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Detection and Quantification of Human Immunodeficiency Virus RNA in
patient Serum by Use of the Polymerase Chain Reaction

Mark Holodniy, David A, Katzenstein,

Sohini Sengupta, Alice M, Wang, Clayton Casipit,
pavid H. Schwartz, Michael Konrad, Eric Groves,
and Thomas C. Merigan

Human immunodeficiency virus (HIV) RNA was detected and quantified in the serum of HIV-
seropositive individuals using the polymerase chain reaction (PCR) and a nonisotopic enzyme- /
linked affinity assay, Of 55 HIV-infected patients who were not receiving therapy, serum HIV
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RNA was detected in 9 of 19 who were asymptomatic, 11 of 16 with AIDS-related complex (ARC),
and 18 of 20 with AIDS, with copy numbers ranging from 10° to =5 x 104/200 4l of serum based
on a relationship between absorbance and known copy number of gag gene RNA, Linear regres-
sion analysis demonstrated a correlation between infectious titer in 42 patient sera cocultured
with donor peripheral blood mononuclear cells (PBMC) and PCR product absorbance (r = .70,
P < 01). Serum HIV RNA detected by PCR also correlated with serum p24 antigen positivity,
CD4 counts <400/mm?3, and the presence of HIV-related symptoms or disease. Quantification
of infectious HIV RNA in cell-free serum by PCR may be useful as a marker for disease progres-

sion or in monitoring antiviral therapy.

Quantification of viremia in human immunodeficiency vi-
rus (HIV) infection may be an important step in understand-
ing both pathogenesis and treatment in patients with AIDS,
Recently, quantitative plasma cultures have been shown to
correlate with clinical disease, immunologic impairment, and
quantitative assays of p24 core protein in the circulation [,
2]. Culture techniques may be limited by the requirement for
rapid processing, the variability in phytohemagglutinin (PHA)-
stimulated donor cells, the long-term maintenance of infec-
tious virus in cuiture, and the variation in the ability of clinical
isolates of HIV to replicate in culture.

With the development of molecular techniques such as gene
amplification, it has become possible to detect small num-
bers of HIV DNA or RNA copies. The polymerase chain reac-
tion (PCR) has been widely applied to the detection of HIV
proviral DNA and RNA from peripheral blood mononuclear
cells (PBMC) in seropositive patients [3, 41. In addition, HIV
RNA has been detected in plasma [5] by extraction of RNA,
reverse transcription, and ¢cDNA PCR.

Here we describe a method to detect and quantitate HIV
RNA in patient serum using gene amplification of an HIV-
specific gag gene sequence and quantitation of the product
with a nonisotopic enzyme-linked affinity assay.
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Patients and Methods <

Whole bleod samples were obtained by venipyncture from 15
seronegative healthy controls and 55 HIV-infected patients. HIV-
seropositive patients were clinically assessed according to the Centers
for Disease (CDC) criteria [6]. Nine were asymptomatic, 16 had
AIDS-related complex (ARC), and 20 met the CDC criteria for AIDS.
These corresponded to CDC class 11, I'Va, and I'Vc and 1Vd, respec-
tively. No HIV-infected patient was receiving antiretroviral therapy
at the time of specimen coliection. Serum was separated within 1 h
and stored at —70°C until use.

RNA extraction, reverse transcription, and amplification of cDNA.
Total RNA from 200 ul of serum was extracted using guanidintum
thiocyanate and reverse transcribed with M-MLV reverse transcrip-
tase by methods previously described {7, 8]. Oligomers used for PCR
inciuded SK38, SK39, SK19, and SK145, all of whose sequences have
been published previously [9]. Biotinylation of primer SK38 and
horseradish peroxidase (HRP) labeling of probe SK19 were done
as described {10]. PCR was carried out in a 100-u] reaction volume
as previously described {11] for 30 cycles of amplification ina DNA
thermal cycler (Perkin-Elmer Cetus, Norwalk, CT) with the following
program: 95°C for 30 s, 55°C for 30 s, 72°C for 60 s, followed
by a 10-min extension at 72°C. Negative and positive controls, which
inciuded both high- and low-copy-number HIV RNA and DNA, were
added at each step. All samples were run in duplicate.

Construction of gag ¢RNA standard. To construct a standard,
SKI145 and SK39 were extended and modified to produce linker
primers with EcoRI and Kpn restriction sites added to each primer
respectively. HIVym DNA was amplified with this primer pair to
vield a 300-bp gag gene product containing the desired restriction
sites. Amplified DNA and plasmid pSP72 (Promega, Madison, WI)
were digested separately with EcoRlI and Kpnl (New England Bio-
izbs, Beverly, MA}, then ligated under standard conditions inz 1:4 M
ratio of pSP72 to insert. Transformation of DHSa-competent cells
{BRL, Gaithersburg, MD) with the resulting ligated plasmid was
carried out according to the supplier’s protocol. A clone was ob-
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wained that included the 300-bp insert. The insert was then sequenced 1.6 1 ! I T T 7 7
using the Sequenase 2 kit (United States Biochemical, Cleveland) é"*'—x
under standard conditions to verify the correct sequence, Plasmid 1.4 i) 4 HIV gag gene DNA
DNA was transcribed to RNA with 2 T7 polymerase in vitro tran- ’ I ® gag gene construct RNA
scription kit (Promega). The resulting plasmid and cRNA were quan- 12 F H ¥ infectious HIV 1B .
titated on a spectrophotometer to obtain correct copy number, E i \
Enzyme-linked affiniry assay. To detect and quantitate PCR prod- 8 L

uct, 5 ul of PCR product and 45 ulof 5% saline-sodium phosphate- & 1.0 [ ‘\r Al -
EDTA were heated to 95°C for 5 min and then cooled on ice to 8 '\7
denature the sample. Then 1 pmol of SK19-HRP in 5x Denhardr's § 0.8 - H -
solution was added to the denatured PCR product and hybridized m : :
for 1 h at 42°C. Next, 100 ul of 2.54-um polystyrene avidinated g 0.6 \ -
beads (Eastman Kodak, Rochester, NY) (V150 pmol of avidin) was 0 ‘x %
added to each well of a 1.2-um loprodyne membrane-bottom plate ﬁ 0.4 . -
(Pall Biosupport, East Hills, NY). The beads were washed with PBS ’ 5
by suspension and filtering on a vacuum filtration holder (Millipore, % [}
Bedford, MA). Hybridized PCR product was added to each well 0.2 T
containing beads for 20 min. The bead-target-oligomer probe com- | , ; ; *% !?-—-—-?——?
plex was then washed with PBS. A color substrate (o- 0

105 104 103 102 10 1 ¢

phenylenediamine [Sigma, St. Louis]) was added to each well for
10 min. The reaction was stopped with 2 N H,80, and vacuum-
filtered into a clear polystyrene microtiter plate (Costar, Cambridge,
MA). The absorbance was read at 490 nm on a plate reader (Dy-
natech, Alexandria, VA).

Serum HIV culrure.  Fresh PBMC from seronegative blood donors
were stimulated in RPMI 1640 medium containing § pg/ml PHA
and 20% fetal calf serum for 3 days. Patient serum was serially diluted
in 24-well culture plates (Costar) and cocultured with 1 x 10¢
washed PHA-stimulated donor cells per well in duplicate as described
by Ho et al. {1]. Stocks of HIVym were produced in acutely infacted
H-9 cells and their titer determined as the reciprocal of the end-
point dilution of virus that resulted in p24 antigen production in H-9
cells after 28 days.

Results

Detection and quantification of HIV RNA was first assessed
in reconstruction experiments in which dilutions of HIVyys
or HIVux virus stock were added to HIV-seronegative do-
nor serum or gag gene CRNA from the plasmid vector was
reverse transcribed and amplified in paralle! with extracted
sera. Reverse transcription and amplification of known
amounts of gag gene cRNA and infectious HIVys RNA and
DNA alone yielded a relationship between absorbance values
obtained in the enzyme-linked assay of PCR product and copy
number of cRNA and DNA and TCIDy, of virus (figure 1).
The absorbance values obtained were linear between 10% and
5 X 10* input copies of gag cRNA, 10? and 10* TCIDs of
HIVy virus stock, and 10? and 10 copies of HIV DNA.
The use of 5 ul of PCR product in the affinity assay allowed
quantification of input DNA and RNA over the widest range
of input nucleic acid (10-50,000 copies) and the most linear
response {100-10,000 copies; figure 13,

The sensitivity of each step of the assay was determined
by the addition of dilutions of infectious virus to serum, cRNA
to the reverse transcription reaction, or plasmid DNA to the
amplification step. After 30 cycles of amplification, 10

COPY NUMBER

Figure 1. Quantification of infectious human immunodeficiency
virus (HIVpm) RNA, HIV gag gene DNA, and cRNA gag gene
construct copy number by polymerase chain reaction.

TCIDyg of HIVis, 100 copies of cRNA, and 10 copies of
HIV plasmid DNA ga-e an absorbance that was greater than
a negative absorbance cutoff (0.135), defined as the mean ab-
sorbance obtained from 15 seronegative sera (0.084 + 0017y
plus three standard deviations. The use of a greater number
of cycles of amplification or >5% of the PCR product increased
the sensitivity of the assay for iower copy number but de-
creased the dynamic range (data not shown).

To test the reproducibility of this assay, 11 sera, 9 from
HIV-positive patients and 2 from seronegative controls, were
subjected to separate extraction, reverse transcription, and
amplification on the same day. Linear regression analysis
demonstrated good correlation of mean absorbance values
from separate extractions and reverse transcription (r = ,98,
P< 0l and r = .94, P < 0, respectively, two-tailed 1 test)
done on the same day. When the same serum samples were
extracted on different days, correlation of mean absorbance
was somewhat less (r = .83, P < 01, two-tailed 1 test). When
intraassay variability of the enzyme-linked affinity assay was
tested, multiple replicates of the same PCR sample yielded
an absorbance that varied <10% betwzen wells.

A series of experiments was carried out to determine the
likely origin of signal obtained from extracted sera in this as-
say. Several lines of evidence point to genomic HIV RNA
within virus particles as the source. This was supported by
ultracentrifugation, in which signal from sera was found in
the pellet fraction, adsorption of signal to immobilized CD4,
and deletion of reverse transcriptase to extracted sera, with
subsequent amplification resulting in signals below the estab-
lished cutoff (data not shown).
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Sera from 38 of 55 HIV antibody~positive patients demop-
strated a positive signal, that is, an absorbance value > 0,135,
When the results of PCR were analyzed by the patient’s clini-
cal status, 9 of 19 asymptomatic, 11 of 16 ARC, and 18 of
20 AIDS patients had detectable signal. Symptomatic patiens,
those with ARC and AIDS, were more likely to have detect-
able signal than asymptomatic patients (29/36 vs. 9/19, P <
03, x3). The mean absorbance values for each clinical group
increased from (.142 1 005 in asympiomatic patients to 0,267
4+ 0.272nd 0.355 ¢ 0.31 in ARC and AIDS patients, respec-
tively (figure 2). The mean gbsorbance value for all symp-
tomatic patients {those with ARC and AIDS) wes significantly
greater than that for asymptomatic patients (0.316 + 0.29 vs.
0.142 £ 005, P < 01, two-tailed 7 test).

Measurement of viral RNA extracted from serum in this
assay was compared with antigen production in cocultures of
10-fold dilutions of serum with PHA-stimulated donor cells,
Figure 3 shows the relationship between stage of disease, in-
fectious titer as measured by p24 antigen production in cocul-
wres of serum dilutions, and PCR absorbance in 42 sera,

- Three sera were culture-positive and negative by PCR (one
each asymptomatic, ARC, and AIDS), while 15 were PCR-
positive and culture-negative (6 asymptomatic, 5 ARC, and
4 AIDS). Twenty-four sera showed concordance between as-
says: 7 negative (5 asymptomatic, ! ARC, and 1 AIDS) and
17 positive (1 asymptomatic, 5 ARC, and 11 AIDS) by both
assays. Linear regression analysis of the results obtained from
these 42 sera demonstrated a correlation between the titer of
infectious virus and PCR product absorbance (r = 70, P <
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Figure 2. Quantification of human immunodeficiency virus (HIV}
RNA in serum based on absorbance in 15 seronegative control sub-
Jects and 55 patients in different stages of HIV infection {asymp-
tomatic, AIDS-related complex [ARC], and AIDS). Horizontal bar
indicates mean; horizontal line, diagnostic cutoff value.
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Figure 3. Quantitative serum human immunodeficiency virus
(HIV) RNA polymerase chain reaction (PCR) signal in relation to
serumn HIV infectious titer in 42 patients in different stages of HIV
infection {(asymptomatic, AIDS-related.complex [ARC) and AIDS).
Linear regression analysis demonstrated correlation between titer
of infectious virus and PCR product absorbance (two-tailed rtest).
Horizontal bar indicates mean and SE; horizontal line, diagnostic
cutoff.

0% two-tailed 1 test). Serum citlture results demonstrated a
strong correlation with disease stage: 2 of 13 asymptomatic
subjects had positive serum cultare compared with 6 of 12
ARC and 12 of 17 AIDS patients.

Surrogate markers of HIV disease progression such as CD4
count and serum p24 antigen level were considered in rela-
tionship to PCR measurement of HIV RNA, Of the 55 sera,
21 were p24 antigen-positive (70 pg/ml), of which 19 were
PCR-positive; 19 of 34 p24 antigen-negative sera were PCR-
positive (P < .007, Fisher'’s exact test). However, among the
21 p24 antigen~positive patients, there was no correlation be-
tween amount of serum p24 antigen and PCR signal. Serum
from patients with <400 CD4 cells/mm? was more likely to
be PCR-positive: 29 of 37 compared with 9 of 18 sera from
patients with >400 CD4 cells/mm?® (P < .05, Fisher's exact
test).

Discussion

These results demonstrate that HIV RNA in serum can be
detected and quantitated by reverse transcription, PCR, and
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a nonisotopic enzyme-linked affinity assay. The technique de-
scribed can be done in 2 days and can detect as few as 10
TCIDs of HIV s stock in a small volume of serum, 10 cop-
jes of HIV DNA, or 100 copies of cRNA. The observed ab-
sorbance values of gag gene ¢cRNA copies and infectious
HIVam stock demonstrated at least a 10-fold increase in
RNA copies in the virus stock compared with the cRNA, sug-
gesting an RNA copy-to-infectious HIV s ratio of 10-100:1.
On the basis of reconstruction experiments, quantification of
viral RNA may be achieved over a range of 107 to 5 x 10¢
copies of input RNA, with a linear range for cRNA of 108
1o 5 X 10° Although an absorbance of 20.135 would be
considered positive in this assay, the ability to quantitate copy
number at absorbances of <0.2 would be difficult. This is also
true for copy numbers with an absorbance of 21.5. Thus, only
qualitative results can be reliably achieved above and below
those absorbances.

The level of sensitivity achieved with respect to the ability
of the enzyme-linked affinity assay to detect PCR product from
10 copies of input DNA and 100 copies of RNA is consistent
with previously published results. Studies using 30 cycles of
amplification of an HIV-specific sequence and hybridization
with an isotopically labeled probe have reported the ability
to detect as little as 3~5 copies of input DNA [12, 13], After
30 cycles of amplification, 10 copies of input DNA could be
derected in a nonisotopic enzyme immunoassay with probe
hybridization B3], PCR has also been used for quantification
of input RNA. By use of an isotopic detection system and
30 cycles of amplification, 100 copies of input mRNA could
be detected [15].

Overall, there was agreement between serum PCR and cul-
ture. However, three sera were culture-positive and PCR-
negative. These negative PCR results were obtained in sera
that had <50 TCIDso/m! as determined by culture, Because
the PCR technique is dependent on the efficiency of extrac-
tion of viral RNA from a small volume of serum and the rela-
tive efficiencies of the three separate enzymatic reactions, the
sensitivity of serum PCR for detection of virus may be limited
when a low titer of infectious virus is present in small sam-
ples. Ultracentrifugation of larger volumes to concentrate vi-
ral particles might improve the sensitivity of the assay. In
addition, sensitivity can be enhanced by increasing the num-
ber of amplification cycles done or the amount of PCR prad-
uct assayed in the hybridization reaction (unpublished data).

Serum PCR may increase the sensitivity of quantitative as-
says of cell-free virus. In 15 sera viral RNA was detected by
PCR while coculture of serum was negative. This could indi-
cate a relatively high proportion of defective or poorly infec-
tious viruses present in some individual sera. Alternatively,
this may be an indication of the relative insensitivity of quan-
titative culture techniques appiied to serum. In two recent
studies of plasma HIV cultures [1, 2}, the sensitivity of this
method varied from 100% to 56%. These differences may
be related to the clinical stage of disease among patients stud-
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jed. However, as in the current study using serum, both groups
found a higher prevalence or titer of plasma virus in patients
with AIDS and ARC compared with asymptomatic patients.
Differences in sensitivity between studies of cell-free virus
could be related to processing of specimens, culture methods,
differences between serum and plasma, or the varying ability
among donor lymphocytes from different individuals to sup-
port HIV replication in vitro [16}. Comparison of serum and
plasma cultures in our laboratory has shown that virus can
be recovered somewhat more efficiently from plasma (unpub-
lished data), which may explain the relatively low rate of se-
rum culture positivity (20/42) in this study,

In conclusion, virion HIV RNA was detected and quanti-
tated in the serum of HIV-positive patients by PCR. These
findings provide evidence that the amount of cell-free virus
in circulation correlates with the presence of HIV infectious
titer, serum p24 antigen positivity, CD4 counts <400/mm?,
and the presence of HIV-related symptoms. Direct detection
of cell-free HIV RNA by PCR is more rapid than quantitative
culture and provides a technique independent of cell culture
infectivity. Serum PCR may provide an additional marker of
disease progression and drug efficacy that could improve our
ability to monitor the course of HIV infection. Further studies
will be necessary to validate this approach.
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