to contain a poly(A);, stretch at the 3’
end of multilinker region, in vitro transcription was possible
with T7 RNA polymerase, resulting in polyadenylated RNA
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FIG. 1. Schematic illustration of the competitive approach for quantification
of HIV-1 RNA in plasma.

competitors. The corresponding sizes of transcripts 1 to 4 were
135, 146, 171, and 186 bp, respectively.

Solid-phase purification of polyadenylated RNA. We have
previously used oligo(dT),s paramagnetic beads in the sample
preparation of HIV-1 RNA from plasma samples (2), and here
we investigated at which stage of the quantitative assay the
RNA competitors could be introduced, i.e., prior to, during, or
after the solid-phase purification step. For this purpose, a
model system was established consisting of a fivefold dilution
series of competitor RNA 1, corresponding to 57, 12, 2.3, and
0.5 RNA copies per reaction. These samples were either im-
mobilized onto oligo(dT),s beads and subsequently reverse
transcribed on the solid support (Fig. 2 [la to 1d]) or were
immobilized onto oligo(dT),s beads, eluted, and subsequently
reverse transcribed in solution (Fig. 2 [2a to 2d]) or directly
reverse transcribed in solution (Fig. 2 [3a to 3d]); followed by
seminested PCR. The results depicted in Fig. 2 show that all
alternatives exhibited equivalent sensitivity, as determined by
detection of the dilution step containing 2.3 estimated RNA
copies.

To investigate whether there was any bias in immobilization
and/or elution efficiency from the solid support between the
different RNA competitors, a premix of competitors with
approximately 50 initial copies of each RNA competitor was
tested as described above. The results with multiple RNA
competitors demonstrated that peak profiles and ratios cor-
responding to the four RNA competitors were preserved
irrespective of the chosen sample preparation approach, i.e.,
solid-phase capture and RT-PCR, solid-phase capture with
subsequent elution and RT-PCR, or RT-PCR in solution (data
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not shown). Although RT-PCR on solid phase and in solution
after elution of RNA yielded similar results in respect to sen-
sitivity, the practical problem with sedimentation of beads dur-
ing enzymatic reactions makes the solid-phase RT less appli-
cable when large number of samples are to be analyzed.
Amplification kinetics. To empirically investigate whether
the HIV-1 RNA target and the four RNA competitors behave
similarly during RT-PCR amplification, fragment analysis was
performed after every fifth cycle. The experiments were carried
out on two sets of RNA competitors, each containing a differ-
ent amount of HIV-1 target. A low-copy-number RNA com-
petitor mixture (40, 250, 1,250, and 5,000 copies of RNA com-
petitors 1 to 4, respectively, per reaction) was coanalyzed with
3,000 copies of HIV-1 RNA target, and a high-copy-number
RNA competitor mixture (4,000, 25,000, 125,000, and 500,000
copies of RNA competitors 1 to 4, respectively, per reaction)
was coanalyzed with 62,000 copies of HIV-1 RNA. For both
mixtures, the PCR proceeds in a strictly parallel manner
through the outer (data not shown) and inner PCRs (Fig. 3),
indicating that target and internal competitors share similar
amplification kinetics throughout the reaction into the plateau
phase. Figure 3 also shows that for the low concentration
mixture, the plateau phase was reached at cycle 15 in the inner
PCR. In the case of the 100-fold-higher concentration mixture
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FIG. 2. Fragment analysis results for sensitivity of solid-phase purification
with a fivefold dilution series of RNA competitor 1. 1a to 1d, 57, 12, 2.3, and 0.5
RNA copies (size, 89 bp), respectively, bound onto oligo(dT),s Dynabeads and
then subjected to RT-PCR; 2a to 2d, 57, 12, 2.3, and 0.5 RNA copies, respec-
tively, bound onto oligo(dT),s Dynabeads and then eluted from the solid phase
and subjected to RT-PCR in solution; 3a to 3d, the same dilutions of RNA 1
analyzed directly by RT-PCR in solution; M, dye-marked ladder (50 and 100 bp).
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of RNA competitors (data not shown), the PCR plateau was
reached after only 10 inner PCR cycles.

Dynamic range and detection limit of the assay. To circum-
vent the limitation in the detection range of presently used
fluorescence-based electrophoresis instruments, two mixtures
of RNA competitors with different copy numbers covering the
common interval in HIV-1 viremias (19) were used. The two
mixtures of RNA competitors were designed to have a minor
overlap in copy numbers. Thus, each clinical sample was ana-
lyzed in two independent PCRs, yielding results either in one
or both competitor series. Therefore, the dynamic range of the
assay is linked to the number of competitor sets analyzed.
Figure 4 depicts a case in such the same viral load can be
determined with the two mixtures of RNA competitors. Figure
4A (graph a) shows the raw data output from fragment analysis
for determination of HIV-1 RNA with a medium-copy-number
configuration of RNA competitors 800, 5,000, 25,000, and
100,000, and the established calibration curve is shown in Fig.
4B. Figure 4A (graph c) depicts the fragment analysis results
for the low-copy-number configuration of RNA competitors
40, 250, 1,250, and 5,000 by analyzing the plasma sample ana-
lyzed in graph a. Graphs b and d correspond to a 1:5 dilution
of the PCR products shown in graphs a and c, respectively,
which were also used in the construction of the calibration
curves 1 and 2 (30). As shown in Fig. 4B, both mixtures of
competitors resulted in determination of the same number of
HIV-1 RNA copies (approximately 3,000). Evaluation of quan-
titative data can be performed by a very simple calculation by
using the equation of obtained linear regression curves, which
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FIG. 4. Extended dynamic range of the assay; two sets of RNA competitors for determination of the same viral load. (A) Graph a, Raw data output from fragment
analysis for a medium-copy-number configuration of RNA competitors (800, 5,000, 25,000, and 100,000) coanalyzed with HIV-1 RNA (3,000 copies, as determined by
our assay); graph b, fivefold dilution of the PCR product depicted in graph a; graph c, raw data output from fragment analysis for a low-copy-number configuration
of RNA competitors (40, 250, 1,250, and 5,000) coanalyzed with the plasma sample described for graph a; graph d, fivefold dilution of the PCR product depicted in
graph c. (B) Calibration curves for evaluation of HIV-1 RNA copy number. Curves 1 and 2 correspond to graphs ¢ and a, respectively.
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TABLE 1. Quantitative results for disease progression

Amplicor (Roche) result Single-tube PCR result

Sample Time

identifi-  interval : :

cation  (wks)  Undiluted®  Diluted col\rr/{;lettlilzi)ers“ End-point

9784 0 15,000 3,000 +

1:10 230 +
1:100 40 +
1:1,000 3 +
1:10,000 Negative -

10128 4 71,700 34,000 +
1:10 1,900 +
1:100 210 +
1:1,000 20 +
1:10,000 Negative -

10575 12 120,000 62,000 +
1:10 4,200 +
1:100 200 +
1:1,000 50 +
1:10,000 8 +
1:100,000 Negative -

“ Values are HIV-1 RNA copy numbers per PCR.

may also be employed in improving the overall dynamic range
(by at least 10-fold) by extrapolation outside the competitor
copy boundaries.

As part of the analysis of clinical samples, the detection limit
was investigated by comparing results obtained by competitive
RT-PCR analysis with multiple competitors with that obtained
by end-point RT-PCR with the 3’-LTR PCR primers. The
comparison was performed in parallel on the same 10-fold
serially diluted HIV-1 RNA eluate, which was prepared by
solid-phase purification of plasma samples. To allow for quan-
tification at less than the lowest concentration of RNA com-
petitors (fewer than 40 copies), extrapolation of the internal
standard curves was used for an approximate estimation of 1 to
40 copies of HIV-1 RNA per PCR. Table 1 shows a definite
correlation between results for the end-point dilutions and
those for the developed assay. The results from each dilution
series also demonstrate that very low concentrations of virus
can be estimated by calibration curve extrapolation at less than
the range of the copy number mixture of RNA competitors.

Quantitative analysis of clinical samples. The RT-PCR stra-
tegy with multiple competitors was retrospectively compared
with the Amplicor HIV-1 Monitor Test (Roche) to monitor
disease progression in an HIV-infected individual. The HIV-1
RNA level in 50 pl of plasma was quantified at week 0 and
then after 4 and 12 weeks of treatment (Table 1). The Ampli-
cor HIV-1 Monitor Test with standard SK431 and SK462 PCR
primers specific to the gag gene of the HIV-1 genome showed
a continuous increase in viral load during these weeks. With
low- and high-copy-number competitor mixtures, the same sam-
ples assayed by our strategy showed a similar trend, although
slightly lower absolute amounts of HIV-1 RNA were detected.

In addition, the HIV-1 samples were further serially diluted
in 10-fold steps to less than the detection limit of the Amplicor
kit to take advantage of the higher sensitivity achieved by the
seminested PCR system. The results presented in Table 1 show
a linear correlation between the dilution steps and results of
RT-PCR quantification, which also shows that the approach
allows for quantitative recovery of HIV-1 RNA in the range
investigated, i.e., from 120,000 copies (as determined by Am-
plicor) down to single copies. As discussed above, the presence
of HIV-1 RNA in these diluted samples was verified by end-
point PCR performed in parallel with the LTR primers, which
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indeed indicated a clear cutoff point in the same range as that
estimated by our quantification system.

Overall, the determined values of viral load between Amp-
licor and our method varied by no more than 0.5 log for sam-
ples 10575 (0.28 log) and 10128 (0.32 log) and by 0.7 log for
sample 9784. The discrepancy in values obtained by these sys-
tems in terms of absolute amounts could be due to degrada-
tion, since analysis of these samples was not performed at the
same time point. However, a more probable reason is the lower
efficiency of primer template hybridization during RT and in
the first cycle of PCR amplification (1). This is supported by
the fact that certain samples could not be amplified (and quan-
tified) with this LTR primer set, while other parts of the HIV-1
genome sequence could readily be amplified in these samples
(data not shown). This indicates that the LTR region contains
several polymorphic positions which may require additional
sets of competitors to allow for analysis of such LTR sub-
groups.

Assay reproducibility. To determine intraassay reproducibil-
ity, three clinical specimens with different levels of HIV-1
RNA in plasma representing high, medium, and low copy
numbers (plasma samples 1, 2, and 3, respectively) were ana-
lyzed 10 times. The results presented in Table 2 show that the
lower-copy-number HIV-1 RNA plasma sample 3 has a slightly
larger expected coefficient of variation (CV), i.e., <24%, com-
pared to the high-copy-number plasma sample 1 (CV, <10%).
However, these values correspond to a rather narrow within-
run standard deviation (SD) of <0.11 log, which is less than 0.5
log units, as recommended for viral load determination (27).
The interassay reproducibilities (6 days) were estimated for
three clinical samples (plasma 1, 2, and 4). The mean CV
values for between-run precision showed a rather low variabil-
ity and were found to be in the range of 27 to 36%, which still
corresponds to a narrow between-run SD (<0.13 log).

DISCUSSION

The measurement of HIV-1 RNA levels in plasma has rap-
idly become an important tool in the care and follow-up of
HIV-1-infected individuals and has clear advantages over
other virological assays. In contrast to the HIV-1 p24 antigen,
HIV-1 RNA levels in plasma are measurable in the vast ma-
jority of HIV-infected patients at various stages of disease (18,
19, 26). Furthermore, HIV-1 RNA levels in plasma change
dynamically in response to successful antiviral therapy, in con-
trast to HIV-1 proviral DNA in peripheral blood mononuclear
cells (24). Therefore, HIV-1 RNA levels in plasma are the
most effective single predictor of clinical outcome (18, 19). In
this study, we have described a sensitive and high-throughput

TABLE 2. Reproducibility of the RT-PCR assay
with multiple competitors

Plasma specimen no.

and assay () Mean“ (SD) Log of SD CV (%)

Within-run intraassay

1 (10) 38,170 (3,741) 0.044 10

2 (10) 7,200 (1,530) 0.084 21

3 (10) 1,140 (350) 0.111 24
Between-run interassay

1(6) 44,362 (12,908) 0.111 29

2 (6) 5,559 (1,498) 0.105 27

4(6) 257 (93) 0.13 36

“ HIV-1 RNA copy number.
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RT-PCR assay with multiple competitors for quantification of
HIV-1 RNA in plasma that can potentially be adapted to
quantification of virtually any RNA or DNA target.

The multiple RNA competitors differed in size but con-
tained the same primer annealing sequences as those of the
wild-type target. Since the RNA competitors also consisted of
a poly(A) stretch, various possibilities were evaluated with
respect to solid-phase purification, i.e., poly(A)-poly(T) hy-
bridization. We have shown here that a solid phase can be
employed without reduction in sensitivity compared to a solu-
tion-based system and that solid-phase RT can be efficiently
performed. However, the sedimentation of beads during incu-
bation makes this technique less attractive when quantitative
enzymatic reactions are to be performed on multiple samples.
For this reason, we used solid-phase technology to prepare
HIV-1 from plasma and after elution of target we added four
RNA competitors to a single reaction tube for the common RT
and seminested PCR. The experiments performed to analyze
RT and PCR amplification efficiencies showed that the ratios
between competitors and target were constant during RT and
outer and inner PCR. However, a future goal will be to add the
RNA competitors at an earlier stage in the process (i.e., adding
the competitors to the plasma sample) to control all prepara-
tive steps.

A common problem with QC PCR is that the detection
principle often suffers from a limited dynamic range. One
example is the HIV monitor assay, in which the amplification
products are assayed in multiple dilutions because of the lim-
ited dynamic range of the enzyme-linked immunosorbent as-
say-like detection system. Automated fluorescence-based se-
quencers, which we used, usually have a working dynamic
range of 10%- to 10°-fold, and signal values that are higher than
this range are displayed as truncated peaks in chromatograms.
To circumvent this problem and to produce peaks that can be
reliably used in creation of a calibration curve, we used two
overlapping sets of RNA competitor mixtures which covered
the interval between 40 and 500,000 copies of HIV-1 RNA.
Importantly, the single-tube assay allows for a quick estimation
of viral load by analysis of the generated chromatograms (Fig.
4), and by using a simple fivefold dilution of the PCR product
(Fig. 4A, graphs b and d), a reliable calibration curve can be
achieved for more-exact quantification.

An important aspect of any quantification system is the pre-
cision of the assay, and, in this respect, our assay compares well
with commercial assays. Thus, the pooled duplicate SD of log
copies obtained for the overall procedure was 0.13 (SD, < 0.13
log). The levels of imprecision, which were expressed as CVs,
ranged from 10 to 24% and from 27 to 36% for within- and
between-run assays, respectively. Ultimately, the utility of a
quantitative assay for HIV-1 RNA depends on the extent of
fluctuation of HIV-1 viral load in plasma over time within an
infected patient. A response to therapy can be detected only
when it exceeds the normal viral fluctuations. Usually a change
in log-transformed HIV-1 RNA concentrations exceeding 0.5
log units is considered significant (27). To be able to detect
fourfold differences in HIV-1 RNA concentration in plasma
with a power of 0.95, the pooled duplicate of log copies must
be no greater than 0.50 (16). The precision of our assay was
well within this value and, therefore, allows reliable detection
of a response or lack of response to antiviral therapy in indi-
vidual patients.

Another important factor to consider is the lower limit of
detection of any quantification system. Commercial assays cur-
rently available have a lower limit of reliable detection of
approximately 200 to 500 RNA copies per ml of plasma (15,
21). It has been reported that patients for whom there is a
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decrease to less than the detection limit of experimental ultra-
sensitive methods (approximately 50 RNA copies per ml) fol-
lowing initiation of therapy have a better long-term prognosis
than patients who still have detectable RNA levels with these
assays (5). Thus, there is a clear need for assays with improved
sensitivity. Our assay allowed accurate quantification of RNA
levels down to 40 RNA copies per reaction, and lower levels
could also be quantified by extrapolation from the calibration
curve. By solid-phase technology, with its possibility to concen-
trate target molecules (HIV-1 RNA), the limit of detection
strictly depends on the volume of HIV-1 plasma available.
Furthermore, the use of the low-copy-number mixture of RNA
competitors allows for a considerably higher sensitivity of viral
load determination compared to that of the existing systems
(28).

The basic principle of multiple competitors in single reac-
tions has the potential to be quickly adapted for quantification
of alternative RNA targets, such as other RNA viruses. Mod-
ifications in this procedure should further enable the quantifi-
cation of mRNA. Although the quantitative assay was devel-
oped to monitor HIV-1 levels in plasma with conventional
fluorescent sequencers, more-automated strategies for a sin-
gle-tube format can be envisioned by combining this approach
with an exonuclease detection assay (6, 11) in which compet-
itor-specific probes with different fluorescent labels allow for
analysis in real time.
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