JOURNAL OF CLINICAL MICROBIOLOGY, June 1999, p. 1941-1947
0095-1137/99/$04.00+0

Vol. 37, No. 6

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Development of a High-Throughput Quantitative Assay for Detecting

Herpes Simplex Virus DNA in Clinical Samples

ALEXANDER J. RYNCARZ,'{ JAMES GODDARD,' ANNA WALD,>* MEEI-LI HUANG,"*
BERNARD ROIZMAN,> axp LAWRENCE COREY "##

Departments of Laboratory Medicine," Medicine,” and Epidemiology,® University of Washington, and Program in
Infectious Diseases, Fred Hutchinson Cancer Research Center,* Seattle, Washington, and Departments
of Biochemistry and Molecular Biology, University of Chicago, Chicago, Illinois®

Received 5 October 1998/Returned for modification 14 December 1998/Accepted 4 March 1999

We have developed a high-throughput, semiautomated, quantitative fluorescence-based PCR assay to detect
and type herpes simplex virus (HSV) DNA in clinical samples. The detection assay, which uses primers to the
type-common region of HSV glycoprotein B (gB), was linear from <10 to 10® copies of HSV DNA/20 pl of
sample. Among duplicate samples in reproducibility runs, the assay showed less than 5% variability. We
compared the fluorescence-based PCR assay with culture and gel-based liquid hybridization system with 335
genital tract specimens from HSV type 2 (HSV-2)-seropositive persons attending a research clinic and 380
consecutive cerebrospinal fluid (CSF) samples submitted to a diagnostic virology laboratory. Among the 162
culture-positive genital tract specimens, TagMan PCR was positive for 157 (97%) specimens, whereas the
quantitative-competitive PCR was positive for 144 (89%) specimens. Comparisons of the mean titer of HSV
DNA detected by the two assays revealed that the mean titer detected by the gel-based system was slightly
higher (median, 1 log). These differences in titers were in part related to the fivefold difference in the amount
of HSV DNA used in the amplicon standards with the two assays. Among the 380 CSF samples, 42 were positive
by both assays, 13 were positive only by the assay with the agarose gel, and 3 were positive only by the assay
with the fluorescent probe. To define the subtype of HSV DNA detected in the screening assay, we also designed
one set of primers which amplifies the gG regions of both types of HSV and probes which are specific to either
HSV-1 (gG1) or HSV-2 (gG2). These probes were labeled with different fluorescent dyes (6-carboxyfluorescein
for gG2 and 6-hexachlorofluorescein for gG1) to enable detection in a single PCR. In mixing experiments the
probes discriminated the correct subtype in mixtures with up to a 7-log-higher concentration of the opposite
subtype. The PCR typing results showed 100% concordance with the results obtained by assays with mono-
clonal antibodies against HSV-1 or HSV-2. Thus, while the real-time PCR is slightly less sensitive than the
gel-based liquid hybridization system, the high throughput, the lack of contamination during processing, the
better reproducibility, and the better ability to type the isolates rapidly make the real-time PCR a valuable tool

for clinical investigation and diagnosis of HSV infection.

The rising seroprevalence of herpes simplex virus (HSV)
type 2 (HSV-2) infections and the increasing reactivation of
HSV among immunocompromised patients have made clinical
management of HSV infections a common and increasing
problem in clinical practice. Because of the varied clinical
manifestations of HSV and the similarity with other mucocu-
taneous and central nervous system (CNS) infections, accurate
diagnosis is a key to effective clinical management. Increas-
ingly, HSV DNA detection in clinical samples is being used to
define clinical infection with HSVs (1, 2, 4, 10, 11). PCR testing
of cerebrospinal fluid (CSF) has become the method of choice
for defining HSV infection of the CNS (1, 10, 11, 13). HSV
DNA detection by PCR is more sensitive than viral isolation
for defining the presence of HSV-1 or HSV-2 in genital lesions
and for demonstrating the presence of subclinical shedding of
HSV on mucosal surfaces in the male or female genital tract
(2-5, 14, 16, 17). Quantitation of HSV DNA has been used as
a means of evaluating the antiviral effects of candidate com-
pounds and as a means of defining the threshold of infectivity
of HSV in mucosal and other tissue sites (19). While current
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strategies for the quantitation of HSV DNA are accurate, they
require considerable manipulation and require considerable
expertise and time to perform (8).

High-throughput assays with a high degree of sensitivity for
the detection of HSV DNA in clinical samples would continue
to enhance the utility of this technology in investigative and
clinical medicine. As such, we sought to develop a high-output,
semiautomated, non-gel-based, quantitative PCR method for
the detection of HSV in clinical samples. This report describes
our results with a fluorescent dye-based quantitative detection
assay that both accurately quantitates and subtypes HSV DNA
in clinical samples.

The assay is based upon the commercially available TagMan
PCR detection system used in combination with the Applied
Biosystem 7700 analytical PCR system and sequence detector
(6, 7). The TagMan PCR detection system takes advantage of
the 5’ exonuclease activity of Tag polymerase to digest an
internal probe dually labeled with two fluorescent dyes (9).
Due to the proximity of the fluorescent dyes, they undergo
fluorescent resonance energy transfer (FRET) prior to cleav-
age (7). The internal fluorescently labeled probe is typically 20
to 30 bp in length and is added directly to the PCR amplifica-
tion mixture. The fluorescent probe hybridizes to a region
internal to the flanking PCR primers. Upon primer elongation,
the probe is cleaved by Tag polymerase’s 5’ to 3’ exonuclease
activity, which interrupts the FRET and allows a reporter dye
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FIG. 1. Construction of quantitative fluorescence-based assay for detection of HSV DNA (see text for the sequences of the HSV forward primer [primer HSV-FP],
HSV reverse primer [HSV-RP], and HSV gB type-common probe [probe HSV-TCP]. The reporter dye was FAM, and the quencher dye was TAMRA. As described
in the text, the proportional release of FAM that occurs during primer elongation results in the ability to monitor the amount of DNA amplified during the exponential

phase of the PCR.

to no longer be physically attached to the quencher dye on the
internal probe. The result of the exponential amplification of
the PCR target is the exonuclease digestion of the fluorescent
probe, which causes the release of the reporter dye from the
quencher for every cycle of the PCR (Fig. 1). The amount of
reporter dye released is proportional to the amount of DNA
being amplified by the PCR.

PCR products can be detected by determination of the in-
crease in fluorescence intensity of the reporter dye. The in-
crease in fluorescence during the PCR amplification can be
monitored while the reaction is proceeding, and the fluores-
cence data can be analyzed continuously from each of the 96
wells. This approach has the advantage of quantitating the
PCR in the exponential phase rather than the endpoint accu-
mulation of PCR product or trying to capture the PCR in the
exponential phase, as was done previously in many quantitative
PCRs. The determination of copy number is done by compar-
ison of the number of PCR cycles at which fluorescence was
detected to the number of PCR cycles necessary for known
amounts of DNA to cross a fluorescent threshold on a standard
curve. The threshold is set at the beginning of the exponential
phase for the amplifications being run.

MATERIALS AND METHODS

Sample collection and preparation. Genital tract specimens were obtained
from patients with suspected genital lesions who were seen at the University of
Washington Virology Research Clinic (8, 19, 20). We assayed 335 samples from
participants enrolled in studies of viral shedding from the genital area. Speci-
mens were collected directly from genital skin, the cervix, or the perianal region
with Dacron swabs, and the swabs were placed into vials containing 1 ml of
filter-sterilized digestion buffer (100 mM KCl, 10 mM Tris [pH 8.0], 25 mM
EDTA, 0.5% Nonidet P-40 (2, 19). In addition, we also assayed 380 consecutive
CSF samples submitted to the University of Washington Diagnostic Virology
Laboratory for diagnosis of viral CNS infections. All samples were stored at
—20°C until they were ready for assay. The samples were then thawed and left at

room temperature, and 200 pl of sample was mixed with 200 wl of AL lysis buffer
(Qiagen, Inc., Santa Clarita, Calif.). The mixture was vortexed, 25 pl of protein-
ase was added, and the solution was vortexed again and placed in a 70°C heat
block for 10 min. The tubes were then placed in a 95°C heating block for 15 min
to inactivate the proteinase, 210 pl of 100% ethanol was added, and the ethanol-
buffer-specimen mixture was then placed into a Qiagen centrifuge column (cat-
alog no. 29163). The column was centrifuged at 6,000 X g for 1 min; 500 wl of
AW wash buffer (Qiagen Inc.) was added, and the sample was then centrifuged
at 8,000 rpm for 1 min and at 20,000 X g for 2 min. A total of 100 pl of preheated
10 mM Tris was then added, and the tube was placed in a 70°C dry heat block for
5 min and centrifuged at 6,000 X g for 1 min to elute the DNA; 10 pl of the DNA
was used for each PCR.

PCR primers and probes. The PCR primers are directed to the HSV glyco-
protein B (gB) gene (2, 4, 8, 19). The forward primer (primer HSV-FP) was
5'-TCC CGG TAC GAA GAC CAG, and the reverse primer (primer HSV-RP)
was 5'-AGC AGG CCG CTG TCC TTG. For the gel-based system, purified
DNA was amplified with 833 nM concentrations of each primer for 35 cycles by
using the conditions as described in a previous paper (2, 8), and PCR products
were detected by liquid hybridization with 3?P-labeled probe (probe HSV-2A),
gel electrophoresis, and autoradiography (2, 8, 19). Because the fluorescent dye
system requires a longer probe, we designed the following type-common gB
probe (probe: HSV-TCP) 5'-TGG TCC TCC AGC ATG GTG ATG TTG/C
AGG TCG-3'. The probe was labeled at the 5’ end with 6-carboxyfluorescein
(FAM) and at the 3’ end with 6-carboxytetramethylrhodamine (TAMRA)
(Synthegen, Houston, Tex.).

We designed separate primers and probes to distinguish between the two viral
subtypes on the basis of the glycoprotein G (gG) gene of HSV (12, 15). The
forward HSV typing primer (primer HSV-1 gG1-FP) was 5'-TCC TG/CG TTC
CTA/C ACG/T GCC TCC C-3’, and the reverse HSV typing primer (primer
HSV-1 gG1-RP) was 5'-GCA GIC AC/TA CGT AAC GCA CGC T-3'. The
fluorescent HSV-1 typing probe (probe HSV-1 gG1-P) was 5'-CGT CTG GAC
CAA CCG CCA CAC AGG T-3'; the probe was labeled at the 5’ end with
6-hexachlorofluorescein (HEX) and at the 3’ end with TAMRA. The sequence
and labels of the HSV-2 gG2 probe (probe HSV-gG2-P) were 5'-FAM-CGA
CCA GAC AAA CGA ACG CCG CCG T-3'-TAMRA.

TagMan PCR. Each 50 pl-PCR mixture contained 10 pl of purified DNA, 833
nM concentrations of each primer, and 100 nM probe. After 2 min of incubation
at 50°C and 2 min of incubation at 95°C for denaturation, the sample was
subjected to 45 cycles of PCR. Each cycle was 95°C for 20 s and 58°C for 1 min.
The intensities of the fluorescent dyes in each reaction were read automatically
during PCR cycling in a PE-Applied Biosystem Sequence Detector 7700 ma-
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chine. To control for pipetting variability, an internal passive control consisting
of the passive fluorescent dye 6-carboxy-X-rhodamine (ROX), which was con-
jugated to the 5’ end of 5'-GATTAG-3’, was included in the master mixture for
each reaction. This reagent was used at a working concentration of 60 nM. The
7700 machine detects this dye and standardizes the quantity of dye in each
sample to the quantity of this dye in each reaction mixture. The real-time data
that are generated are analyzed with sequence detector software (version 1.6.3;
Perkin Elmer, Inc., Foster City, Calif.). The threshold of detection is set at the
point that is >10 standard deviations above the background and that occurs
when the PCR enters the exponential phase. Each PCR run contained several
negative controls, including two reaction mixtures without DNA as well as sev-
eral specimens that were known to contain no HSV DNA, a positive amplicon
control, and a standard dilution curve for amplicon DNA. Each specimen was
run in duplicate; only those specimens for which the values in both replications
were above the cutoff were considered positive. All positive specimens tested in
these studies met these criteria. The sequence detector software determines the
standard curve, which is then used to calculate the precise quantities of starting
template molecules for the unknown sample. All of the titers in this report are
reported as number of copies per 20 pl of specimen.

RESULTS

Initially, we evaluated the ability of the TagMan PCR to
detect purified HSV DNA using an HSV-2 gB amplicon (8).
For these experiments, 10-fold dilutions of the amplicon were
made. As shown in Fig. 2A, linear quantitation was achieved
with each of the 1-log dilutions of sample. The standard devi-
ation for each curve was less than 1% for each dilution. Ex-
cellent discrimination between the results for the positive sam-
ples and those for the negative samples, which contained all
reagents except the HSV gB amplicon, was seen with all dilu-
tions. Figure 2B demonstrates the curve for detection of HSV
in three genital tract specimens by PCR; one specimen con-
tained a high titer of HSV DNA (10® copies/20 wl of specimen)
that was detected after 12 cycles, one contained a modest titer
(10* copies/20 ul sample) that was detected after 24 cycles, and
one contained a low titer (45 copies/20 .l of sample) that was
detected at cycle 33. Again, marked discrimination between
the results for the positive samples containing the probe and
those for the negative control samples was noted. Figure 2C
plots the results for the HSV-2 gB amplicon standards and
replicates of 17 representative patient samples to illustrate the
quantitative calculation of the titers compared to the titers of
the standards. These experiments demonstrated that the linear
range of the assay is from 10' to 10® copies of HSV DNA.
Clear separation on a logarithmic scale between high- and low-
titer patient specimens, along with the closeness of the results
for the replicate samples for each specimen, indicates the pre-
cision and accuracy of the technique and the instrumentation.

Next, we conducted a series of experiments to evaluate the
quantitation of HSV DNA in genital samples using both the
fluorescent probe and our previously described quantitative-
competitive (QC) PCR method using agarose gels and a liquid
hybridization detection system (8). For these experiments, pu-
rified DNA from the clinical samples was aliquoted and run in
the two assays. The technicians who performed the two assays
were blinded to the results of the cultures and PCRs. Table 1
presents the results of the two assays for 335 genital tract
specimens. All specimens were obtained from persons known
to be HSV-2 seropositive. HSV was isolated in tissue culture
from 162 of these samples; 173 of the samples were culture
negative. Among the 162 culture-positive samples, the PCR
assay with the fluorescent probe detected HSV DNA in 157
(97%) of the samples, and the liquid hybridization system
detected HSV DNA in 144 (89%) of the samples. While the
detection frequency was slightly higher by the fluorescent
probe assay, the median titer of HSV DNA per 20 pl of
specimen was 10° for the liquid hybridization PCR assay,
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TABLE 1. Comparison between TagMan and QC PCR for
detection of HSV DNA in culture-positive and
culture-negative genital swab specimens

No. of specimens with the following results:

No. of HSV copies/ Culture positive Culture negative

20 pl of specimen (n = 162) (n =173)
QC PCR TagMan QC PCR TagMan

0 18 5 41 68
10! 3 1 24 23
10? 1 16 24 44
10° 10 38 32 22
10* 31 57 29 14
10° 32 42 13 2
106 46 3 7 0
107 17 0 3 0
108 4 0 0 0

whereas it was 10* for the TagMan PCR assay (Table 1). The
greatest discrepancy in the two assays was for the 21 specimens
in which the HSV DNA titers were 107 and 10® by the QC PCR
system (Table 2). To investigate this further we compared the
DNA “standards” used for comparison of the quantity of HSV
DNA in the two assays, because the lengths of the amplicons
used as the standards in the two assays differed by 82 bp. The
titer of HSV DNA obtained with the amplicon used in the
fluorescent probe system was 0.5 log higher than that obtained
with the amplicon used in the gel-based system. Thus, some of
the differences in titer appear to be related to the differences in
the amplification efficiencies of the two standards. Among the
173 culture-negative specimens, HSV DNA was detected by
liquid hybridization in 132 (76%) specimens, whereas it was
detected by the TagMan system in 104 (60%) specimens. The
median titer in the culture-negative samples was higher by the
QC PCR than with the TagMan system, 107 versus 10", respec-
tively (Table 2). Again, the differences were more marked for
high-titer specimens (Table 2).

We then evaluated the two assays with 380 consecutive CSF
samples submitted to the University of Washington Diagnostic
Virology Laboratory for HSV DNA detection (Table 3). HSV
DNA was detected in 42 of these samples by both assays, in 13
samples by the agarose gel liquid hybridization assay only, and
in 3 samples by the TagMan PCR only. Seven of the 13 sam-
ples with negative TagMan PCR results had titers of =10
copies in 20 pl of specimen. The three specimens which were
negative by liquid hybridization but positive by the TagMan
PCR also had low copy numbers. These discrepancies probably
relate to the inability to obtain reproducible results for PCR
amplification due to the low amounts of target DNA in the
sample.

HSV DNA typing. The primers and probes used in a previous
study (4) had type-common sequences and detected both
HSV-1 and HSV-2 DNAs (4). For the typing assays we ampli-
fied the HSV-1 and HSV-2 gG region and probed the samples
with type-specific probes gG1p and gG2P. Figure 3 illustrates
the fluorescent dye assay results both for prototype isolates and
for HSV isolates previously typed with monoclonal antibodies.
Complete concordance was achieved between the two assays.
To date, 60 clinical samples previously typed with monoclonal
antibodies as either HSV-1 or HSV-2 have been run in the
typing assay; 100% concordance with the types obtained with
monoclonal antibodies was noted in all cases.
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FIG. 2. Fluorescent probe assay for detection of HSV DNA. ARn corresponds to the increase in reporter dye intensity relative to the passive internal reference.
(A) Detection of gB amplicon with the gB forward and gB reverse primers and the gB type-common primer. The results are for triple replicates of serial 10-fold dilutions
of gB amplicon DNA. The negative control contains the PCR master mixture with unrelated DNA. The shaded area delineates the negative threshold. (B) Results for
three representative genital tract samples. Specimen A contained 10® copies of HSV DNA, specimen B contained 10* copies of HSV DNA, and specimen C contained
45 copies of HSV DNA. (C) Results for 17 duplicate clinical samples compared with the results on a standard curve for HSV amplicon DNA. The standard curve is
linear between 10" and 10® copies of amplicon DNA. The correlation coefficient between the 17 samples and the standard curve is 0.998. Each sample was run in
duplicate, and the results for both replicates are depicted.

DISCUSSION

We describe the development of a quantitative, easily auto-
mated HSV PCR system for the detection of HSV DNA in
clinical samples. The assay was able to detect as few as 10 cop-

ies of HSV DNA. The linear range of the assay was from 10 to
10® copies; the assay variability was less than 3%. This non-
gel-based technique has several advantages over our previous
QC agarose gel-based technique (8). First, this system allows a
large increase in throughput. The fluorescent probe assay is



VoL. 37, 1999

QUANTITATIVE PCR ASSAY FOR HSV 1945

55

50 1 -

45 1

Threshold Cycle (Ct)

ol -~ L

5

O Clinical Samples
@ Synthetic DNA Standards

——Correlation Coeff: 0.998

Starting Quantity

1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08 1.0E+09

FIG. 2—Continued.

run in a 96-well format, and many of the steps in the assay are
automated. Second, the assay is a closed system in which the
tube is never opened postamplification. Third, it uses an auto-
mated detection system that quantitates and calculates the
degree of fluorescence over that for the control at each cycle
and, hence, accurately defines the cycle number and linear
range for a positive result. Finally, the inclusion of the internal
control dye (ROX) in every reaction mixture allows the PCR
machine to normalize the difference in the volumes of the
reaction mixtures due to pipetting variation during the PCR
setup. The fluorescent probe PCR method missed only 5 of 162
culture-positive genital samples, whereas the gel-based system
missed 18 of 162 culture-positive genital samples. However,
with culture-negative specimens the TagMan assay was slightly
less sensitive than the QC PCR system for the detection of
HSV DNA in either CSF or genital tract specimens. Whether

TABLE 2. Comparison of HSV DNA titer detected by
TagMan PCR versus that detected by QC PCR
for culture-positive specimens”

No. of specimens with the following

QC PCR titer TaqMan PCR titer (log;):

(log,o)

0 1 2 3 4 5 6
0 3 0 1 3 8 3 0
1 1 0 0 1 0 1 0
2 0 1 0 0 0 0 0
3 0 0 5 2 2 1 0
4 0 0 10 14 4 3 0
5 0 0 0 12 16 4 0
6 1 0 0 4 18 22 1
7 0 0 0 2 5 8 2
8 0 0 0 0 4 0 0
Total 5 1 16 38 57 42 3

“ Titers are given as number of HSV DNA copies per 20 wl of specimen.
Boldface indicates samples with the same titer in both assays. A total of 162
specimens were tested.

this slightly reduced sensitivity for the culture-negative samples
makes the TagMan assay less useful clinically will require fur-
ther studies. Little is known about the transmissibility and
clinical importance of culture-negative specimens that contain
HSV DNA.

One of the advantages of the fluorescent dye system is its
reproducibility and precision, both of which were much better
than those of our gel-based system. The one disadvantage of
the fluorescent dye assay in its current format was that we did
not have a way to confirm whether negative specimens were
negative because of the presence of nonspecific inhibition of
the reaction or due to the absence of viral DNA in the speci-
men. More recently, we have added an exogenous internal
control into our type-common PCR assays to ensure that am-
plification has occurred; this provides assurance that a negative
PCR result is not the result of inhibition of the reaction during
the thermocycling procedure. The efficiency of the PCR reac-
tion can be determined with this second probe and fosters
confidence in the quantitation result obtained for the sample.

To distinguish between the HSV subtypes, we developed
new primers and probes that rely on the differences between
HSV-1 and HSV-2 in the gG region (12, 15, 18, 21). Two

TABLE 3. Comparison between real-time TagMan qualitative PCR
and semiquantitative PCR with liquid hybridization
for detection of HSV DNA in CSF*

No. of specimens with the following

Liquid hybridizati
e TaqMan PCR titer (log,):

assay HSV DNA
titer

Negative 10! 10? 10° =10* Total

Negative 322 3 0 0 0 325
10! 7 9 0 0 0 16

10° 6 3 10 3 0 22
=10° 0 1 3 6 7 17
Total 335 16 13 9 7 380

“ A total of 380 specimens were tested.
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type-specific fluorescent probes homologous to the regions
specific for HSV-1 or HSV-2 were designed. The probes used
different reporter dyes that allowed for their simultaneous use
in a single PCR tube. Distinction between the two types was
readily apparent, even if high titers of heterotypic virus were
present in the reaction tube. The model 7700 sequence detec-
tor easily differentiated the respective fluorescent emissions of
the two viral types. This approach allows us to retest a sample
of the original purified DNA to quantify as well as subtype the
virus.

In summary, we have described a semiautomated, non-gel-
based technique for the quantitation of HSV DNA in clinical
samples. The technique is accurate and reproducible and has a
large linear range. The use of this assay in clinical studies to
evaluate the response to antiviral chemotherapy as well as to
define the natural history of HSV infections in a variety of
clinical settings is now possible.
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