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An Improved Method for the Detection of
Hepatitis C Virus RNA in Plasma Utilizing
Heminested Primers and Internal

Control RNA

Paul P. Ulrich, Joseph M. Romeo, Lynton J. Daniel, and Girish N. Vyas

Department of Laboratory Medicine, University of California, San Francisco, California 94143-0134

The majority of transfusion-associ-
ated, non-A, non-B hepatitis cases are
caused by hepatitis C virus (HCV), a
positive-stranded RNA virus. Al-
though high titers of HCV in clinical
specimens have bheen reported, in
some cases extremely low titers of vi-
rus are not uncommon. Therefore, an
extremely sensitive and reliable assay
is required to determine viremia and
replication of HCV accurately. We re-
port here the systematic investiga-
tion of factors influencing the detec-
tion of HCV RNA by a reverse
transcription-polymerase chain reac-
tion (RT-PCR) assay utilizing “‘drop
in—drop out’’ heminested primers
derived from the conserved 5’ non-
coding region of the viral genome. A
genetically engineered 5’ noncoding
region has been constructed and
used as an internal control. Addition
of the control RNA to each test not
only allowed semiquantitation of
positive reactions but also validated
the performance of reverse transcrip-
tion and PCR for every specimen. The
optimized heminested PCR (HN-PCR)
protocol is capable of amplifying one
molecule of cloned HCV DNA or 10
molecules of in vitro-transcribed HCV
RNA to levels detectable in ethidium
bromide-stained agarose gels. We
evaluated the improved method for
the detection of HCV RNA on a hu-
man plasma sample containing the
pedigreed strain H of HCV with a
chimpanzee infectious dose of 10%/
ml. Utilizing the internal control
RNA, we calculated 2 x10 7 virions in
1 ml of the original human plasma.

The HN-PCR achieves the sensitivity
and specificity of the double-nested
PCR (DN-PCR) in a simplified format
that avoids the false-positive results
associated with DN-PCR.

The polymerase chain reaction (PCR)
was discovered in 1985 and has since
changed the way nucleic acid analyses
are performed in research laboratories.™
Because of its exquisite sensitivity, PCR
has been used for the detection of DNA
viruses, retroviruses, and RNA viruses at
levels undetectable by conventional mo-
lecular hybridization techniques.®

The recently discovered hepatitis C
virus (HCV) is an important human
pathogen and accounts for the majority
of transfusion-associated, non-A, non-B
hepatitis (NANB) cases worldwide.*®
This pathogen is a small, enveloped vi-
rus with a positive-stranded RNA ge-
nome of approximately 10 kb.®® HCV
has a genomic organization and diver-
sity similar to flaviviruses and pestivi-
ruses.®1? The genomic RNA encodes a
large polypeptide precursor with struc-
tural proteins located in the amino-ter-
minal region and a variety of nonstruc-
tural proteins in the carboxy-terminal
region. Recently, the extreme 5'-termi-
nal regions of several HCV isolates from
around the world have been sequenced,
and a 341-nucleotide noncoding region
with highly conserved nucleotide se-
quences was revealed."!'? These con-
served nucleotide sequences are ideal
targets for detection of HCV by reverse
transcription (RT)-PCR amplification.
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The detection of HCV RNA in blood
provides a direct marker of viral replica-
tion and infectivity. Although the clon-
ing and analysis of HCV cDNA have led
to an improved understanding of HCV
molecular biology, direct study of this
virus has been hampered by the unavail-
ability of in vitro techniques for viral
propagation and by the lack of a conve-
nient animal model. Therefore, a great
deal of attention has been devoted to the
development of PCR-based techniques
for the detection and characterization of
HCYV infections. Due to the low titers of
virus that are not uncommon in HCV
infections,'® many investigators have
used a double-nested PCR (DN-PCR) reg-
imen to attain maximum sensitiv-
ity.*271% We have developed a proce-
dure for the use of ““drop in—drop out”
heminested (HN) primers” derived
from the conserved 5’ noncoding region
of HCV that incorporates the sensitivity
of DN-PCR into a simplified format and
avoids the potential problems with
carry-over that are associated with DN-
PCR. Furthermore, a comparison of pub-
lished procedures for RNA purification,
reverse transcription, and PCR revealed
differences that may affect the sensitiv-
ity, specificity, and reported frequency
of HCV detection.*>!® We have sys-
tematically investigated factors influenc-
ing HCV RNA purification from plasma,
HCV cDNA synthesis, and PCR amplifi-
cation. We have also incorporated an in-
ternal control RNA and the PCR carry-
over prevention methodology into the
optimized RT-PCR assay and established
the overall sensitivity for the detection
of HCV.
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MATERIALS AND METHODS

Purification of Viral RNA
from Plasma

Two procedures were used to concen-
trate virus from plasma. Ultracentrifuga-
tion (UC): 8.5 ml of precleared plasma
(centrifugation at 3000g for 30 min at
4°C) was layered over 4 ml of 20% su-
crose/10 mum Tris (pH 7.5)/1 mMm EDTA in
a sealable ultracentrifugation tube and
centrifuged for 2 hr at 46,000 rpm
(model 50Ti rotor, Beckman Instru-
ments) at 4°C. The supernatant was care-
fully aspirated, the tubes were inverted,
and the inside was dried with a cotton.

Polyethylene glycol precipitation
(PEG): 225 ul of 21% PEG 6000/1.5 M
NaCl were added to 450 pl plasma. After
1 hr on ice, the samples were centrifuged
(15,000g, 30 min, 4°C) and the superna-
tant was aspirated.

RNA extraction: The standard buffer
for RNA extraction (UNSET) consisted of
8 M urea, 0.15 M NaCl, 2% SDS, 0.1 mm
EDTA, and 0.1 m Tris (pH 7.5).® An al-
iquot of 450 wl of plasma was added to
UNSET 1 (0.48 gram urea, 0.1 ml of 20%
SDS, 0.1 ml of 1 M Tris, pH 7.5, 30 ul 5 M
NaCl, 2 ul 0.5 M EDTA) that was pre-
heated to 40°C; 60 pl of plasma was
added to 340 ul of preheated UNSET 2
solution (0.48 gram urea, 0.1 ml of 20%
SDS, 0.1 ml of 1 M Tris, pH 7.5, 30 1 5 M
NaCl, 2 pl of 0.5 M EDTA, 390 ul of H,0);
and the UC or PEG pellets were resus-
pended in 400 ul of preheated UNSET 3
solution (0.48 gram urea, 0.1 ml of 20%
SDS, 0.1 ml of 1 M Tris, pH 7.5, 30 pl S M
NaCl, 2 ul 0.5 M EDTA, 450 ul H,0). The
samples were vigorously vortexed, ex-
tracted three times with equal volumes
of phenol/chloroform/isoamyl alcohol
(25:24:1), and precipitated by centrif-
ugation (15,000g, 30 min, room temper-
ature) from the aqueous phases with 1
volume of isopropanol. The pellets were

dissolved in DEPC-H,0, precipitated in
0.3 M NaOAC with 2.5 volumes of etha-
nol by centrifugation, air dried, and re-
suspended in DEPC-H,0.

A buffer incorporating guanidinium
isothiocyanate (GITC) as the chaotropic
agent" was also used and achieved
comparable results. In our experience,
UNSET buffer yielded more consistent
results and marginally better sensitivity
than GITC buffer (data not shown).
However, the slight advantages of UN-
SET are somewhat compromised by the
requirement that UNSET buffer be
freshly prepared for each use while GITC
buffer stock solutions are stable at room
temperature for over 1 month.

Oligonucleotides

All oligonucleotides were synthesized at
the Biomolecular Resource Center at
the University of California, San Fran-
cisco, using cyanoethylphosphoramidite
chemistry on the Applied Biosystems
Inc. 380B Synthesizer. The oligonucle-
otides were deblocked in concentrated
ammonium hydroxide at 55°C for 10 hr,
purified on NENSORB resin (NEN, Bos-
ton, MA), analyzed by HPLC chromatog-
raphy using MonoQ HR/R columns
(Pharmacia, Alameda, CA), and run in
NaOH (pH 12) and a 0.5-1.0 M NaCl gra-
dient.?®

Recombinant HCV Plasmids

The transcription vector pC280.2 was en-
gineered by cloning a 192-bp fragment
from the 5’ noncoding region of HCV
into the EcoRI site of pTZ18U (Biorad,
Richmond, CA). The HCV fragment had
been amplified with the primer pair
JR12-JR19 (Table 1) from the plasma of a
single anti-HCV positive, ALT-elevated
blood donor #280, and it was then li-

TABLE 1 Oligonucleotides Used for Cloning, Reverse Transcription, Amplification,
and Hybridization of the 5’ Noncoding Region of HCV

Primers Position? Polarity Sequence

JR12 1-20 + GGCGACACTCCACCATAGAT

JR13 34-53 + GGAACTACTGTCTTCACGCA

JR 14 141-160 GCAATTCCGGTGTACTCACC

JR 19 197-216 - CGCCCAAATCTCCAGGCATT

JR 26 1-31 + GGCGACACTCCACCATAGATCACTCCCCTGT
JR 28 162-192 - GGGTTGATCCAAGAAAGGACCCGGTCGTCCT

*Numbering according to Okamoto et al.(!?
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gated to EcoRI adaptors with standard
methods.®V

The internal control plasmid pC280.3
was engineered by cloning a 71-bp DNA
insert consisting of parts of the pTZ18U
and pBluescript SK (Stratagene, La Jolla,
CA) polylinkers into the Smal site at po-
sition 114 of the HCV portion of
pC280.2. Figure 1 shows the position of
the HCV primers and the length of the
amplified DNA.

In Vitro Transcription of HCV RNA

The transcription plasmids pC280.2 and
pC280.3 were linearized with Scal to
yield RNA of about 1.4 kb. Following in
vitro transcription with T7 RNA poly-
merase,?? template DNA was digested
with DNase I (Promega Biotech, Madi-
son, WI) and RNA was purified by
Sephacryl S400 spin column chromatog-
raphy (Pharmacia LKB, Piscataway, NJ).
The purified 1.4-kb RNA was quantitated
by spectrophotometry, and 1 OD,¢, was
considered to be equivalent to 40 pg/ml
of RNA or 1.3 x 10° molecules per 1 pg.
RNA dilutions were prepared into DEPC-
treated 1 mm HEPES buffer (pH 7.5) con-
taining 1 wg/ml of tRNA and stored in
aliquots at —70°C.

Reverse Transcription

Aliquots of 10 wl of RNA were primed
with either 10 pmoles of random hexam-
ers [p(dN)6, Pharmacia-LKB Biotechnol-
ogy] or with 10 pmoles of the HCV-spe-
cific oligonucleotide JR28 in Moloney
murine leukemia virus (Mo-MLV) re-
verse transcriptase buffer (Bethesda Re-
search Laboratories, Gaithersburg, MD),
1x Tagq buffer, or avian myeloblastosis
virus (AMV) reverse transcriptase buffer
(Boehringer Mannheim). cDNA was syn-
thesized in a 20-ul volume containing
0.5 mm of each ANTP, 10 mMm DTT, 20
units of RNase inhibitor (Boehringer
Mannheim), and 200 units of Mo-MLV
or 40 units of AMV reverse transcriptase.
For random priming, the RT mixture was
incubated at room temperature for 10
min, followed by 37°C for 1 hr. For prim-
ing with JR 28, the RT mixture was incu-
bated for 1 hr at 37°C.

RNA Degradation

Two principally different approaches
were employed to degrade RNA after
c¢DNA synthesis.
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FIGURE 1 Schematic drawing of the cloned 5’ terminus of HCV (pC280.2) and the cloned inter-
nal control (pC280.3). The arrows represent position, orientation, and relative size of the HCV-
specific primers. JR26, JR13, and JR28 are the primers for the drop in—drop out HN-PCR proce-
dure; primers for DN-PCR are JR12 and JR19 for the first amplification and JR13 and JR14 for the

second.

1. Enzymatic. To 20 pl of RT mix, we
added 1 pl of RNase H (Bethesda Re-
search Laboratories) diluted to 0.5 unit/
pl in 1x Tag buffer and incubated at
37°C for 40 min, followed by 90°C for 5
min. Alternatively, 1 pl of RNase D
(DNase-free, Boehringer Mannheim) di-
luted to 50 ng/pl in 1x Taq buffer was
added to 20-ul RT reactions incubated at
94°C for 2 min followed by 37°C for 5
min.

2. Chemical. Because Mo-MLV buffer
has a high buffer capacity (50 mwm Tris,
pH 8.3), we used only 1X Taq buffer with
3 mm MgCl, for the RT reaction in this
experiment. To 20 pl of RT mix contain-
ing 1x Tagq buffer, we added 1 pl of 20
mM NaOH, incubated at 60°C for 1 hr
and neutralized with 1 pl of 20 mm HCI.

PCR Experiments

The DNA or cDNA preparations were am-
plified in a final volume of 50 pl in a
DNA thermal cycler (Perkin-Elmer Cetus
Corp., Norwalk, CT). The amplification
mixture contained 1.5 units of AmpliTaq
(Perkin-Elmer Cetus Corp., Norwalk,
CT), 0.04-50 pmoles of each primer, 200
um of each dNTP, 10 mm Tris (pH 8.3),
1-8 mm MgCl,, 50 mm KCl, and 200 g/
ml gelatin.®?

For HN-PCR the thermal cycler was
programmed for the first 20 cycles to al-
low amplification only with the primer
pair JR26-JR28: The thermal profile was
94°C for 30 sec to denature DNA and

70°C for 30 sec to anneal and extend
primers. After 20 cycles, the annealing
temperature was dropped to allow an-
nealing of the inner upstream primer
JR13 and amplification with the primer
pair JR13-JR28 in the following 40 cyles:
The thermal profile was 94°C for 30 sec,
56°C for 30 sec, and 72°C for 30 sec.
The PCR Carry-over Prevention Kit
(Perkin-Elmer Cetus Corp., Norwalk, CT)
was used as suggested by the manufac-
turer. We investigated increasing dUTP
concentrations (200, 400, 600, 800, and
1,000 wMm) with an equimolar increase in
MgCl, concentration to determine opti-
mal amplification efficiency. After am-
plification, the samples were soaked at
72°C and then extracted with chloro-
form to inactivate uracil N-glycosylase.
An aliquot of 15 pl of PCR reaction mix-
tures was electrophoresed through 3% or
4% agarose gels (1% SeaKem and 2% to
3% NusSieve, FMC Corp., Rockland, ME).

Detection of HCV RNA in
Human Plasma

Strain H plasma was taken from a multi-
ply transfused patient. Infectivity titer
for NANB hepatitis was determined to be
at least 10%/ml in chimpanzees.®® Serial
10-fold dilutions of strain H plasma were
prepared in normal human plasma that
was negative for anti-HCV and did not
reveal HCV RNA after RT-PCR. Aliquots
of 50 pl were added to 350 wl of UNSET
2 containing internal control RNA and 5

ng of tRNA. After three phenol/chloro-
form extractions and two ethanol precip-
itations, the pellets were resuspended in
50 pl of DEPC-H,O. Aliquots of 10 ul
(containing 20 or 200 molecules of in-
ternal control RNA) were reverse-tran-
scribed in duplicates, treated with RNase
H as described, and amplified by HN-
PCR. Aliquots of 15 ul of PCR reaction
mixture were separated on a 4% agarose
gel and stained by ethidium bromide.

Southern Blot Hybridization

Agarose gels were soaked twice for 15
min in 0.5 M NaOH/1.5 M NaCl with
shaking and then transferred with 20x
SSC onto a nylon membrane (Genatren
45, Plasco Inc.,, Woburn, MA) over-
night.?? The membranes were exposed
to UV light for 10 min to cross-link DNA,
prehybridized in 6x SSPE, 5x Den-
hardt’s, 0.4% SDS for 2 hr at 42°C, and
hybridized under the same conditions
for 6-8 hr in the presence of JR14 end-
labeled with y-3?P.*®¥ The membranes
were washed twice at room temperature
and once at 42°C with 6Xx SSPE/0.1%
SDS, then air-dried and exposed for 2 hr
and 12 hr to XAR-5 film (Eastman Kodak
Co., Rochester, NY).

RESULTS
HCV DNA Amplification

In this drop in—drop out HN-PCR proto-
col, two long outer primers (with the up-
stream primer in limiting concentra-
tion) and one short inner primer are
present in the initial reaction mix. The
thermal cycler is programmed to allow
the two outer primers but not the inner
primer to amplify the target initially.
During these amplification steps, the
limiting concentration of upstream
primer is depleted. This is followed by a
set of amplification cycles at a decreased
annealing temperature, which allows an-
nealing of the shorter inner primer and
the downstream primer with amplifica-
tion of the target and also the initial PCR
products (Fig. 1).

We used 1000 molecules of the re-
combinant HCV plasmid pC280.2 to op-
timize the HN-PCR amplification param-
eters. The plasmid DNA was linearized
with EcoRI and used as a template for
amplification with either the primer
pairs JR26-JR28 or JR13-JR28 (Table 1).
Based on thermodynamic consider-
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FIGURE 2 Representative picture demonstrat-
ing the sensitivity of the HN-PCR assay for the
detection of cloned HCV DNA (pC280.2; 158-
bp amplified DNA) in a 3% agarose gel stained
with ethidium bromide. Serial twofold dilu-
tions of cloned HCV DNA were amplified with
either dTTP (A) or dUTP (B). Molecular size
marker (M) is 123-bp ladder. For the PCR pos-
itive control (PP), PCR was performed on 10
molecules of cloned pC280.3 DNA to generate
a 229-bp amplified product.

ations, the long HCV primers JR26-JR28
were annealed at 70°C and the primer
pair JR13-JR28 was annealed at 56°C. At
these annealing temperatures, a MgCl,
titration (2, 4, 6, and 8 mm) was per-
formed. These experiments indicated
optimal amplification with these two
primer pairs in the presence of 2 mm
MgCl, under the specified temperature
conditions (data not shown). The primer
pair JR13-JR28 was also tested at an an-
nealing temperature of 70°C and did not
support exponential amplification at
this annealing temperature.

The reaction mixture contained all
three primers for HN-PCR: JR13 and JR28
were present in a concentration of 500
fmoles/ul, and the outer upstream
primer JR26 was used in limiting con-
centrations analogous to the strategy of
asymmetric PCR.”> On the basis of our
experience with DN-PCR, the concentra-
tion of the original outer primers had to
be decreased below 20 fmoles/pl to
achieve maximal sensitivity in the sec-
ondary amplification. Limiting concen-
trations of 20, 4, and 0.8 fmoles/ul of
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JR26 were used together with 500
fmoles/pl of JR13 and JR28 to amplify
10, 1000, or 100,000 molecules of linear-
ized pC280.2 DNA. A limiting concentra-
tion of 4 fmoles/pl for the outer primer
JR26 was optimal: It supported amplifi-
cation of 10 molecules of pC280.2 as ef-
ficiently as fivefold higher concentra-
tions but did not show multiple DNA
bands with 100,000 molecules of target
DNA (data not shown).

The optimized parameters for HN-
PCR were used to amplify 1, 2, 4, or 8
molecules of the EcoRI-cut plasmid 280.2
diluted into tRNA-containing Taq buffer.
Figure 2A shows a representative picture
of an ethidium bromide-stained agarose
gel. Two of three amplifications with
one molecule and two of two amplifica-
tions with two, four, or eight molecules
were positive. Hybridization of the am-
plified DNA after Southern transfer to a
membrane was performed for all sam-
ples (Fig. 2A and Table 2) and revealed
the same result. From the Poisson distri-
bution of successful amplifications with
limiting amounts of HCV DNA target
(Fig. 2A and Table 2), we deduce single-
copy sensitivity of the HN-PCR proto-
col.??

To guard against false-positive results,
we adapted the PCR carry-over preven-
tion method to our HN-PCR protocol.
We amplified 10 and 100 molecules of
280.2 DNA and found a colinear increase
of DNA yield with increasing concentra-
tions of dUTP up to 800 pum (data not
shown). With 800 pM dUTP and 2.6 mm
MgCl,, we determined the sensitivity of
the HN-PCR assay by amplifying one,
two, four, or eight molecules of 280.2
DNA. As shown in Figure 2B, one mole-
cule of target DNA did not yield a visible
signal and two molecules amplified to a
lesser extent as compared to amplifica-

tions with dTTP. Southern blot hybrid-
ization revealed one positive amplifica-
tion with one molecule of target DNA.
These results indicate that after optimi-
zation of dUTP and MgCI, concentra-
tions, the amplification efficiency and
thus sensitivity of PCR is slightly de-
creased with the PCR carry-over preven-
tion method.

Amplifications of the internal control
DNA (pC280.3) were also performed
with either dTTP or dUTP. Table 2 sum-
marizes the results. No difference in am-
plification efficiency between wild-type
size (pC280.2) and the internal control
(pC280.3) HCV DNA was observed.

Competition of Internal Control
and Cloned HCV DNA
During Coamplification

Because the internal control DNA has
the same primer binding sites as the tar-
get, competition for primer binding can
occur and affect sensitivity of the assay.
Serial 10-fold dilutions of cloned HCV
DNA were coamplified with 10 mole-
cules (Fig. 3A) or 100 molecules (Fig. 3B)
of internal control DNA. In the presence
of 10 molecules of internal control DNA,
two of five amplifications with one mol-
ecule and two of two amplifications with
10, 10?, 10%, or 10° molecules of cloned
HCV DNA were amplified to detectable
levels. The presence of 100 molecules of
internal control DNA decreased the de-
tection limit for cloned HCV DNA about
10-fold. All four amplifications with one
molecule and two of two amplifications
with 10 molecules of cloned HCV DNA
were negative; 100 and more molecules
of cloned HCV DNA were consistently
positive. These results indicate that the
amount of internal control DNA or
¢DNA has to be within one order of mag-

TABLE 2 Detection Frequency of Successful Amplifications on Limiting Amounts
of Cloned HCV DNA in Ethidium Bromide-Stained Agarose Gels

Molecules of cloned HCV DNA

Plasmid 0 1 2 4 8
pC280.2
dTTP 0/6 4/6 3/3 3/3 3/3
duTP 0/6 1/6 3/3 3/3 373
pC280.3
dTTP 0/6 3/6 3/3 3/3 3/3
duTp 0/6 0/6 3/3 3/3 3/3

Either dTTP or dUTP was used for amplification in the HN-PCR assay. The results are depicted as
the ratio of successful amplifications to total number of amplifications.
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FIGURE 3 Coamplification of cloned HCV DNA (pC280.2; 158-bp amplified DNA) and internal
control DNA (pC280.3; 229-bp amplified DNA). Serial 10-fold dilutions of cloned HCV DNA (1,
10, 102, 10% and 10° molecules of pC280.2) were coamplified with either 10 molecules of internal
control DNA (pC280.3; A) or 100 molecules of internal control DNA (B) by HN-PCR and separated
on a 4% agarose gel. (Lanes NP) negative (no DNA) PCR control; (lane PP) positive control as

described in the legend to Fig. 2.

nitude of the target DNA before amplifi-
cation. Furthermore, the extent of the
amplification process, the DNA vyield,
varies more with lower than with higher

5 10 20
MPPTMATMATMA NRNPM

112

T2 73.4" 5 6759510
FIGURE 4 Influence of different reverse tran-
scriptases and RT reaction volumes on the de-
tection limit of HCV ¢cDNA. An aliquot of 400
molecules of 280.3 RNA was primed with ran-
dom hexamers, reverse-transcribed in 40 ul
and then 5 pl (lanes 5), 10 pl (lanes 10), or 20
ul (lanes 20) were amplified in a 50 pl PCR
reaction. Amplified DNA (15 pl) was separated
on a 3% agarose gel and visualized with ethid-
ium bromide. (Lanes T) Mo-MLV in Taq
buffer; (lanes M) Mo-MLV in Mo-MLV buffer;
(lanes A) AMV in AMV buffer; (lanes PP) PCR
internal control; (lane NR) RT negative con-
trol; (lanes NP) PCR negative control; (lane M)
123-bp marker.

amounts of target DNA: 10 molecules
compared with 100 molecules of inter-
nal control (Fig. 3A, lanes 1-7 compared
with Fig. 3B, lanes 1-8). These findings
emphasize the need of an internal con-
trol for the quantitation of low amounts
of target DNA.

Reverse Transcription

Two reverse transcriptases are currently
commercially available: a native enzyme
purified from avian myeloblastosis virus
(AMV) and a recombinant enzyme from
Moloney murine leukemia virus (Mo-
MLYV) expressed in Escherichia coli. Both
enzymes differ in their buffer require-
ments and AMV has a higher intrinsic
RNase H activity than Mo-MLV. We re-
verse-transcribed internal control RNA
(280.3) with Mo-MLV in either Tag
buffer or Mo-MLV buffer, and, alterna-
tively, we used AMV in AMV buffer. An
aliquot of 5, 10, or 20 pl of RT mixture
(containing 50, 100, or 400 molecules of
HCV RNA) was amplified by HN-PCR
(Fig. 4). Amplified DNA was electro-
phoresed through an agarose gel, and
the staining intensity of the DNA re-

vealed that reverse transcription under
Mo-MLV conditions has a positive effect
on PCR amplification (Fig. 4, lanes 3, 6,
and 9). In contrast, reverse transcription
under AMV conditions indicated inhibi-
tion of PCR. More HCV RNA in a larger
volume of AMV buffer did not result in
more amplified DNA (Fig. 4, lanes 4, 7,
and 10).

Priming of HCV ¢cDNA

The specificity and sensitivity of the RT-
PCR assay can be affected by the method
of cDNA priming and by the choice of
carrier nucleic acids present in the re-
verse transcription reaction. We primed
internal control RNA with either random
hexamers (Fig. 5, lanes 1-4) or with the
HCV-specific oligonucleotide JR28 (Fig.
5, lanes 5-8) and reverse-transcribed
with Mo-MLV in the absence (lanes 1
and 5) or in the presence of different
types of carrier nucleic acids. In samples
containing a large excess of nontarget,
heterologous DNA, cDNA priming with
the HCV-specific oligonucleotide gener-
ated more nonspecifically amplified
DNA than cDNA priming with random
hexamers. With JR28-priming, the non-
specific DNA almost completely ob-
scured the specific DNA band, whereas
the random-primed c¢DNA revealed the
specific signal (Fig. 5, lanes 2 and 6). For
either priming method, rRNA as a carrier
showed the specific DNA fragment but
also a significant amount of nonspecific
cDNA (lanes 3 and 7). The strongest spe-

p[dN]g JR28
DT A Br .t
Mioteooa 4 567 8 M2

FIGURE 5 Influence of ¢cDNA priming and
type of carrier nucleic acid on RT-PCR. 280.3
RNA was primed either with random hexam-
ers [p(dN),], or specific HCV primers (JR28) in
the absence (lanes I and 5) or in the presence
of 1 ng carrier nucleic acid (lanes 2, 3, 4, and
6, 7, 8). RNA was reverse-transcribed with Mo-
MLV, amplified by HN-PCR, and then electro-
phoresed through a 3% agarose gel. (Lanes D)
Salmon sperm DNA; (lanes r) E. coli ribosomal
RNA; (lanes t) E. coli RNA; (lane M1) 123-bp
marker; (lane M2) $X/Hae 111 marker.
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FIGURE 6 Sensitivity of RT-PCR with and without RNA degradation after the RT reaction. 280.3
RNA was reverse-transcribed, and fivefold serial dilutions of the RT reaction (250 molecules in
lanes 1, 5, 9; 50 molecules in lanes 2, 6, 10; 10 molecules in lanes 3, 7, 11; and 2 molecules in
lanes 4, 8, 12) were amplified without (lanes O) or after RNA degradation [with either RNase H
or a heterogeneous mixture of DNase-free RNases (RNase D)]. (Lane M) 123-bp, marker; (lane NR)
negative; (lane PR) internal control for reverse transcription.

cific DNA band, and consequently the
most specific amplification, was seen
with random-primed cDNA and tRNA as
a carrier (Fig. S, lane 4).

RNA Degradation

The PCR amplification of cDNA has been
reported to be less efficient than DNA
amplification.®® We addressed the
question of whether the HCV RNA in the
HCV cDNA/RNA heteroduplex interferes
with amplification, resulting in de-
creased sensitivity of the RT-PCR assay,
and if so, whether degradation of that
RNA will facilitate cDNA amplification.
Fivefold serial dilutions (250, 50, 10, and
2 molecules) of 280.3 RNA/cDNA hetero-
duplex were amplified with the HN-PCR
protocol without and after RNA degrada-
tion. As presented in Figure 6, without

Plasma (u)

S O
o)

M «

S S8 o NRNPPPM

FIGURE 7 Decreased sensitivity of the RT-PCR
assay due to inhibitors from plasma. Different
volumes of normal (anti-HCV negative)
plasma (450, 240, 120, and 60 pul) were pro-
cessed with UNSET and phenol/chloroform.
RNA (100 molecules of 280.3) was added to
the ETOH pellets, reverse-transcribed with
random hexamers and Mo-MLV, amplified
with HN-PCR, and then separated on a 3%
agarose gel.
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RNA degradation, 250 molecules gave a
strong signal, whereas after RNA degra-
dation with either RNase H or RNase D,
50 molecules gave a strong signal. On
the original gel and picture, a weak DNA
band could be seen in Figure 6 (lanes 2,
7, and 11). These data indicate about
fivefold increase in sensitivity of the RT-
PCR assay with RNA degradation and,
furthermore, that RNase D can substitute
for RNase H, a rather expensive enzyme.
However, to achieve similar results, the
RT mixture containing RNase D had to
be heated to 94°C for 2 min, then cooled
to 37°C for S min for a total of three cy-
cles. One or two cycles resulted in a less
sensitive RT-PCR assay. As an alternative
to enzymatic RNA degradation, chemical
RNA hydrolysis with alkaline pH and
heat was evaluated. The chemical treat-
ment revealed comparable results to the
enzymatic treatment: 10 and more mol-
ecules of target DNA were positive.

RNA Preparation

We determined the effects of different
purification procedures of HCV RNA
from plasma on the sensitivity of the RT-
PCR assay. Different volumes of normal
plasma (450, 240, 120, and 60 pl) were
resuspended in UNSET buffer containing
tRNA. After two phenol/chloroform ex-
tractions, 100 molecules of internal con-
trol RNA was added to the ETOH pellets,
reverse-transcribed, and amplified. The
results (Fig. 7) demonstrate that prepara-
tions from 60 ul plasma do not signifi-
cantly interfere with the RT-PCR assay,
whereas preparations from more plasma
result in a decreased DNA yield after RT-
PCR. To quantitate the inhibitory effect,

we processed aliquots of 60 and 450 pl of
plasma, added serial twofold dilutions of
internal control HCV RNA, and per-
formed RT-PCR. We also analyzed pellets
from PEG-precipitation (450 pl of
plasma) and ultracentrifugation (2 ml of
plasma) in the same way. The results
were compared with the RT-PCR results
obtained with an equal number of in
vitro-transcribed internal control RNA
molecules (Table 3). The RT-PCR assay
performed on RNA purified from 60 .l of
plasma or from UC pellets of 2 ml of
plasma was able to detect 20 molecules
of internal control RNA; this was only
two-fold less sensitive than RT-PCR per-
formed on pure, in vitro-transcribed
RNA. A total of five phenol/chloroform
extractions and three ethanol precipita-
tions did not improve sensitivity, indi-
cating that the inhibition is not caused
by proteins. Plasma volumes of 450 ul
with or without PEG precipitation were
strongly inhibitory in the RT-PCR assay,
and the detection limit for HCV RNA was
decreased more than 1000-fold. These
data emphasize the importance of pure
HCV RNA for ultimate sensitivity of the
RT-PCR assay

Quantitation of HCV RNA in a
Human Plasma Containing Strain H
of HCV

A human plasma had been titrated for

TABLE 3 Influence of Different
Purification Procedures of HCV RNA
from Plasma on the Sensitivity of
RT-PCR?

Plasma Plasma
Molecules (ul) ellet
of 280.3 '* P

RNA Pure 60 450 PEG UCP
5120 NT¢ NT ++ ++4+ NT
2560 NT NT ++ +— NT
1280 NT NI ++ -—— NT
640 NT NT —-- —-- NT
320 NT NT -- —-- NT
160 NT NT NT NT ++
80 ++ ++ NT NT ++
40 ++ ++ NT NT ++
20 ++ ++ NT NT ++
10 ++ —— NT NI +-

2The results in duplicates are shown: + +,
both amplifications positive; — —, both am-
plifications negative; + —, one amplification
positive, one amplification negative.
bUltracentrifugation.

“Not tested.
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FIGURE 8 Detection and semiquantitation of HCV RNA (strain H) in the presence of an internal
control RNA (200 molecules of 280.3). (Lane D3) 10~ 3; (lane D4) 10 *; (lane D5) 10~ 3; (lane D6)
1075 (lane D7) 10~ 7 dilution of the original human plasma. (Lane PR) RNA positive control (20
copies of pC280.3 RNA); (lane M) 123-bp ladder marker.

infectivity for NANB hepatitis and was
reported to have a chimpanzee infec-
tious dose of at least 10%/ml. Serial 10-
fold dilutions of the plasma were pre-
pared. Figure 8 presents the results of the
RT-PCR assay after separation of the am-
plified DNA on an ethidium bromide-
stained agarose gel. In the presence of
200 molecules of internal control RNA,
the dilutions 10~ and 10~* of the orig-
inal human plasma were positive for
HCV RNA and 1073, 107, and 1077
were negative. Using only 20 molecules
of internal control, the dilution 1073
was also positive for HCV RNA. These re-
sults indicate competition between tar-
get and internal control RNA in the RT-
PCR assay, causing a decrease in
sensitivity. In addition, as observed in
Figure 3 for DNA, low amounts of target
cDNA result in more variable amplifica-
tions than higher amounts of cDNA, em-
phasizing the need of an internal control
for quantitation. Because the 10~ * dilu-
tion gave the same amount of amplified
DNA as 20 molecules of internal control
RNA (Fig. 8, D4), we concluded that 20
molecules of HCV RNA are present in 10
ul of the 10~ * dilution; similarly, the
10~ dilution gave the same amount of
amplified DNA as 200 molecules of the
internal control RNA, indicating 200
molecules of internal control RNA in 10
pl of the 10~ dilution (Fig. 8, D3). This
translates into 2 x 107 virions in 1 ml of
the original plasma.

DISCUSSION

We have performed a systematic investi-
gation of factors that affect the sensitiv-
ity and specificity of the RT-PCR proce-
dure for the detection of HCV RNA from
plasma. To aid in our studies, we have

engineered a vector from which positive
control RNA can be generated. The HCV
sequences of this RNA are derived from a
highly conserved region of the HCV ge-
nome and contain heterologous se-
quences inserted between the binding
sites of our amplification primers so that
a distinct signal is obtained following re-
verse transcription and PCR amplifica-
tion. This RNA control has proven to be
extremely useful in the optimization of
our protocols by providing a convenient
source of a fully characterized RNA.

Moreover, this RNA is a crucial re-
agent for the quantitation of target RNA.
The data in Table 2 suggest that there is
no significant difference in the amplifi-
cation efficiencies of target and internal
control. Therefore, coamplification of
the two species can yield accurate deter-
minations of the initial number of target
molecules. Because the internal control
can be included in every reaction, it pro-
vides a method for monitoring the sam-
ple-to-sample variation that occurs in
procedures as complex as RNA prepara-
tion and RT-PCR. Furthermore, success-
ful amplification of the internal control
RNA gives more meaning to negative re-
sults and provides a precise detection
limit for every assay. A parameter that
has not been addressed in our studies is
the reverse transcription efficiency of
the internal control RNA versus that of
the native viral RNA. Our analyses as-
sume that these efficiencies are not sig-
nificantly different but, due to the un-
availability of known quantities of
native viral RNA, this assumption cannot
be tested.

In our experience, the procedure of
RNA preparation from plasma is one of
the most critical factors in determining
the final sensitivity of the assay; this as-

sertion is based on the coamplifica-
tion of internal control RNA with RNA
purified by a variety of methods from
clinical material. We evaluated the
effectiveness of the acid guanidinium
isothiocyanate/phenol/chloroform  ex-
traction as well as the use of a com-
mercially available kit for RNA purifica-
tion (RNaid Kit protocol). We found that
the recovery of 3*P-labeled RNA, the in-
corporation of 32P-labeled nucleotides
into cDNA, and the sensitivity of RT-PCR
were modestly but consistently superior
with the UNSET procedure we have de-
scribed. Thus, denaturation of 60 pl of
plasma in UNSET buffer, followed by
phenol/chloroform extraction and alco-
hol precipitation, has been found to be a
rapid screening procedure that main-
tains excellent RT-PCR sensitivity (Table
3). However, larger plasma volumes
(120, 240, and 450 pl) show a negative
correlation with the sensitivity of the RT-
PCR assay, if the final volume of the so-
lution is held constant (Fig. 7). The de-
creased sensitivity appears to be mainly
the result of the copurification of inhib-
itors from plasma, because control ex-
periments have shown that the loss of
32p.labeled RNA in the above-mentioned
procedure was only between 10 and 20%
in all cases (unpublished data). Thus, it
appears that the stoichiometry of the ini-
tial volume of plasma to the final extrac-
tion volume is an important parameter
in determining the final sensitivity of
the assay: 60 pl is the maximum plasma
volume that should be processed by our
method in a standard 1.7-ml microcen-
trifuge tube.

If more than 60 pl of plasma is to be
analyzed, an ultracentrifugation step is
recommended. Using this method, RNA
from 2 ml of plasma can be analyzed
with little or no compromise in sensitiv-
ity (Table 3). However, in addition to be-
ing expensive, time consuming, and la-
bor intensive, ultracentrifugation also
introduces, in spite of all precautions
(e.g., sealable ultracentrifugation tubes)
a significant risk for cross-contamina-
tion. This risk can be minimized by
screening out high-titer HCV plasma
units with the 60-ul RNA purification
procedure and only subjecting the nega-
tive units to ultracentrifugation.

For maximum sensitivity, we have
found certain features of the cDNA syn-
thesis reaction to be particularly rele-
vant. In our studies, the best sensitivity
was obtained when cDNA synthesis was
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primed by random hexamers in the pres-
ence of carrier tRNA using Mo-MLV re-
verse transcriptase. It should be noted,
however, that in our comparison of ran-
dom and specific priming, the same
““downstream’’ primer was used for both
cDNA synthesis and the subsequent PCR.
The large amount of nonspecific DNA
generated from amplification of cDNA
primed with the HCV-specific oligonu-
cleotide (Fig. 5) is probably the result of
the relaxed annealing conditions of the
cDNA synthesis reaction; this could lead
to promiscuous priming of reverse tran-
scription and generate nonspecific cDNA
products containing a perfect primer
binding site for one of the PCR primers.
However, specific priming of cDNA syn-
thesis can yield results comparable with
random priming if the cDNA synthesis
primer binding site is located down-
stream of the region to be amplified sub-
sequently (unpublished results). Follow-
ing cDNA synthesis, degradation of the
template RNA in the RNA/cDNA hetero-
duplex increases the amplification effi-
ciency of our PCR protocol at least five-
fold. RNA degradation can be achieved
in one of three ways, each having its
own advantages and disadvantages. In-
cubation with DNase-free RNases is inex-
pensive and effective, but it introduces
the potential for contamination of puri-
fied HCV RNA before reverse transcrip-
tion which could yield false negative re-
sults. Another inexpensive approach is
chemical RNA degradation; the disad-
vantage is in one additional pipetting
step. Consequently, although currently
more expensive, we prefer RNase H be-
cause its easy to use and specifically di-
gests RNA in RNA/DNA duplexes.

The use of heminested primers intro-
duces a significant improvement in the
ease and accuracy with which the RT-
PCR assay can be employed. Because
HCV is often present in blood in very
low titers, some investigators have em-
ployed DN-PCR to achieve ultimate sen-
sitivity.>='¥ However, in addition to
doubling the work load, DN-PCR has the
intrinsic risk of cross-contaminating the
secondary amplifications with product
from the primary amplifications, result-
ing in a much higher rate of false-posi-
tive reactions. Such contamination can-
not be circumvented by the currently
available carry-over prevention method-
ology because it cannot be used in the
primary amplifications, due to its princi-
ple of operation.
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All of these disadvantages are over-
come by HN-PCR without compromis-
ing the sensitivity of the amplification
reaction. The use of heminested primers
from the 5’ noncoding region of the
HCV genome is capable of single-copy
sensitivity without the use of radioactive
materials (Fig. 2). Yet a HN-PCR mixture
is as easy to prepare as a conventional
PCR mixture and does not entail the in-
creased risk of carry-over that is associ-
ated with DN-PCR.

To demonstrate the performance of
these methods, we have applied them to
the quantitation of HCV in a well-char-
acterized human plasma. This specimen
was reported to have a chimpanzee in-
fectious dose of at least 10%/ml; our re-
sults suggest an HCV RNA titer of ap-
proximately 2 x 10”/ml. Consequently,
based on our estimate of RNA titer, the
chimpanzee infectious dose is approxi-
mately 20 virions from this particular
HCV isolate. It is important to mention
that this specimen was stored under op-
timal conditions, defrosted only once,
and immediately processed as suggested
by Busch et al.?®

In conclusion, we have investigated a
number of variables important for HCV
RNA purification from plasma, cDNA
synthesis, and amplification. We present
here an optimized assay system that in-
corporates as its most salient features the
use of a drop in—drop out HN-PCR pro-
tocol along with an internal positive
control for the detection of HCV RNA
with ultimate sensitivity and specificity.
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