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Quantitation of Human Immunodeficiency Virus Type 1 DNA
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A novel internally controlled PCR (ICPCR) assay was developed to accurately quantitate human immuno-
deficiency virus type 1 (HIV-1) DNA and RNA in peripheral blood mononuclear cells and plasma. The ICPCR
assay was sensitive and reproducible within a linear range of amplification of 10° to 10> copies for HIV-1 DNA
and 10" to 10? copies for HIV-1 RNA. The assay detected HIV-1 RNA in plasma and peripheral blood mono-
nuclear cells from all HIV-1 subjects regardless of disease stage. ICPCR was compared with a branched-DNA
signal amplification assay for subjects beginning antiretroviral therapy. The reductions in plasma HIV-1 RNA
in response to therapy were comparable with the two assays. The ICPCR assay should be useful in monitoring
HIV-1 RNA levels both in natural history studies and in clinical trials of antiretroviral agents.

Accurate quantitation of human immunodeficiency virus
type 1 (HIV-1) DNA and RNA by PCR in cells and body fluids
is now recognized to be an essential tool in studies of HIV-1
pathogenesis (24, 6, 8, 13) and antiretroviral drug efficacy (5,
9). Initially, a number of investigators used a semiquantitative
PCR assay to measure the levels of viral DNA and RNA in
peripheral blood mononuclear cells (PBMC) and plasma (3, 4,
6, 8, 13). In this procedure, serial dilutions of sample DNA or
RNA were assayed by PCR for the presence of viral DNA or
RNA. The amount of HIV-1 DNA or RNA was calculated by
comparing the signal intensity of the amplimer with a standard
curve constructed by amplification of known concentrations of
HIV-1 DNA or RNA.

Although these semiquantitative PCR assays can provide
important information on the relative copy number of HIV-1
DNA or RNA, they are unable to control for the efficiency of
reverse transcription and DNA amplification in each sample.
Recently, a quantitative competitive RNA PCR (QC PCR)
procedure has been reported in which RNA from PBMC or
plasma is subjected to co-reverse transcription and coamplifi-
cation with serially diluted known copies of plasmid-derived
HIV-1 RNA carrying a deletion in the target RNA (1, 12). The
number of HIV-1 RNA copies in the sample is determined
from the point of equivalence of signal intensity between the
sample RNA and the dilution series of deletion plasmid RNA.
One limitation of this QC PCR procedure is that each sample
generates 10 to 12 amplification assay tubes (5 or 6 dilutions,
each in duplicate), making the technique cumbersome for
large numbers of samples.

In this report, we describe a novel, internally controlled PCR
(ICPCR) assay to quantitate HIV-1 Gag DNA and RNA in
PBMC or plasma that requires only two reaction tubes per
sample. The assay is sensitive and reproducible within a linear
range of amplification that is between 10° and 10° copies for
HIV-1 DNA and between 10" and 10* for HIV-1 RNA.
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For quantitation of HIV-1 DNA by ICPCR, duplicate cell
lysates from 1.25 X 10° PBMC (equivalent to 1 pg of DNA
measured by cell count) were mixed with 500 copies of a
plasmid HIV-1 Gag DNA carrying a 45-bp deletion in the
target sequence and then coamplified with Gag primers 101/
145 under conditions described previously (4). The deletion in
the plasmid HIV-1 Gag sequence does not affect binding of
Gag primer pairs 101/145 or probe 102 (7).

For quantitation of HIV-1 RNA by ICPCR, RNA was ex-
tracted from PBMC or from HIV particles pelleted from
plasma (13,000 X g for 2 h at 4°C) with RNA-zol and then
treated with DNase as described previously (4). RNA from 5 X
10* PBMC (50 to 100 ng measured spectrophotometrically) or
from the equivalent of 25 pl of plasma was mixed in duplicate
with 1,000 copies of a plasmid-derived Gag RNA carrying the
same 45-bp deletion described above. The RNA samples were
co-reverse transcribed with Moloney murine leukemia virus
reverse transcriptase using downstream primer 101 and then
coamplified with primers 101/145 as described previously (7).
Amplification was performed with 28 repeated cycles consist-
ing of denaturation at 94° for 30 s, primer annealing at 55°C for
30's, and polymerization at 55°C for 30 s. A Gag RNA standard
was prepared by in vitro transcription of the HIV-1 Gag dele-
tion plasmid described above. This in vitro-transcribed RNA
was purified by polyacrylamide gel electrophoresis. The copy
number of the purified Gag RNA was determined by compar-
ing the intensity of its reverse transcription PCR signal with
that derived from a known number of purified HIV particles
counted by electron microscopy (two RNA copies per parti-
cle). The copy number determined by this procedure is within
twofold of that determined spectrophotometrically.

A one-third volume of the 100-ul amplification reaction
product was hybridized in solution to the **P-labeled oligonu-
cleotide probe 102 (250,000 to 300,000 cpm per sample) as
described previously (14). The oligonucleotide probe-target
DNA heteroduplex was resolved by electrophoresis in a 10%
polyacrylamide gel. The gel was dried, and the signal intensity
of the amplimers derived from the samples and from the ex-
ogenously added deletion plasmid DNA or RNA standards
was measured with a Phosphorimager. The amount of HIV-1
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FIG. 1. Input-response amplification profiles for HIV-1 DNA and RNA by ICPCR. (A) HIV-1 DNAs from the deletion plasmid () and 8ES5 cells (O); (B) HIV-1

RNAs from the deletion plasmid (O) and from purified virus particles (m).

DNA or RNA in the sample was quantitated by interpolation
from a standard curve generated for each experiment with
known copies of deletion plasmid DNA or RNA by serial
10-fold dilutions of stock plasmid DNA and RNA of known
concentrations. This unadjusted copy number was adjusted
further as: adjusted copy number = unadjusted copy number
X [signal (counts per minute) from the deletion plasmid in the
standard curve + signal from the deletion plasmid in the sam-
ple]. This adjustment corrected for any depression of the PCR
signal that occurred in the co-reverse transcription or coam-
plification reactions. The extent of signal attenuation of the
DNA or RNA standard in coamplifications and co-reverse
transcription was always less than twofold. For each sample, a
control cDNA synthesis without the reverse transcriptase was
performed to ensure that the signal was from HIV-1 RNA and
not from any contaminating HIV-1 DNA in the sample. The
no-reverse transcriptase control was considered to be negative
if the signal was less than the average signal plus 2 standard
deviations from two no-RNA controls.

The quantitative branched-DNA (bDNA) signal amplifica-
tion assay of HIV-1 RNA in plasma (Quantiplex HIV RNA
assay; Chiron Corp., Emeryville, Calif.) was performed accord-
ing to the manufacturer’s instructions. The bDNA assay has a
quantitation limit of 1 X 10* HIV-1 eq/ml and is linear up to
1.6 X 10° eg/ml (11).

In initial experiments, we defined the linear range of PCR
amplification of known copies of wild-type (full-length) and
deletion plasmid HIV-1 Gag DNA and RNA. Figure 1A shows
the input-response profiles (slopes and sensitivities) for PCR
amplification of deletion plasmid HIV-1 Gag DNA and provi-
ral HIV-1 DNA (from 8E5 cells) run in separate reaction
tubes. The profiles are highly comparable and linear over a
range of 10° to 10° copies of HIV-1 DNA. Similarly, Fig. 1B
shows comparable linear input-response profiles for reverse
transcription PCR with 10" to 10* copies of the HIV-1 deletion
plasmid or wild-type RNA (purified from 8ES5 cells). These
results indicate that the amplification efficiency of the deletion
plasmid DNA or RNA is comparable to that of wild-type
HIV-1 DNA or RNA.

Next, we examined whether there was competition between
plasmid DNA or RNA and sample target DNA or RNA when
they are co-reverse transcribed and/or coamplified in the same

reaction tube over the linear range of amplification. These
experiments demonstrated that the amplification signal from 5
to 625 copies of 8ES HIV-1 DNA was not reduced by 500
copies of deletion plasmid HIV-1 DNA (data not shown).
Similarly, 1,000 copies of the deletion plasmid HIV-1 RNA did
not reduce the signal from 10" to 10* molecules of 8E5 target
HIV-1 RNA (data not shown). From these results, we con-
cluded that the number of copies of HIV-1 DNA and RNA
could be measured accurately within the linear range of am-
plification without significant competition between target
DNA or RNA and 500 copies of deletion plasmid DNA or
1,000 copies of deletion plasmid RNA, respectively.

The reproducibility of the ICPCR assay was assessed by
quantitating in three separate experiments the amounts of
HIV-1 DNA in five PBMC samples and HIV-1 RNA in five
plasma samples. Figure 2 shows representative ICPCR results
for HIV-1 DNA and RNA. The target HIV-1 DNA or RNA
signal was easily distinguishable from the deletion plasmid
DNA or RNA standard. The results shown in Tables 1 and 2
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FIG. 2. Autoradiograms of HIV-1 DNA (A) and RNA (B) quantitation by
ICPCR. Del, deletion; RT, reverse transcriptase.
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TABLE 1. Reproducibility of quantitative HIV-1 DNA PCR

No. of copies/10 CD4* cells in expt:

Sample
I I I
1 2,566 2,719 2,780
2 1,148 1,337 1,501
3 19,587 20,374 29,000
4 3,143 3,653 3,688
5 220 363 340

indicate that the reproducibility of the assay is within twofold.
The mean coefficients of variation were 31% for HIV-1 RNA
and 10% for HIV-1 DNA (n = 15).

The ICPCR assay was used to quantitate the HIV-1 DNA
and RNA in PBMC from 25 HIV-1-infected subjects enrolled
in the Multicenter AIDS Cohort Study. Patients varied in dis-
ease stage ranging from A, (asymptomatic) to C3 (AIDS)
(Centers for Disease Control and Prevention 1993 classi-
fication). As shown in Table 3, the number of HIV-1 DNA
copies ranged from 6 to 15,561 per million CD4* cells. HIV-1
RNA copies ranged from 256 to 111,598 copies per million
CD4™" T cells. As reported by other investigators using differ-
ent PCR assays (1, 8, 12), ICPCR could detect HIV-1 RNA in
PBMC from subjects at all stages of the disease, including
those with high CD4" cell counts (>700/mm?). As we and
others (1, 5, 8, 13) have previously reported, the levels of
HIV-1 RNA and DNA in PBMC were inversely correlated
with the CD4™" T-cell counts (P < 0.01; Spearman rank coef-
ficients of correlation, —0.77 for HIV-1 RNA and —0.65 for
HIV-1 DNA).

ICPCR was also applied to measure HIV-1 RNA in plasma
from the same 25 subjects. As shown in Table 2, ICPCR de-
tected HIV-1 RNA in plasma from all subjects, and the plasma
RNA levels correlated well with the level of cellular HIV-1
RNA. As for cellular HIV-1 RNA, plasma HIV-1 RNA levels
were significantly higher in subjects with lower CD4™ cell
counts (P <0.05; Spearman rank coefficient of correlation,
—0.45).

The ICPCR assay was compared with the bDNA signal am-
plification assay for the quantitation of HIV-1 RNA in 20
plasma samples. As shown in Table 3, the results of the two
assays correlated (Spearman rank coefficient of correlation,
0.91), but ICPCR was more sensitive than the bDNA assay,
especially at an RNA concentration of less than 5,000 copies
per ml of plasma. However, it is interesting that the number of
plasma RNA copies per milliliter detected by the ICPCR was
consistently lower than those obtained by the bDNA assay.
This could be due to differences in the methods used to quan-
titate the RNA standards used in these two assays.

Finally, ICPCR was applied to quantitate plasma HIV-1
RNA in subjects beginning experimental antiretroviral therapy
as part of a randomized, blinded clinical trial. Plasma samples

TABLE 2. Reproducibility of quantitative HIV-1 RNA PCR

No. of copies/ml of plasma in expt:

Sample
I I I
6 1,674 1,220 733
7 15,874 14,111 11,150
8 43,587 26,447 34,641
9 19,278 12,042 8,046
10 5,004 5,984 2,892
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TABLE 3. Quantitation of HIV-1 DNA and RNA in
PBMC and plasma by ICPCR

Patient ICPCR
atien
(no. («)f No. of cspies/lOb No. of RNA NOG?;ES{Q %‘;’/ml
CDh4 CD47" cells copies/ml of bDNA assay”
cell) DNA RNA plasma
101 (948) 6 362 17 <10,000
102 (887) 580 1,235 1,805 ND
103 (862) 283 341 1,566 <10,000
104 (827) 337 592 2,832 <10,000
105 (769) 966 1,240 9,975 ND
106 (776) 331 385 19,278 26,000
107 (756) 884 1,870 2,261 <10,000
108 (719) 41 1,361 428 <10,000
109 (689) 1,571 1,549 4,928 17,000
110 (633) 20 350 1,674 <10,000
111 (510) 550 1,583 2,250 <10,000
112 (491) 2,496 3,180 9,546 29,000
113 (386) 385 256 922 <10,000
114 (382) 68 2,791 1,927 <10,000
115 (300) 182 820 5,004 <10,000
116 (286) 3,535 4,430 15,873 28,000
117 (286) 8,863 20,207 69,644 87,000
118 (208) 4,400 11,846 8,558 42,000
119 (193) 3,504 17,546 205,231 279,000
120 (134) 12,739 26,075 23,811 43,000
121 (72) 4,819 24,102 57,998 217,000
122 (33) 15,561 111,598 43,586 ND
123 (27) 4,506 38,507 26,484 37,000
124 (22) 11,595 54,194 141,671 ND
125 (17) 4,593 130,142 44,741 ND

¢ Cutoff, 10,000 HIV-1 RNA eg/ml. ND, not done.

from four subjects who showed reductions in plasma HIV-1
RNA within 10 weeks of starting drug therapy as measured by
the bDNA assay were tested by the ICPCR assay. Figure 3
shows that ICPCR detected changes in the plasma HIV-1
RNA level in response to therapy in all four patients. The
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FIG. 3. Comparison of ICPCR (A) and the bDNA assay (B) for quantitating
plasma HIV-1 RNA in patients beginning antiretroviral therapy. Hatched and
solid bars, levels before and after therapy, respectively.
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magnitudes of the observed reduction in HIV-1 RNA mea-
sured by the two assays were similar.

This report describes a quantitative ICPCR assay to measure
HIV DNA in PBMC and HIV-1 RNA in PBMC and plasma.
The assay is reproducible (coefficients of variation, 10 and 31%
for HIV-1 DNA and RNA, respectively) and requires only two
reaction tubes per sample. The latter advantage makes the
assay suitable for large numbers of samples. Furthermore, the
assay is sensitive, detecting 10° to 10 copies of HIV-1 DNA
and 10' to 10* copies of RNA in PBMC or plasma. Samples
containing more than 10® copies of HIV-1 DNA per 1 X 10°
PBMC or 10* copies of RNA per 5 X 10* PBMC or 25 pl of
plasma can be diluted to fall within the linear range of ampli-
fication.

The range of HIV-1 DNA copies (6 to 15,561 per million
CD4™ cells) in PBMC measured by ICPCR is close to that (130
to 56,000 per million CD4 ™ cells) reported by Bagnarelli et al.
for QCPCR (1). The ranges of HIV-1 RNA copies in PBMC
(256 to 111,598 per million CD4 " cells) and in plasma (17 to
205,231/ml) measured by ICPCR are also similar to those
(150 to 230,235 copies per million CD4" cells and 230 to
762,880 copies per ml of plasma) reported by Bagnarelli et al.
for QCPCR (1). Recently, a PCR assay similar to ICPCR,
based on colorimetric detection of HIV-1 RNA, has been
described by Mulder et al. (10). However, this assay is re-
stricted to the quantitation of HIV-1 RNA in plasma samples
and requires special reagents that are not yet commercially
available.

In summary, the ICPCR assay can quantitate differences in
HIV-1 DNA and RNA levels in plasma and PBMC at different
disease stages and after initiation of antiretroviral therapy.
ICPCR has the advantage over QCPCR of requiring only two
PCRs per sample and, thus, should prove to be useful in mon-
itoring HIV-1 RNA levels in large numbers of samples in both
natural history studies and clinical trials of new therapeutic
agents.

We thank Monahor Furtado for providing the Gag deletion plasmid
used in our studies and Judy Malenka for the preparation of the
manuscript.

This work was supported by Public Health Service cooperative
agreement U01-AI-35041 (C.R.), grants AI34301 from the National
Institutes of Health (J.M.) and AI34294-01A2 from NIAID (P.G.), the
Medical Research Service of the Department of Veterans Affairs, and
the Pathology Education and Research Foundation of the University
of Pittsburgh.

10.

11.

14.

NOTES 1673

REFERENCES

. Bagnarelli, P., S. Menzo, A. Valenza, A. Manzin, M. Giacca, F. Ancarani, G.

Scalise, P. E. Varaldo, and M. Clementi. 1992. Molecular profile of human
immunodeficiency virus type 1 infection in symptomless patients and in
patients with AIDS. J. Virol. 66:7328-7335.

. Bagnarelli, P., A. Valenza, S. Menzo, A. Manzin, G. Scalise, P. E. Varaldo,

and M. Clementi. 1994. Dynamics of molecular parameters of human im-
munodeficiency virus type 1 activity in vivo. J. Virol. 68:2495-2502.

. Connor, R. I., H. Mohori, Y. Cao, and D. D. Ho. 1993. Increased viral burden

and cytopathogenicity correlate temporarily with CD4 T lymphocyte decline
and clinical progression in human immunodeficiency virus type 1-infected
individuals. J. Virol. 67:1772-1777.

. Gupta, P., L. Kingsley, J. Armstrong, M. Ding, M. Cottrill, and C. Rinaldo.

1993. Enhanced expression of human immunodeficiency virus type 1 corre-
lates with development of AIDS. Virology 196:586-595.

. Furtado, M. R., R. Murphey, and S. M. Wolinsky. 1993. Quantification of

human immunodeficiency virus type 1 tat mRNA as a marker for assessing
the efficacy of antiretroviral therapy. J. Infect. Dis. 167:213-216.

. Holodny, M., D. A. Katzenstein, S. Sen Gupta, H. M. Wang, C. Casipit, D. H.

Schwartz, M. Konrad, E. Groves, and T. C. Merigan. 1991. Detection and
quantification of human immunodeficiency virus RNA in patient serum by
use of the polymerase chain reaction. J. Infect. Dis. 163:862-866.

. Kellog, D. E., and S. Kwok. 1990. Detection of human immunodeficiency

virus, p. 99. In M. Innis et al. (ed.), PCR protocols: a guide to methods and
applications. Academic Press, Berkley, Calif.

. Michael, N. L., M. Vahey, D. S. Burke, and R. R. Redfield. 1992. Viral DNA

and mRNA expression correlate with the stage of human immunodeficiency
virus (HIV) type 1 infection in humans: evidence for viral replication in all
stages of HIV disease. J. Virol. 66:310-316.

. Montoya, J. G., R. Wood, D. Katzenstein, M. Holodny, and T. Merigan.

1993. Peripheral blood mononuclear cell human immunodeficiency virus
type 1 proviral DNA quantification by polymerase chain reaction: relation-
ship to immunodeficiency and drug effect. J. Clin. Microbiol. 31:2692—
2696.

Mulder, J., N. McKinney, C. Christopherson, J. Sninsky, L. Greenfield, and
S. Kwok. 1994. Rapid and simple PCR assay for quantitation of human
immunodeficiency virus type 1 RNA in plasma: application to acute retro-
viral infection. J. Clin. Microbiol. 32:292-300.

Pachl, C., J. A. Todd, D. G. Kern, P. J. Sheridan, and S. J. Fong. Rapid and
precise quantitation of HIV-1 RNA in plasma using a branched DNA
(bDNA) signal amplification assay. J. Acquired Immune Defic. Syndr., in
press.

. Piatak, M., M. S. Saag, L. C. Yang, S. J. Clark, J. C. Kappes, K. C. Luk, B. H.

Hahn, G. M. Shaw, and J. D. Lifson. 1993. High levels of HIV-1 in plasma
during all stages of infection determined by competitive PCR. Science 259:
1749-1754.

. Schnittman, S. M., J. J. Greenhouse, M. C. Psallidopoulos, M. Baseler, N. P.

Salzman, A. S. Fauci, and H. C. Lane. 1990. Increasing viral burden in CD4+
T cells from patients with human immunodeficiency virus infection reflects
rapidly progressive immunosuppression and clinical disease. Ann. Intern.
Med. 113:438-443.

Wolinsky, S., C. Rinaldo, S. Kwok, J. Sninsky, P. Gupta, D. Imagawa, H.
Farzadegan, L. Jacobson, K. Grovit, M. Lee, J. Chmiel, H. Ginzburg, R.
Kaslow, and J. Phair. 1989. Human immunodeficiency virus type 1 (HIV-1)
infection of median of 18 months before a diagnostic Western blot. Ann.
Intern. Med. 111:961-972.



