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Frontiers of Virology: Aims and Plans

Virology at the end of the twentieth century is still a frontier of the biological
sciences with new viruses emerging as disease-causing agents of man, animal,
and plant. Ever since 1796 when Edward Jenner named the causative agent of
smallpox “virus” (toxin), knowledge on virus diseases has slowly accumulated.
The vast influenza epidemic (the “Spanish flu”) at the end of World War I
revealed that virologists lacked the scientific tools to identify the epidemic and
protect against it. During the middle of the twentieth century, the methods for
the diagnosis of viruses and for research were markedly improved. New tech-
nologies were developed to identify the structure and organization of viruses,
ranging from bacterial to plant viruses and from human to animal viruses. In
the past 50 years, virology has developed as a part of immunology and molecu-
lar biology, providing these biological sciences with tools and at the same time
utilizing their biochemical, molecular, and immunological advancements to
further knowledge on the mechanisms by which viruses cause a variety of
diseases. Thus, virology remains in the forefront of science.

With this idea that virology is constantly developing, the present series,
Frontiers of Virology, was conceived. We intend to select topics on which
knowledge from a number of biological fields of research, including concep-
tual and technical breakthroughs, can merge in the field of virology and move
it further ahead. We plan to put the emphasis on discoveries which will help
to curb virus diseases. We hope that Frontiers of Virology will be of interest not
only to virologists, molecular biologists, and immunologists, but also to physi-
cians with expertise in infectious diseases.

We wish to express our thanks to Dr. Jiirgen Wieczoreck, Springer-Verlag,
for his general support and encouragement to develop the series Frontiers of
Virology.

Y. Becker, Jerusalem
G. Darai, Heidelberg



Preface

The basis for the effective treatment and cure of a patient is the rapid diagnosis
of the disease and its causative agent, which is based on the analysis of the
clinical symptoms coupled with laboratory tests. Although rapid advance-
ments have been made in the laboratory diagnosis of virus diseases, the neces-
sary isolation of the causative virus from the clinical specimens is a relatively
long procedure. Viruses which integrate into the cellular DNA (such as human
immunodeficiency virus, HIV-1, or hepatitis B virus) are difficult to identify by
molecular techniques, while viruses which exist in the clinical material in low
concentrations are even more formidable to identify. Recently, the application
of the polymerase chain reaction (PCR) technique developed by K. D. Mullis
and detailed in the study by Saiki et al. (1985) led to a revolution in virus
diagnosis. The PCR technique was rapidly applied to the diagnosis of viruses
in clinical material.

Volume 1 of Frontiers of Virology provides new information on the advan-
tages of the use of the PCR for the diagnosis of many human disease-causing
viruses, as well as on some problems with its use. The volume is divided into
sections which deal with the diagnosis of human viruses: (1) human lentivirus
(HIV-1, acquired immunodeficiency syndrome virus, and retroviruses human
T-cell leukemia virus I and II); (2) hepatitis viruses A, B, C, and delta; (3)
herpesviruses (herpes simplex virus, Varicella-Zoster virus, human cytomega-
lovirus and Epstein-Barr virus, and human herpesvirus HHV-6); (4) papillo-
maviruses and papova viruses BK and J1; (5) airborne and respiratory viruses,
rubella, measles, influenza, rhinoviruses, parvovirus B 19, adenoviruses, and
coronaviruses; and (6) additional disease-causing RNA viruses (flaviviruses,
hantaviruses, and intestinal picorna viruses, rota virus, and rabies). In these
chapters, the authors deal not only with the advantages of PCR technology but
also with its current limitations and provide basic information on the virus and
the disease caused by it as well as the accurate PCR diagnosis.

The present book provides the excitement of exploring a new frontier and
18 the first attempt to accumulate the knowledge of this new diagnostic techno-
logy into one volume. No doubt, as this book goes to press, new data on the
diagnosis of additional, clinically important viruses are being reported. We
hope to include this additional information in one of the future volumes of
Frontiers of Virology.



VIII Preface

We hope that this volume will be of interest to virologists, molecular
biologists, clinical virologists, and physicians treating patients affected with
infectious diseases.

We wish to thank all the contributors. The editorial assistance of Waltraud
Janssen is much appreciated.

Y. Becker, Jerusalem
G. Darai, Heidelberg
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Chapter 1 Diagnosis of Human Immunodeficiency
Virus Infection by Polymerase Chain Reaction *

Jan Albert! and Eva Maria Fenyd 2

Summary

Infection by the human immunodeficiency virus (HIV) is routinely diagnosed
by the identification of specific antibodies in serum. In some cases, as in
primary infection, HIV can be detected prior to seroconversion by the poly-
merase chain reaction (PCR), among other methods. Furthermore, there is a
great need for accurate and early detection of perinatal HIV infection, as early
diagnosis is complicated by the persistence of maternal antibodies. Another
important question is posed by PCR positivity in seronegative individuals at
risk of HIV infection, as available data are conflicting. We have developed a
simple PCR with nested primers for the detection of HIV-1 and HIV-2. By this
PCR protocol, 97% of unselected HIV-1 seropositive individuals were posi-
tive. HIV-1 infected persons who had an uninfected sexual partner or child
were somewhat less often PCR positive (79%), indicating that contagiousness
may be related to virus load. Seronegative persons at risk of HIV-1 infection
(n=155) were PCR negative. Also, in children born to HIV-1 infected mothers,
there was excellent agreement between the results of PCR and other signs and
symptoms of HIV-1 infection. However, PCR was the most sensitive method
for the early diagnosis of perinatal transmission of HIV-1. In conclusion PCR
is of great diagnostic value in selected cases. PCR positivity in persons who
remain HIV seronegative for prolonged periods of time appears to be very rare.

Introduction

Infection by the human immunodeficiency virus (HIV) is routinely diagnosed
by the identification of specific antibodies in serum (Centers for Disease Con-
trol 1986). However, some cases can be earlier or more accurately identified by

Department of Virology, National Bacteriological Laboratory, 105 21 Stockholm, Swe-
den

Department of Virology, Karolinska Institute, ¢/o National Bacteriological Laboratory,
105 21 Stockholm, Sweden

*  This work was supported by the Swedish Medical Research Council (grant no. 16H-7737)
and by the Labour Market Insurance Company (AFA).



4 J. Albert and E. M. Fenyo

direct detection of HIV in clinical specimens using virus isolation (Ho et al.
1985; Albert et al. 1987) and antigen assay {(Goudsmit et al. 1986). More re-
cently, the polymerase chain reaction (PCR) has been used for the detection of
HIV-1-specific DNA sequences in clinical specimens (Ou et al. 1988). Exam-
ples of cases in which the direct detection of HIV-1 may be of value are those
with suspected primary HIV-1 infection who have not yet seroconverted and
children born to HIV-1-infected mothers, who passively acquire maternal
antibodies even if they are uninfected. Furthermore, some HIV-1-infected
persons have been reported to remain seronegative for prolonged periods
(Salahuddin et al. 1984; Ranki et al. 1987; Loche and Mach 1988; Imagawa
et al. 1989; Wolinsky et al. 1989). Obviously, there is an urgent need to estab-
lish whether or not HIV-1 infection is common among HIV-1 seronegative
individuals at risk of infection. Available data are conflicting; several studies
report that PCR positivity is not infrequent among seronegative individuals
(Loche and Mach 1988; Imagawa et al. 1989; Wolinsky et al. 1989), but others
have failed to document such cases (Horsburgh et al. 1989; Jackson et al. 1989;
Lifson et al. 1990; Lefrére et al. 1991; Busch et al. 1991).

PCR has several advantages over other methods for the direct detection of
HIV-1. It is highly sensitive and allows the identification of a single molecule
against a background of 10° cells (Saiki et al. 1988). This high sensitivity is an
advantage, as some infected persons have very low frequencies (< 1:10000) of
infected peripheral blood mononuclear cells (PBMC) (Psallidopoulos et al.
1989; Simmonds et al. 1990; Brinchmann et al. 1991). The only other method
with a comparable, but somewhat lower, sensitivity is virus isolation. Virus
isolation is, however, slower and more cumbersome to perform than PCR.

Two potential problems in using PCR for the diagnosis of HIV-1 infection
need to be considered. The first derives from the enormous genetic diversity of
HIV-1 (Alizon et al. 1986; Coffin 1986). Since every HIV-1 genome is unique,
it is necessary to describe HIV-1 isolates as populations of closely related
genomes, referred to as quasispecies (Meyerhans et al. 1989). This means that
false-negative PCR results may result from divergent nucleotide sequences in
some isolates. However, by careful selection of PCR primers in regions of the
HIV-1 genome with limited sequence variation, it is possible to amplify HIV-1
sequences from virtually all HIV-1 seropositive individuals (Ou et al. 1988;
Jackson et al. 1990; Albert and Fenyd 1990; Lifson et al. 1990). Secondly, a
well-known problem with PCR is the high risk of false-positive results due to
contamination of sample or reagents (Kwok and Higuchi 1989). This problem
is especially troublesome in HIV-1 diagnosis since the low frequency of infect-
ed cells makes it necessary to use a highly sensitive PCR. On the other hand,
a false-positive HIV-1 diagnosis is unacceptable because of the nature of the
disease. False-positive PCR results may be checked by using strict laboratory
routines and always including relevant controls in each PCR run (Kwok and
Higuchi 1989).

Early PCR protocols could not easily be applied to large-scale clinical
diagnostics, as they relied on DNA extraction as well as Southern blotting and
hybridization with a radiolabelled probe for the detection of the PCR product
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(Ou et al. 1988; Loche and Mach 1988; Jackson et al. 1989; Imagawa et al.
1989). Also, simpler PCR protocols, in which the handling of samples and
PCR products is reduced, minimize the risk of false-positive results.

We have developed a simple, sensitive, and specific PCR for the detection
of HIV-1 in clinical specimens (Albert and Fenyo 1990). The protocol has been
used in clinical practice for more than 2 years. Furthermore, we have devel-
oped a PCR for the detection of HIV-2 and simian immunodeficiency virus
(SIV) based on the same general protocol (Putkonen et al. 1991).

Materials and Methods

Patients

Unselected samples were collected from HIV-1 seropositive individuals who
were participating in different longitudinal studies; some of them were receiv-
ing antiviral therapy. Selected samples were collected from seropositive indi-
viduals who had an uninfected sexual partner (Albert et al. 1988) and from
mothers who gave birth to an uninfected child (Scarlatti et al. 1991). Samples
were also collected from seronegative individuals who were considered to be
at risk of HIV-1 infection because they either had had unprotected sexual
intercourse or had shared needles with an infected individual. Additional
samples were collected from children born to HIV-1 seropositive mothers.
HIV-1 antibodies were detected by enzyme-linked immunosorbent assay
(ELISA) (Organon Teknika) and confirmed by Western blotting (Biotech-Du-
pont).

Primers specific for regions of gag and pol genes, which are conserved
between HIV-2 and SIV were developed. The HIV-2/SIV primers were tested
on blood donor PBMC which were infected in vitro by 17 different HIV-2
isolates as well as SIV of sooty mangabey (SIV,_,) and macaque (SIV,,.)
origin. The characteristics of the HIV-2 isolates have been described elsewhere
(Albert et al. 1990). The HIV-2/SIV primers were then used to analyze PBMC
samples from monkeys infected by HIV-2g,, <<, and SIV, in ongoing vaccine
research (Putkonen et al. 1991).

Sample Preparation

PBMC were isolated from ethylenediaminetetra-acetic acid (EDTA)-treated
blood by Ficoll-Paque (Pharmacia) centrifugation according to the recom-
mendations of the manufacturers. The PBMC were either processed immedi-
ately or were stored in liquid nitrogen in fetal calf serum with 10% dimethyl
sulfoxide and thawed before use. The cells were washed once in phosphate-
buffered saline (PBS) and counted; 4 x 108 cells were then pelleted, the PBS
was carefully removed, and the cells were resuspended and lysed in 400 pl of
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lysis buffer (10 mM TRIS-HCI pH 8.3, 1 mM EDTA, 0.5% NP-40, 0.5%
Tween 20, and 300 pg/ml proteinase K). The lysed cells were digested with
proteinase K for 1 h at 55°C or overnight at 37°C, at which time the enzyme
was inactivated by 15 min at 94°C. The lysates were stored at —20°C until
they were used. Sample preparation was done in a biosafety level 3 facility used
for HIV isolation, but infected cultures were not handled in the biosafety
cabinet used for preparation of the samples for PCR. Plasmid DNA or PCR
products have never been used in this laboratory.

Primers specific for the f-globin gene of human DNA (PC03/04) (Saiki
et al. 1985) were used to verify that the cell lysates, which were negative for
HIV-1 DNA, were suitable for PCR amplification. Cell lysates which were
negative in PCR with these primers were excluded from the study.

Primers

DNA oligonucleotide primers were synthesized using phosphoramidite chem-
istry (Albert et al. 1990). The nucleotide sequences of the primers and their
locations in the HIV-1 and HIV-2 genomes are shown in Table 1.

Amplification

The PCR was performed in a two-step reaction, first with a pair of outer
primers, then with a pair of inner (i.e., nested) primers. The PCR reactions
were performed in 0.5 ml microfuge tubes (Perkin Elmer) in a total volume of
50 pl. The reaction mixtures contained (final concentrations) 10 mM Tris-HCl
pH 8.3, 40 mM KCl, MgCl, according to titered optimum (7 mM in the first
PCR and 3 mM in the second nested PCR), 0.1 pM of each primer, 50 uM of
each nucleotide (ATP, CTP, GTP, and TTP) (Pharmacia), 1 unit Taq poly-
merase (Perkin-Elmer) per 50 ul. We prepared master mixes (usually for 20
samples) for each of the two steps of the PCR; the mixes were divided into
samples and overlaid with mineral oil (Sigma no. M3516). The reaction mix-
tures for the second PCR were stored at +4°C. Then, 10 ul cell lysate (corre-
sponding to 10° PBMC) were added to the reaction mixtures for the first PCR.
Lysis buffer was added to every third sample, instead of cell lysate, to check
the reagents for contamination. The samples were first denatured for 5 min at
94°C in a thermal cycler (Perkin-Elmer), then cycled 24 times at 95 °C for 30 s,
annealing (at temperatures described in Table 1) 30 s, 75°C for 30 s, and finally
incubated at 72°C for 5 min. After the first PCR one-tenth (5 pl) of the prod-
uct was amplified for 30 cycles with the corresponding inner primers. The
product from the second PCR (10 ul) was analyzed by electrophoresis on a
1.5% agarose gel stained with ethidium bromide. The reaction mixtures were
set up in a sterile laboratory into which neither PCR product nor plasmid
DNA was brought. All reagents were aliquoted into volumes sufficient for 20
samples and stored at —20°C. The cell lysates were first amplified once with
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each of the primer sets JA4—JA7, JA13-JA16, and JA17—-JA20 for the HIV-1
samples and JA43-JA46 and JA47-JAS2 for the HIV-2/SIV samples. The
tests were repeated in positive samples with some but not all primer sets. If the
repeated tests yielding opposite results, a third test was done, and the PCR was
regarded as positive if two of three tests with that primer set gave positive
reactions.

Human Immunodeficiency Virus Isolation

Virus isolation (Albert et al. 1990) was attempted in all samples from HIV-1
seropositive individuals and blood donors. In short, we cocultivated 2 x 108
patient PBMC with 4 x 10® phytohemagglutinin-P-stimulated PBMC from
each of two normal blood donors. Blood donor PBMC (3 x 10%) was added to
the cultures every week. The cultures were maintained in RPMI-1640 (Gibco)
supplemented by 10% fetal calf serum (Flow), 5 units/ml recombinant inter-
leukin-2 (Amersham), 2 pg/ml polybrene (Sigma), and antibiotics. Every 3—4
days the cell culture supernatants were harvested and assayed by in house
HIV-1 (Sundqvist et al. 1989) or HIV-2 (Thorstensson et al. 1990) antigen
ELISAs.

Results

Diagnosis in Adults

The PCR protocol described was successfully used for amplification of HIV-1
DNA sequences in 231 of 237 samples (97%) obtained from unselected HIV-1
seropositive individuals and individuals selected on the basis of their African
origin (Table 2). The primer sets used in this study were well suited for routine
diagnostic applications, as samples which could be expected to contain HIV-1
variants with divergent nucleotide sequences (i.e., African samples) were read-
ily detected. Negative samples and reagent controls were consistently negative
for HIV-1 DNA (data not shown). Furthermore, we were unable to amplify
HIV-1 DNA in any of the 55 persons at risk of HIV-1 infection (Table 2).
The frequency of positive PCR results was somewhat lower among the
patients who were selected because they had an uninfected sexual partner or
uninfected child, 72% and 85%, respectively. Conceivably, they have fewer
infected PBMC than other patients. Interestingly, most of the negative PCR
results (4 of 6) among the unselected seropositive patients occurred in the
asymptomatic group. It should be stressed that only 5 of the 18 seropositive
patients, who were not classified as PCR positive, were completely nonreactive
with PCR. The remaining 13 patients showed PCR reactivity with one or the
other of the primer sets, but they could not be classified as PCR positive
because they did not show consistent positive amplification with at least two
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Table 2. Results of polymerase chain reaction (PCR) and virus isolation in HIV-1-infected
individuals and individuals at risk of HIV-1 infection

Classification of subjects PCR Virus isolation
(no. positive/ (no. positive/
total no.) total no.)

HIV-1 seropositive unselected patients

Asymptomatic (CDC group II) 59/63 (94%) 49/63 (78%)

Lymphadenopathy (CDC group III) 62/62 47/62 (76%)

AIDS (CDC group IVC-1) 18/18 18/18

Other symptoms (CDC group IVA, IVC-2, IVE)  41/41 35/41 (85%)

Unknown symptoms 22/23 (96%) 18/23 (78%)
HIV-1 seropositive selected patients

Of African origin® 39/40 (98%)

With an uninfected sexual partner 13/18 (72%)

With an uninfected child 33/40 (85%) 23/40 (58%)
HIV-1 seronegative individuals at risk ® 0/55 0/55

The samples were collected and analyzed between the fall of 1989 and the spring of 1991.

Patients were classified according to the Centers for Disease Control (CDC) classification

system for HIV infection (CDC 1986)

* A majority of the samples were collected in Uganda

® Individuals who either were sexual partners of seropositive persons or shared needles with
seropositive persons

AIDS, acquired immunodeficiency syndrome

of three primer sets. Such PCR indeterminate results were not seen in samples
from blood donors or in samples from persons at risk of HIV infection.

Diagnosis of Mother-to-Child Transmission

Detection of HIV-1 by PCR, virus isolation, and HIV-Ag assay was attempted
in 143 blood samples from 110 children born to HIV-1-infected mothers.
HIV-1-specific DNA sequences were amplified by PCR in samples from 13
children (Table 3). Seven of these children had already been diagnosed as
HIV-1 infected (CDC P1 and CDC P2), and 6 were not yet diagnosed as
infected or uninfected (CDC P0). HIV-1 was also detected by virus isolation
in 12 of the 13 PCR-positive children and by HIV-Ag assay in 9.

The 97 PCR negative children were all clinically healthy. Virus isolation
and HIV-Ag assay results were negative in these children. Some 58 PCR-neg-
ative children were antibody-positive, but these antibodies were likely to be of
maternal origin since the children were all younger than 15 months. In fact, 18
of these children had become antibody negative by ELISA but were still
positive by the more sensitive Western Blotting (WB) test, indicating that
clearing of maternal antibodies was in progress. Repeated tests, when avail-
able, gave concordant results.
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Table 3. CDC classification, results of HIV-1 isolation, and HIV-antigen test in PCR-nega-
tive and PCR-positive children

PCR negative PCR positive
No. of samples 128 15
No. of children 97 13
CDC stage
PO 58# 6
P1 0 5
P2 0 2
seronegative 39 0
Positive HIV isolation 0 12
Positive HIV antigen assay 0 9

CDC PO, P1, and P2 correspond to the Centers for Disease Control (CDC) classification of
pediatric HIV infection (PO indeterminate status, P 1 asymptomatic infection, and P2 symp-
tomatic infection)

# Eighteen children had become HIV-ELISA negative but were still WB positive

®  n =83 children tested

HIV, human immunodeficiency virus; PCR, polymerase chain reaction; ELISA, enzyme-
linked immunosorbent assay

Diagnosis of Human Immunodeficiency Virus Type 2 (HIV-2)

Two sets of primers were selected in regions of the gag and pol genes, which are
conserved between HIV-2 and SIV. These primers were successfully shown to
amplify 17 different HIV-2 isolates from blood donor PBMC infected in vitro
(data not shown). These primers also amplify SIV_, and SIV_,. (data not
shown). These primers have not yet been clinically evaluated on patient spec-
imens. However, they have proven very efficient for the detection of HIV-2
and SIV in PBMC samples from experimentally infected cynomolgus macaques

(Putkonen et al. 1991).

Discussion

Technical Considerations

We present a simple, sensitive, and specific PCR protocol for the amplification
of HIV-1 DNA sequences. Patient PBMC were directly lysed, and this crude
cell lysate was amplified in a two-step PCR, first with outer primers and then
with inner primers nested within the first ones. The PCR product was visual-
ized by agarose gel electrophoresis and ethidium bromide staining. By this
PCR protocol we were able to amplify HIV-1 sequences from almost all HIV-1
seropositive individuals.
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This protocol has several advantages over conventional ones. Sample prep-
aration by direct lysis of PBMC has at least two obvious advantages over
conventional DNA extraction. First, it minimizes sample handling and thus
the risk of contamination; second, it saves time. PCR with nested primers
(Simmonds et al. 1990; Albert and Feny6 1990; Brinchmann et al. 1991) has
increased sensitivity and specificity, so that the amplified product can be
visualized directly by agarose gel electrophoresis. The sensitivity of our PCR
protocol is demonstrated by the amplification of HIV-1 sequences from almost
all seropositive individuals. In most previous publications, the detection of the
amplified product has involved hybridization with a radioactively labelled
probe (Ou et al. 1988; Loche and Mach 1988; Imagawa et al. 1989; Wolinsky
et al. 1989; Horsburg et al. 1989; Jackson et al. 1989). Our protocol eliminates
the need for radioactive material and thus has advantages in terms of safety,
cost, and simplicity.

We have shown that our PCR protocol detects one HIV-1 proviral copy
against a background of 10° PBMC, and this has enabled us to quantify HIV-1
in clinical samples by limiting dilution (Brinchmann et al. 1991). When we
adopted our previously published (Albert and Feny6 1990) PCR protocol to
quantification, we had to make some adjustments to detect reproducibly one
single molecule. This was done by increasing the primer annealing tempera-
tures (to those shown in Fig. 1) and by increasing the number of amplification
cycles in the second PCR from 24 to 30. We also noticed that PCR with longer
primers (25-meres instead of 20-meres) can be optimized more easily to give
maximum sensitivity (detection of one molecule). Furthermore, it should be
mentioned that our initial PBMC lysis buffer contained 0.001% sodium dode-
cyl sulfate, which may potentially inhibit the Taq polymerase. This potential
problem is eliminated by using the lysis buffer described in Materials and
Methods.

The crude cell lysates were well suited for amplification of HIV-1 DNA
sequences. In fact, the quality of the samples is high enough to allow direct
DNA sequencing of the PCR amplified material without further purification
(data not shown). A small proportion of the samples could not be amplified
by f-globin primers (Saiki et al. 1985). Some of these samples were visibly
contaminated by erythrocytes; such contamination has been reported to inhib-
it the PCR (R. Higuchi, Amplifications, issue 2, Perkin Elmer Cetus). This
problem can be solved by selective lysis of the erythrocytes (for instance by
ammonium chloride) prior to lysis of the PBMC. We now routinely lyse ery-
throcytes if the Ficoll separation does not yield sufficiently pure PBMCs.

The elimination of the need for hybridization for the detection of the ampli-
fied material is a clear advantage, but even simple agarose gel electrophoresis
may be cumbersome to perform on a large scale. Different methods for a
colorimetric detection of the amplified product have been published (Kemp
etal. 1989; Lundeberg et al. 1991), and they are likely to prove useful for
screening purposes. When PCR is used for the diagnosis of HIV infection, the
correct size of the amplified product should be confirmed by gel electrophore-
sis in positive samples.
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Diagnosis of Human Immundeficiency Virus Infection

We recommend that multiple PCR analyses should be performed on each
sample. The risk of false-negative results due to HIV-1 sequence variations will
be diminished by using several primer sets rather than repeated tests with one
primer set. In our opinion, PCR analysis with three different primer sets
(JA4-7,JA13-16,and JA17-20) is sufficient. A positive PCR analysis should
require successful amplification with at least two of three primer sets. By these
criteria, 277 of 295 (94%) HIV-1 seropositive individuals included in this study
were PCR positive (Table 2). Of the remaining 18 individuals, 13 were PCR
indeterminate. Twelve of these patients were selected because they had an
uninfected sexual partner or an uninfected child, and another 4 were asymp-
tomatic seropositive individuals. This indicates that contagiousness may be
related to virus load and that some selected patients may have fewer than 103
infected PBMC. The latter finding is not surprising as it has been shown that
some asymptomatic patients have a very low frequency of infected cells in the
blood (Psallidopoulos et al. 1989; Simmonds et al. 1990; Brinchmann et al.
1991). These data indicate that more than 10° PBMC may have to be analyzed
for maximal PCR sensitivity. One way to achieve this is to add more PBMC
to the first PCR reaction, but we have not yet established how many PBMC
can be added to a 50 pl PCR reaction mixture without reducing sensitivity.
Another possibility would be to increase the reaction volume of the first PCR
so as to be able to analyze more PBMC or to enrich for CD4" lymphocytes
before cell lysis. In one study, we used magnetic beads to prepare CD4*
lymphocytes for PCR analysis (Brinchmann et al. 1991), but we do not routinely
use this method at present.

There is an urgent need to establish whether or not HIV-1 infection is
common among HIV-1 seronegative individuals at risk of infection. Available
data are conflicting; several studies report that PCR positivity is not infrequent
among seronegative individuals (Loche and Mach 1988; Imagawa et al. 1989;
Wolinsky et al. 1989), but others have failed to document such cases (Hors-
burgh et al. 1989; Jackson et al. 1989; Lifson et al. 1990; Lefrere et al. 1991;
Busch et al. 1991). We have analyzed samples from 55 seronegative persons at
risk of HIV-1 infection without finding any cases of PCR positivity. Thus, our
data support the notion that PCR positivity among seronegative persons at
risk is very rare. Similarly, we found no evidence for HIV-1 infection among
children who were born to seropositive mothers and who had become seroneg-
ative. In fact, the PCR results in children born to HIV-1 infected mothers
correlated very well to other markers of HIV-1 infection, such as virus isola-
tion, antigen assay, persistent antibody positivity, and presence of clinical
symptoms. This confirms our previous findings in a smaller group of children
from the same cohort (Scarlatti et al. 1991). Thus, while the presented PCR
protocol is highly sensitive, the risk of false-positive results is very low in our
hands. This is probably due to (a) strict laboratory routines (Kwok and
Higuchi 1989) and (b) the simple PCR protocol. In addition, nested PCR only
generates large amounts of product from the second, and not from the first,
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PCR. Since the product of the inner primers cannot be amplified by the outer
primers in later PCR reactions, the risk of false-positive results due to contam-
ination by PCR products is reduced.

Taken together, our data suggest that PCR positivity among seronegative
persons at risk, adults or children, is very rare. Conventional antibody assays
are therefore reliable in most diagnostic situations. However, PCR is a valu-
able complement to virus isolation and antigen detection in certain selected
cases. With these assays, an earlier diagnosis can be reached in cases of primary
HIV-1 infection and most importantly in children born to HIV-1-infected
mothers. PCR or other methods for the direct detection of HIV will probably
not completely replace the antibody assay in the near future. It should be
stressed that a HIV-1 seronegative individual should not be regarded as PCR-
positive unless the positive result is confirmed on a separate sample from the
same individual.

PCR may prove even more useful in other clinical situations. One is the
quantification of HIV-1 DNA or RNA to follow the progression of the disease
and the effect of antiviral therapy (Schnittman et al. 1990). Other methods are
either too insensitive (antigen detection) or too cumbersome to be used on a
large scale (virus isolation). Another important application of PCR is to mon-
itor the emergence of mutations in the HIV-1 genome, for instance, the selec-
tion of resistant variants during antiviral therapy. This can be achieved by
identifying specific mutations directly by PCR (Boucher et al. 1990) or by
determining the nucleotide sequence of a DNA fragment generated by PCR
(Larder and Kemp 1989).

In conclusion, we have shown that HIV-1 can be detected in a majority
(97%) of crude cell lysates from infected individuals by PCR with nested
primers and simple visualization of the product in agarose gels. Seronegative
individuals at risk of HIV-1 infection were PCR negative, indicating that
HIV-1 infection among persons who remain antibody negative for a prolonged
period is very rare. Our PCR protocol is generally applicable for almost all
types of PCR diagnostics. Here we have presented the use of PCR nested
primers for the detection of HIV-1, HIV-2, and SIV. In our laboratory the
same basic concept has been used for the detection of human lymphotropic
virus types I and II, cytomegalovirus, herpes simplex virus types 1 and 2, and
parvovirus B19.
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Chapter 2 Human Immunodeficiency Virus Type 1
(HIV-1) Detection by Polymerase Chain Reaction
in Children of Infected Mothers

Anne Krivine

Summary

The results of two studies involving 54 children born to HIV-1 seropositive
women are reported. In the first one, I tested 24 children by PCR and viral
isolation from peripheral blood mononuclear cells: Results were concordant in
96% of the cases, showing that PCR is a valid alternative to viral culture for
the diagnosis of perinatal HIV-1 infection. In the second study, I tested
prospectively 30 newborns at birth, 4-9 weeks, and 6—9 months: diagnosis of
HIV infection by PCR was possible at birth for 3 infants compared with 12 one
month later. No changes in the results were observed between the second and
third testing. I conclude that, in most cases, PCR will not detect the presence
of HIV-1 proviral DNA at birth, but it is a powerful technique that can be used
for the diagnosis of perinatal HIV-1 infection from the second month of life.

Introduction

Since the beginning of the acquired immunodeficiency syndrome (AIDS) epi-
demic, the prevalence of human immunodeficiency virus (HIV)-specific anti-
bodies among pregnant women has been increasing, especially in urban areas,
e.g., 0.2% in Massachusetts (Hoff et al. 1988) and 5% —7% in Kinshasa, Zaire
(Ryder et al. 1989). Like some other viruses, HIV-1 may be transmitted from
a mother to her offspring, but the timing and the factors involved are still
unknown. The rate of perinatal HIV transmission is estimated at between 13%
and 40% (European Collaborative Study 1991; Blanche et al. 1989; Ryder
et al. 1989, Hutto et al. 1991). Pediatric AIDS is a devastating disease: Scott
et al. (1989) report a median survival of 38 months from the time of diagnosis
in 172 infected children, with a 17% mortality within the first year of life. The
main clinical manifestations of the disease may be divided into two categories:
nonspecific conditions such as failure to thrive, lymphadenopathy, hep-
atosplenomegaly, oral candidiasis, or recurrent infections; and specific mani-
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festations including opportunistic infections (Pneumocystis carinii pneumonia,
Candida esophagitis), specific encephalopathy, lymphoid interstitial pneu-
monitis (Scott et al. 1989; Blanche et al. 1989). Since zidovudine therapy has
been shown to reduce the level of p24 antigenemia and the neurological im-
pairment of infected children (McKinney et al. 1991), it is crucial to be able to
make the diagnosis of perinatal HIV-1 infection as early as possible.

Diagnosis of HIV-1 infection in children aged 15 months or older is based,
like in adults, on the detection of HIV-specific antibodies in the serum. Since
all children born to HIV seropositive mothers carry passively transmitted
maternal antibodies at birth, alternative methods of diagnosis have been devel-
oped that directly address the presence of virus or proviral DNA in the sample;
these methods include virus isolation from peripheral blood mononuclear cells
(PBMC) (Jackson et al. 1988), which is still the reference technique, antigen
detection in serum or plasma by immunocapture assay {(Borkowsky et al.
1989), “in vitro” production of HIV antibodies (Amadori et al. 1990), and
detection of proviral HIV-1 DNA by polymerase chain reaction (PCR). This
last technique, like antigen detection, has the great advantage of being partial-
ly automated and not requiring cell culture. The use of PCR for the detection
of HIV-1 proviral sequences in seropositive adults has been described by Ou
et al. in 1988 and applied to the diagnosis of HIV-1 infection in newborns by
Laure et al. (1988).

To try to validate the use of this new technology for the early diagnosis of
HIV infection in children, my approach was first to compare its sensitivity and
specificity with the other methods of HIV-1 detection and then to evaluate its
sensitivity during the first weeks of life. I report on a retrospective study
conducted in Boston in 1988—1989 and a prospective study conducted in Paris
in 1990.

Comparative Study of Virus Isolation, PCR,
and Antigen Detection

Material and Methods

In this study (Krivine et al. 1990), 24 children (from 4 days to 4 years old) born
to seropositive women were evaluated by PCR, viral isolation, and antigen
detection on the same blood sample.

The isolation of HIV was performed as described by Jackson et al. (1988)
and the presence of p24 antigen in the plasma was tested by commercial
immunocapture assay (DuPont).

For PCR, 1 ml of heparinized blood was fractionated on Ficoll-Hypaque
solution; DNA was obtained from PBMC after a single phenol-chloroform
extraction followed by ethanol precipitation. The test was performed with the
three sets of primers described by Ou et al. (1988): SK 38/39 (gag), SK 68/69
(env), and SK 29/30 (LTR). Specimens were always tested in duplicate, each
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reaction tube containing 1 pg of DNA in 10 mM TRIS pH 8.3, 50 mM KCI,
1.5 mM MgCl,, 1 nM of each primer, 200 pM of all ANTP, and 2.5 U of Taq
polymerase (Perkin-Elmer Cetus). Forty cycles of amplification were per-
formed in an automatic DNA thermal cycler (Perkin-Elmer), 45 s at 94°C, 60 s
at 55°C, and 45 s at 72°C, followed by 10 min at 72°C. Revelation of the PCR
product was done by Southern blot and hybridization with an 3?P-5-end-la-
beled oligoprobe complementary to each amplified fragment. A sample was
considered positive for one set of primers if an amplified fragment of expected
length was detected by specific hybridization in duplicate tubes in two separate
experiments.

Results

Among the 24 children tested, 10 were positive by PCR and HIV culture, 1 had
a positive result by PCR but negative culture result, and 13 were negative on
both tests (Table 1). The concordance between PCR and viral isolation was
thus 96%. The child who had a positive PCR but negative culture result
exhibited the clinical criteria of AIDS. In the 6 children over 15 months of age.
PCR and culture results correlated with serological and clinical status (4 pos-
itive, 2 negative), and all the children who became seronegative had negative
PCR and culture results. In contrast, measurement of p24 antigenemia was less
sensitive: among 11 PCR-positive children, only 5 had detectable antigenemia.
From this work, I concluded that HIV-1 detection by PCR was a valid alter-
native to viral culture for the diagnosis of pediatric HIV-1 infection.

Early Diagnosis of HIV Infection by PCR
During the First Weeks of Life

I conducted a prospective longitudinal study of infants born to seropositive
mothers in two hospitals in Paris, beginning January 1990 (Krivine et al. 1992).
Blood samples were obtained soon after birth, during the second month of life,
and then between 6 and 9 months; this showed that among 30 children a
diagnosis of HIV-1 infection by PCR was possible in the neonatal period in only
three children, compared with 12 one month later. No changes were observed
between 4-9 weeks and 6—9 months. I conclude that in most of the cases PCR
is unable to detect the presence of HIV-1 proviral DNA at birth, but it is a
powerful diagnostic tool that can be applied from the second month of life.

Material and Methods

Thirty children were included in the study; they were born between January
and December 1990 in two hospitals in Paris. Three blood samples (2—3 ml on
heparin) were scheduled during the first year of life: between 4 and 10 days of
life for PCR and p24 antigenemia; between 4 and 9 weeks for PCR, p24
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Table 1. Sensitivity and specificity of PCR, HIV culture, and p24 antigenemia in 24 children
born to seropositive women

Comparison Reference test Positive Negative Sensitivity/
specificity (%)

PCR vs. culture Culture PCR PCR 100/93
Positive 10 0
Negative 1 13

p24 vs. PCR PCR p24 antigen p24 antigen 45/100
Positive 5 6
Negative 0 13

PCR, polymerase chain reaction; HIV, human immunodeficiency virus

antigenemia, and HIV culture; between 6 and 9 months for the same parame-
ters. A last sample was scheduled between 12 and 18 months for serological
testing.

For PCR, washed PBMC were lyzed at a concentration of 10 millions/ml
at 56°C for 2 hin 10 mM TRIS (pH 8.3), 50 mM KCIl, 2.5 mM MgCl,, 0.45%
Nonidet P40, 0.45% Tween 20, 8 ug/ml proteinase K (Higuchi 1989).
Proteinase K was then inactivated by heat for 10 min at 95°C, and lysates were
stored at —20°C. A total of 40 cycles of amplification was performed in a
Perkin-Elmer Cetus thermal cycler, 1 min at 94°C, 1 min at 60°C, 1 min at
72°C, followed by 10 min at 72 °C. Each sample was tested in duplicate, with
at least 2 different HIV-1 primer pairs (SK 38/39 and SK 68/69 or pol 3/4;
Laure et al. 1988). An internal -globin control was done in a separate tube.
Some 25 pl of lysate were used in each reaction, equivalent to 200000 cells.
After amplification, 15 ul of the PCR product were loaded on a 2% agarose
gel stained with ethidium bromide. The gel was transferred to a nylon mem-
brane (Hybond N*, Amersham) and then hybridized to a specific synthetic
oligoprobe labeled with digoxigenin dUTP (Boehringer) at the 3’-end by
means of terminal transferase. After two washes, the membrane was incubated
with a digoxigenin-specific antibody bound to alkaline phosphatase, and a
colored reaction was performed in the dark for 3 h after addition of an enzyme
substrate.

For HIV coculture, 2 -6 million patients PBMC were used, as described by
Jackson et al. (1988). The presence of p24 antigen in the supernatant was
monitored at least once a week with a commercial immunocapture assay
(Abbott).

Results
All the children (7=30) underwent the first two tests, and 24 of them were

tested at 6—9 months (five were lost to follow-up, one died when 4 months
old).
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Table 2. Evolution of three markers of HIV-1 during infancy in 12 infected children

Case Age at testing
4-10 days 4-9 weeks 6—9 months
PCR p24 PCR  p24 culture PCR p24 culture
1 + + + + + + + +
2 + — + — + + + +
3 + + + + + na + na
4 — — + — nd + + +
5 - — + + nd na na na
6 - — + + + na na na
7 - - + — + na na na?
8 - - + - + + + +
9 - — + + + + +
10 - - + - + + - +
11 - - + - + + - +
12 - — + + + + + +

nd, not done; na, sample not available; PCR, polymerase chain reaction; HIV, human
immunodeficiency virus
®  Died when 4 months old with positive p24 antigenemia

Out of 30 12 (35%) children were found positive by PCR during the second
month of life; 10 of them had a positive HIV culture, and five had detectable
p24 antigenemia (Table 2). In contrast, only three were positive by PCR on the
first blood sample, two of them having p24 antigenemia. Thus, 9 children
turned from negative to positive during the first weeks of life. Among the 24
children tested at 6—9 months of age, no changes were observed in the results
(eight remained positive, 16 negative, and the baby who died had p24 antigen-
emia). In our series, PCR was able to detect one-fourth of the infected infants
within the first week of life, and presumably all of them before the end of the
second month. A similar trend was observed with p24 antigenemia, which was
able to detect 2/12 infected babies at birth and 5/12 on subsequent sample.

Discussion

Although several published studies report an interest in PCR for the diagnosis
of HIV-1 infection in children born to seropositive mothers (Laure et al. 1988;
Rogers et al. 1989; Chadwick et al. 1989), only a few of them show compara-
tive results between PCR and HIV culture (Edwards et al. 1989; Krivine et al.
1990). My first study shows that PCR is as sensitive and specific as HIV culture
for the diagnosis of HIV-1 infection in 24 children less than 48 months old.
This was in agreement with the findings of Edwards et al. (1989) showing that
for 25 children at risk of HIV infection, simultaneously grown HIV-1 cultures
concurred with PCR results in all cases (7 positive and 18 negative).
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In my second study, technical modifications were made:

— The use of crude cell lysate instead of fully extracted DNA for PCR
— The use of a different third primer pair (pol 3/4)
— The use of nonisotopic detection of amplified product

Direct amplification from crude cell lysates has been described by Higuchi
(1989) and used by several authors (Rogers et al. 1989; Chadwick et al. 1989;
Edwards et al. 1989). For this study, I performed sensitivity experiments by
diluting a known number of 8ES5 cells in uninfected fresh PBMC. The 8ES5 cells
contain a single copy of the HIV-1 genome and therefore one can prepare cell
lysates containing 1, 5, 10, or 100 copies of proviral DNA per 25 ul. I was able
to detect reproducibly 5 copies of HIV-1 genome with the gag (SK38/39)
primers and 5—10 copies with the other primer pairs. This degree of sensitivity
was similar to that obtained in the first study with extracted DNA and isotopic
detection of the amplified product. The use of digoxigenin dUTP-labeled
oligoprobe for the detection of the PCR product avoids handling of hazardous
material and does not cause any significant decrease of sensitivity or specifici-
ty. However, the sensitivity of PCR on crude cell lysates may be decreased if
the PBMC pellet is “‘contaminated’ with a great amount of red blood cells: In
this case, it is necessary first to lyse the red cells in 0.32 M sucrose, 1% Triton
X-100, 5 mM MgCl,, and 10 mM TRIS pH 7.5 (Higuchi 1989). To ensure the
good quality of the sample to be tested by PCR, all the lysates must be
amplified with an internal control primer set; I have successfully used the
B-globin pair PC03/PCO4 described by Saiki et al. (1988).

Because of the high degree of variability of the HIV-1 genome, each sample
must be tested with at least 2 primer pairs to reduce the risk of a false-negative
result. In the first study, 10/11 samples were positive with three primer pairs,
1 was negative with SK 68/69 (env). In the second study, among 12 positive
samples, 11 were positive with SK 38/39 (gag), 11 with SK 68/69 (env), and 11
with pol 3/4. Overall, 9 were positive with all 3 primer sets, but 3 were positive
with only 2. Constant care must be taken to avoid false-positive results due to
carry-over of PCR product from a previously amplified sample to a tube to be
tested. To minimize the risk, I conducted the experiments in 4 separate rooms
(one for separation and lysis of PBMC, one for preparation of the PCR
mixture, one for amplification, and one for analysis of the PCR product); no
piece of equipment or supplies went back and forth between the different
rooms.

The sensitivity of PCR for the diagnosis of perinatal HIV-1 infection within
the first weeks of life has not been fully studied by other authors. Laure et al.
(1988) found 6 PCR-positive newborns among 14 infants born to seropositive
women, but 1 of them was positive with only 1 primer pair, and the results were
not confirmed by a positive HIV culture or by clinical and virological follow-
up. Rogers et al. (1989) has retrospectively tested 24 newborns, and among 12
who later developed criteria of HIV infection, 6 were detected within the first
2 weeks of life (5/6 developed AIDS between 5 and 16 months). Although the
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results of PCR within the neonatal period were encouraging, no data were
shown regarding sequential samples within the first 2 months of life.

In our prospective study in which all the infants were tested twice within this
period of time, we were able to detect 3 infected children soon after birth and
9 others between 4 and 9 weeks of life. The high rate of perinatal HIV trans-
mission in this small sample may reflect local characteristics of the seropositive
women followed in this hospital.

The lack of sensitivity of PCR within the first week might have been related
to a possible lesser quality of the sample at birth. Therefore, I performed serial
dilutions of the lysates and amplified them with the f-globin primer pair: No
difference was observed between the samples obtained at birth and at 4-9
weeks of age, suggesting that there was no lack of sensitivity of the technique.
These results suggest that the number of copies of proviral DNA avalaible for
PCR in PBMC:s increases during the first weeks of life, indicative of an active
viral replication; they could also be consistent with a late transmission of the
virus, at birth and not during gestation. Since no changes in the PCR/culture
results were observed between 4—9 weeks and 69 months, I conclude that in
most of the cases the diagnosis of HIV-1 infection in children born to seropos-
itive mothers can be made by PCR before the end of the second month of life.
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Chapter 3 Detection of Human T-cell Leukemia
Virus Type 1 Provirus: Semiquantitative, Nested,
Double Polymerase Chain Reaction

Chieko Matsumoto and Kusuya Nishioka

Summary

The polymerase chain reaction (PCR) is a powerful tool for diagnosing human
T-cell leukemia virus type 1 (HTLV-I) infection, particularly for samples diffi-
cult to assess by immunological methods. We used the nested double PCR
method to detect HTLV-I provirus in DNA obtained from an infected cell line
and peripheral blood mononuclear cells from donated blood. This method
yielded clear results even if only one template DNA was amplified. Further-
more, the amplified products showed one, two, or three bands after electro-
phoresis, depending on the amounts of template DNA present. The semiquan-
titative, nested, double PCR and its applications are described in this chapter.

Introduction

Following the initial description of adult T-cell leukemia (ATL) (Uchiyama
et al. 1977) and the discovery of human T-cell leukemia virus type 1 (HTLV-I)
as an etiological agent of ATL (Hinuma et al. 1981), virus infection was shown
to be associated with tropical spastic paraparesis (TSP) or HTLV-I-associated
myelopathy (HAM) (Gessain et al. 1985; Osame et al. 1986). Recently, the
association of HTLV-I infection with other types of clinical manifestations
such as alveolitis (Sugimoto et al. 1989), Sjégren’s syndrome (Vernant et al.
1988), polymyositis (Wiley et al. 1989), and chronic inflammatory arthropathy
(Nishioka et al. 1989) has been suggested. The main routes of transmission of
HTLV-I described to date are blood transfusion (Okochi et al. 1984), breast
milk, and sexual contact from male to female via semen (Komuro et al. 1983;
Tajima et al. 1982). In all three cases, lymphocytes infected with HTLV-I have
been thought to play the crucial role. Moreover, the provirus form of HTLV-I
is present in these lymphocytes. Therefore, a highly sensitive method which can
detect the provirus in infected cells and provide a means of quantitative eval-
uation is essential.

The Japanese Red Cross Central Blood Center, Hiroo 4-1-31, Shibuya-ku, Tokyo, 150 Japan



Chapter 3 Detection of Human T-cell Leukemia Virus Type 1 Provirus 25

Differentiation of HTLV-I from HTLV-II infection cannot be carried out
by serological methods because of cross-reactivity (Lee et al. 1991).

Because of the necessity of preventing HTLV-I infection by blood transfu-
sion, screening for HTLV-I infection in blood donors began in HTLV-I en-
demic areas, such as Japan, and in countries where recent spreading has oc-
curred, such as the USA. Evaluation of routine serological screening methods
for HTLV-I antibody such as particle agglutination (PA), enzyme im-
munoassay, and indirect immunofluorescence (IF) are urgently required in
these situations for confirming the presence of HTLV-I in peripheral leuko-
cytes (Matsumoto et al. 1990).

Based on these considerations, we evaluated the polymerase chain reaction
(PCR) method as a means of detecting proviral DNA. We introduced a mod-
ified nested double PCR method to detect HTLV-I provirus. In this method,
two amplification stages are used under nonradioactive conditions. This is
accomplished first by amplifying a DNA sample with Thermus aquaticus poly-
merase and one pair of primers. Next, a portion of the products is amplified
again with another pair of primers called nested primers that are located inside
the first pair. After the second amplification stage, almost all of the nonspecific
background observed at the first stage disappears, and the desired product is
confirmed using the nested primers. Finally, the amplified products, originat-
ing from a very small number of templates, are visualized by polyacrylamide
gel electrophoresis (PAGE) stained with ethidium bromide. We also will dis-
cuss the possibility that this PCR method can be used to estimate the quantity
of template DNA since one, two, or three bands appear on the PAGE gel
depending on the amount of template DNA.

HTLV-I provirus integrated into the host T-cell genome is consistent with
gag, pol, env, pX, and long terminal repeat (LTR). The gag, pol, and env genes
encode capsid proteins, reverse transcriptase, and envelope proteins, respec-
tively. The pX gene encodes rex and tax proteins which regulate frans-provirus
replication (Fujisawa et al. 1985). A portion of the HTLV-I provirus pX region
was thought to be the most appropriate target for amplification, because it
overlaps the coding regions of p40™* and p27"**, which regulate replication of
HTLV-I at the transcriptional and posttranscriptional levels, respectively
(Chen et al. 1985; Inoue et al. 1987). Therefore, this region is considered indis-
pensable for HTLV-I provirus multiplication in vivo. We believe that the
region we amplified is suitable for detecting HTLV-I provirus in peripheral
mononuclear cells (PBMC) of HTLV-I-infected individuals.

The following is a recommended protocol.

Method

Synthesis of Oligonucleotides. Oligonucleotides were synthesized on an Ap-
plied Biosystems 381A DNA synthesizer by the phosphoramidate method and
purified with oligonucleotide purification cartridges (Applied Biosystems).
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Source and Isolation of DNA. DNA from two human T-cell lines or PBMC was
isolated by the phenol-chloroform method. One of the cell lines, CEM, was
uninfected with HTLV-I, and the other, HUT 102, was HTLV-I positive
(Poiesz et al. 1980). PBMC were obtained from voluntary blood donors in our
blood center.

Nested Double PCR. The pX region of the HTLV-I genome was amplified as
shown in Fig. 1 using DNA sequence data from Seiki et al. (1983). The first
amplification stage was carried out with primers (D (5-AGGGTTTGGACA-
GAGTCTT-3, nucleotide position 7312-7330) and Q) (5-AAGGACCTT-
GAGGGTCTTAG-3", nucleotide position 7548—-7567). The second ampli-

gagl pol [env pX|LTR

[tst amplification stage]

— == primer @
primer @ s

()

main product:
256(+)/256(-) = —

[2nd amplification stage] 256(+)

—
. =~ == primer @
primer @ e .

256(-)
) . primer ®
main products: 235(-) ——
216(+)
237 e —
(+) == primer @
216(-)

J (double stranded)
216(+)/216(-) ——————
237(+)/216(-) c——Te—————
216(+)/235(-) ————————

237(+)/235(-) c——————

Fig. 1. Nested double polymerase chain reaction (PCR) of human T-cell leukemia virus
(HTLV-I) in pX region
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fication stage was carried out with nested primers @) (5-CTTTTCGGA-
TACCCAGTCTAC-3, nucleotide position 7331-7351) and @ (5'-
GGTTCTCTGGGTGGGGAAGGAG-3', nucleotide position 7525-7546).
Then, 10 pl of the first amplification stage products were used as template
DNA. All reactions were performed in a volume of 100 pl containing 50 pmol
of each primer, 50 mM TRIS hydrochloride (pH 8.8), 10 mM MgCl,, 10 mM
(NH,),SO,, template DNA, 2.5 U of T aquaticus polymerase (Perkin-Elmer
Cetus), and 1.5 mM each of dATP, dCTP, dGTP, and dTTP. Reactions were
carried out for 30 cycles during each amplification stage at an annealing
temperature of 60°C for 1 min, a polymerization temperature of 72°C for
2 min, and a heat denaturation temperature of 94 °C for 1 min using a Perkin-
Elmer Cetus DNA thermal cycler.

Analysis of the PCR Products. A portion (4 pl) from each of the completed
PCR reactions was mixed with 4 pl of loading buffer and subjected to PAGE
on 5% polyacrylamide gels. PAGE was performed in TRIS-borate buffer (pH
8.0). After completion, the gel was stained with ethidium bromide and pho-
tographed under UV transillumination.

Comparison of Single PCR, Repeated PCR,
and Nested Double PCR

The HTLV-I genome in HUT 102 cell DNA plus 1 pg of CEM cell DNA was
detected by the single PCR, repeated PCR, and nested double PCR methods.
With single PCR, cellular DNA was amplified for 30 cycles with primers Q)
and ). With repeated PCR, portions of the single PCR products were ampli-
fied for a further 30 cycles with the same primers (D and (3). With the nested
double PCR, portions of the products of the first single PCR were amplified
for a further 30 cycles with the nested primers (3) and @), which were located
inside the first pair.

One HUT 102 cell contains about 10 copies of the pX region of HTLV-I
(Watanabe et al. 1984), and 150 human diploid cells contain 1 ng of genomic
DNA (assuming a haploid genome size of 3 x 10° bp). Calculation reveals that
1 ng of HUT 102 cell DNA contains 1500 molecules of the pX region DNA.

PAGE patterns of products of single PCR, expected to be 256 bp in length,
are shown in Fig.2a. A band corresponding to 256 bp was obtained from
130 pg of HUT 102 cell DNA calculated to contain 195 copies of the pX
region. Nonspecific background can be seen in the upper region. The products
of repeated PCR are shown in Fig. 2b. Only 256 bp bands with several non-
specific background bands were observed, with an endpoint of 15 pg of HUT
102 cell DNA, which was nine times more sensitive than that obtained with
single PCR. Products of the nested double PCR are shown in Fig. 2c. A
distinct 216 bp band, as expected by the positions of primers ) and @), was
observed with 1.6 pg of HUT 102 cell DNA, which is calculated to contain
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Fig. 2a—d. Polyacrylamide gel electrophoresis of polymerase chain reaction (PCR) prod-
ucts. a HUT 102 cell and CEM cell DNAs were amplified for 30 cycles with primers D and
@. Portions of these were amplified for a further 30 cycles with the same primers (D and )
(b) or with the nested primers @ and @ (c). In each amplification in a—c. 1 pg of CEM cell
DNA plus 0. 3.3x10% pg, 1.1 x 10% pg, 3.7 x 10% pg, 1.2x 10 pg. 4 x 10* pg, 1.3 x 102 pg,
45 pg, 15 pg, 5 pg, or 1.6 pg of HUT 102 cell DNA (lanes 111, respectively) were used as
template DNA. d HUT 102 cell and CEM cell DNA was amplified by the nested double PCR
with primers () and (@) in the first amplification stage and with nested primers 3) and @) in
the second amplification stage. HUT 102 cell DNA (0.5 pg) and 1 pg CEM cell DNA were
used as template DNA in each lane

about 2 copies of the pX region. Therefore, the sensitivity of the nested double
PCR was more than 80 times higher than that of the single PCR.

In the double PCR method with nested primers, only a real target DNA
region was reamplified from the products of the first amplification stage.
Therefore, it is possible to avoid reamplifing extra products from the first
amplification stage. The nested primers would be consumed mainly to amplify
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a real target DNA, and much larger amounts of desired products could be
produced than in the repeated PCR. Thus, the amplified products are made
detectable by PAGE without a hybridization step with a probe.

Detection of One Template DNA

We attempted to detect one molecule of pX region DNA by the nested double
PCR. The initial DNA sample was 0.5 pg of HUT 102 cell DNA plus 1.0 pug
of CEM cell DNA. It was calculated that 0.5 pg of HUT 102 cell DNA
contains 0.75 molecules of pX region DNA, in other words, one or no molecule
of the pX region DNA was present. According to Poisson’s distribution, of the
10 DNA samples containing 0.5 pg of HUT 102 cell DNA, 52% of those tested
should contain one or more pX regions.

The amplified products gave four positive results out of ten PCR tests and
appeared as distinct single bands of 216 bp without nonspecific background as
shown in Fig. 2d. This result indicates that one template DNA can be detected
by the nested double PCR without ambiguity.

Quantity of Template DNA and Number of Bands
Constructed by Nested Double PCR

In Fig. 2¢, one, two, and three bands can be seen. With less than 5 pg of HUT
102 cell DNA, one band (216 bp in length) appears, with 15-130 pg of HUT
102 cell DNA, two bands (216 and 235-237 bp in length) appear, and with
more than 400 pg of cell DNA, three bands (216, 235-237, and 256 bp in
length) appear.

The question arose as to whether primers () and Q) from the first stage were
carried over, producing 235-237 bp or 256 bp bands after the nested double
PCR. If so, the amounts of primers (D and () carried over to the second stage
should decrease as the initial template DNA number increases. Opposite re-
sults were obtained. As the amount of initial template DNA increased, 235
237 bp and 256 bp bands were observed.

Four different, single-stranded DNAs schematically shown in Fig. 1 would
be produced during the second amplification stage. In the second 30-cycle
amplification stage, products of the 237-base positive strand and 235-base
negative strand might have been created in amounts 30-fold greater than the
template 256-base products which had been constructed during the first stage.

Where the number of the template DNA, 256-base positive or negative
strand, is @ and the amplification cycle number is #, a x (2" —n) 216-base DNAs
and a x n 235- or 237-base DNA should be produced. The 216-base positive
strand coupled with the 216-base negative strand product, shown as 216(+)/
216(—), should be constructed and completely double-stranded. At the same
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time, 237(+)/216(—), 216(+)/235(—), and 237(+)/235(—) products would
be constructed depending on the quantities of each four single-stranded DNA,
and portions of these products should remain partially as single strands. If
number « is large, a x n would be large. Value ¢ depends on the quantities of
initial template DNA, that is, HTLV-I provirus. The 237(+)/216(—) and
216(+)/235(—) products should appear as the amount of 256 bp DNA con-
structed in the first amplification stage increases. Finally, 237(+4)/235(—)
DNA would be observed. In practice, the efficiency of amplification is not
100%, and the amount of amplified products would be within the limit of the
amount of added primers. In the second amplification stage, template DNA,
256-base positive or negative strand, should be annealed with the 216-base
negative or positive strand DNA, respectively, and should extend to produce
256(+)/235(—) or 237(+)/256(—).

With a limited quantity of template provirus DNA, the amount of 237(+)/
216(—) and 216(+)/235(—) was not measurable, and only one band, 216 bp
in length, was observed. With moderate amounts of template provirus DNA,
two bands, 216 and 235-237 bp in length, were noted. The second band of
235-237 bp consisted of 237(+)/216(—) and 216(+)/235(—). It was difficult
to distinguish the two products, and they appeared as a single band on PAGE.
With excess template provirus DNA, three bands of 216, 235-237, and 256 bp
in length were found. Annealed products, 237(+)/235(—), and possibly small
amounts of 237(+)/256(—) and 256(+ )/235(— ) likely make up the third band
of 256 bp.

To prove that the assumption described above is true, the amplified prod-
ucts of the nested double PCR shown in Fig. 2¢ were treated with nuclease S1
which degrades single-stranded DNA. The amplified products, appearing in
lane 7 as three bands and in lane 8 as two bands, became only one band, 216 bp
in length, after treatment in which the single-stranded region was removed
from the annealed products.

Quantity of Provirus in PBMC and Antibody Titer
of Blood Donors

We carried out the nested double PCR on 1 pg of DNA samples obtained from
PBMC of blood donors. A total of 256 blood donors were tested by the nested
double PCR for PBMC DNA and by PA and IF for serum antibody against
HTLV-I. A PA assay was used for mass screening for HTLV-I-specific anti-
body in sera (Ikeda et al. 1984; Kamihira et al. 1987). A final dilution of 1:16
or more capable of causing agglutination of antigen-coated particles was con-
sidered positive. IF is the method used to detect antibody bound to an HTLV-
I-infected cell line using an indirect immunofluorescence technique (Hinuma
et al. 1981; Chen et al. 1985). It has been widely employed in Japan to confirm
HTLV-I infection. None of the 101 samples taken from individuals with PA
titers lower than 8 and IF negative were PCR positive. Some 57 DNA samples
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were designated HTLV-I provirus-positive, and as expected, their amplified
products by nested double PCR products showed one, two, or three bands on
PAGE.

According to the nested double PCR results of HUT 102 cell DNA showed
in Fig. 2¢ using a limited amount (1 -7 genomes) of template provirus DNA,
only one band, 216 bp in length, was observed. With moderate amounts (22—
70 genomes) of template provirus, two bands, 216 and 235237 bp in length,
were observed. With excess amounts (200 provirus genomes or more), three
bands of 216, 235-237, and 256 bp were detected.

The number of bands on a PAGE gel of the amplified product, antibody
titer by PA, and the expected amount of provirus from the DNA of the 256
samples tested are summarized in Table 1. For each PCR, 1 ug of DNA from

Table 1. Number of bands on PAGE gels of nested double PCR products and antibody titer
of HTLV-I in adult carriers

No. of No. of samples with PA titer? Estimated provirus

bands number in 1.5 x 10°
<8 16-256 >512 PBMC®

0 101 (100°) 96 (84.2) 2 (4.9)

1 0 2 (1.8) 0 2-7

2 0 5 (449 2 (49) 22--70

3 0 11 (9.6) 37 (90.2) >200

Total 101 (100) 114 (100) 41 (100)

* The particle agglutination titer represents the final serum dilution

Number of pX region DNA was estimated from data in Fig. 2¢, and provirus number was
assumed

¢ Percentage of sample number in each PA titer group

150000 cells was used. It is thought that the expected number of pX regions
indicates the amount of provirus in 150000 PBMC of HTLV-I carriers. The
levels of antibody titer 16—256 are classified as moderately positive and over
512, as strongly positive. As discussed above, among 101 samples of the neg-
ative group, no bands were observed by the nested double PCR. In the mod-
erately positive group, 96 (84.2%) were negative by PCR, while in a few cases,
one, two, and three bands were observed. In 37 (90.2%) of the strongly positive
group, three bands were observed. Two were negative by PCR, and in both of
them, two bands were observed. Therefore, there was a tendency for a corre-
lation between the amount of provirus in PBMC of blood donors and anti-
body titer determined by PA.
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Clinical Applications

Diagnostic Confirmation Testing

To screen or diagnose HTLV-I infection, antibody testing is generally used.
However, there is sometimes a discrepancy in results obtained by different
methods. In such cases, information obtained by PCR testing is very useful.

To prevent infection by HTLV-I, detection by PA assay of HTLV-I-specific
antibody has been used since 1986 to screen donated blood in all Japanese Red
Cross blood centers. However, some samples were judged to be antibody
negative by IF in spite of a positive PA assay (Matsumoto et al. 1990; Yoshida
etal. 1986), particularly in low-titer sera. It was therefore necessary to find
some means of determining the presence of HTLV-I in such PBMC to prevent
post transfusion HTLV-I infection. Accordingly, we attempted detection of
HTLV-I provirus DNA by nested double PCR directly.

We carried out a comparative study by performing PCR on PBMC and PA
and IF on sera of 256 blood donors. Some 57 of the 155 samples were antibody
positive by IF, and provirus was detected in all 57 samples without exception.

The presence of provirus in PBMC was not found in 96 (84.2%) of the
moderately PA-positive group and in 2 (4.9%) of the strongly PA-positive
group. All of these samples were also negative by IF. The results of IF for
HTLV-I antibody coincided completely with the results of the nested double
PCR for detection of provirus DNA in PBMC. Therefore, the IF test corre-
lates well with the presence of provirus in PBMC by PCR, and it is considered
as the most appropriate confirmatory test routinely available for screening out
donated blood infected with HTLV-I. As for PA, a correlation of the PA titer
and the amount of proviral DNA in PBMC was observed. However, in most
of the low titer group and even in a small number of the high titer group, the
presence of proviral DNA was not detected. In these cases, three possibilities
can be considered. First, provirus DNA might have been present in cells other
than the 150000 PBMC used for PCR. Secondly. antibody reactivity with
antigenic epitopes capable of causing neutralization or protection of HTLV-I
infection might have been detected by PA but not by IF. Thirdly, a nonspecific
reaction may have occurred. These problems need to be clarified.

Distinction Between HTLV-I and -11

Another major type of HTLV, HTLV-II, has been isolated (Kalyanaraman
et al. 1982; Rosenblatt et al. 1986). HTLV-II infection has been found to be
more prevalent than previously thought (Lairmore et al. 1990; Lee et al. 1989),
and a high correlation of coinfection of HTLV-I and HTLV-II was demon-
strated in HAM (Kira et al. 1991). It is known that HTLV-I and -II are not
distinguishable by the usual serological techniques. HTLV-II-positive sera
from 19 American donors were tested by our PA and IF methods for HTLV-I-
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specific antibody and were judged positive. By nested double PCR, as expected
for its high specificity, we could distinguish HTLV-I and -II completely. To
learn more about HTLV infection, particularly HTLV-II, infected popula-
tions, and association with various diseases, it is necessary to distinguish
HTLV-I from HTLV-II, and PCR is the most useful method for accomplishing
this at present.

Study of HTLV-I-Associated Disease

The presence of HTLV-I has been associated with myelopathy or tropical
spastic paraparesis. Other diseases have also been suspected of being associat-
ed with HTLV-L. The presence of chronic inflammatory arthropathy associ-
ated with HTLV-I has been reported (Iwakura et al. 1991). HTLV-I provirus
was detected in multiple sclerosis patients by PCR (Reddy et al. 1989). In
HTLV-I tax transgenic mice, development of exocrinopathy similar to
Sjogren’s syndrome was observed (Green et al. 1989). There is also a report on
a case of HTLV-I-associated lymphoproliferative disease which was misdiag-
nosed as Hodgkin’s disease (Duggan et al. 1988). Some investigation would be
helpful to determine whether the HTLV-I genome has been integrated into
nonlymphocytic cells (Bhagavati et al. 1988; Kitajima et al. 1991). If HTLV-I
provirus were present, it would be very important to know both the nature and
quantity of provirus present. Quantitative evaluation of the HTLV-I genome
may be of value in treatment efficacy. The PCR technique provides a useful
means of detecting HTLV-1. Furthermore, use of the nested double PCR
method will greatly aid the estimation of amount of provirus present.

By carrying out the nested double PCR method on hepatitis B virus and
hepatitis C virus, we have observed one, two, and three bands on PAGE gel
depending on the number of virus genomes. Application of the nested double
PCR method for the detection and quantification of the virus would provide
more information on pathogenesis and may be a useful tool for the prevention,
diagnosis, and treatment of various viral infections.
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Chapter 4 Detection of Human T-cell Leukemia
Viruses

Brian Hjelle

Summary

Human T-cell leukemia/lymphoma virus type I (HTLV-I) is the cause of adult
T-cell leukemia/lymphoma (ATL) and a chronic neurologic syndrome. It oc-
curs worldwide but with clusters of high seroprevalence in Japan, Africa, and
the Caribbean. A related virus known as HTLV-II occurs in endemic clusters
in New World Indian populations and is very common among intravenous
drug users in some regions. HTLV-II accounts for about half of all HTLV
seropositivity in the USA. HTLV-II is not known to be a pathogen.

Serologic reagents for the detection of these viruses, made from lysates of
HTLV-I-infected cells, are believed to be very sensitive to HTLV-I infection.
Their sensitivity to HTLV-II is largely unknown. Highly sensitive polymerase
chain reaction (PCR) detection systems are available and are particularly
useful for the evaluation of serologic tests, for distinguishing HTLV-I from
HTLV-II, for determining whether or not infection is present in patients with
incomplete or absent seroreactivity or in the obligately seropositive children of
seropositive mothers.

Introduction

HTLV-1

Since the discovery of the first oncogenic retrovirus in nature by Peyton Rous
(1910), numerous examples of such agents have been uncovered in birds and
animals, including primates. The discovery of human T-cell leukemia/
lymphoma virus type I (HTLV-I) was the result of many years of searching for
evidence of RNA tumor viruses in man. HTLV-I was discovered by Poiesz and
colleagues (1980), with the discovery of virus in the cells of a patient with
cutaneous T-cell leukemia.

Department of Pathology, University of New Mexico School of Medicine, 915 Camino de
Salud NE, Albuquerque, NM 87131, and United Blood Services, 1515 University Blvd.,
Albuquerque, NM 87125, USA
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HTLV-I occurs in highly focal geographic clusters throughout the world.
Foci of seroprevalence as high as 15% —30% have been described in South-
western Japan (Blattner et al. 1983; Hinuma 1985). Other high-prevalence
regions include the Caribbean and Africa. The virus is transmitted by cell-to-
cell contact. Thus, sexual transmission occurs but strongly in favor of trans-
mission from men to women. Perinatal transmission occurs predominantly via
breast feeding (Hino et al. 1990). Transfusion of cellular blood products and
needle-sharing have been important modes of spread. Blood banks have been
testing donors for antibodies to HTLV-I since the mid-1980s in Japan and
since late 1988 in the USA. Both “screening” and “confirmatory” serologic
tests are in routine use by blood centers and hospitals (reviewed in Hjelle 1991).

HTLV-I1

In vitro culture of cells from the spleen of a patient with hairy cell leukemia
gave rise to a cell line, MO-T, that was found to bear T-cell markers. Kalyan-
ramen later demonstrated that this cell line produced a virus, HTLV-II, with
antigenic properties similar to HTLV-I but clearly distinguishable (Kalyanra-
men et al. 1982; Rosenblatt et al. 1986).

The transmission routes for HTLV-II are less well described but include
blood transfusion and sexual transmission (Hjelle et al. 1990a; Donegan et al.
1991; B. Hjelle 1990, unpublished). It is endemic in geographically and linguis-
tically diverse New World Indian tribes (Hjelle et al. 1991; Heneine et al. 1991).
A high fraction of “HTLV-I" seropositive intravenous drug users and blood
donors in the USA are actually infected with HTLV-II (Lee et al. 1989; Hjelle
et al. 1990a).

Disease Associations

The association between HTLV-I infection and adult T-cell leukemia (ATL) is
convincing. Monoclonally integrated provirus can be detected in tumor DNA,
and virus has been isolated from ATL cells (Seiki et al. 1984; Miyoshi et al.
1981). The epidemiologic linkage between HTLV-I prevalence and ATL has
also proved strong. ATL is a rapidly fatal malignancy in most cases, although
less serious variant forms have been described.

HTLV-I is also linked to a chronic and progressive neurologic disease
known as tropical spastic paraparesis/HTLV-associated myelopathy (TSP/
HAM) (Gessain et al. 1985; Osame et al. 1986). Other diseases (polymyositis,
infectious dermatitis, and lymphadenopathy) may occur with increased fre-
quency among HTLV-I-seropositive patients (Morgan et al. 1989; LeGrenade
et al. 1990).

Although HTLV-II has been isolated twice from patients with hairy cell
leukemia, in neither case were the hairy cells themselves demonstrated to be
infected in vivo (Kalyanaramen et al. 1982; Rosenblatt et al. 1986). Follow-up
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studies have shown that most patients with hairy cell leukemia are not infected
with HTLV-II and that a population with endemic HTLV-II infection does not
experience an excess incidence of hairy cell leukemia (Rosenblatt et al. 1987;
Hjelle et al. 1991). HTLV-II is one of many candidate etiologic agents for
chronic fatigue syndrome (DeFreitas et al. 1991). However, in my experience
in interviewing > 50 HTLV-II-positive individuals, none have professed to
have excessive fatigue, fevers, or weight loss.

Biologic Characteristics

The HTLV genome is composed of single-stranded (+ ) RNA. Upon entry into
the cell by an unknown receptor, the viral RNA is converted to DNA through
the action of a virion-associated reverse transcriptase. Viral reverse transcrip-
tase removes hybridized viral RNA and replaces it with a plus-stranded DNA
copy. The resulting double-stranded DNA then integrates into the host ge-
nome, producing the provirus. The provirus serves as the template for produc-
tion of the viral mRNA and genomic RNA. Genomic RNA is packaged by
virion proteins encoded by gag and env for further cycles of infection. Reverse
transcriptase for the virion is synthesized by the po/ gene (reviewed in Hjelle
1991).

The organization of the HTLV-I and -II genome is diagrammed in Fig. 1.
Nucleotide sequence variability among different isolates of HTLV-I is indicat-
ed as a function of map location along the proviral genome.

Unlike many other retroviruses, HTLV replication in vitro is relatively
sluggish. Reverse transcriptase activity is minimal in infected cultures. Primary
isolates are propagated by coculture of peripheral blood mononuclear cells
(PBMC) from infected patients with normal donor PBMC. Cell-free virus is
produced in a majority of primary cultures (B. Hjelle et al. 1991, unpublished).
Syncytia production is dramatic, and resulting syncytia stain strongly for
HTLV antigens.

Invivo HTLV infection lacks a viremic phase. Exposure is believed to result
in lifelong seropositivity and latent infection. Typically, very small amounts of
virus are produced; a small fraction of cells contain proviral DNA (estimates
of <1 in 500 to >1 in 750 have been published) (Rosenblatt et al. 1990;
Matsumoto et al. 1990).

Serologic Diagnosis and Isolation

Numerous methods for serologic diagnosis have been described, and many
early reports of HTLV-I seroprevalence undoubtedly erroneously overestimat-
ed the rate of infection with this virus. This occurred because a reliable “‘con-
firmatory” test for infection was not available until the late 1980s. In the USA
enzyme immunoassay (EIA) with wells coated with lysate from the HTLV-I-
infected cell line HUT-102 is used as a screening test. The Western blot,
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Fig. 1. Genetic organization of HTLV-I provirus. The HTLV-II provirus is similar, but the
genes differ slightly in size. Nucleotide sequence variability from prototype clones is shown
below, as determined in the studies indicated

augmented by supplementation with envelope protein gp21° (produced via
recombinant DNA technology), is the method of choice for confirmatory
serologic testing (Lillehoj et al. 1990). Western blots are positive if antibodies
are detected against p24%** and gp21°; reactivity to any antigen(s) other than
both of these is an indeterminate pattern. In some cases, a radioimmunopre-
cipitation assay is necessary to diagnose infection in patients with indetermi-
nate Western blots. Standard serologic techniques have not generally been
capable of distinguishing HTLV-I from HTLV-II. However, it is now known
that infection with HTLV-I usually produces a very different pattern of West-
ern blot reactivity than does HTLV-II when using the HUT-102 Western blot
(Lillehoj et al. 1990; Wiktor et al. 1990). Methods to distinguish HTLV-I and
-IT using short synthetic peptide epitopes specific for each virus are under
development.

In the past, HTLV culture had been difficult because positive cultures
produced very little reverse transcriptase; there were thus few convenient and
reliable means to monitor in vitro replication of virus. The recent commercial
availability of antigen-capture EIA kits has made culture a much more practi-
cal option.



40 B. Hjelle

Materials and Methods

I favor dot-blot hybridization for the detection of PCR products because of the
simplicity and high sensitivity of this method. Unlike polyacrylamide gel elec-
trophoresis (PAGE)/autoradiographic methods, one can increase PCR cycle
number without generating a spurious signal or losing a specific product
among numerous nonspecific products. Dot-blot hybridization is easily adapt-
ed to nonradioactive detection methods.

I use two different strategies to distinguish HTLV-I from HTLV-II (Fig. 2).
The method used for fax/rex amplification involves the use of primers de-
signed to recognize either HTLV-I or -II with equal facility (Kwok et al. 1988;
Lee et al. 1989; Hjelle et al. 1990b). These primers produced PCR product in
44 of 46 donors or patients with HTLV-II infection and in 6 of 6 with HTLV-I
(overall sensitivity of 96%). I distinguish the two viruses with labeled, se-
quence-specific, oligonucleotide probes HTT and HTII, respectively. The rax
primers are 159 bp apart in the viral genome.

A second system employed involves primers specific for each virus. These
primers recognize proviral sequences in po/; amplified products are detected
with oligonucleotide probes that are also virus-specific (Kwok et al. 1988). For
HTLV-I, the SK54/SKS55 primer pair is used, with labeled probe SK56. For
HTLV-II, the product produced by the SK58/SK59 primer pair is hybridized
to probe SK60. The combined sensitivity of these primers is about 75% —80%

LTR
gag Fal env I_tq/rex
| — I

Primers amplify only HTLV-I
or only HTLV-II (not either)

\
Dot-blot '
Either HTLV-| or -l DNA

amplified by same primers

. Q Autoradiogram

HTLVI HTLVII

Specific probe
Fig. 2. Two methods used by this lab in the amplification and distinction of HTLV-I and

HTLV-II infection. Both methods use dot-blots with virus-specific probes but differ in
whether virus-specific primer pairs are used in amplification. LTR, long terminal repeat
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with PBMC DNA target without “boosting” (see below). The sensitivity rises
to 90—-95% when boosting is performed. These primers reside 119 bp and
103 bp apart, respectively, in the HTLV-I and -IT genomes.

In performing PCR for single-copy genes from 1 pg of genomic DNA of
higher mammals, primers need only anneal to one or a few of the 3 x 10° copies
of target DNA for amplification to occur. By contrast, there may be as few as
102-10° target DNA sequences in a preparation of PBMC DNA from an
HTLV-infected person. It is common for primers to “miss’ the target in the
first few cycles. Thus, one may increase PCR sensitivity by increasing cycle
number to the highest practical level. This is particularly true when using a
hybridization-based detection method, because nonspecific products do not
interfere with the interpretation of results. I routinely go to 4550 cycles of
PCR for diagnostic usage, since there is no disadvantage to doing so.

PCR Cycling Parameters

For the tax primers, I use a modification of the method recommended by Lee
et al. (1989). A 25 pl reaction mixture is prepared containing 2 pg of target
DNA (e.g., from PBMC); 50 pmol of each primer; 50 mM KCl; 25 mM TRIS-
HCI, pH 7.5; 0.25 uM each of the 4 dNTPs (Pharmacia); 3 mM MgCl,; and
2.5 units of Taq polymerase. After covering the mixture with about 60 ul of
mineral oil, 45 cycles of PCR are conducted in an Ericomp cycler (91 °C for
1 min followed by 65°C for 2 min). A 6-min extension at 70° is the last step.

For the pol primers, I have found a slightly greater sensitivity when the
SK54/SK55 (HTLV-I) primer pair is not used in the same tube as the SK 58/
SK59 (HTLV-II) primer pair. Reactions are carried out in 100 pl total volume
containing 100 pmol of each primer; 2 pg of target DNA; 10 mAM TRIS HCI,
pH 8.3; 0.2 mM each of the 4 dANTPs; 4 mM MgCl,; and 2.5 units of Taq
polymerase. Then, 100 pl of mineral oil is used, and 50 cycles of PCR (95°, 55°,
and 72°C, each for 1 min), followed by a 6-min extension at 70 °C. “Booster”
PCR improves sensitivity. In this modification, 15 cycles of amplifications are
carried out using only 1 pmol of each primer per tube. Another 100 pmol of
each primer is added to the tube before proceeding to the next 35 cycles
(Ruano et al. 1989).

Dot-Blotting

Nylon membranes (Zetaprobe, Bio-Rad) are marked with pencil into a grid of
1 by 1 ecm squares corresponding to the number of samples to be spotted. The
membrane is briefly wetted in water, then immersed for 15 min in 2XSSC
(20XSSC=3 M NaCl and 0.3 M sodium citrate, pH 7.0), and blotted dry with
filter paper. Then, 6 pl of PCR product is spotted onto each 1 by 1 cm section
of the grid. After spotting, the membrane is layered, DNA side up, onto a sheet
of filter paper that had been prewetted with 0.5 N NaOH/0.6 M NaCl. After
5 min, it is transferred to a new sheet of filter paper that was prewetted with
0.5 M TRIS-HCI, and allowed to neutralize for 5 min.
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The membrane is then placed on a sheet of filter paper and allowed to dry
at room temperature or 37°C (usually 5 min). It is turned DNA side down
onto a sheet of plastic wrap and irradiated at 302 nm with a ultraviolet light
box for 5 min, then placed into a 1-pint (0.5-1) resealable freezer bag containing
5—10 ml of prehybridization mix (25% formamide, 3XSSC, 100 pg/ml! dena-
tured salmon testis DNA, 20 pg/ml yeast RNA, 0.1%, sodium dodecyl sulfate
(SDS), 1t mM ethylene diamine tetra-acetic acid (Na,EDTA), 0.2% Ficoll,
0.2% polyvinylpyrrolidone, 0.05% sodium pyrophosphate, 100 pg/ml bovine
serum albumin, and 10 mM HEPES pH 7.5). The bag is incubated with gentle
agitation at 37°—42°C for 30 min to 3 h.

Oligonucleotide Probes

For dot-blot detection, I label oligonucleotide probes with gamma-[32P] ATP
as described. Probes are useful if specific activity is >4 x 10° dpm/pmol and
can be reused until activity decays below that level. The prehybridization mix
is poured out of the resealable bag and replaced with hybridization mix (5 ml),
which consists of prehybridization mix supplemented with 5—10 x 10® dpm of
end-labeled oligonucleotide probe. Hybridization is from 1 h to overnight.
After hybridization, stringent wash conditions are preferable. For most
probes, 70°C in 6XSSC buffer for 1 min reduces background sufficiently to
produce clean hybridization signals. The dried membrane is exposed to X-
OMat film (Kodak) for 2—100 h (depending upon the specific activity of the
probe) at —70°C with intensifying screens before the film 1s developed.

Discussion

PCR Diagnosis

Since PCR directly examines proviral DNA, it has been the “gold standard”
technique for testing the validity of serologic techniques, for distinguishing
HTLV-I from -II, and for measuring the in vivo distribution of provirus. For
research purposes, PCR is the only practical method for detecting and quanti-
tating proviral DNA in vivo.

Viral Subclassification. HTLV-I and -II are 60% similar in nucleotide se-
quence. While this makes serologic distinction of the two viruses challenging,
this degree of divergence is easily exploited with sequence-specific oligonucle-
otide primers and probes to differentiate the two agents.

Serologically Ambiguous Infection. Several groups have reported apparent
HTLV-I or -II infection (by PCR) of persons with serologically indeterminate
patterns of Western blot reactivity, and even some with negative screening
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EIAs. For HTLV-II in particular, there is at present no way to know how
many persons in a population are infected but fail to make antibodies that
cross-react with HTLV-I in high enough titer to allow diagnosis.

Special Situations. PCR can theoretically be used to diagnose infection in
persons in whom serologic diagnosis is not possible. For example, the obligate-
ly seropositive newborn children of infected mothers might be diagnosed in
this manner. Other situations in which PCR would be especially valuable
include detection of infection during the “window” period between exposure
and seroconversion and in fixed tumor tissue.

Problems with PCR Diagnosis

False-positive diagnoses of HTLV infection or incorrect subtyping of virus
may occur if even minute amounts of previously amplified DNA or cloned
target sequences get into the amplification mixture or any of the reagent
stocks. Usually, no amount of controls can allow one to determine with abso-
lute confidence that a particular positive signal was not produced by contam-
ination. This is a problem of sufficient magnitude and frequency to merit
constant attention. Recommendations to prevent contamination have been
published (Kwok and Higuchi 1989).

Combination of PCR and Culture:
Increased Sensitivity and Use in Confirmation of PCR Results

Although the fax primers discussed above are very sensitive in detecting provi-
ral DNA in PBMC specimens, in many cases 2—4 weeks of coculture of PBMC
with uninfected cells greatly increases (10?—10* fold) the amount of rax DNA
template and allows one to detect proviral DNA more readily. This frequently
occurs in cocultures in which p248€ antigen is not elaborated into the media.
This occurs because HTLV can presumably produce incomplete reverse tran-
scription products in in vitro infection, in a manner analogous to HIV-1 (B.
Hjelle et al. 1991, unpublished; Zack et al. 1990). The block to HTLV replica-
tion occurs between fax and pol, so primers in pol do not detect a similar
increase in target abundance in antigen-nonproducing cultures. In those rare
cases in which HTLV rax DNA is not detectable in PBMC from a seropositive
person, growth of cells in coculture followed by 7ax PCR will elicit a positive
signal. PCR of cocultured PBMC offers an additional advantage to PCR of
PBMC alone, since one may “confirm” a positive result obtained with PBMC
by repeating the assay on an independently prepared DNA sample.

The diagnosis of HTLYV infection in seronegative or serologically indetermi-
nate persons by PCR alone is sufficiently problematic to require the use of
coculture for confirmation. Antigen production is monitored by antigen-cap-
ture EIA and/or immunofluorescence. Positive and negative cultures are both
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subject to repeat PCR. We have been able to diagnose unequivocally several
individuals with serologically indeterminate results as infected with HTLV-I or
-II by these means (B. Hjelle et al. 1990, unpublished).
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Chapter 5 Detection of Human Spumaviruses
by Polymerase Chain Reaction*

Walter Muranyi and Rolf M. Fliigel

Summary

The detection of human spumaretrovirus (HSRV)-specific RNA and DNA
sequences by polymerase chain reactions (PCR) in human cells is described.
Various oligodeoxynucleotides of different chain lengths were derived from the
prototypic HSRV sequence, synthesized, and employed as sense and antisense
primers in several modified versions of a standard PCR. PCR seems to be the
method of choice for detecting HSRV nucleic acids and is superior to other
techniques. The only serious problem encountered is the oversensitivity of this
method that can lead to false-positive results due to laboratory contamina-
tions. Controls and the complete physical separation of all reagents and equip-
ment are required to avoid any contaminations.

Introduction

Spumaviruses are complex retroviruses of approximately 12—13 kbp in size
(Fliigel 1991). The regulatory genes of spumaviruses (called bel genes) con-
tribute substantially to the greater genome size when compared with other
retroviruses groups. The bel genes are characteristic and distinguish the
spumaviruses from the other two groups of complex retroviruses (Cullen 1991).
The lentiviruses and the human T-cell lymphotropic/bovine leukemia virus
(HTLV/BLYV) group also encode a number of additional and regulatory genes
besides the common genes gag, pol, and env of the simple retroviruses. The bel
genes, however, are clearly different from the lentiviral accessory genes, al-
though there is a functional equivalence between the rrans-activating bel { and
either human immunodeficiency virus (HIV-1) tar or tax of HTLV (Fligel
1991).

Spumaviruses share with other known retroviruses the ability to reverse
transcribe a single-stranded RNA genome into a double-stranded DNA. The
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double-stranded DNA can exist in several forms in retrovirus-infected cells: It
can be integrated into the host cell genome as a provirus, and it can occur in
an unintegrated form (linear or circular).

There are only a few reports on the isolation of spumaviruses from human
tissue (Fliigel 1991). The first human spumaretrovirus (HSRV) was isolated
from the lymphoblastoid cells of a nasopharyngeal carcinoma patient by
Achong et al. (1971). HSRYV is considered to be the prototype spumavirus,
since it has been characterized more extensively by nucleotide sequencing and
transcriptional mapping (Fliigel et al. 1987; Maurer et al. 1988; Muranyi and
Fligel 1991). The results of phylogenetic analyses by several groups unam-
biguously showed that spumaviruses are clearly distinct from all known retro-
viruses and distantly related to the complex groups of retroviruses (Maurer
and Fliigel 1988; Lewe and Fliigel 1989; Xiong and Eickbush 1988; Doolittle
etal. 1989; Myers and Pavlakis 1991). The analysis of the splicing pattern
revealed that the HSRV genomic RNA is characteristically spliced into a
unique arrangement of exons when compared with the transcriptional patterns
of the more related lentiviruses, in particular that of HIV-1. This finding opens
the way for designing and performing diagnostic PCRs that are gene-specific
for human spumavirus sequences as presented in the following section.

Experimental Method

Reverse Transcription of Viral RNA and Amplification of cDNAs by PCR

HSRV DNA was synthesized with Moloney murine leukemia virus reverse
transcriptase for 1 h at 37°C or with avian myeloblastosis virus reverse
transcriptase for 60 min at 42°C from 5 pg total RNA from HSRV-infected
cells using conditions given by the manufacturer (Gibco, Karlsruhe and
Boehringer, Mannheim). Reverse transcriptions were started by adding_ an
antisense oligodeoxynucleotide (150 pmol, 20-mer) derived from the 3'-region
of the HSRV genome and random hexa oligodeoxynucleotides (0.5 pug/reac-
tion; Pharmacia, Freiburg) according to Kinoshita et al. (1989). Alternatively,
reverse transcriptions were started with random hexa primers only, and the
sense and antisense primers were added before the PCR to avoid amplification
of false priming events. Concentrations of dNTPs were 2.5 mM in a reaction
volume of 10 pl. The reaction products were denatured at 94°C for 5 min.
Viral cDNAs were added to a solution that contained in 90 ul 0.25 mM of the
four dNTPs, 150 pmol of a sense primer, and 10 x Taq buffer. The PCR was
started by adding 2.5 units of Taq DNA polymerase (Cetus Perkin-Elmer or
Stratagene). Paraffin oil, 50 ul (Merck), was layered on top of the reaction
mixture. The reaction mixture was incubated at 94°C, 55°C, and 72°C for
1 min, 2 min, and 3 min. The cycle was repeated 35 times in a DNA thermal
cycler (Cetus Perkin-Elmer). Total RNA from uninfected HEL cells was run
as a control under the same conditions but did not result in any HSR V-specific
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DNA bands. PCR products were analyzed on agarose gels by visualizing with
ethidium bromide or alternatively by hybridizing to an oligodeoxynucleotide
located in both exons. PCR-amplified DNA bands in the range of 150 to about
1000 bp were isolated by electrophoresing onto DEAE membrane type NA45
(Schleicher & Schiill), purified, and cloned into the polylinker site of the
Bluescript vector according to standard methods (Davis et al. 1986). Larger
and distinct DNA fragments were directly isolated from agarose gels and
purified. Some viral DNAs were prechecked by restriction enzyme analysis.
Nucleotide sequencing was performed with the method of Maxam and Gilbert
or the dideoxy-mediated chain termination method (Sambrook et al. 1989).

Direct Detection of Spumaviral DNA by PCR

Total DNA (0.1-1.0 pg) extracted from patients’ biopsies or virus-infected
cells was used in a reaction volume of 50 or 100 ul of PCR reaction buffer as
given by the manufacturer (Stratagene), ANTPs were added at 250 pM each
plus 2.5 units of Tag DNA polymerase. Primers SCP1+DUS (Table 1) at
150 pmol were used and overlaid with paraffin oil. The amplification was
performed in 40 cycles of 1 min at 92°, 1 min at 50°-55°C, and 2 min at 72°C.
PCR products were analysed as described above.

Results and Discussion

Guidelines

The design and the application of PCR suitable for the specific detection of
spumavirus sequences in patients’ biopsies and sera requires a few points that
are useful as guidelines.

1. Primer pairs for PCR were derived from the published HSRV sequence
(Flugel et al. 1987; Maurer et al. 1988) including those that are located in
HSRYV exon sequences (Muranyi and Fliigel 1991), see below for specific
examples.

2. Reverse transcription of spumaviral RNA into cDNA was carried out prior
to amplification by PCR in the presence of hexa random oligodeoxynucle-
otides and an antisense primer (Muranyi and Fliigel 1991; Kinoshita et al.
1989).

3. Direct detection of spumaviral DNA sequences by PCR amplification using
primer pairs SCP1 plus DU S from the 5-LTR (long terminal repeat) or
CBS plus ZBA from the gag region (Table 1).

4. The selection of primer pairs was done by restricting the size of PCR
products to about 150500 bp. In exceptional cases primer pairs with
larger distances of up to 1500 bp between the genetic locations were used.
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Table 1. Characteristic features of spumaretroviral (SRV) primer pair sequences

Name Sequences of primer pairs Genomic Gene Size of PCR
of (5'-39) localization® assignment products
primer (bp)

SCP1 GCTCTTCACTACTCGCTGCGT 3—- 23 LTR (R) 268 (RUS)
DU 5 CACTAGATGTCTCCCTTAGCA® 251- 271 LTR (U3s)y ~

CBS CTCTATACCTGGGATTCATCC 10661086  gag 332 (CA)
ZBA GGAGGCTCTCCAGTTACAGAT 1378-1398  gag

SCP1 GCTCTTCACTACTCGCTGCGT 3—- 23 LTR(R) 572 501. 264
E1A CCAGGCCAATACTCTTGAGCT 5906-5929  env PThe T
SCP1 GCTCTTCACTACTCGCTGCGT 3- 23 LTR (R) 711, 640. 440
GAP CAATCAGATACTGACCCTGACTG 9015-9038  bel 1 T
SCP1 GCTCTTCACTACTCGCTGCGT 3— 23 LTR (R) 310. 434
BICA ATCGATGGATCGTCTCCTGG 9312-9331  bet ’

SCP1 GCTCTTCACTACTCGCTGCGT 3- 23 LTR (R) 207. 162
BICA ATCGATGGATCGTCTCCTGG 9312-9331  bel2 )

a

b

In nucleotide positions of the HSRV genome (Muranyi and Fliigel 1991)
Antisense primer is given as used for polymerase chain reaction (PCR)

LTR, long terminal repeat; R, repeat region; U35, unique region of 5-LTR; cA, capsid antigen

5.

The PCR products were routinely analyzed after electrophoresis on agarose
gels by staining with ethidium bromide. Alternatively, and in order to
increase the sensitivity of detection of PCR-amplified DNA bands, blot
hybridization with a labeled spumavirus-specific oligodeoxynucleotide as
probe was used. The sequence of the oligonucleotide was derived from a
location between the two primers used.

. PCR amplification of viral mRNAs expressed in human tissues was done

by using total RNA as starting material that had been extracted from
virus-infected human cells and subsequently subjected to the same proce-
dure as described above.

. The PCR technique to be used for the detection of proviral sequences also

depends on the source of the cells or biopsies. The salient point is that if a
naturally occurring virus that has never been passaged in in vitro cell
cultures is to be detected, it cannot be expected that the sequence of a field
virus is identical to that of the known prototype genome. Accordingly,
degenerate PCR primer pairs should be designed and used by taking again
the aforelisted rules into account. In addition to field isolates, this is also
valid for variant and defective viruses. Degenerate primers should be invari-
ant at the termini but can vary in the central part of their sequences
(Frohman 1990).
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Fig. 1. Analysis of reverse-transcribed and PCR-amplified human spumaretrovirus (HSRV)-
specific env mRNAs with primer pair SCP 14+ E1A. One tenth of the reaction mixture was
clectrophoretically separated on a 1% agarose gel and stained with ethidium bromide.
Starting material was total RNA extracted from HSRV-infected human embryonic fibro-
blast cells 24 h (Jane 1 a) and 72 h (lane 2 a) after infection. Lanes 1b and 2b show the corre-
sponding autoradiogram after blot hybridization under stringent conditions with an
oligodeoxynucleotide (SCP 2) derived from the R region of the 5-LTR of HSRV (Muranyi
and Fliigel 1991). The arrows mark three HSRV env DNA bands. Lane M contains lambda
HindIII DNA fragments as markers

Selection of Defined Primer Pairs

The genetic structure of the HSRV DNA genome is in its shortest form:
5'-LTR-gag-pol-env-bel 1-bet, bel 2-bel 3-3'-LTR.

In general, genomic regions that are required for viral replication and
transcription are suitable for PCR amplification. Some examples of sequences
of spumaviral primer pairs that were used for PCR amplification of HSRV
transcripts from virus-infected human cells are compiled in Table 1. Sense
primers that are located at or just downstream of the start site of viral tran-
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Fig. 2. Analysis of reverse-transcribed and
PCR-amplified HSRV-specific bel { tran-
scripts with primer pair SCP 1+ GAP.
Conditions were as described in legend to
Fig. 1. The arrows indicate three bel 1-
specific DNAs after staining with ethidium
bromide (/ane ! a) and autoradiography
(lane 1b)

scription are those of choice, since they can be used for the detection of viral
DNA, genomic RNA, and subgenomic transcripts. Thus, the SCP1 sense
primer is the one most frequently used (Table 1). The antisense primer should
be selected by taking the expected value of the PCR product into account.
Product sizes of 150-500 bp are optimal and relatively easy to detect on
agarose gels. The design of primer pairs that result in PCR products that
exceed 900 bp should be avoided, since more sophisticated methods are re-
quired for the synthesis and detection of large viral genomic sequences. The
lengths of the primers that were used varied within 18—23 bp. The actual
length is not of primary importance; however, to adjust the molar (G+C)
contents of a given primer to approximately 55%, primers of various lengths
can be selected to approach that value (Frohman 1990). Figure 1 illustrates
PCR amplification and the detection of rare and more abundant spumaretro-
viral transcripts in one set of experiments. The arrows mark three simulta-
neously detected HSRV ¢cDNA bands that correspond to env mRNAs. Where-
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as the more abundant mRNAs were directly visualized as cDNAs by staining
with ethidium bromide, the rare transcripts required blot hybridization with a
radiolabeled oligonucleotide as probe (Fig. 1, lane 2b).

Another example for the detection and identification of HSRV-specific
transcripts by PCR is shown in Fig. 2. In this experiment, primer pair
SCP1+ GAP was used (Table 1). Three viral cDNA species amplified by PCR
were detectable as marked by arrows. It is noteworthy that the sizes are in
agreement with the calculated values given in Table 1. All bands were molec-
ularly cloned and characterized by nucleotide sequencing. The result proved
that the DNAs represent bel /-specific mRNAs of different lengths which is
due to the presence of extra small exons derived from the central part of the
HSRYV genome (Fliigel 1991; Muranyi and Fliigel 1991).

Conclusions

The power of the PCR method is well illustrated by the recent unraveling of
the complex transcriptional patterns of HSRV and HIV-1 (Muranyi and
Fliigel 1991; Schwartz et al. 1990). The results of the studies revealed novel
gene products for both viruses that were subsequently shown to exist
(Schwartz et al. 1990; Lochelt et al. 1991). It is also of great phylogenetic
interest that several noncoding exons were detected in the central domain of
both virus genomes, some of which occur in the po/ gene (Fliigel 1991; Muranyi
and Flugel 1991). In general, PCR primers should be taken from genes that are
absolutely required for viral replication, e.g, bel 1 (Lochelt et al. 1991). Alter-
natively, genes like HIV-1 nef that are necessary for in vivo pathogenesis are
also suitable for PCR diagnostics (Kestler et al. 1991).

The methods described above were particularly useful for the detection of
HSRV DNA and RNA in virus-infected human cells. Doubtless, improved
PCR techniques shaped according to the purpose and to a particular problem
will be of great value for identifying spumaviral sequences in patients’ biopsies
and sera.
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Chapter 6 Antigen Capture/Polymerase Chain
Reaction for the Detection of Hepatitis A Virus
in Human Clinical Materials

Robert W. Jansen !2 and Stanley M. Lemon !

Introduction

Human hepatitis A virus (HAV) is the single most common cause of acute viral
hepatitis in many regions of the world. Recently classified within the genus
Hepatovirus of the family Picornaviridae, this positive-strand RNA virus has
several notable biological features. Unlike many picornaviruses, HAV has a
protracted, most often noncytolytic replication cycle in cell culture which
makes the isolation of this virus from clinical materials exceptionally difficult.
To facilitate the detection of HAV in clinical samples and to allow us to
determine the genetic relatedness of epidemiologically unrelated virus strains,
we have developed an antigen capture/polymerase chain reaction (AC/PCR)
method which utilizes a simple immunoaffinity-based virus purification
scheme prior to isolation of viral RNA, reverse transcription, and PCR
(Jansen et al. 1990). This method involves the “capture™ of virus by a mono-
clonal antibody bound to a solid-phase support (the PCR reaction tube itself),
heat denaturation of the virus which results in release of its RNA, and reverse
transcription followed immediately by PCR. Only a single reaction tube is used
throughout the entire process, and thus the method involves fewer manipula-
tions than conventional PCR methods for detection of RNA viruses. In addi-
tion, the immunoaffinity virus purification step results in a greatly increased
abundance of the target RNA relative to extraneous nucleic acids subjected to
PCR. The specificity is thus enhanced, and AC/PCR usually generates a single
PCR product which is readily visualized on agarose gels containing ethidium
bromide. As little as 5 pl of a clinical sample (usually a crude fecal suspension)
is required. The general method and its application to the study of the molec-
ular epidemiology of HAV have been described in detail elsewhere (Jansen
et al. 1990).

Throughout the AC/PCR procedure, it is important to conform to the
normal precautions associated with PCR amplification of viral nucleic acid
sequences present in clinical materials (Kwok and Higuchi 1989). In particu-
lar, one must pay attention to the avoidance of cross-contamination during the
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pre-PCR immunoaffinity capture steps. Unless the washing steps are carried
out with care, excess virus in one high-titered sample may be inadvertently
transferred to a tube containing little or no virus, and some of this contaminat-
ing virus may bind to the capture antibody. However, we have found a greater
problem to be the presence of cloned cDNA in the PCR laboratory. Contam-
ination can be partly controlled by performance of replicate AC/PCR assays,
but we prefer the greater specificity afforded by sequence analysis of the
amplified PCR product. Nonetheless, when two or more clinical samples pro-
duce PCR products with 100% sequence identity (or identify to a cloned
cDNA maintained in the laboratory), the entire method must be repeated to
assure validity.

Experimental Approach

Antigen Capture

Monoclonal HAV-specific IgG diluted in pH 9.6 carbonate buffer (100 pl) is
allowed to coat the surface of PCR reaction tubes (sterile 1.5 ml or 0.5 ml
microcentrifuge tubes) at 35°C for 4 h, as described previously for the coating
of microplates for immunoaffinity hybridization (Jansen et al. 1985). We use
3-10-fold higher concentrations of capture antibodies to coat polypropylene
tubes than we normally use to coat polyvinylchloride or polystyrene micro-
plates, however, because of the lower protein-binding abilities of polypropy-
lene. After ““blocking” unbound sites on the plastic surface with a solution of
1% bovine serum albumin, the tubes are washed three times with 300 pl of
phosphate buffered saline (PBS) containing 0.05% Tween-80. Clinical samples
(25-80 pl), suspended in PBS or TRIS-ethylene diamine tetra-acetic acid
(EDTA), are added directly to the washed tubes and incubated at 4°C
overnight. Using care to avoid cross-contamination, the tubes are washed
separately six times with 300 ul of 20 mAs TRIS, pH 8.4, 75 mM KCI, and
2.5 mM MgCl,. For washing, we utilized a simple apparatus consisting of a
thick-walled plastic tube clamped to a ring stand at one end and attached to
a vacuum trap at the other. A disposable micropipette tip is placed at the open
end of the tube, where it is held in place by the vacuum and serves as a readily
replaceable aspiration probe. After washing is completed, the tubes can be
stored frozen or taken immediately into the subsequent reverse transcription/
PCR steps.

Reverse Transcription and PCR
The captured virus is denatured by placing the tubes at 95°C for 5 min after

the addition of 80 ul of reverse transcriptase (RT)/Taq universal buffer
(25 mM TRIS, pH 8.4, 75 mM KCl, 2.5 mM MgCl,, 0.25 mM each dNTP)
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Table 1. Hepatitis A virus VP1/2A region primers for antigen capture/polymerase chain
reaction

Positive-sense primers:

+2891 5-GGTTTCTATTCAGATTGCAAATTA
+2933 S-TTTGTCTTTTAGTTGTTATTTGTCTGT
+2948 5-GTTATTTGTGTGTCACAGAACAATC
+2984 5-TCCCAGAGCTCCATTGAA

Negative-sense primers:

—3192 5-AGGAGGTGGAAGCACTTCATTTGA
—3265 5-CATTATTTCATGCTCCTCAG

—3375 5-AGTAAAAACTCCAGCATCCATTTC
—3285 5-AGTCACACCTCTCCAGGAAAACTT

and 5 pl (50 pmols) of the negative-strand primer. The positive-strand primer
is not added at this step so as to minimize possible nonspecific primer exten-
sion by the RT. As the thermal cycler temperature reaches 42°C, 5 ul (2 units)
of RT is added to each tube, and the temperature is held at 42°C for an
additional 30 min. The reaction tubes are placed on ice for the addition of
50 pmols plus-strand primer and 2 units heat-stable Tag DNA polymerase
(10 ul total). The low temperature at this step may minimize nonspecific exten-
sion products (“‘cold deoxyribonuclear fusion™). The reaction mix is then
overlaid with mineral oil and placed at 95°C for 5 min, before the initiation of
30—40 PCR cycles involving denaturation at 95°C for 15 s, annealing for 5's
at 42°C, and extension for 1 min at 72 °C. The last cycle extension is for 5 min,
to allow full completion of double-stranded PCR products. Oligonucleotide
primers used for AC/PCR are shown in Table 1.

Analysis of AC/PCR Products

A 10% —-100% aliquot of the AC/PCR product is subjected to electrophoresis
in 3% NuSieve GTG (FMC) agarose gels [containing 1% Seakem ME agarose
(FMCQ) if for Southern blotting] in TRIS-acetate/EDTA buffer. PCR products
are visualized by ethidium bromide staining. For maximum sensitivity, the
gel may be subjected to Southern transfer for hybridization analysis. Alter-
natively, the individual PCR product bands may be excised, purified, and
sequenced by the dideoxynucleotide method, as described previously (Jansen
et al. 1990).

Results and Discussion

Specificity and Sensitivity

It is not likely than any method for the detection of viral antigen or viral RNA
will ever supplant serological methods for the diagnosis of hepatitis A. The
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Fig. 1. Southern hybridization of agarose gel-fractionated antigen capture/polymerase chain
reaction products obtained with different capture antibody specificities. Reaction tubes were
coated with 1:100 dilutions of ascitic fluids containing monoclonal antibodies hepatitis A
virus (HAV) (lane a, monoclonal K3-2F2), poliovirus type 1 (lanes b and c), or respiratory
syncytial virus (lane d) or with carbonate buffer only (lane e), prior to loading with an
HAV-positive 10% human fecal suspension (GR-1). (From Jansen et al. 1990)

IgM antibody response to HAV is brisk and substantial in patients who expe-
rience acute hepatitis A infection. Such antibody is present in >99% of pa-
tients by the time they present to their physicians with symptoms of infection
(Lemon et al. 1980). HAV-specific IgM is readily detected by commercially
available antibody-capture immunoassays and represents the diagnostic stan-
dard for HAV infection. Nonetheless, the detection of HAV in fecal materials
of acutely infected patients by AC/PCR allows the particular strain of HAV
causing the infection to be characterized in great detail and thus offers novel
opportunities for advancing our understanding of its molecular epidemiology
(Jansen et al. 1990).

‘We have shown that the AC step in AC/PCR enhances the overall specificity
of PCR-based procedures for the detection of HAV in clinical specimens
(Jansen et al., 1990). An HAV-containing fecal specimen was placed into tubes
coated with either HAV-specific monoclonal antibody or other non-HAV-re-
lated monoclonal antibodies. AC/PCR was carried out as described above,
and the products separated on an agarose gel. The PCR products were then
transferred to nitrocellulose and probed with a 3?P-labelled oligonucleotide
probe complementary to the predicted sequence of the amplification product.
Hybridization signals obtained with the AC/PCR products from the reaction
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Fig. 2. Agarose gel analysis of AC/PCR products obtained with fecal samples collected from
patients with hepatitis A. The primer set utilized was +2020/—2211, which results in
amplification of a 206-bp segment encoding part of the capsid protein VP3. In the rop panel,
reaction products are visualized by ethidium bromide staining (negative image). Lane a,
phosphate buffered saline (PBS) control and b, GR-7 fecal suspension immunoaffinity
captured by monoclonal antibody to poliovirus (compare with Fig. 1, where washing was
more extensive after antigen binding); ¢—w., acute hepatitis A fecal suspensions captured by
HAV-specific monoclonal K3-2F2 (lane h is GR-7); x, HAV-negative fecal suspension from
normal human volunteer, y, =, additional PBS PCR controls. In the lower panel are the results
of Southern hybridization with an oligonucleotide probe (+2189, 5-TATGGATGTTACTA-
CACA). (Figure modified from Jansen et al. 1990)

tubes coated with non-HAV-related antibodies were weak or undetectable,
while a very strong signal was obtained from the tube coated with the HAV-
specific monoclonal antibody (Fig. 1). The level of random signals obtained
from the non-HAV-coated tubes was not unreasonable given the amount of
HAV present in the original sample, and the extreme sensitivity of PCR in
general. The significant point is the differential signal strength that is evident
upon examination of the blot shown in Fig. 1.
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We compared the sensitivity of AC/PCR with that of older methods for the
detection of HAV in clinical materials (Jansen et al. 1990). This analysis re-
vealed a significant advantage in terms of the sensitivity obtained with AC/
PCR (Table 2). Fecal suspensions collected from 20 patients with acute hepati-
tis A who were involved in a common source outbreak of this disease were
studied for the presence of HAV antigen by solid-phase radioimmunoassay,
RIA (Lemon et al. 1982) or HAV RNA by combined immunoaffinity cDNA-
RNA slot blot hybridization (Jansen et al. 1985) and AC/PCR. AC/PCR prod-
ucts were transferred to nitrocellulose for Southern hybridization with an
oligonucleotide probe which was complementary to an internal region in the
expected amplicon. Seventeen (85%) of the specimens yielded AC/PCR prod-
ucts of the expected size which were visible on ethidium-stained agarose gels.
Furthermore, products from 19 of the 20 (95%) fecal specimens produced
positive hybridization signals when hybridized with the labelled probe (Fig. 2).

Table 2. Comparison of radioimmunoassay (RIA), cDNA-RNA immunoaffinity hybridiza-
tion, and AC/PCR for detection of hepatitis A virus 1 (HAV) in human fecal specimens

Specimen RIA (S/N) cDNA-RNA AC/PCR
hybridization
blot intensity

GR15 59.0 6419 A+
GR7 42.4 2694 4+
GRI19 30.0 2470 A4+
GRS 33.8 2428 4+
GRI 21.2 123 FH+
GR17 59 17 ++
GR14 3.5 64 ++
GR4 3.1 78 +

GR6 2.7 131 ++
GR9 2.2 1 4+
GR2 1.9 (=) 45 ++
GR21 2.0 (—) +/— (+)
GR20 1.0 (—) /- (+)
GR16 1.7 (=) - +

GR12 1.1 (=) - +

GR24 1.1 (—) - +

GR10 1.1 (=) - +

GR11 1.1 (=) - +
GR13 0.8 (—) - +

GR23 0.8 (—) nd -

Note: Fecal samples, collected from 20 individuals involved in a common source outbreak
of hepatitis A (Lednar et al., 1985), were tested for HAV by RIA (Lemon et al. 1982),
immunoaffinity hybridization with a probe complementary to the P1 region of the HAV
genome (Jansen et al. 1985), and AC/PCR (Jansen et al. 1990). S/N is the signal-to-noise ratio
in the RIA (>2.1 is considered positive). Hybridization intensity was determined by laser
densitometry of the autoradiogram. AC/PCR results are shown by intensity of the amplified
transcripts in an ethidium-stained agarose gel; (+) indicates that the transcripts were iden-
tified only by Southern hybridization; nd =not done
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In contrast, only 10 of 20 (50%) and 13 of 19 (68%) specimens were positive
by RIA and cDNA-RNA hybridization, respectively (Table 2). Subsequent
sequencing studies demonstrated a single-base mismatch between the oligonu-
cleotide detection probe used in this experiment and the complementary nucle-
otide sequence of the virus causing this outbreak of disease (Jansemnet al. 1990).
We would thus expect that even greater sensitivity might have been achieved
with a perfectly matching probe, or perhaps a probe of greater length. The
RIA signal and the cDNA-RNA hybridization intensities correlated roughly
with the quantities of PCR products (Table 2). This correlation suggests that
AC/PCR is at least semiquantitative under these conditions.

We compared the detection of HAV by AC/PCR with that by a convention-
al PCR approach. This latter method involved the isolation of viral nucleic
acid by treating clinical samples with proteinase K and SDS, followed by
extraction with phenol-chloroform. While this method was much more labor
intensive than AC/PCR, the sensitivities of the two methods were found to be
comparable (Jansen et al. 1990). In addition to facilitating the testing of a
larger number of samples, the fewer manipulations involved in AC/PCR may
lessen risks of cross-contamination of reaction mixes or even carry-over be-
tween serial assays.

We have estimated that the detection limit of AC/PCR, when coupled with
the detection of amplified products in Southern blots, approaches 3—30 virus
particles per 80-ul sample (Jansen et al. 1990). However, we emphasize that
this is only an approximation and that it is based in part on less-than-perfect
information concerning the particle/infectivity ratio of the virus. Previous data
suggest that there are approximately 100 RNA-containing particles of HAV
for every infectious unit of virus present in clinical samples (Jansen et al. 1988).
Thus, it is not surprising to see that AC/PCR may be more sensitive than virus
isolation in cell culture and may be capable of detecting less than one infectious
unit of virus. Such sensitivity is particularly important when dealing with a
virus like HAV which is especially difficult to isolate in cell cultures. The
AC/PCR method thus provides a high degree of specificity without loss of
sensitivity while conveniently simplifying technical manipulations prior to
PCR.

Selection of Sample Type

All of the work described above has been carried out using fecal suspensions
prepared from infected patients or laboratory animals. However, a significant
viremia accompanies acute hepatitis A (Lemon et al. 1990), and it would be
simpler in many ways to have a method capable of detecting HAV in serum
samples. While this has been accomplished by conventional PCR strategies
involving isolation of the viral RNA prior to reverse transcription (Robertson
et al. 1991), we have not been successful in detecting HAV in serum specimens
by AC/PCR. Indeed, we have found that the addition of a small amount of
serum to a fecal suspension containing HAV results in significant inhibition of
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the AC/PCR signal. The reasons for this inhibition remain undefined, but it is
possible that it reflects reduced capture of virus due to the blocking effect of
certain serum proteins which have high affinity for the HAV particle (Zajac
et al. 1991). Alternatively, it may reflect carry-over of serum components that
are inhibitory to RT or Taq polymerase.

Application of AC/PCR to Molecular Epidemiology of HAV

We have utilized AC/PCR followed by sequencing of the amplified product to
study the genetic relatedness of HAV strains recovered from patients in differ-
ent epidemiologic settings (Jansen et al. 1990, 1991). We compared the related-
ness between strains that was present in two regions of the genome, one which
encodes the carboxyl end of VP3 and the other which encodes the putative
cleavage region at the VP1/2A junction. This latter region is analogous to the
segment of the poliovirus genome which was studied by Rico-Hesse et al.
(1987) in determining the genetic relatedness of poliovirus strains recovered in
different geographic regions, and it contains greater sequence diversity than
the VP3 region (Jansen et al. 1990). A sample dendrogram depicting a maxi-
mum parsimony analysis of the relatedness among various strains of HAV
within the 172-base region encoding the putative VP1/2A domain (nucleotide
positions 3020—3191, wild-type HM175 numbering) is shown in Fig. 3.

Worth noting is the choice of oligonucleotide primers employed for detec-
tion of HAV in epidemiologically diverse specimens. Of the several regions of
the genome which have been examined, better resolution of strain differences
may be obtained from sequence analysis of PCR products derived from the
VP1/2A junction (Jansen et al. 1990). VP1/2A primer sets include oligonucle-
otides +2948 (or +2984) and — 3265 (or —3285) (Table 1). With genetically
divergent HAV strains, the use of alternative primers (42891 or +2933, and
—3192 or —3375, see Table 1) may be necessitated by amplification failures
observed with primer sets based on the HM175-strain. When maximum sensi-
tivity is required, however, and the ability to distinguish between different
strains is not important, it may be reasonable to consider selection of primers
representing much more conserved segments within the 5'-nontranslated (5'-
NTR) region of the genome (Brown et al. 1991). Thus, primer selection is
largely driven by the specific aims of the AC/PCR procedure: detection of the
presence of virus or determination of strain relatedness.

Application of AC/PCR to Other Viruses

Because AC/PCR combines the sensitivity of a PCR-based procedure with the
potential specificity of an antigen—antibody interaction, it may prove especial-
ly useful for the rapid detection and serotypic differentiation of viruses which
are closely related genetically but widely divergent antigenically. Among the
picornaviruses, HAV is relatively unique in having a highly conserved anti-
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Fig. 3. Dendrogram showing approximate genetic relatedness among 13 strains of HAV
recovered from epidemiologically and geographically different sources. The virus strain and
geographic site and year of recovery are indicated at the /efr. CR326 and HM175 were
studied from cell culture materials (passage level also noted). The approximate degree of
relatedness between any two strains (percentage nucleotide identity in a 172-base region at
the putative VP1/2A junction) is represented by the distance from the left of the chart to the
first common node. GR-7 and LV-BE have identical sequences in this area, although they
were recovered from widely separated geographic regions. Their close relatedness suggests a
common epidemiologic source. Both virus strains were recovered during outbreaks of hepati-
tis A in American soldiers (Jansen et al. 1990). The sequence of KRMO0O03 was provided by
Yasuo Moritsugu of the National Institute of Health, Japan

genic structure (Lemon and Ping 1989). In contrast, the enteroviruses and
rhinoviruses comprise a large group of medically important viruses with di-
verse antigenic phenotypes but closely related nucleotide sequences, particu-
larly in the 5-NTR of their genomes. It should prove possible to develop rapid
and practical methods for the detection and serotypic characterization of these
viruses when they are present in human clinical materials by combining AC
(perhaps with pools of monospecific antibodies) and PCR with generic 5'-
NTR primers.
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Chapter 7 Clinical Diagnosis of Hepatitis B
Infection: Applications of the Polymerase Chain
Reaction

Geoffrey Dusheiko !, Jianye Xul, and Arie J. Zuckermann !+

Summary

Hepatitis B virus (HBV) infection serves as a good example of the use of the
polymerase chain reaction (PCR) for the diagnosis of viral infection. The
technique is at least 10* times more sensitive than current dot blot hybridiza-
tion assays for HBV DNA. PCR overcomes the disadvantage of low concen-
trations of HBV DNA in patients with a low level of viraemia, and permits the
detection, cloning, and sequencing of HBV genomes from such patients. Use
of this assay indicates that loss of HBeAg is associated with a decrease rather
than complete disappearance of HBV DNA.

A number of other applications of PCR have been informative. The most
interesting application of PCR has been to study the genetic heterogeneity of
HBYV. These investigations have identified variants of HBV by generating
fragments of DNA that could be sequenced either directly or by subcloning the
amplified fragments into M13 and sequencing. Critical point mutations have
been detected by this means. Variants of HBV have been described which are
not recognized by the classical serological reagents for HBsAg. Vaccine escape
mutants, characterized by a point mutation from guanosine to adenosine, have
been recognized. These mutants are not neutralized in anti-HBs-positive vac-
cines.

Genetic mutants have recently been described in serum of anti-HBe and
HBV DNA positive patients. PCR amplification and subsequent sequencing
of genomic DNA in patients with this form of chronic hepatitis B has indicated
that one or more nucleotide substitutions in the pre-C region of the genome
account for the absent expression of HBeAg.

Thus PCR methodology has already altered our perceptions of the natural
history of chronic hepatitis B infection, and is likely to shed further light on
this complex disease. The technique is proving a useful utility in the diagnosis
of hepatitis B and a valuable research tool for advancing our understanding of
HBYV variants, vaccine escape mutants, and hepatocellular carcinoma.

! Royal Free Hospital School of Medicine, Rowland Hill Street, London NW3 2PF
2 'WHO Collaborating Center for Reference and Research on Viral Diseases, London, UK
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Introduction

A number of viral infections have been usefully studied using the polymerase
chain reaction (PCR) to amplify viral genomes. Hepatitis B virus (HBV) infec-
tion serves as a good example of the use of this technique for the diagnosis of
viral infection (Lampertico et al. 1990; Zeldis et al. 1989; Brechot 1990). HBV
is a 42 nm long, enveloped, double-stranded DNA virus causing acute and
chronic hepatitis infection. The virus contains an outer envelope, hepatitis B
surface antigen (HBsAg), and an inner nucleocapsid (HBcAg). In addition to
virions, 20-nm spheres and tubules, which consist of HBsAg without HBcAg
or DNA, are found in excess in serum. The genome of HBV is a small, circular,
double-stranded DNA of about 3200 bases. Four open reading frames (ORFs)
encoding the pol, C, S and X genes have been characterised. The complete
sequence of several HBV isolates are known (Tiollais et al. 1985).

Similar viruses are found in woodchucks, ground squirrels and ducks. This
family of viruses, termed hepadnaviridae, uses a mode of replication peculiar
to it, involving a cycle of RNA synthesis from covalently closed DNA, reverse
transcription of pregenomic RNA to minus-strand DNA, and DNA plus-
strand synthesis. HBV DNA may become integrated, but this process is not a
necessary step in the life cycle. These viruses could therefore be grouped within
a superfamily of retroid viruses or reversiviruses.

The surface protein consists of three envelope proteins. These originate
from one gene by the alternative use of three start codons for protein synthesis
(Neurath et al. 1985) (Fig. 1). These sequences, known as pre-S1, pre-S2, and
S, all constitute part of the HBsAg. The terms LHBS, MHBS and SHBS have
been suggested for these proteins. It is likely that attachment to hepatocytes
and infectivity are related to pre-S1 sequences.

The two nucleocapsid proteins, HBcAg and HBeAg, are the products of a
single gene region on the viral genome (Stahl et al. 1982). The C gene has two
initiation codons and two gene regions (pre-C and C) encoding these two
potential molecular forms (Figs. 1, 2). Initiation of translation at the first site
(nucleotide 1814) produces a 312 amino acid polypeptide (P25) which has a
signal peptide directing it to the endoplasmic reticulum where the signal piece
is removed by signal peptidases, cleaving the N-terminal 19 amino acid
residues. With subsequent processing, the C-terminal 34 amino acid residues
are removed, and the resultant polypeptide is secreted as HBeAg (p15—18), a
soluble protein that is the product of 10 residues coded by the pre-C region and
149 residues coded by the C gene (Ou et al. 1986). Part of the HBeAg protein
may be expressed in the cell membrane, and secreted HBeAg may induce
immune tolerance against HBeAg (Schlicht et al. 1991). HBeAg does not,
however, appear necessary for HBV replication and infectivity.

Translation from the second initiation codon (nucleotide 1901) results in
unprocessed core polypeptides which are assembled into HBcAg particles.
RNA or DNA is packaged within the core particles, rendering the genome
resistant to nucleases. An envelope is then acquired, and the virion is secreted.
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Fig. 1. Genomic map of hepatitis B virus (HBV) showing the sites of mutation of vaccine
escape and precore mutants (modified from Peters et al. 1991)

HBeAg therefore has substantial homology to HBcAg, and the proteins are
cross-reactive at the T-cell level. Core particles of HBV are potent immuno-
gens, inducing T-cell-independent production of anti-HBc.

HBYV may cause acute or chronic hepatitis B. Acute hepatitis is defined as
a self-limiting disease of the liver marked by acute inflammation and hepato-
cellular necrosis in association with a transient HBV infection. Chronic hepati-
tis B is defined as persistent HBV infection accompanied by evidence of hep-
atocellular injury and inflammation. The disease may be life-long. The propor-
tion of infected individuals who develop chronic hepatitis varies inversely
according to the age of the patient. The disease may vary from silent or
asymptomatic disease to severe symptomatic chronic active hepatitis, cirrhosis
or hepatocellular carcinoma (HCC). Extrahepatic manifestations such as
glomerulonephritis, vasculitis or polyarteritis may also occur.

HBsAg carriers vary in infectivity, but highly viraemic patients may circu-
late up to 108 particles per milliliter of serum. There is epidemiological varia-
tion in the prevalence of HBV infection, reflecting differences in the modes and
ages of transmission in developed and developing regions. For example, in
sub-Saharan Africa and China, transmission occurs predominantly in child-
hood, whereas in Western Europe and North America, the disease occurs
predominantly in high-risk adults.
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Fig. 2. Schematic representation of the two different synthetic pathways of the hepatitis B
virus (HBV) core gene products (modified from Schlicht et al. 1989)

The pathogenesis of the disease is incompletely understood. HBV may
perhaps cause damage by a direct cytopathic action. However, immunologic
mechanisms appear more important, since most evidence suggests that HBV
is not cytopathic and that the expression of disease involves a poorly under-
stood interplay between viral and host factors. There is a propensity to chronic
infection if infection occurs at a young age.

Clinical Diagnosis of Hepatitis B

Serological Markers

Serological markers for the clinical diagnosis of HBV have been well charac-
terised. With the advances in molecular biology, newer techniques comple-
menting the established immunoassays have been developed which facilitate
making a diagnosis and have accelerated hepatitis research. The most widely
used test for the diagnosis of hepatitis B is assay for HBsAg. Current im-
munoassays for HBsAg detect 100—200 pg HBsAg per ml of serum, corre-
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sponding to roughly 3 x 107 particles per ml. Immunoassays for HBeAg and
anti-HBe are commercially available. Most HBeAg-positive carriers have
more than 10° genomes per ml serum, whereas most anti-HBe-positive carriers
have less than this number. Immunity to hepatitis B is characterised by the
presence of anti-HBs and anti-HBc in serum.

Assay of Viral DNA

The dot blot hybridisation test for serum HBV DNA correlates with infectivity
and is an important means of determining the presence of viral genomes.
Typically, a serum sample is lysed by sodium hydroxide and filtered through
a nitrocellulose membrane; specific binding of DNA occurs. The membrane is
then incubated with cloned labelled HBV DNA, and if the test sample contains
HBV DNA, annealing to the membrane-bound DNA permits detection by
autoradiography. Usually probes are labelled by nick translation using de-
oxynucleotide [*2P] triphosphate. Non-radioactive probe labelling is also pos-
sible (Seibl et al. 1990). HBV DNA in serum is expressed in pg/ml or, alterna-
tively, genome equivalents per ml. One picogram corresponds to 2.86 x 103
genome equivalents if a molecular weight of 2.1 x 10° is assumed for full-
length, double-stranded HBV DNA. The usual range of sensitivity is 0.1-1 pg
or 10° genome equivalents per ml of serum (Bonino et al. 1981). The calculated
weight of HBV DNA equivalent to one virion is approximately 3 x 10~ pg.
Thus, at least 10° ~ 3 virions have to be present in a specimen to be detected by
dot blot assay. One problem with the dot blot assay is their variable sensitivity
when performed in different laboratories.

This problem is partly overcome by a liquid phase hybridization assay for
HBV DNA, in which HBV DNA extracted by virion lysis is mixed with
1251_]abelled nucleic acid probe and allowed to hybridize, and then the free and
hybridized probes are separated by column chromatography. Hybrid
molecules are eluted by this system, whereas unhybridized [12°I]-HBV probe
is retained by the column. The sample and eluate are counted in a gamma-
counter, and samples with counts above the cut-off value determined by run-
ning positive and negative controls are considered positive. The linearity of the
assay allows the positive control to be used as a standard for quantitation of
HBV DNA levels in pg/ml. Although better standardised, the assay is costly
and cannot be easily used to process a large number of samples.

Southern Blot Hybridisation

This assay is most useful in the study of liver DNA samples, allowing detection
of integrated or free episomal HBV DNA. Integrated HBV DNA can be
detected if a restriction enzyme is used which does not cleave HBV DNA
(HindIIl) (Shafritz et al. 1981). Integrated HBV DNA has been found in
hepatocellular carcinoma and in HBsAg-negative samples (Brechot et al.
1981 a).
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Polymerase Chain Reaction

PCR overcomes the disadvantage of low concentrations of HBV DNA in
patients with a low level of viraemia and permits the detection, cloning and
sequencing of HBV genomes from such patients. As in other applications,
PCR detection of HBV DNA depends upon the in vitro production of large
amounts of HBV DNA fragments of defined length and sequence from small
amounts of DNA using short oligonucleotide sequences as primers. The reac-
tion typically involves an extraction step, thermal denaturation of double-
stranded target molecules and the addition of synthetic oligonucleotides as
primer pairs. The primers anneal to complementary sequences, and these are
extended by enzymatic synthesis with DNA polymerase. The procedure is
performed in a programmable thermal cycler which automatically repeats the
cycles of heat denaturation, primer annealing and Taq polymerase enzymatic
extension of HBV DNA.

PCR is extremely sensitive, theoretically allowing the detection of one ge-
nome equivalent per sample. It is at least 10* times more sensitive than dot blot
hybridisation assays for HBV DNA. It is a somewhat laborious procedure,
depending upon the extraction method used, which usually involves proteinase
K and chloroform-phenol extraction and ethanol precipitation. Amplified
DNA can be detected by ethidium bromide staining after gel electrophoresis,
but this is relatively insensitive. The size of the fragment is determined by the
distance between the primer pairs. In practice, HBV DNA can be detected by
ethidium bromide staining after 50 cycles of PCR of 3 x 10~ ° pg cloned HBV
(Yokosuka et al. 1991). The sensitivity can be improved to detection of less
than 0.1 fg (100 ag) of original DNA if the amplified DNA is hybridised to
labelled probe and detected by autoradiography. Indeed, the identity of the
PCR amplification product should be confirmed by hybridisation. The probe
should contain only the sequences between the primer sequences to ensure
specificity. Contamination remains the major difficulty of the procedure.

Modifications of the method include capture of viral genome from serum
using a high-affinity IgM monoclonal antibody directed against a common
determinant of HBsAg and the subsequent amplification of viral DNA by
PCR (Liang et al. 1989). By using a nested primer technique, the sensitivity
and specificity of the test are improved (1 molecule per 10° cells), and the
amplified product can be visualised in a same day test.

The quantitation of the test remains approximate, although methods have
been developed to assess semi-quantitatively the amounts of target DNA
detected by PCR.

Diagnosis of Acute Hepatitis B

The symptoms and signs of acute hepatitis are non-specific, but serological
testing provides an accurate diagnosis. The typical serological course of acute
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Fig. 3. Serologic pattern of acute hepatitis B infection indicating the period of detection of
hepatitis B virus (HBV) DNA by polymerase chain reaction (PCR)

hepatitis using available immunoassays is shown in Fig. 3. HBsAg is the first
marker to appear in serum. Shortly thereafter, HBeAg and HBV DNA become
detectable (Krogsgaard et al. 1985). Levels of HBV DNA usually reach 10° to
108 genome equivalents per ml with the onset of symptoms, after which the
levels decrease, becoming undetectable within a few weeks. In contrast in
patients who develop chronic hepatitis B, levels of HBV DNA remain high.
Measurement of HBV DNA by PCR in acute hepatitis has demonstrated the
greater sensitivity of this technique. In the majority of patients, HBV DNA
measured by PCR persists as long as HBsAg is present. In experimentally
infected chimpanzees, HBV DNA could be detected by PCR before HBsAg
and for an average period of 3 weeks after detection of anit-HBs (Kaneko et al.
1990).

Diagnosis of Chronic Hepatitis B

The typical serological course of a patient with chronic hepatitis B is shown in
Fig. 4. The disease is complex, and the course in individual patients is variable
over time. Some patients may develop cirrhosis over 520 years or even HCC.
A spontaneous remission in disease activity may occur in approximately 10% —
15% HBeAg-positive carriers per year, characterised by the disappearance of
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Fig. 4. Serologic pattern of chronic hepatitis B infection indicating the period of detection
of hepatitis B virus (HBV) DNA by polymerase chain reaction (PCR)

HBV DNA from the serum, followed by loss of HBeAg. This may occur
following a sudden exacerbation in serum aminotransferases. Once HBeAg is
cleared, the disease remits, and serum aminotransferases become normal.

Currently, PCR is the most sensitive technique for the measurement of
viraemia in hepatitis B. Use of this assay indicates that loss of HBeAg is
associated with a decrease rather than a complete disappearance of HBV
DNA. With loss of HBeAg, HBV DNA becomes undetectable by dot blot
hybridisation but is still detectable by PCR (Kaneko et al. 1990). This finding
apparently represents low levels of DNA replication but is frequently not
associated with active liver disease; the continued persistence of HBV infection
without disease is unexplained and may be due to infection with defective
genomes or containment by the immune system.

Reactivation of active viral replication can occur in 10%—15% of patients
after clearance of HBeAg; the residual persistence of HBV DNA by PCR
measurement may explain this phenomenon (Marcellin et al. 1991). Vaccine
failure may also be explained by the presence of HBV DNA in the breast milk
of mothers and cord blood of infants (Mitsuda et al. 1989). When HBV DNA
has been measured by PCR in carriers, viral genomes have generally been
found in the majority of HBsAg-positive carriers. Virtually all HBeAg-positive
patients and most anti-HBe-positive carriers are positive (Kaneko et al. 1989).
HBV DNA has also been found for a period in up to one-third of prospectively
followed chronic carriers who lost HBsAg but has not usually been found in
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patients who lost HBsAg after acute hepatitis B (Kaneko et al. 1990). These
results indicate the potential infectivity of anti-HBe-positive carriers (Krogs-
gaard et al. 1986; Liaw et al. 1991).

Further Applications

A number of other applications of PCR have been informative. After success-
ful anti-viral therapy, HBV DNA measured by dot blot hybridisation disap-
pears, but in our experience and that of others, HBV DNA can be detected for
more than a year after loss of HBeAg (Gerken et al. 1991). Using PCR, HBV
DNA has been detected in white blood cells. Recurrence of HBV infection is
a major disadvantage of liver transplantation undertaken for cirrhosis due to
hepatitis B (Muller et al. 1991; Samuel et al. 1991). HBYV DNA has been
demonstrated in the liver tissue of patients in whom HBsAg reappeared and
in the peripheral blood mononuclear cells of patients whose serum and liver
were negative by PCR for HBV DNA, identifying a potential mechanism of
re-infection from extrahepatic sites (Feray et al. 1990). The successful detec-
tion of HBV DNA in formalin-fixed, paraffin-embedded liver tissue by PCR
has enabled the detection of low levels of viral sequences and viral deletions
(Lampertico et al. 1990). The general availability of embedded specimens pro-
vides a vast resource for future studies.

Typing of specimens can provide evidence for intrafamilial transmission,
and this technique will undoubtedly be further exploited (Lin et al. 1990).

Genetic Variability

The most interesting application of PCR has been to study genetic heterogene-
ity of HBV. These investigations have identified variants of HBV either by
generating fragments of DNA that could be sequenced directly or by sub-
cloning the amplified fragments into M13 and sequencing. Critical point mu-
tations have been detected by this means.

Envelope Protein Variability

Generally, no more than 10% nucleotide sequence variation is found within
human isolates of HBV. HBs epitopes present in all previously described
HBsAg subtypes have been grouped together as the a determinant. Hypervari-
able regions have been identified in HBs proteins, particularly the pre-S1
domain. The resulting differences in the amino acid sequence determine the
known HBsAg subtype alleles d/y or w/r. These exchanges have been mapped.
For example, codon 122 determines d/y, i.e. a lysine is found in subtype d
compared with an arginine for subtype y. Codon 160 determines w/r, namely
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w/lysine and r/arginine (Okamoto et al. 1987). These amino acid exchanges
have recently been confirmed by PCR and direct sequencing (Yokosuka et al.
1991).

HBYV replication has been detected by PCR in anti-HBc- and anti-HBs-pos-
itive carriers. In analyses of blood donors and outpatients in Taiwan, between
4% and 11% of HBsAg-negative individuals were positive for HBV DNA by
PCR; based on the incidence of posttransfusion hepatitis in recipients, approx-
imately 0.04% of HBsAg-negative donors were considered infectious. Al-
though this has obvious implications for blood screening, the practicality of
testing donors in this way remains doubtful (Wang et al. 1991; Jackson 1991;
Shih et al. 1990).

Variants of HBV have been described which are not recognised by the
classic serological reagents for HBsAg. The finding of HBV DNA in persons
negative for all serological markers of HBV has been taken to suggest that
there are genetic variants of HBV accounting for some cases of hepatitis not
attributable to hepatitis B or non-A, non-B hepatitis (NANB). A particularly
high prevalence of HBV DNA has been found in HBsAg-negative, alcoholic
patients with HCC (Brechot et al. 1981b, 1982, 1985). In addition, HBsAg
determinants have been identified in HBsAg-negative sera with HBs-specific
monoclonal antibodies and HBV DNA by dot blot hybridisation (Liang et al.
1990; Wands et al. 1986). Inoculation of such HBsAg-negative human sera to
chimpanzees has induced hepatitis in the infected animals, and subsequent
cloning of the isolates, after PCR amplification and comparison of the nucle-
otide sequence with that of known HBV subtypes, revealed point mutations in
the 3’-end of the S gene (Thiers et al. 1988). PCR was able to identify variation
in HBV genomes, but the reason for the different serological patterns remains
unexplained.

The finding of HBV DNA in HBsAg-negative persons has several possible
explanations: this may perhaps reflect HBsAg hidden in circulating immune
complexes, absent expression of HBV genes, absence of humoral responses,
infection caused by different strains of HBV (see below) or, most likely, the
greater sensitivity of PCR than immunological assays. Mutations in the ge-
nome may affect viral replication or secretion of the virus.

Escape Mutants

HBsAg has been identified in vaccinated children who developed HBYV infec-
tion despite the presence of protective titres of anti-HBs in serum. In a survey
in Italy, HBsAg was found in 44 (2.8%) of 1590 vaccinated children, all of
whom were anti-HBs-positive. In these children, anti-HBs was uncomplexed
to the @ determinant. Analysis of HBsAg with monoclonal antibodies showed
that the circulating antigen did not carry the ¢ determinant or that this deter-
minant was masked. HBsAg sequences were determined by PCR in a carrier
child by Carman et al. (1990). A point mutation from guanosine to adenosine
was found at nucleotide 587, with the result that a glycine was substituted for
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an arginine at position 145 in the ¢ determinant, thus masking the g determi-
nant and preventing virus neutralisation. Recently, McMahon et al. (1990)
described an identical mutation in a liver transplant recipient who re-devel-
oped HBV infection after treatment with monoclonal anti-HBs. Such escape
mutants have also been described from vaccine recipients from Singapore, and
clearly further surveillance of vaccinated individuals is indicated. A modifica-
tion of future HBV vaccines to prevent the emergence of this escape mutant
may be necessary.

Recently, a second type of HBV (HBV2) was described in West Africa
(Coursaget et al. 1987). This variant appeared unable to induce HBc-specific
antibody. However, a more recent appraisal suggests that this is accounted for
by lack of anti-HBc response rather than by a serotype of HBV.

C Gene Mutations

Genetic mutants have recently been described in serum of anti-HBe- and HBV
DNA-positive patients who have HBcAg in hepatocytes and histological evi-
dence of chronic active hepatitis but who lack HBeAg in serum (Hadziyannis
et al. 1983; Carman et al. 1989; Brunetto et al. 1990). Typically, such patients
are more common in Southern Mediterranean countries, but these mutant
HBYVs have been diagnosed from several areas worldwide. The carriers tend to
have severe disease, with raised alanine aminotransferase (ALT) concentra-
tions and acute exarcerbations of hepatitis (Raimondo et al. 1990), associated
with intermittent serum HBV DNA positivity and focal HBcAg histologically,
which is predominantly cytoplasmic. They are frequently IgM anti-HBc posi-
tive. PCR amplification and subsequent sequencing of genomic DNA in pa-
tients with this form of chronic hepatitis B have indicated that one or more
nucleotide substitutions in the pre-C region of the genome account for the
absent expression of HBeAg. The most common mutation is a point mutation
from guanine to adenine creating an in-frame stop codon, i.e. converting
codon 28 for tryptophan (TGG) to a termination or nonsense codon (TAG)
(Fig. 1). An example comparing a patient with a mixture of virions, including
virions with a TAG sequence, with a patient with wild-type sequence at posi-
tion 1896 is shown in Fig. 5. Additional point mutations in succeeding codons
may or may not be present. A mutation in the translation initiation codon
preventing expression of the HBeAg two stop codons and frameshift muta-
tions have also been described in these patients (Raimondo et al. 1990a, b;
Fiordalisi et al. 1990; Tong et al. 1990; Akahane et al. 1990). Most samples
tested contain a mixture of wild-type and mutated viruses.

Distinct viraemic phases can be detected in these chronically infected pa-
tients. It is not clear whether these defective viruses represent de novo infec-
tions with a mutant-type virus or, as is perhaps more likely, whether these
mutations have arisen during infection as a result of immune selection pres-
sure. Clearly, however, the results suggest that the HBV genome contains
segments of high variability that could have been selected during evolution to
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Fig. 5. Direct sequencing of two isolates of hepatitis B virus (HBV) DNA from serum. The
results show sequence analysis of the pre-C region. Patient 2005 has a mixture of virions in
serum including virions with a TAG (termination sequence) and TGG (wild type) at position
1896, while patient 682 shows wild-type TGG sequence

favour the segregation of mutants with a functional advantage capable of
avoiding host immunity. HBV may be evolving continuously during persistent
infection. The process of HBV replication is prone to mutations, as HBV
replicates via transcription of an RNA intermediate using reverse transcrip-
tase, an enzyme lacking in proof-reading capacity.

In order for phenotypes different from predecessor HBV to become domi-
nant, a selective force would have to operate in their favour. It has been
suggested that hepatocytes infected with wild type produce HBeAg molecules
which would be exposed on the cell surface; most evidence suggests that the
nucleocapsid antigens expressed on the cell membrane are the important target
of the immune response and cytolytic T cells. HBeAg expressed at the cell
membrane via the secretory pathway represents a potential target for anti-
body-mediated elimination of virus-infected cells (Schlicht et al. 1991). How-
ever, hepatocytes infected with pre-C mutants would be unable to produce
HBeAg, and such liver cells without expression of HBeAg might escape im-
mune elimination. Immune selection may thus assist pre-C defective mutants
with an HBeAg-negative phenotype to exceed HBeAg-positive phenotypes.

In HBeAg-positive patients, the ratio of pre-C-minus variants to wild-type
HBYV can increase during the course of the infection (Okamoto et al. 1990);
pre-C region defects have not generally been predominant from sera studied in
the HBeAg phase, but a population of pre-C mutants emerges in patients
seroconverting to anti-HBe. Mixed infections can occur in both HBeAg- and
anti-HBe-positive patients. Usually, seroconversion to anti-HBe is accompa-
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nied by a remission in disease activity: why some patients develop severe
disease and not others has yet to be explained.

Pre-C mutant HBV genomes have been also detected in patients serocon-
verting after interferon treatment. The defective virions were found in patients
who remained positive for anti-HBe and in whom hepatitis resolved. In con-
trast, the defect was not found in patients who seroconverted to anti-HBe but
who then re-developed HBeAg with reactivation of the hepatitis (Takeda et al.
1990). It has been suggested that the presence of circulating pre-C mutants
could predict which patients would respond favourably to interferon; using
this approach, we analysed whether the presence of pre-C mutants is a deter-
minant of responsiveness to a-interferon therapy. Fifteen carriers (9 respon-
ders and 6 non-responders) who were treated with interferon were examined.
Serum samples were collected before and after therapy. After extraction of
DNA, the pre-C region was amplified by PCR and the product identified by
gel electrophoresis, ethidium bromide staining and then Southern blotting and
molecular hybridisation (Fig. 6). The products were amplified by a modified
PCR and the pre-C region directly sequenced. Circulating HBeAg(—) mutants
were not identified prior to treatment in either responders or non-responders.
These results suggest that a predominance of HBeAg(—) virions can be con-
sidered the overriding factor in determining response to treatment.

The ability to detect the most prevalent form of pre-C-defective mutants in
a larger number of patients has been facilitated by using selective oligonucle-
otide hybridisation. In this technique, the pre-C region is amplified and detect-

Fig. 6. Primers used to amplify and sequence for pre-C mutants. HDM3:5GCGCTGC-
AGGAGTTGGGGGAGGAGATTA, at map position 1737-1755 of the HBV genome.
HDB2:5GCGAAGCTTAGATCTCTGGATGCTGGA at map position 2153-2133. For
asymmetric amplification, 10 pl of the amplified product was used for nested assymetrical
PCR with the primers HDM3 and BC1 (sequence position 1974—-1954). The concentration
of primer HDM3 was 50 pmol and of primer BC1, as limiting, primer, was 0.5 pmol. BC1
was also used as sequencing primer
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ed by PCR, and stringent hybridisation and washing conditions (63 °C) are
used to anneal the product to 21 or 22 mer non-mutated or point-mutated
oligonucleotide probes (Li et al. 1990). Using this approach to study a large
number of patients, a mixed but predominantly wild-type viral population was
found in persistently HBeAg-positive patients. The predominant viral popula-
tion in anti-HBe-positive patients with exacerbated disease consisted of
HBeAg pre-C-defective HBV (Brunetto et al. 1991).

Fulminant Hepatitis

Fatal or fulminant hepatitis is an atypical outcome of HBV infection, occur-
ring in less than 1% of icteric cases. Morphologically, the liver shows massive
necrosis. Bleeding and hepatic encephalopathy supervene. The pattern of
rapid disappearance of HBsAg and HBeAg was previously held to indicate an
exaggerated immune response to the infection. Newer evidence suggests that
the disease may be related not only to host factors but also to the viral strain.

Patients with fulminant hepatitis B cluster among contacts with blood
positive for anti-HBe (Oren et al. 1989; Fagan et al. 1986). Indeed a number
of recent studies have shown that HBV clones propagated from the sera of
patients with fulminant hepatitis B show pre-C region defects (Kosaka et al.
1991), whereas clones propagated from patients with acute hepatitis B without
hepatitic failure serving as controls failed to show such defects.

In some of the cases, the mutants were present in carrier mothers who
transmitted the disease to their children (Terazawa et al. 1991). These findings
suggest that pre-C-defective mutants have a higher propensity to induce fulmi-
nant hepatitis and can be transmitted as a stable strain with altered virulence.
This has important implications for the prophylaxis of potential infectivity in
anti-HBe-positive children.

The mechanism of liver disease in pre-C-defective mutants is as yet unex-
plained and may be complex. Experiments in ducks infected with duck HBV
or hepG2 cells transfected with mutant e-HBV DNA show that HBeAg ex-
pression is not essential for virus viability (Chang et al. 1987; Schlicht et al.
1987). These variants may be cytotoxic, or alternatively, the immunopatholo-
genicity of the host response may be affected. Cytotoxic T cells primed with
anti-HBc/anti-HBe might selectively attack hepatocytes harbouring defective
mutants because of the lack of blocking HBeAg.

HBcAg and HBeAg are cross-reactive at the T-cell level, but not at the
B-cell level, different peptides leading to anti-HBc and anti-HBe responses. T
cells but not B cells are made tolerant by HBeAg neonatal mice, and T-cell
tolerance elicited by HBeAg also extends to HBcAg-specific T cells. The com-
bination of T-cell tolerance to nucleocapsid antigens in the presence of B-cell
response to HBcAg may be important (Milich et al. 1989, 1990).

It is also feasible that lack of serum HBeAg may simply represent a pheno-
typic feature associated with a particular viral strain responsible for severe
disease; this possibility requires exclusion by experiments in which complete
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sequencing of the isolated genomes is undertaken. It is uncertain whether
pre-C peptides are expressed in these patients, which could have a functional
or cytopathic significance.

Hepatocellular Carcinoma

A large body of scientific evidence has confirmed a relationship between
chronic HBV infection and HCC, but the mechanism of oncogenesis is un-
known. Integration of the HBV genome into hepatocyte DNA may be an
important initiating factor. Experimental evidence suggests that HBV may
play an indirect role in inducing malignant transformation, and thus develop-
ment of HCC, by insertional mutagenesis, production of novel fusion genes,
chromosomal deletions, translocations, loss of tumour suppressor alleles or
oncogene activation.

PCR has been used to detect HBV DNA in a proportion of patients with
HCC with antibody to hepatitis B or lacking serological evidence of HBV
infection. These genomes were apparently transcriptionally active as RNA
could also be detected. The role of the viral DNA in the pathogenesis of these
tumours is not known, however.

Several recent reports have described a specific allelic deletion from chro-
mosome 17p and a mutation in the P53 gene (a putative tumour suppressor
gene) in South African and Chinese patients with HCC. The mutation resem-
bles that seen in aflatoxin-induced experimental carcinogenesis (Hosono et al.
1991; Bressac et al. 1991; Hsu et al. 1991).

Conclusions

PCR methodology has already altered our perceptions of the natural history
of chronic hepatitis B infection and is likely to shed further light on this
complex disease. The technique is proving useful in the diagnosis of hepatitis
B and a valuable research tool to advance our understanding of HBV variants,
vaccine escape mutants and HCC. Future studies using this methodology, will,
however, require a critical evaluation of the results and methods and demand
rigid controls and more precise quantitation to obtain consistent results. The
probes and primers used will require a degree of standardisation (Kaneko and
Miller 1990a).

At present, the assay does not replace serological testing but is a useful
adjunct to the presently available assays. The feasibility of PCR for blood
donor screening remains doubtful. It should be remembered that HBV muta-
tions are being studied in isolation, and the effects upon viral replication or
epidemiological selection are as yet uncertain. Several major implications for
the virulence, chronicity and prevention of hepatitis B have already been
uncoverered, however.



82 G. Dusheiko et al.

References

Akahane Y, Yamanaka T, Suzuki H, Sugai Y, Tsuda F, Yotsumoto S, Omi S, Okamoto H,
Miyakawa Y, Mayumi M (1990) Chronic active hepatitis with hepatitis B virus DNA and
antibody against e antigen in the serum. Disturbed synthesis and secretion of e antigen
from hepatocytes due to a point mutation in the precore region. Gastroenterology
99:1113-1119

Bonino F, Hoyer B, Nelson J, Engle R, Verme G, Gerin J (1981) Hepatitis B virus DNA in
the sera of HBsAg carriers: a marker of active hepatitis B virus replication in the liver.
Hepatology 1:386—391

Brechot C (1990) Polymerase chain reaction. A new tool for the study of viral infections in
hepatology. J Hepatol 11:124-129

Brechot C, Hadchouel M, Scotto J, Degos F, Charnay P, Trepo C. Tiollais P (1981a)
Detection of hepatitis B virus DNA in liver and serum: a direct appraisal of the chronic
carrier state. Lancet 2:765-768

Brechot C, Hadchouel M, Scotto J, Fonck M, Potet F, Vyas GN, Tiollais P (1981b) State of
hepatitis B virus DNA in hepatocytes of patients with hepatitis B surface antigen-positive
and -negative liver diseases. Proc Natl Acad Sci USA 78:3906-3910

Brechot C, Nalpas B, Courouce AM, Duhamel G, Callard P, Carnot F, Tiollais P, Berthelot
P (1982) Evidence that hepatitis B virus has a role in liver-cell carcinoma in alcoholic liver
disease. N Engl J Med 306:1384—1387

Brechot C, Degos F, Lugassy C, Thiers V, Zafrani S, Franco D, Bismuth H, Trepo C,
Benhamou JP, Wands J et al. (1985) Hepatitis B virus DNA in patients with chronic liver
disease and negative tests for hepatitis B surface antigen. N Engl J Med 312:270-276

Bressac B, Kew M, Wands J, Ozturk M (1991) Selective G to T mutations of p53 gene in
hepatocellular carcinoma from southern Africa. Nature 350:429-431

Brunetto MR, Stemler M, Bonino F, Schodel F, Oliveri F, Rizzetto M, Verme G, Will H
(1990) A new hepatitis B virus strain in patients with severe anti-HBe positive chronic
hepatitis B. J Hepatol 10:258-261

Brunetto MR, Giarin MM, Oliveri F, Chiaberge E, Baldi M, Alfarano A, Serra A, Saracco
G, Verme G, Will H, Bonino F (1991) Wild-type and e antigen-minus hepatitis B viruses
and course of chronic hepatitis. Proc Natl Acad Sci USA 88:4186—-4190

Carman WF, Hadziyannis S, McGarvey MJ et al. (1989) Mutation preventing formation of
hepatitis B € antigen in patients with chronic hepatitis B infection. Lancet 2:588-590

Carman WF. Zanetti AR. Karayiannis P, Waters J, Manzillo G. Tanzi E, Zuckerman Al,
Thomas HC (1990) Vaccine-induced escape mutant of hepatitis B virus. Lancet 336:325~
329

Chang C, Enders G, Sprengel R, Peters N, Varmus HE. Ganem D (1987) Expression of the
precore region of an avian hepatitis B virus is not required for viral replication. J Virol
61:3322-3325

Coursaget P, Yvonnet B, Bourdil C, Mevelec MN, Adamowicz P, Barres JL, Chotard J,
N'Doye R, Diop-Mar I, Chiron JP (1987) HBSAG positive reactivity in man not due to
hepatitis B virus. Lancet 2:1354—-1358

Fagan EA, Smith PM, Davison F, Williams R (1986) Fulminant hepatitis B in successive
female sexual partners of two anti-HBe-positive males. Lancet 2:538-540

Feray C, Zignego AL, Samuel D, Bismuth A, Reynes M, Tiollais P, Bismuth H, Brechot C
(1990) Persistent hepatitis B virus infection of mononuclear blood cells without concomi-
tant liver infection. The liver transplantation model. Transplantation 49:1155-1158

Fiordalisi G, Cariani E. Mantero G, Zanetti A. Tanzi E, Chiaramonte M, Primi D (1990)
High genomic variability in the pre-C region of hepatitis B virus in anti-HBe, HBV
DNA-positive chronic hepatitis. J] Med Virol 31:297-300

Gerken G, Paterlini P, Manns M, Housset C, Terre S, Dienes H-P, Hess G, Gerlich WH,
Berthelot P, Zum Biischenfelde K-HM, Brechot C (1991) Assay of hepatitis B virus DNA
by polymerase chain reaction and its relationship to pre-S- and S-encoded viral surface
antigens. Hepatology 13:158-166



Chapter 7 Clinical Diagnosis of Hepatitis B Infection 83

Hadziyannis SJ, Lieberman HM, Karvountzis GG, Shafritz DA (1983) Analysis of liver
disease, nuclear HBcAg, viral replication and hepatitis B virus DNA in liver and serum
of HBeAg versus anti-HBe positive carriers of hepatitis B virus. Hepatology 3:656 662

Hosono S, Lee CS, Chou MJ, Yang CS, Shih CH (1991) Molecular analysis of the p53 alleles
in primary hepatocellular carcinomas and cell lines. Oncogene 6:237-243

Hsu IC, Metcalf RA, Sun T, Welsh JA, Wang NJ, Harris CC (1991) Mutational hotspot in
the p53 gene in human hepatocellular carcinomas. Nature 350:427-428

Jackson JB (1991) Polymerase chain reaction assay for detection of hepatitis B virus. Am J
Clin Pathol 95:442-444

Kaneko S, Miller RH (1990) Characterization of primers for optimal amplification of
hepatitis B virus DNA in the polymerase chain reaction assay. J Virol Methods 29:225-
229

Kaneko S, Miller RH. Feinstone SM, Unoura M, Kobayashi K, Hattori N, Purcell RH
(1989) Detection of serum hepatitis B virus DNA in patients with chronic hepatitis using
the polymerase chain reaction assay. Proc Natl Acad Sci USA 86:312-316

Kaneko S, Miller RH, Di Bisceglie AM, Feinstone SM, Hoofnagle JH, Purcell RH (1990)
Detection of hepatitis B virus DNA in serum by polymerase chain reaction. Gastroen-
terology 99:799-804

Kosaka Y, Takase K, Kojima M, Shimizu M, Inoue K, Yoshiba M, Tanaka S, Akahane Y,
Okamoto H, Tsuda F et al. (1991) Fulminant hepatitis B: induction by hepatitis B virus
mutants defective in the precore region and incapable of encoding ¢ antigen. Gastroen-
terology 100:1087-1094

Krogsgaard K, Kryger P, Aldershvile J, Andersson P. Brechot C, Copenhagen Hepatitis
Acute Programme (1985) Hepatitis B virus DNA in serum from patients with acute
hepatitis B. Hepatology 5:10-3

Krogsgaard K, Wantzin P, Aldershvile J, Kryger P, Andersson P, Nielsen JO (1986) Hepatitis
B virus DNA in hepatitis B surface antigen-positive blood donors: relation to the hepati-
tis B e system and outcome in recipients. J Infect Dis 153:298-303

Lampertico P, Malter JS, Colombo M, Gerber MA (1990) Detection of hepatitis B virus
DNA in formalin-fixed, paraffin-embedded liver tissue by the polymerase chain reaction.
Am J Pathol 137:253-258

Li J, Tong S, Vitvitski L, Zoulim F, Tr'po C (1990) Rapid detection and further characteri-
zation of infection with hepatitis B virus variants containing a stop codon in the distal
pre-C region. J Gen Virol 71:1993-1998

Liang TJ, Isselbacher KJ, Wands JR (1989) Rapid identification of low level hepatitis B-re-
lated viral genome in serum. J Clin Invest 84:1367—-1371

Liang TJ, Blum HE, Wands JR (1990) Characterization and biological properties of a
hepatitis B virus isolated from a patient without hepatitis B virus serologic markers.
Hepatology 12:204-212

Liaw YF, Sheen IS, Chen TJ, Chu CM, Pao CC (1991) Incidence, determinants and signif-
icance of delayed clearance of serum HBsAg in chronic hepatitis B virus infection: a
prospective study. Hepatology 13:627-631

Lin HJ, Lai CL, Lau JY, Chung HT, Lauder 1J, Fong MW (1990) Evidence for intrafamilial
transmission of hepatitis B virus from sequence analysis of mutant HBV DNAs in two
Chinese families. Lancet 336:208-212

Marcellin P, Giostra E, Martinot-Peignoux M, Loriot MA, Jaegle ML, Wolf P, Degott C,
Degos F, Benhamou JP (1991) Redevelopment of hepatitis B surface antigen after renal
transplantation. Gastroenterology 100:1432-1434

McMahon G, McCarthy L, Dottavio D, Ostberg L (1991) Surface antigen and polymerase
gene variation in hepatitis B virus isolates from a monoclonal antibody-treated liver
transplant patient. In: Hollinger BF, Lemon SM, Margolis H (eds) Viral hepatitis and
liver disease. Williams and Wilkins, Baltimore, pp 219-221

Milich DR, Jones JE, McLachlan A, Houghten R, Thornton GB, Hughes JL (1989) Distinc-
tion between immunogenicity and tolerogenicity among HBcAg T cell determinants.
Influence of peptide—MHC interaction. J Immunol 143:3148-3156



84 G. Dusheiko et al.

Milich DR, Jones JE, Hughes JL, Price J, Raney AK, McLachlan A (1990) Is a function of
the secreted hepatitis B e antigen to induce immunologic tolerance in utero? Proc Natl
Acad Sci USA 87:6599-6603

Mitsuda T, Yokota S, Mori T, Ibe M, Ookawa N, Shimizu H, Aihara Y, Yoshida N, Kosuge
K, Matsuyama S (1989) Demonstration of mother-to-infant transmission of hepatitis B
virus by means of polymerase chain reaction. Lancet 2:886-888

Muller R, Gubernatis G, Farle M, Niehoff G, Klein H, Wittekind C, Tusch G, Lautz H-U,
Boker K, Stangel W, Pichlmayr R (1991) Liver transplantation in HBs antigen (HBsAg)
carriers. Prevention of hepatitis B virus (HBV) recurrence by passive immunization. J
Hepatol 13:90-96

Neurath AR, Kent SBH, Strick N et al. (1985) Hepatitis B virus contains pre-S gene-encoded
domains. Nature 315:154-156

Okamoto H, Imai M, Tsuda F, Tanaka T, Miyakawa Y, Mayumi M (1987) Point mutation
in the S gene of hepatitis B virus for a d/y or w/r subtypic change in two blood donors
carrying a surface antigen of compound subtype adyr or adwr. J Virol 61:3030-3034

Okamoto H. Yotsumoto S, Akahane Y, Yamanaka T, Miyazaki Y, Sugai Y, Tsuda F, Tanaka
T, Miyakawa Y, Mayumi M (1990) Hepatitis B viruses with precore region defects prevail
in persistently infected hosts along with seroconversion to the antibody against e antigen.
J Virol 64:1298-1303

Oren I, Hershow RC, Ben-Porath E, Krivoy N, Goldstein N, Rishpon S, Shouval D, Hadler
SC, Alter MJ, Maynard JE et al. (1989) A common-source outbreak of fulminant hepati-
tis B in a hospital. Ann Intern Med 110:691-698

Ou J, Laub O, Rutter W (1986) Hepatitis B virus gene function: the precore region targets
the core antigen to cellular membranes and causes the secretion of the e antigen. Proc
Natl Acad Sci USA 83:1578—1582

Peters M, Vierling J, Gershwin ME, Milich D, Chisari FV, Hoofnagle JH (1991) Immunology
and the liver. Hepatology 13:977-994

Raimondo G, Rodino G, Smedile V, Brancatelli S, Villari D, Longo G, Squadrito G (1990)
Hepatitis B virus (HBV) markers and HBV-DNA in serum and liver tissue of patients
with acute exacerbation of chronic type B hepatitis. J Hepatol 10:271-273

Samuel D, Bismuth A, Mathieu D, Arulnaden J-L, Reynes M, Benhamou J-P, Brechot C,
Bismuth H (1991) Passive immunoprophylaxis after liver transplantation in HBsAg-pos-
itive patients. Lancet 337:813—-815

Schlicht H-J, von Brunn A, Theilmann L (1991) Antibodies in anti-HBe-positive patient sera
bind to an HBe protein expressed on the cell surface of human hepatoma cells: implica-
tions for virus clearance. Hepatology 13:57—61

Schlicht H-J, Salfeld J, Schaller H (1987) The duck hepatitis B virus pre-C region encodes a
signal sequence which is essential for synthesis and secretion of processed core proteins
but not for virus formation. J Virol 61:3701-3709

Schlicht HJ, Esser A, Bartenschlager R, Galle P. Kuhn C. Nassal M. Niepman M, Radziwill
G. Schaller H (1989) Unravelling the life cycle of hepatitis B viruses. In: Bannasch P,
Keppler D. Weber G (eds) Liver cell carcinoma. Kluwer, Dordrecht, pp 79-91

Seibl R, Holtke HJ, Ruger R, Meindl A. Zachau HG, Rasshofer R, Roggendorf M. Wolf H.
Arnold N, Wienberg J, et al. (1990) Non-radioactive labeling and detection of nucleic
acids: III. Applications of the digoxigenin system. Biol Chem Hoppe Seyler 371:939-951

Shafritz DA, Shouval D, Sherman HI, Hadziyannis SJ, Kew MC (1981) Integration of
hepatitis B virus DNA into the genome of liver cells in chronic liver disease and hepato-
cellular carcinoma. Studies in percutaneous liver biopsies and post-mortem tissue speci-
mens. N Engl J Med 305:1067—-1073

Shih L-N, Sheu J-C, Wang J-T, Huang G-T, Yang P-M, Lee H-S, Sung J-L, Wang T-H, Chen
D-S (1990) Serum hepatitis B virus DNA in healthy HBsAg-negative Chinese adults
evaluated by polymerase chain reaction. J] Med Virol 32:257-260

Stahl S, MacKay P, Magazin M, Bruce SA, Murray K (1982) Hepatitis B virus core antigen:
synthesis in Escherichia coli and application in diagnosis. Proc Natl Acad Sci USA
79:1606-1610



Chapter 7 Clinical Diagnosis of Hepatitis B Infection 85

Takeda K, Akahane Y, Suzuki H, Okamoto H, Tsuda F, Miyakawa Y, Mayumi M (1950)
Defects in the precore region of the HBV genome in patients with chronic hepatitis B after
sustained seroconversion from HBeAg to anti-HBe induced spontaneously or with inter-
feron therapy. Hepatology 12:1284 1289

Terazawa S, Kojima M, Yamanaka T, Yotsumoto S, Okamoto H, Tsuda F, Miyakawa Y,
Mayumi M (1991) Hepatitis B virus mutants with precore-region defects in two babies
with fulminant hepatitis and their mothers positive for antibody to hepatitis B e antigen.
Pediatr Res 29:5-9

Thiers V, Nakajima E, Kremsdorf D, Mack D, Schellekens H, Driss F, Goudeau A, Wands
J, Sninsky J, Tiollais P et al. (1988) Transmission of hepatitis B from hepatitis-B-seroneg-
ative subjects. Lancet 2:1273-1276

Tiollais P, Pourcel C, Dejean A (1985) The hepatitis B virus. Nature 317:489-495

Tong SP, LiJS, Vitvitski L, Trepo C (1990) Active hepatitis B virus replication in the presence
of anti-HBe is associated with viral variants containing an inactive pre-C region. Virology
176:596—-603

Wands JR, Fujita YK, Isselbacher KJ, Degott C, Schellekens H, Dazza MC, Thiers V,
Tiollais P, Brechot C (1986) Identification and transmission of hepatitis B virus-related
variants. Proc Natl Acad Sci USA 83:6608—-6612

Wang J-T, Wang T-H, Sheu J-C, Shih L-N, Lin J-T, Chen D-S (1991) Detection of hepatitis
B virus DNA by polymerase chain reaction in plasma of volunteer blood donors negative
for hepatitis B surface antigen. J Infect Dis 163:397-399

Yokosuka O, Omata M, Hosoda K, Tada M, Ehata T, Ohto M (1991) Detection and direct
sequencing of hepatitis B virus genome by DNA amplification method. Gastroenterology
100:175-181

Zeldis JB, Lee JH, Mamish D, Finegold DJ, Sircar R, Ling Q. Knudsen PJ. Kuramoto IK,
Mimms LT (1989) Direct method for detecting small quantities of hepatitis B virus DNA
in serum and plasma using the polymerase chain reaction. J Clin Invest 84:1503-1508
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Summary

Rapid advances in virology during the 1980s were due, in part, to the develop-
ment of powerful molecular biological technologies including lambda GT11
immunoscreening (Young and Davis, 1983) and the polymerase chain reaction
(PCR) (Saiki et al. 1985). The hepatitis C virus (HCV), which was cloned using
lambda GT11 immunoscreening, is the only virus which was discovered by
cloning and characterizing the viral genome prior to biochemical isolation
and/or visualization of the virus or viral antigens by microscopy. The applica-
tion of PCR to HCV enabled researchers to overcome some of the technical
limitations associated with the relatively low titers of HCV in blood or liver
tissue and the absence of an in vitro tissue culture system for the cultivation
of HCV. PCR based diagnostics, the rapid accumulation of HCV sequence
information and the availability of cDNA/PCR generated cDNA clones for
the expression of putative viral antigens has contributed greatly to our under-
standing of the structure and biology of HCV.

Introduction

The hepatitis C virus (HCV) was discovered in 1987 (Choo etal. 1989;
Houghton et al. 1989) and has since been shown to be the major etiologic agent
for posttransfusion and community-acquired non-A, non-B hepatitis
(NANBH) (Choo et al. 1990; Kuo et al. 1989). HCV has also been implicated
in other forms of liver disease such as hepatocellular carcinoma (HCC) and
cryptogenic liver disease (for a review of the literature, see Choo et al. 1990;
Houghton et al. 1991 b; Yoneyama et al. 1990). Approximately 150000 cases
of NANBH are reported annually in the USA, approximately 50% of which
become chronic infections which may progress to cirrhosis and/or HCC (Alter
1985; Dienstag and Alter 1986).

The genome is a single stranded RNA molecule of plus-strand polarity, which
appears to encode a polyprotein precursor of 3010—3011 amino acids (Choo
et al. 1989, 1991; Kato et al. 1990 a; Takamizawa et al. 1991). Comparison of

Chiron Corporation, 4560 Horton St., Emeryville, CA 94608, USA



Chapter 8 Application of PCR to HCV Research and Diagnostics 87

the nucleotide and deduced amino acid sequence of the HCV genome with
those of other viruses suggests that it is most closely related to the pesti- and
flaviviruses. Processing of the polyprotein by cellular and putative viral
proteases is believed to generate the putative viral structural (Core, E1) or
nonstructural (NS2-NS5) proteins. It is unknown whether the E2/NS1 gene,
located immediately downstream from the E1 gene, encodes a structural
protein or nonstructural protein corresponding to the gp 53/55 of the pesti-
viruses or the NS1 protein of the flaviviruses (for a review of the literature, see
Choo et al. 1990; Houghton et al. 1991b).

Historically, HCV was believed to be present at very low titers (102—10*
chimpanzee infectious doses, CID/ml) in the blood and liver of infected indi-
viduals as determined by chimpanzee infectivity studies (Bradley and Maynard
1986). These findings appeared to be supported by the inability to reliably
detect viral antigens in liver sections by classic immunofluorescence assays
using serum from convalescent patients (Bradley and Maynard 1986). The
breakthrough in the molecular identification of the HCV genome came when
Choo et al. discovered that HCV-specific antibodies in patient sera could bind
to recombinant HCV polypeptides expressed in bacterial cells transfected with
bacteriophage lambda AGT11 containing cDNA inserts from the HCV ge-
nome (Choo et al. 1989). Subsequent to finding the initial HCV cDNA clone,
5-1-1, the remainder of the HCV genome was obtained by identifying overlap-
ping cDNA clones in the original AGT11 cDNA library (Choo et al. 1989). The
process of cloning the ~9.4-Kb HCV genome by constructing AGT11 libraries
from patient or chimpanzee plasma, which contains typically approximately
5 fg/ml—50 pg/ml HCV RNA, is both time consuming and technically chal-
lenging. Of the three full length genomes published to date, only the prototype
(HCV-1) sequence is derived from a single individual (Choo et al. 1991). HCV-
J (Kato et al. 1990a) and HCV-BK (Takamizawa et al. 1991) are composite
c¢DNA sequences from HCV RNA contained in plasma pools of 9 and 50
individuals, respectively. The advent of polymerase chain reaction (PCR) tech-
nology (for a review of the literature, see Erlich et al. 1991), first described in
1985 (Saika et al. 1985), could not have come at a more opportune time for
HCYV research and diagnostics, since detecting and cloning low levels of cDNA
synthesized from the HCV RNA present in small volume samples by conven-
tional techniques is difficult if not impossible. This chapter describes the cur-
rent status of developments in HCV research and diagnostics which have been
obtained using PCR and a discussion of PCR technology as it applies to the
hepatitis C virus.

Structure and Heterogeneity of the Hepatitis C Virus Genome

The availability of cDNA and PCR primers from the prototype HCV sequence
and subsequently sequenced portions of the HCV genomes from related iso-
lates has contributed substantially to the rapidly increasing number of partial
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and complete HCV sequences published to date (see Houghton et al. 1991 b for
review; Cha et al. 1991 a, b; Chen et al. 1991; Cuypers et al. 1991; Fuchs et al.
1991; Hosada et al. 1991; Li et al. 1991). Three points are evident from the
comparison of HCV nucleotide and deduced amino acid sequences obtained
by both PCR and non-PCR methods: (a) there are at least three major groups
of related HCV genotypes (groups I-1II; see Houghton et al. 1991b for re-
view), (b) HCV appears to be evolving at rates typical for RNA viruses (Cham-
bers et al. 1990; Holland et al. 1982), and the family of related HCVs exists in
a quasi-species distribution (Martell et al. 1992), and (c) within the viral ge-
nome, there are subregions of increased nucleotide and amino acid sequence
heterogeneity including a hypervariable domain (E2 HV) located at the N-ter-
minus of the E2/NS1 protein which is found in all viral isolates described so
far (Weiner et al. 1991a; Cha et al. 1991 a; Hijikata et al. 1991; Kremsdorf et al.
1991; Ogata et al. 1991). Similar hypervariable domains have not been report-
ed for pesti- or flaviviruses. Group-specific variable subregions are also evi-
dent (Weiner et al. 1991a; Cha et al. 1991 a; Hijikata et al. 1991; Kremsdorf
et al. 1991; Ogata et al. 1991). The amino acid sequence variation observed in
the E2 HV domain may result from immune selection and could be significant
with respect to protective immunity (Weiner et al. 1992).

The structure of the 5'- and 3'-termini of the HCV genome were defined
using PCR (Han et al. 1991), although it is also possible to obtain them by
identifying overlapping clones in cDNA libraries (Kato etal. 1990a;
Takamizawa et al. 1991). Previous studies indicated that the HCV genome is
retained on oligo dT cellulose and suggested that HCV had a polyadenylated
3’-end (Choo et al. 1989). Cloning the 3’-end of the HCV genome was facilitat-
ed by PCR using one primer containing an oligo dT tract and a second primer
from an HCV ¢DNA clone close to the putative 3'-end of the genome (Han
et al. 1991). The 5'-terminus was also extended by PCR using an specific HCV
primer for cDNA synthesis followed by dA tailing and amplification using the
HCV-specific primer and a nonspecific primer sequence attached to the 5-end
of the oligo dT primer used in second-strand synthesis (Han et al. 1991).
Similar techniques have been described for obtaining the 5'- and 3’-ends of
cellular mRNAs (Frohman et al. 1988). As a result of these experiments, Han
et al. provided more evidence that the 3'-terminal region of the HCV genomes
contains a poly A tract and showed that the 5'-terminal region (5-TR) of HCV
(a) is very highly conserved among isolates (Choo et al. 1991; Cha et al. 1991 b;
Okamoto et al. 1990; Takeuchi et al. 1990) and is therefore the most desirable
region from which to obtain cDNA and PCR primers, (b) contains several
small open reading frames (ORF) upstream from the putative initiator me-
thionine (Choo et al. 1991), (c) has approximately 50% nucleotide homology
with the corresponding region of the pestiviruses (Choo et al. 1990), and (d)
has a predictable terminal hairpin structure. The 5'- and 3’-subgenomic HCV
RNA molecules of unknown function were also identified in this study. Two
other groups reported HCV genomes containing a heterogenous 3'-terminus
and a poly T tract rather than a poly A tract (Kato et al. 1990a; Takamizawa
et al. 1991).
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Virus-Host Interactions and Virus Characterization

Very little is known about the mechanism(s) of HCV pathogenesis. Although
it is believed that HCV is cytolytic, as are some flaviviruses, it has never been
determined whether liver disease in people with HCV infections results from
direct damage to hepatocytes caused by viral replication and protein synthesis
or to indirect processes such as host immunologic response(s) to infected cells
displaying viral antigens, as is thought to be the case for HBV (Bianchi 1981;
Thomas et al. 1984). Data from one PCR study, which showed that the peak
of viremia overlapped with the peak of liver damage as judged by a peak of
elevated alanine amino transferase (ALT) levels during the acute phase of
disease (Shimizu et al. 1990), is consistent with the notion that HCV may be
cytolytic. In depth case studies using quantitative PCR in conjunction with
better markers for cell death may provide more insight into the issue of cyto-
pathogenicity in the future.

Viral persistence and chronic liver disease frequently characterize HCV
infections (Bradley et al. 1981, 1985; Bradley and Maynard 1986). Van der
Poel et al. and Farci et al. have suggested that the incidence of persistent HCV
infections may be higher than previously thought since some individuals, who
were classified as having acute, resolved hepatitis on the basis of normal ALT
values and lack of disease symptoms, had detectable levels of HCV RNA in
their plasma (Farci et al. 1990; van der Poel et al. 1991a). Liver damage can
reoccur up to 3 years following normalization of ALT values in apparently
acute resolved NANBH cases. Recent findings showing that E2 HV variants
can be found associated with different episodes of disease in the same individ-
ual suggest that the rapid evolution of escape mutants may account for the
high levels of chronicity found in HCV infections (Weiner et al. 1992).

Currently, there is neither a tissue culture nor transfection system for the
propagation of HCV which would be potentially useful for infectivity and
neutralization assays, developing potential attenuated vaccine strains, and
studying viral replication and the biogenesis of viral proteins. Viral RNA has
been detected in monocytes (macrophages), B cells, and to a lesser extent T
cells obtained by panning peripheral blood mononuclear cells (PBMCs) from
chronically infected individuals using cell type-specific antibodies attached to
magnetic beads (Weiner and Steimer, unpublished data). Although minus-
stranded RNA was identified in the panned PBMCs, it was also found in the
plasma of some of the individuals from which the blood cells were derived. The
concentration of the plus- and minus-stranded RNA in the cells relative to the
amount observed in the plasma suggests, but does prove, that HCV may
replicate in these cells (Weiner and Steimer, unpublished data). In contrast,
Takehara et al. found minus-stranded HCV RNA in the liver but not the
plasma or PBMCs from HCV-infected individuals (Takehara et al. 1991).
PBMCs may serve as a reservoir for HCV in infected individuals; however, the
significance of these findings remains to be determined. All efforts to cultivate
HCV in PBMCs and related cell lines have been unsuccessful to date. Exten-
sive research in the area of cell culture will most likely continue using PCR and
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radioimmune precipitation of viral antigens with HCV-specific antibodies as
assays for viral replication.

HCYV has never been visualized under the electron microscope either direct-
ly or in immune complexes, nor has the virus been purified in sufficient quan-
tities to study its structure or composition. Some of its physiochemical proper-
ties such as the approximate size, buoyant density, and structural features have
been reported using infectivity in chimpanzees as the assay (Bradley et al. 1983,
1991; He et al. 1987). More recently, Yuasa et al. applied a cDNA/PCR assay
to trace the purification of HCV and to estimate the size of HCV as not larger
than approximately 35 nm using a pore filtration purification scheme (Yuasa
etal. 1991).

Transmission and Therapy

One important issue in HCV research concerns the route(s) of viral transmis-
sion. Epidemiological studies indicate that approximately 6% of HCV cases
are transmitted through blood and blood products (parenteral transmission),
approximately 42% through intravenous drug use and approximately 6%,
3%, 2%, and 0.6% through sexual exposure, household exposure, occupation-
al exposure, and hemodialysis, respectively (Alter et al. 1990). Therefore, ap-
proximately 50% of individuals with no parenteral source of infection can
develop NANBH (Alter 1991). Recent PCR studies indicate that HCV is
transmitted from mother to child (vertical transmission) (Thaler et al. 1991).
Although HCV may also be transmitted through bodily fluids such as saliva
(Abe and Inchauspe 1991; Takamatsu et al. 1990; Dusheiko et al. 1990), unlike
other parenterally transmitted viruses such as the human immunodeficiency
virus, HIV, there is no evidence for HCV RNA in semen. The contribution of
these sources of infection to the total number of cases of HCV is unknown.

HCV cDNA/PCR assays have also been useful in determining the efficacy
of drug treatment programs and will serve the same function in the develop-
ment of vaccines. Kanai et al. and Chayama et al. demonstrated that treat-
ment with a-interferon, one of the few drugs approved for chronic hepatitis,
can reduce the amount of HCV in the plasma of people who respond to
treatment (Kanai et al. 1990; Chayama et al. 1991; Brillanti et al. 1991). Sarac-
co et al. has confirmed those results and also showed that viremia correlated
with patient response to interferon treatment, in that HCV RNA was not
reduced in individuals who failed to respond to interferon treatment and was
initially reduced but rebounded in individuals who had a relapse of liver
disease after the end of treatment (Saracco et al. 1991). Long-term PCR stud-
ies should help to determine accurately the number of individuals who have
true resolution of hepatitis after treatment with interferon.
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Hepatitis C Virus Diagnostics

Studies documenting the transmission of HCV from blood donors to recipi-
ents as well as chimpanzee transmission studies have clearly shown that anti-
bodies to HCV antigens correlate well with infectivity (Chao et al. 1990;
Houghton et al. 1991 b; van der Poel et al. 1989, 1990, 1991 b). Using cDNA/
PCR assays, several groups have shown that HCV-specific antibody-reactive
patients and blood donors frequently have HCV RNA in their livers and/or
plasma (sera) (Cristiano et al. 1991; Fang et al. 1991; Garson et al. 1990a, b,
c; Kato et al. 1990b; Kaneko et al. 1990; Ohkoshi et al. 1990; Schlauder et al.
1991; Shibata et al. 1990; Simmonds et al. 1990; Tanaka et al. 1991; Ulrich
et al. 1990; Weiner et al. 19904a, b). In some cases, however, C100-3-specific
antibody-reactive individuals may consistently lack HCV RNA in serum for
several years (Farci et al. 1990). Whether HCV in the liver or other cell types
could have contributed to the prolonged antibody response was not deter-
mined. In one study, two patients who reportedly had HCV RNA in their
livers and were nonreactive for C100-3-specific antibodies (Weiner et al.
1990 a) were later determined to be C33c-specific antibody positive, suggesting
that improved immunodiagnostics will reduce the number of viremic, antibo-
dy-negative individuals.

As with all antibody assays for viral infections, there is a window from the
time of infection to the time of seroconversion which is estimated at an average
of 23.9 weeks (range of 7.4—30 weeks including one sample at 53.4 weeks) and
15.3 weeks (range 7.4-30.6) for the IgG class of antibodies to C100-3 (Ortho
ELISA) and C25 (C100, C33C, and C22 antigens combined), respectively
(Chien et al., in preparation; also see Alter et al. 1989 for seroconversion to
C100-3-specific antibodies). HCV RNA has not only been detected in the
acute phase plasma of patients and chimpanzees who had not yet seroconvert-
ed to HCV-specific antibodies (Farci et al. 1990; Weiner et al. 1990 a; Shibata
et al. 1990) but at very early times in the course of HCV infection. Experimen-
tally infected chimpanzees were shown to have HCV in their plasma by 3—-4
days postinnoculation (Shimizu et al. 1990), and patients had detectable levels
of HCV in their plasma within 1 week of transfusion (Farci et al. 1990). PCR
is especially useful in situations where seroconversion to HCV-specific anti-
bodies may be inadequate or insufficient, as in newborn babies or in immuno-
compromised individuals. Thaler et al. showed that 8 babies of 10 HCV anti-
body-positive mothers had detectable levels of HCV (Thaler et al. 1991). Lack
of seroconversion in some babies may correlate with immune tolerance. Other
direct tests for HCV antigens such as immunofluorescence (IFA) have been
reported (Infantolino et al. 1990; Krawczynski et al. 1991); however, liver
biopsies samples are not as easily obtained as plasma (sera) and the immuno-
logical tools required for the assay are currently more difficult to create than
PCR primers and probes.

Since PCR is an important test for HCV, reports in the literature often
compare PCR data with immunoassay results to draw conclusions about the
efficacy and veracity of HCV immunodiagnostics. The interpretation of PCR
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data in this manner may be misleading because PCR and immunodiagnostic
tests measure different molecules. When both indirect and direct tests for HCV
are employed, it becomes clear that not all samples which contain antibodies
to HCV had circulating virus in the blood (Farci et al. 1990; Garson et al.
1990¢c; Ohkoshi et al. 1990; Shimizu et al. 1990; Weiner et al. 1990a), and
conversely, not all individuals who had circulating virus had developed anti-
bodies to all or a subset of HCV antigens (Farci et al. 1990; Kato et al. 1990 b;
Ohkoshi et al. 1990; Okamoto et al. 1990; Shimizu et al. 1990; Thaler et al.
1991; Weiner et al. 1990a). Several interpretations for these results are possi-
ble. Cases in which individuals are seropositive but lack detectable RNA in
plasma could be due to (a) absence of virus in the plasma (sera) but not in the
liver or other, as yet unknown tissues, (b) resolved hepatitis as measured by the
absence of HCV RNA and normalized ALT levels, (c) extremely low levels of
virus in the plasma, (d) sampling error due to fluctuations in virus concentra-
tion in the plasma, and (e) inadequate storage conditions for the preservation
of intact virus particles. Alternatively, cases in which individuals lack detect-
able levels of antibodies but have detectable levels of HCV RNA may be due
to (a) sampling prior to seroconversion, (b) sampling error due to fluctuating
antibody levels, (¢) limited number of antigens tested, and (d) lack of response
to specific antigens.

Conditions which lead to and precautions to avoid false-positive PCR
results have been discussed extensively in the literature (Erlich et al. 1991).
Suboptimal collection and storage protocols of plasma or sera may lead to
false-negative PCR results. Cuypers et al. suggest that plasma (sera) should be
separated from whole blood within 2—3 h after collection since cDNA/PCR
products from RNA extracted from plasma (sera) derived from whole blood
stored for 8 h or more at room temperature were reduced by at least one order
of magnitude (van der Poel 1991 a). Storage of whole blood in the presence of
the anticoagulant EDTA at room temperature typically resulted in a signifi-
cant reduction of PCR products within 1 day and a complete loss of detectable
PCR products after 4 days, using cDNA/PCR primers from the NS3 region of
the HCV genome. Under the same circumstances, PCR products generated
with the 5'-TR primers of Han et al. decreased after approximately 3—4 days,
with a loss of detectable PCR products between 8§ and 14 days (T. Cuypers,
personal communication). These data indicate that the 5-TR of HCV is more
stable than downstream regions of the genome, possibly due to the secondary
structure in the RNA, but that collection and storage conditions can also
influence the yield of cDNA/PCR products from the 5-TR of HCV.

Quantitative Polymerase Chain Reaction

The efficiency of PCR primers and the purity of the RNA sample are two
major factors which can influence the sensitivity, reproducibility, and quanti-
tation of PCR. Primer efficiency may be a function of nucleotide sequence,
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nucleotide sequence heterogeneities between the primers and the target se-
quence, the size and structure of the target sequence, and possibly unknown
factors. After the entire HCV nucleotide sequence was elucidated, Han et al.
and Okayama et al. discovered that the 5-TR (also referred to as S'-NC and
5’-UT in the literature) of the genome was highly conserved among all reported
HCYV sequences, and therefore, the problem of failing to detect HCV in clinical
samples due to sequence heterogeneities in the PCR primers could be eliminat-
ed. We prefer the “TR” nomenclature since this region of the HCV genome
contains 4 small ORFS some of which may be translated in vivo. Although not
all PCR primers in the 5'-TR region have equal efficiency, certain primer pairs
(Han et al. 1991) or nested primer sets (Cristiano et al. 1991; Carson et al.
1990 b; Okamoto et al. 1990) have been demonstrated to be between 100- and
500-fold more sensitive than previously described primers from the NS3/4
region (Cristiano et al. 1991; Weiner et al. 1990 a, b; Farci et al. 1990) and at
least as great, if not greater, than nested PCB primers from other regions of the
HCV genome described by others (Cristiano et al. 1991; Ulrich et al. 1990).
Primers from other regions of the genome have been described by many
groups, although these may not work efficiently on divergent genotypes
(Kaneko et al. 1990) and therefore may require either multiple sets of primers
(Cristiano et al. 1991; Ulrich et al. 1990) or primers with nucleotide degenera-
cies (A.J. Weiner, unpublished data). (Note: Probes and primers from the
5-TR region should be sufficiently mismatched with pestiviral genomes so as
to avoid detection of distantly related viruses in the HCV ¢cDNA/PCR assay.)
The purity of the template RNA is significant since nonnucleic acid compo-
nents of plasma, sera, or tissues which can inhibit cDNA synthesis may con-
taminate RNA preparations. Several RNA extraction methods have also been
described, and although in our hands the proteinase K/SDS method appears
to give the most consistent yield of RNA, the purity of RNA from guanidini-
um extraction methods is superior (A.J. Weiner and J. E. Hall, unpublished
data; also see Cristiano et al. 1991).

Comparison of cDNA/PCR products derived from RNA extracted from
dilutions of titered chimpanzee plasma in parallel with experimental samples
have been used to quantitate PCR products (Cristiano et al. 1991; Farci et al.
1990; Fong et al. 1991; Simmonds et al. 1990; Weiner et al. 1990 a). Such meth-
ods are semiquantitative since they fail to serve as a control for the extraction
efficiency of the template RNA or cDNA synthesis, and they rely on infectivity
in chimpanzees which may be differentially susceptible to the same infectious
inocula. An alternative method for quantitating cDNA/PCR products in-
volves introducing an in vitro synthesized HCV RNA target sequence of
known concentration into the experimental sample (Shyamala and Han,
manuscript in preparation). The synthetic RNA, which competes with the
native HCV template for the primers and reactants in the PCR reaction and
should be present in relatively low copy number, serves as an internal control
(IC) for RNA extraction, cDNA, and PCR efficiency. The IC molecule used
in the experiment shown in Figs. 1 and 2 was made by inserting a 60-bp foreign
DNA sequence into the authentic HCV PCR fragment produced by PCR
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Fig. 1A, B. Determination of the minimum number of detectable hepatitis C virus (HCV)
RNA molecules. Internal control (IC) HCV RNA was serially diluted using MS2 RNA
(Boehringer Mannheim) as a carrier. Then, 10—10°> RNA molecules were reverse transcribed
using primer JHCS51 (Cha et al. 1991 a; Han et al. 1991) in the single-strand cDNA synthesis
kit from Pharmacia and amplified in a final volume of 50 pl containing primer JHC 93 (Cha
etal. 1991a; Han et al. 1991). A 10-ul sample of the amplification reaction mix was elec-
trophoresed on 1% agarose gel (A) and also blotted onto nitrocellulose for Southern hy-
bridization (Southern 1975) (B). Lane ! contains cDNA/PCR products from IC RNA
amplified without reverse transcription. Lanes 2—6 contain PCR products amplified from
cDNA templates derived from 10-10% molecules of IC RNA. M denotes molecular weight
standards (HindlII-digested phage A and Haelll-digested ®X 174 DNA). The autoradiogram
was exposed overnight at —20°C

Fig. 2. Solution hybridization of
HCV ¢cDNA/PCR products to an
oligonucleotide probe. An identical
amount of cDNA/PCR product
from each lane shown in Fig. 1 was
hybridized with 32P-labeled 30-mer
oligonucleotide probe in 1 x SSC
(0.1 M NaCl, 0.015 M sodium
citrate), and 0.1 A EDTA at 55°C
for 20 min and electrophoresed on a
6% neutral polyacrylamide gel. The
gel was autoradiographed overnight
at —20°C. For lanes and markers,
see Fig. 1
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using the 5’-TR primer sequences JHC51 and 93 (Cha et al. 1991b; Han et al.
1991) in order to distinguish the IC molecule from the native PCR product
by gel electrophoresis. The bacteriophage T7 promoter sequence was intro-
duced upstream from the 5-end of the IC DNA to facilitate in vitro RNA
synthesis.

To determine the minimum number of IC RNA molecules which could be
detected in the cDNA/PCR assay described by Shyamala and Han, serial
dilution samples of the IC RNA template representing 10—10° molecules were
subject to reverse transcription and PCR. Figure 1 shows that cDNA/PCR
products from as few as 10 IC RNA molecules could be visualized on a 1%
neutral agarose gel stained with ethidium bromide (A, lane 2). Specificity of
the product was established by Southern blot (Southern 1975) hybridization
using a 3?P-labeled oligonucleotide probe (B, lanes 1—-6), which is internal to
the PCR primer sequences. PCR products from lanes 1—6 were also subject to
solution hybridization using a 3?P-labeled probe (2.5 x 10> cpm/0.7 pmol) and
electrophoresed on a 6% polyacrylamide gel which was autoradiographed
overnight (Fig. 2). Figure 2 shows that the solution hybridization method is at
least as sensitive as Southern blot hybridization and has the advantages (1) of
being a rapid assay (about 3 h) and (2) avoiding potential quantitation prob-
lems due to inefficient transfer of PCR products onto nitrocellulose or unequal
blotting efficiencies. To demonstrate the utility of this approach to quantita-
tive PCR, a known number of in vitro transcribed HCV IC RNA molecules
were added to a constant volume of titered chimpanzee plasma (106 CID/ml)
(Bradley and Maynard 1986), and the amount cDNA/PCR product generated
from the IC RNA was compared with the cDNA/PCR product amplified from
the native HCV template in the same sample. Shyamala and Han thus deter-
mined that the titered chimpanzee plasma actually contained 3 x 107 molecules/
ml of HCV RNA which included the 5'-TR region of the HCV genome (Shya-
mala and Han, manuscript in preparation).

Summary

The low quantities of hepatitis C virus (HCV) in the plasma an livers of
infected individuals hampered the discovery of the virus for several years and
continued to make certain areas of HCV research difficult to pursue. PCR
technology overcame this limitation once the nucleotide sequence of the proto-
type HCV genome was determined and provided an important tool for HCV
research. For diagnostic purposes, cDNA/PCR primers from the 5-TR of
HCV have several advantages over other HCV primers since this region of the
genome (a) lacks significant sequence heterogeneity, (b) appears to have in-
creased stability and can contribute to the potential for detecting HCV in
plasma (sera) samples collected and stored under suboptimal conditions, and
(c) contains nucleotide sequences which serve as excellent templates for effi-
cient cDNA synthesis and PCR amplification. HCV cDNA/PCR assays have
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been particularly useful in identifying and monitoring viral infections in the
absence of HCV-specific antibodies. PCR will undoubtedly continue to play
an important role in HCV research related to viral transmission, tissue culture
propagation and purification of the virus, viral sequence heterogeneity, and
the evaluation of drug therapy and the efficacy of vaccines.
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Summary

Hepatitis delta virus (HDV) is a defective virus dependent on hepatitis B virus
(HBV) for infection. Superinfection by HDV on a HBV chronic carrier state
is generally associated with an exacerbation of the underlying liver disease.
Several HDV RNA sequences are now available from different viral strains
which show a relatively high conservation of sequences, although some differ-
ences are shown in some parts of the viral genome. The delta antigen (HDAg)
is the only identified viral protein. The diagnosis of delta hepatitis is generally
based on the detection of anti-HD antibodies (total and IgM) in serum and
detection of HDAg in the liver; this antigen is detectable in serum only for a
short time at the onset of acute infection. The use of molecular hybridization
techniques for HDV RNA identification has recently proved to be a powerful
tool in the appraisal of HDV infections, mainly in patients with acute hepatitis
and in immunocompromised subjects, where the pattern of serological HDV
markers may be modified. Among these techniques, the polymerase chain
reaction (PCR) appears to be very sensitive in detecting HDV RNA sequences,
both in liver and in serum samples. This approach is most useful when only
small amounts of serum HDV RNA are present, for example in the later stages
of chronic infection, in IFN-treated patients, or in otherwise inadequately
preserved sera. PCR is also useful in interpreting doubtful Slot test results
which could correspond either to a negative or to a weak positive. In addition,
HDV PCR is a means for cloning and sequencing and for analyzing HDV
genetic variability. We analyzed, in a relatively short time, the whole genome
of HDV from the liver of an infected woodchuk after several passages, then
compared selected parts of the HDV genome with two unrelated HDV strains
isolated from humans. PCR allowed, in these circumstances, a better appraisal
in the implications of HDV genome variability.
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Introduction

Hepatitis delta virus (HDV), first identified by Rizzetto et al. (1977), is consid-
ered to be a defective virus since it is only infectious in patients who are carriers
of hepatitis B virus (HBV). Indeed, infection with HDV can occur either
simultaneously with acute HBV infection (coinfection) or, may be superim-
posed on a chronic HBV infection (superinfection). In the case of coinfection,
the acute disease is usually self-limiting, although a fulminant course may also
occur. Superinfection by HDV on a HBV chronic carrier state is generally
associated with an exacerbation of the underlying HBV infection, leading to
chronic active hepatitis, cirrhosis, and, in some cases, fulminant hepatitis
(Rizzetto 1983).

HDV has been successfully transmitted in chimpanzees and woodchucks,
always in the context of an hepadnavirus infection (Rizzetto et al. 1980a).
HBYV or woodchuck hepatitis virus (WHV) provide HDV with the envelope
needed for infectivity under natural circumstances. However, in infected cells
(normal woodchuck hepatocytes), the genome does not seem to depend on the
presence of the helper hepadnavirus (Taylor et al. 1987). Furthermore, intro-
duction of the HDV ¢cDNA or RNA into cells by transfection or using the
fusion liposome technique is sufficient to induce viral replication (Kuo et al.
1989; Glenn et al. 1990).

In infectious sera, the virus particle has a diameter of about 36 nm and a
chimeric structure; the envelope is derived from the helper hepadnavirus,
whereas the core consists of phosphoproteins bearing the delta antigenicity
and a single-stranded, circular RNA molecule of about 1700 nucleotides in
length (1679-1683) (Fig. 1) (Bonino et al. 1981; Rizzetto 1983). This very
small genome has a high C-G content and a 70% self-complementarity of
bases; the molecule forms an almost unbranched rod structure which is partic-
ularly resistant to nuclease digestion (Chen et al. 1986).

Several sequences are now available from HDV, isolated either from human
serum or after transmission to woodchucks or chimpanzees (Wang et al. 1986;
Kuo et al. 1988; Makino et al. 1987; Kos et al. 1986; Saldanha et al. 1990;
Dennistom et al. 1986). The different strains show a relatively high conservation
of sequences, although several differences are evident in some parts of the viral
genome. Most of these sequences were obtained using classic cDNA cloning.

The proposed mechanisms for replication of HDV RNA utilize a rolling
circle model, like plant viroids. In fact, in infected livers (Chen et al. 1986;
Negro etal. 1989), dimeric or trimeric molecules are shown. From these
replicative intermediates, single genomic or antigenomic molecules are self-
cleaved, thus closely resembling the self-cleavage of viroids or group I introns.

It has been suggested that hepatocyte injury resulting from infection with
HDYV may be caused by a direct virus cytotoxicity in contrast to the immune-
mediated injury associated with HBV. This hypothesis has been supported by
the absence of a lymphocytic infiltrate in acute HDV hepatitis and by the
observation of a temporal relation between the hepatitis and the expression
and replication of the virus (Popper et al. 1983; Verme et al. 1990). Further-
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more, recently performed in vitro studies seem to indicate that the delta anti-
gen (HDAZg) is specifically cytotoxic to infected hepatocytes (Cole et al. 1991).
On the other hand, in vivo observations of prolonged HDV replication with-
out hepatic damage in immunocomprised patients suggest that, at least in
some instances, the host response may be important in determining the hepa-
tocellular injury (Reynes et al. 1989; Zignego et al. 1990b, c).

HDAg, at present the only identified viral protein detected in infected cells,
is located in the nucleus, probably both in the nucleoplasmic area and in the
nucleoli (Kuo et al. 1989). This viral protein is phosphorylated on the serine
residues with an RNA-binding site in the central region of the HDV genome
(Chang et al. 1988; MacNaughton et al. 1990). It acts in trans to facilitate
genome replication (Kuo et al. 1989). The ORF encoding HDAg has been
located on the antigenomic sense RNA and called ORF 5 (Wang et al. 1986),
ORF 2 (Makino et al. 1987), or ORF G (Kuo et al. 1988). A clonal heterogene-
ity yields a potential stop codon in the C-terminal part of the ORF; thus, the
size of the protein(s) can be either 195 (Kuo et al. 1988; Wang et al. 1986) or
214 amino acids (Makino et al. 1987; Wang et al. 1986). From different cDNA
clones obtained from the same isolate, both proteins may in fact be expressed
(Wang et al. 1986). Their respective roles have been analysed in cell culture
after transfection of HDV ¢cDNA (Chao et al. 1990). The small protein (195
amino acids) is sufficient to induce and support HDV RNA replication (Kuo
et al. 1989; Chao et al. 1990). Only this protein seems to be synthesized during
the early phase of HDV infection. On the contrary, the larger protein appears
to act as a repressor of replication. This suggested the hypothesis that en-
hanced expression of the large delta protein might lead to persistent viral
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infection (Chao et al. 1990). Since HDAg binds to the self-cleavage domain of
HDV RNA, it has been speculated that a modification of HDAg might regu-
late HDV RNA production.

The diagnosis of acute delta hepatitis is routinely based on the detection of
HDAg or IgM HD-specific antibodies in serum. HDAg is the only detectable
HDV marker in early HDV infection and persists for some days, while anti-
HD appears after its disapperance; thus, neither can be systematically detected
in acute infections. Furthermore, the IgM class of HD-specific antibodies may
also be found in chronic delta infections. The diagnosis of chronic delta infec-
tion is generally based on the detection of HD-specific antibodies. However,
the detection of total anti-HD may reflect a resolved HDV infection. Anti-HD
of the IgM class are associated with ongoing HDV multiplication, together
with the identification of HDAg in the liver. Because of difficulties frequently
encountered in the analysis of liver biopsies, especially when patients are in
acute or chronic advanced stages of infection, there is great interest in diagnos-
tic methods which enable a noninvasive, direct detection of HDV. These in-
clude techniques able to detect serum HDV genome and HDAg even in the
advanced stages of infection. In particular, the use of molecular hybridization
techniques for HDV RNA determination has recently been shown to be a
powerful tool in the appraisal of HDV infections. For instance, HDV RNA
detection in serum by the slot-hybridization method has been employed as a
diagnostic test in acute infections. In addition, hybridization is a useful tech-
nique in immunocompromised patients, whose pattern of serological HDV
markers may be modified (Zignego et al. 1990b, ¢). However, standard hy-
bridization procedures used so far for HDV RNA determination may not be
sufficiently sensitive to detect very low levels of replication. This might be
important in the first phase of acute infection or in the late stages of chronic
infection. Consequently, a rather large percentage of subjects with chronic
hepatitis have been found to be HDV RNA-negative in serum although the
liver HDAGg test result was positive (Smedile et al. 1986; Rasshofer et al. 1987;
Saldanha et al. 1989).

The polymerase chain reaction (PCR) is considered a sensitive method in
the identification of HDV RNA. We have developed and will report the method
here, its clinical applications, and its use for HDV sequence characteriza-
tion.

Methods

Polymerase Chain Reaction

To amplify the HDV genome, a first step of reverse transcription on a purified
RNA is necessary to synthesize HDV cDNA. This synthesized cDNA can then
be amplified by PCR.
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RNA Purification. For the successful amplification of HDV RNA, it is impor-
tant to obtain a well-purified and undegraded product. In our experience,
RNA extraction from liver tissue using either hot phenol (Farza et al. 1987) or
guanidinium methods (Chirgwin et al. 1979) proved to be very effective. For
serum samples, a simple and rapid technique can be used as follows: Digestion
of 200 pl of serum for 12 h at 37°C in 2 volumes of a lysis buffer containing
0.4 M NaCl, 40 mM ethylene diamine tetra-acetic acid (EDTA), 3% sodium
dodecyl sulfate (SDS), and 500 pg/ml proteinase K followed by total RNA
extraction with phenol-chloroform, precipitation with 1 volume of propan-2-
ol, and redissolution in 50 pl of diethylpyrocarbonate-treated water (DEPC
H,0) Zignego et al. 1990a). Whatever method is used, it is always important
to wash precipitated RNA carefully in 70% ethanol.

Oligonucleotide Primers. We have designed several sets of primers which en-
compass the complete HDV genome. Figure 2 shows some which have proved
effective in different combinations. The nucleotide sequences of these primers
have been selected according to available HDV sequences and the general
criteria useful in choosing of PCR primers (Saiki 1989; Zignego et al. 1990a).
As Fig. 2 shows, the entire genome may be amplified by using different com-
binations of primers. It is clear, therefore, that when using the following
method, the secondary structures of HDV RNA do not prevent the synthesis
of cDNA and thus do not impair the amplification experiment.

HDV RNA Reverse Transcriptase-Polymerase Chain Reaction. Due to the
RNA nature of the HDV genome, its amplification by PCR must be preceded
by complementary DNA (cDNA) synthesis in a reverse transcriptase (RT)
reaction. Commercial kits using random priming can be used for this, but we
generally obtain better results with the same antigenomic HDV-specific primer
(downstream primer) utilized in the PCR reaction (i.e., 2A, 3A, etc.). We
usually employ heat denaturation by putting the RNA solution together with
the antisense primer (50 pmol) and 1 mM dNTPs at 95°C. After 2—3 min,
tubes are frozen in cold ethanol (—70°C), the cDNA mix [RNasin: 20 U, RT
buffer 5 x : 4 pl, MuMLV (BRL, Pharmacia): 200 U/ug of liver RNA or 200 pl
of serum] is added to DEPC H,O in a final volume of 20 pl, and the cDNA
reaction is incubated for 30 min at 45°C and 5 min at 95°C, then stored for a
few minutes at +4°C.

PCR-amplified HDV cDNA is generated by adding the corresponding
genomic delta oligonucleotide primer as the upstream primer (i.e., 2S, 38§, etc.;
50 pmol) and Taq polymerase (Perkin-Elmer Cetus) (1 U/pg of liver RNA or
200 pl of serum) in a final volume of 100 pl and a series of 35 cycles in a
Perkin-Elmer Cetus automatic thermal cycler. The first denaturation is per-
formed at 94°C for 5 min and for 1 min in subsequent cycles and annealing
and elongation at 55°C and at 72 °C for 1 min, respectively; the 35th cycle has
a 5 min elongation step to fully extend incomplete DNA fragments.

It is also possible to perform a double or “nested PCR that consists of the
reamplification of a first product by using a second set of primers inside the
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Position Name Restriction site Nucleotide sequence 5'# 3'

1525
867
1206
1640
1167
391
743
929
1309
801

58
2-5
3-4

PstI
EcoRI
EcoRI
BamHI
HindIII
HindIII
HindIII
HindIII

AGAAGTTAGAGGAACTGC

CGACCTGGGCATCCGAAGGAGGACG
GAGGTTGACCGAGGAAGACGAGAGA
AGARAAAGAGTAAGAGTACTGAGGAC
TATTCTTCTTTCCCTTCT

GGAGACCGAAGCGAGGAGGAAAGTA
CGTCCCCTCGGTAATGGCGAATGGG
CAAACCTGTGAGTGGAAACCCGCTT

TTGTCGGTGAATCCTCCCCTGAGAGGCCTCTTCCTAGGTC

CGAGAGAAAAGTGGCTCTCCCTTGGCCATCCGAGTGGA

Fig. 2. Hepatitis delta virus (HDV) genetic map with the different primes and probes.
Sequences coding for delta antigen are indicated by the curved arrow, the position and
nucleotide sequence of primers (arrows) and probes S2-5 and S3(3-4) (black boxes) are
shown. The nucleotide sequences of primers 58’ and 3A’ are complementary to those of
primers SA and 3S, respectively. R2, 3, 4, and 3-5: five of the HDV regions that are

amplifiable with the primers shown
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first one (i.e., the 5S-5A primer pairs for the first one and the 2S-2A pairs for
the second one). It would increase both the sensitivity and specificity of the
reaction because to obtain a product of the right size, four specific primer
hybridizations with corresponding HDV sequences occur. On the other hand,
the risk of contamination increases significantly because of the greater amount
of amplification products and working steps involved. One way to avoid this
is to put a thick layer of mineral oil over the first reaction mix. After a first
series of thermal cycles, the second PCR is then obtained by putting the second
reaction mix on top of the layer of oil and by centrifuging the tube in order to
mix all the reaction components together. To analyse the amplified cDNA we
usually subject to electrophoresis one-tenth of the reaction mix on a 1.5% —
1.9% ethidium bromide agarose gel (Sigma) in TRIS-borate EDTA (TBE).
The gel is subsequently transferred to a nylon membrane (Gene Screen plus,
NEN). The filters are prehybridized in 3 sodium chloride citrate (SCC,
150 mmol/l sodium chloride, 15 mmol/l sodium citrate), 5 x Denhardt’s solu-
tion (0.02% ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine serum albu-
min), 0.5% SDS, and 30% formamide and then incubated at 42 °C overnight
with the oligonucleotide probes radiolabelled with y-AT?2P using the polynu-
cleotide kinase (Boehringer Mannheim or Pharmacia). Oligonucleotides used
as probes are specific for the amplified fragments and correspond to genomic
internal sequences (Fig. 2). After incubation, filters are washed in 2 x SSC and
1% SDS for 15 min at room temperature and in 0.2 x SSC and 0.1% SDS for
10 min at 55°C. The autoradiograph is exposed for 3 h and 16 h with a single
intensification screen.

PCR for Cloning and Sequencing of Amplified cDNA

In order to facilitate HDV RNA cloning, restriction sites, absent from the
HDV sequences to be amplified, are included at the 5-ends of the primers
(Fig. 2). After amplification, the HDV cDNA is purified from the agarose gel,
i.e., by using a NA 45 membrane, extracted with phenol and chloroform, and
precipitated with ethanol. A Centricon step {Amicon) is sometimes used after
chloroform extraction. Then, purified HDV cDNA sequences may be cloned
in traditional ways, i.e., in M13 mp18/mp19 (Appligene) by using the specific
restriction sites at the 5'-end of the primers. The nucleotide sequence may be
obtained by using commercially available kits, such as Sequenase (USB).

Otherwise, in association with cloning experiments, it is possible to perform
direct sequencing, i.e., with Sequenase, using antisense HDV primers (2.5 pM)
as internal primers. We generally prefer to perform both direct and clonage-
mediated sequencing of the amplification products because the former is often
more difficult to interpret (less clear in reading) and cannot show the eventual
coexistence in the same biological sample of different genomic variants. More-
over, it is worth pointing out that the cloning of a small, very homogeneous,
and abundant cDNA, as obtained by PCR, is much easier and more rapid than
cloning by traditional methods.
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Pitfalls in the Procedure

Presence of PCR Inhibitors in Serum. In serial dilution experiments performed
with infected sera, an initial dilution of 10! to 10?> in DEPC-treated water
improved efficiency and was sometimes essential for obtaining amplification
itself. This has been interpreted as an effect of poorly specified reaction in-
hibitors present in the serum samples (Zignego et al. 1990a) and was observed
also in experiments of HBV DNA amplification (Gerken et al. 1990).

Secondary Structures of HDV RNA. The denaturation of RNA is common to
all cDNA synthesis methods both in cloning and amplification experiments
and may be accomplished using either chemical or physical methods, but its
degree varies in different systems. For example, in human immunodeficiency
(HIV) RNA, HBV RNA, and HCV RNA reverse transcription, a physical
denaturation at 60°—65°C is generally used, whereas with HDV RNA, due to
its abundant secondary structures and internal base pairing, a more drastic hot
denaturation is required. This is done, as shown above, by heating the RNA
dilution at 95°C for 2—3 min and then cooling it at —70°C (cold ethanol).

False-Positive Results. It is important to be very careful and make numerous
specificity controls when using PCR for HDV identification in clinical sam-
ples; this is a general problem in PCR methodology, directly related to the risk
of minute contamination by amplification products. The main precautions to
take are the physical separation of the various steps involved in the method
(RNA extraction, cDNA-PCR reactions, and product analysis), the use of
disposable pipettes, new disposable containers, and various specificity controls
in each experiment. The latter may be represented by (1) the negative results
observed after PCR analysis of RNA extracted from normal human liver or
serum (Fig. 3, lanes ¢-) and baker’s yeast (Fig. 3, lanes ry), DNA from lambda
bacteriophage and various plasmids, the reaction mixture without the reverse
transcriptase (Fig. 3, lanes -rf), and simple water (Fig. 3, lane R); (2) the
positive results obtained using RNA extracted from liver and/or serum sam-
ples known to contain HDV RNA sequences, (3) the size of the fragments
amplified corresponding to that expected from the genetic map and their
hybridization to a 32P-labelled internal oligonucleotide probe (an example is
shown in Fig. 3, where the products of amplification Al and A2 from regions
5 and 3, respectively, have the expected sizes of 716 and 478 bp, respectively;
similarly, in Fig. 4, the amplification products of region 2 are, as predicted,
359 bp long); (4) the repetition of the PCR assay and the use of more than one
primer set for each sample analyzed, that is, one positive or negative result
must be observed at least twice in different experiments.

Assessment of the Sensitivity of the Assay for the detection of HDV sequences
was carried out in experiments using serial dilutions of RNA extracted from
serum and liver samples. We were able to obtain a band in Southern blot-PCR
analysis with only 0.1 pg of infected liver or 8 pl of infected serum (Fig. 4 B).
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Fig. 3A, B. Amplification of HDV RNA sequences after ethidium bromide staining (A) and
hybridization with 3?P-labelled oligonucleotide probes (B). Panel 1, amplification with
primers 5A, SS. Panel 2, amplification with primers 3A, 3S. Lanes M, reference molecular
weight markers (123 bp ladder); /anes c—, negative control (normal liver RNA); lanes F,
HDV + woodchucks’ liver; lanes S, serum of a patient with delta chronic active hepatitis; lane
Ss, HDV + chimpanzee’s serum; lanes —rt, the same reaction mix used for S without reverse
transcriptase; lanes rv, baker’s yeast RNA; lane — R, distilled water

Parallel analysis of the same sample by the slot blot technique (Fig. 4C)
showed that the sensitivity of HDV RT-PCR was 10*-10° greater than that
of slot blot analysis, which was unable to detect HDV sequences clearly when
using less than 1 ng of liver RNA and 8 pl of serum (Fig. 4 A, B).

Applications

RT-PCR can be used for very sensitive and specific HDV RNA detection and
the rapid generation of HDV probes as well as for HDV RNA cloning and
sequencing.
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Fig. 4A-C. Comparative analysis of slot blot and RT-PCR for HDV RNA detection.
Tenfold serial dilutions of the serum from a patient with delta chronic active hepatitis. In A
and B, lanes 1, 2, 3,4, 5, 6, 7, and 8 correspond, respectively, to 80 ul, 8 pl, 800 ni, 80 nl,
800 pl. and 8 pl of the initial serum sample. Amplification was performed with primers 2A,
2S. A Ethidium bromide staining. B, Hybridization with 3?P-labelled oligonucleotide probe
§2; 1, 2, and 3, 2h, [ day, and 3 days exposure. C Slot blot analysis of the same dilutions
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PCR for HDV RNA Detection

This approach is most useful when the amount of serum HDV RNA is small,
that is, in the first phase of acute infection or in the later stages of chronic
infection as well as in scarcely viremic sera from interferon (IFN)-treated
patients or in otherwise inadequately preserved sera.

Patients (Table 1). We analyzed 13 patients with delta chronic active (CAH)
hepatitis whose serum samples had been stored lyophilized and 10 subjects
after 6 months of IFN-« treatment for a delta CAH who were HDV RNA
positive using the slot blot analysis and whose serum samples had been frozen
at —70°C (A.L. Zignego et al. 1991, unpublished observation).

Table 1. Serum hepatitis delta virus (HDV) RNA detection by polymerase chain reaction
(PCR) analysis of serum samples negative or doubtful with slot blot

Patients n Slot blot RT-PCR*
CAH D (lyophilized sera) 13 — 10 4
+/— 3 1
CAH D 10 - 8 3
IFN treated (frozen sera) +/— 2 1

CAH D, delta chronic active hepatitis; IFN, interferon; RT, revere transcriptase

Results. PCR analysis showed serum HDV RNA in 4 of 10 lyophilized serum
samples that appeared HDV RNA negative and in 1 of 3 which were of
doubtful interpretation ( + ) with slot blot (light signal after 3 days of exposure)
and in 3 of 8 patients negative, and 1 of 2 subjects +, on the HDV RNA slot
blot analysis. HDV PCR positive and negative results correspond to perma-
nently high or normalized ALT values (Table 1).

In summary, by PCR analysis we were able to identify HDV sequences in
the serum of patients affected by chronic D hepatitis who had undergone IFN
treatment and in lyophilized sera that were negative by the slot test. It was also
useful in interpreting + slot test results, such as the presence of a shadow at
the background noise limit, especially frequent after long exposure (3 days),
which could correspond either to a negative or a weak positive. Furthermore,
it enabled us to follow directly the effectiveness of antiviral treatment in
inhibiting viral replication.

PCR in HDV RNA Cloning and Sequencing

The difficulty in HDV RNA cloning from infected samples makes approaches
aiming to obtain different HDV probes or to compare HDV sequences from
different isolates laborious. As a result, PCR is an extremely useful means for
cloning and sequencing and for effectively analyzing HDV genetic variability.
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Fig. 5. Analysis of woodchuck delta antigen sequence from amino acid 140 to the C-terminal
end. Lines /-6 represent comparison between different HDV isolates. Line 1, first human
HDV isolate (Makino et al. 1987); line 2, human HDV isolate (Saldanha et al. 1990); /ine 3,
isolate from a chronically infected patient; /ine 4, isolate from an acutely infected patient; line
5, woodchuck isolate; line 6, first chimpanzee isolate (Wang et al. 1986). Possible heterogene-
ity due to nucleotide variability between different clones is shown in parentheses
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Fig. 6. HDV nucleotide sequences of woodchuck and human isolates and comparison with
available sequences. The sequence from nucleotide 743 to 1206 is shown. The vertical line
corresponds to the antigenomic RNA self-cleavage position (900—901). Lines -5 are as
described in Fig. 5. The lower-case letters indicate ambiguities in the sequence using the
convention y represents C or T, r represents A or G, and w represents A or T
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In using PCR, we were able to analyze in a relatively short time the whole
genome of HDV belonging to the liver of an infected woodchuck after several
passages and to compare selected parts of the HDV genome with two unrelated
HDV strains isolated from humans. In the former case, the total genome
length was 1679 nucleotides; only point mutations were observed in compari-
son with sequences previously described by Wang et al. 1986 and Kuo et al.
1988. The different isolates whose sequences were compared were derived
from the same human serum transmitted first to chimpanzees (Rizzetto et al.
1980b) and then to WHV-infected woodchucks. Our viral preparation came
from the fifth passage in woodchucks (Ponzetto et al. 1984). During experi-
mental transmission, modifications of pathogenicity were observed, with in-
creased severity of the liver disease (Ponzetto et al. 1984; 1987). The fact that
we found only minimal sequence variation might suggest that host factors play
a predominant role in this enhanced pathogenicity. In addition, one might
speculate on the consequences of different expression rates of the small and
large delta proteins. Using PCR for cloning woodchuck liver RNA, we ob-
served a UAG stop codon in all the clones obtained from the antigenomic
RNA, which potentially coded for the 195 amino acid protein. In contrast, we
found two different genomic molecules with a T to C mutation at position
1012. The genomic clone with the C mutation has the coding potential for the
214 amino acid protein (Fig. 5). Moreover, due to more rapid sequence anal-
ysis allowed by a previous amplification step by PCR, we could further analyze
this region of the HDV genome in two unrelated infected patients with acute
and chronic HDV hepatitis. Several point mutations were evident in the region
encompassing nucleotides 768—1181. The nucleotide sequence of the HDV
isolate from the patient with chronic hepatitis (Fig. 6, lane 3) showed a T to
C mutation similar to that of the woodchuck number 5 isolate at position 1012,
which corresponds to the possible expression of the two proteins.

Furthermore, the comparative sequence analysis that we performed en-
abled us to confirm that sequences located around the antigenomic cleavage
site described by Sharmeen et al. 1988 (from nucleotide 844-933) are well
conserved (Wang et al. 1986; Kuo et al. 1988; Makino et al. 1987; Saldanha
aet al. 1990). Fig. 6 is a comparison between our sequences and some previous
ones. This 90 nucleotide sequence conservation might reflect sequences in-
volved in the cleavage of the antigenomic strand in vivo.

In conclusion, these results suggest that PCR, followed by rapid sequencing
of the amplified products, will allow a better appraisal in the implications of
HDV genome variability.
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Chapter 10 Polymerase Chain Reaction Detection
of Herpes Simplex Virus in Cerebrospinal Fluid

R.H. Boerman!, A.C.B. Peters!, E.P.J. Arnoldus !*2, A.K. Raap?,
A.M. van Loon?, B.R. Bloem!, and M. van der Ploeg?

Summary

Herpes simplex encephalitis (HSE) is a serious disease with significant morbid-
ity and mortality if left untreated. It can be treated with acyclovir, but for this
to be effective it must be instituted early during the course of disease. Nonin-
vasive, early diagnosis, however, is presumptive at best, and many patients are
treated without a definitive diagnosis.

We have developed a polymerase chain reaction (PCR) for the detection of
HSV DNA in the cerebrospinal fluid (CSF) of experimentally infected mice.
PCR was compared with viral isolation techniques and immunofluorescence
on CSF cells during the course of disease of experimentally infected mice. It
was found to be more sensitive than these other methods, and HSV DNA
could be detected during the earliest stages of central nervous system infection.
The assay has also been used for the detection of HSV DNA in CSF samples
from patients with HSE. The results are discussed and compared with those
published elsewhere.

Introduction

Herpes simplex virus (HSV) can infect any part of the nervous system, causing
HSV encephalitis (HSE), brain stem encephalitis, myelitis, meningitis, radi-
culitis, and cranial nerve infections (Boerman 1991). Apart from HSV en-
cephalitis, these discases are very rare indeed. As delay in instituting treatment
may result in serious morbidity, the possibility of a HSV infection should
always be considered if signs of an inflammation of the nervous system are
present.

HSE is the usual manifestation of HSV infection of the CNS and occurs in
all age groups. However, HSE in neonates differs in several respects from the
illness in children and adults (Whitley 1990). Diagnosis is less difficult, as it

! Department of Neurology, University Hospital Leiden, The Netherlands

2 Department of Cytochemistry and Cytometry, State University Leiden, The Netherlands
3 Department of Virology, Rijksinstituut voor de Volksgezondheid en Milieuhygiéne,
Bilthoven, The Netherlands



120 R.H. Boerman et al.

usually arises in the setting of more or less disseminated disease and as the virus
can often be isolated from the cerebrospinal fluid (CSF). The major diagnostic
problem of HSE is presented by the disease of children and adults. This is the
most common form of sporadic fatal encephalitis in the USA and Western
Europe (Baringer 1978; Booss and Esiri 1986), and it is associated with signif-
icant mortality (50% —70%) and morbidity (50% of survivors) in untreated
cases (Whitley et al. 1981). These appalling figures have improved since effec-
tive antiviral therapy with acyclovir became available (Skoldenberg et al. 1984;
Whitley et al. 1986).

Early diagnosis of HSE is, however, still difficult. Although most patients
present with a combination of fever, an organic psychosyndrome, impaired
consciousness or focal neurological deficit, the clinical signs and symptoms are
variable (Barringer 1978; Spaar 1976; Boerman 1991). In contrast to many
other viral encephalitides, additional epidemiological information is not help-
ful in diagnosis due to its worldwide, sporadic occurrence in all age groups. No
predisposing conditions or diseases are known, and no association with an
immunosuppressive state has been found in contrast to other herpetic diseases.
The CSF is rarely normal if neurological signs have appeared, but the alter-
ations are not specific (Koskiniemi et al. 1984). Imaging techniques often do
not show any changes during the early stages of disease and findings at later
stages lack specificity. Overdependence on the CT scan in the diagnosis of HSE
can even result in delays in diagnosis (Whitley et al. 1982). Although often
neglected, the EEG frequently shows focal abnormalities in HSE (Nahmias
et al. 1982), and it should be included in any battery of tests performed prior
to the decision to biopsy or start antiviral therapy (Booss and Esiri 1986).

Viral diagnostic studies in HSE are often uninformative for two reasons.
First of all, HSV can only rarely be cultured from the CSF in patients with
HSE. This is quite remarkable as HSV is easy to culture from lesions in other
herpetic diseases. Secondly, HSV remains latent in trigeminal and other senso-
ry ganglia and may be reactivated by many intercurrent diseases unrelated to
HSE. Reactivation may even occur in the absence of overt herpetic skin or
mucosal disease, but with the production of an HSV-specific immune re-
sponse. Consequently, peripheral isolation of HSV and the detection of HSV-
specific antibodies during the acute phase are meaningless. Paired sera and
CSF samples are required in order to demonstrate both active infection and
intrathecal production of antibodies and thus clinch the diagnosis of HSE
(Barringer 1978). However, by the time serological diagnosis has been estab-
lished, the patient will either have died or have recovered. Thus, brain biopsy
remains the only conclusive way of proving the diagnosis within the first days
of disease and may have to be performed in selected cases (Fishman 1987;
Hanley et al. 1987). Clearly, this situation is unsatisfactory, and a rapid, non-
invasive diagnostic method is needed.
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Material and Methods
Experimental Approach

The central nervous system (CNS) has been referred to as an immunologically
privileged site because of the relative isolation of brain and spinal cord from
the systemic vascular and immune systems by the blood-brain barrier
(Medawar 1948). Therefore, inflammation of CNS tissue may not be reflected
in the blood. By contrast, the CSF is in intimate contact with the parenchyma
of the brain and spinal cord and is considered to be an excellent indicator of
immune processes occurring within the CNS itself (Trotter and Brooks 1980).
As CSF is the only intrathecal material readily obtainable from patients, the
obvious approach is to develop a rapid diagnostic method which can be ap-
plied to it.

The developments in molecular biology and the advent of effective antiviral
therapy have given new impetus to diagnostic virology. Detection of the virus
by culture on cell monolayers has been the gold standard of diagnostic virol-
ogy, and its techniques are still being improved. Centrifuging samples on
monolayers, in combination with the detection of viral antigen, has resulted in
both increased sensitivity and speed of detection of HSV and other viruses
(Salmon et al. 1986; Gleaves et al. 1985; Boerman 1991). New, sensitive sero-
logical methods have been developed for the detection of a specific intrathecal
immune response against HSV at an early stage of disease. Some of these tests
even render a correction for leakage of the blood-brain barrier superfluous.
The major advances have been in the detection of viral components (Boerman
1991). HSV replicates very inefficiently, producing only a few infective viral
particles in relation to the total amount of viral nucleic acid and protein
produced (Richman et al. 1984; Watson et al. 1963). Viral DNA in particular
offers the additional advantages of stability of its primary structure and the
possibility of in vitro amplification.

Except in rare instances (Bergstrom et al. 1989; Brihaye 1970; Zurukzoglu
1937), asymptomatic reactivation of HSV within the intrathecal compartment
has not been found. Consequently, the intrathecal detection of HSV or of a
specific intrathecal immune response against HSV proves the diagnosis of
HSV infection of the CNS.

Developing a diagnostic method for HSE using CSF from patients con-
fronts one with several problems. First of all, it is difficult to obtain a sufficient
number of specimens due to the low incidence and because of the practice of
taking only a few samples from each patient. Second, the variability of samples
obtained from different patients is large. CSF is obtained at different intervals
after the onset of disease, and the day of onset may be impossible to determine.
Processing is frequently insufficient because samples are often obtained out-
side office hours or may have to be transported to facilities outside the hospi-
tal. Third, CSF findings in patients with HSE are subject to large variations,
even if obtained at comparable intervals after clinical onset of HSE
(Koskiniemi et al. 1984). The reason may be that CSF alterations do not reflect
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the clinical onset and progression of disease but rather the histopathological
process of viral infection and inflammation. However, correlation of CSF
findings and histopathological examination of the whole area of inflamed
brain tissue is rarely possible, and for obvious reasons samples of brain tissue
prior to the onset of neurological symptoms cannot be obtained.

Hence, we started a research program using an animal model. Animal
models of HSE provide the ideal system for comparing and developing diag-
nostic tests. Large amounts of identical individuals are available, all inoculated
by the same route at a fixed time and with an inoculum of known strength and
virus strain. The clinical signs, CSF, histopathological and immunohistochem-
ical progression of the disease can be studied simultaneously in all subjects.
Animal models of HSE have been well studied, and the histopathological
progression of inflammation is similar to that in HSE (Spaar 1976). The mouse
is the animal best studied with regard to experimental nervous system infec-
tions with HSV and can be inoculated by various routes (Boerman 1991).
Although the exact route of infection in HSE has not been established, reacti-
vation from the site of latency in the trigeminal ganglia and spread along
nervous pathways, in particular the trigeminal and olfactory nerves, appears
the most likely explanation. In this study mice were inoculated by the corneal
route and used to compare viral culture techniques and methods for the detec-
tion of viral antigen and DNA in samples of CSF.

Virus and Animals

Following ether anesthesia both corneas were scarified, 10 pl of a virus suspen-
sion containing 107 median tissue culture infective dose (TCID;,) HSV-1
(strain McKrae) was placed in the conjunctival sacs, and the eyelids were
closed and gently rubbed. Control animals were inoculated with Eagle’s MEM
using the same technique. Animals were sacrificed every 12-24 h for a period
of 5—-6 days. A number of infected mice were held in reserve in case a mouse
died before the preset time of sacrifice. Clinical signs (keratoconjunctivitis,
paralysis, apathy, and ruffled fur) were scored for each mouse.

Nervous System

Brains were dissected, weighed, placed in GLY medium (gelatin, lactalbumin
hydrolysate, yeast extract supplemented with gentamicin and vancomycin)
and stored at —70°C. Frozen brains were thawed and cultured within 1 week
(Boerman et al. 1988). If definite cytopathological effect (CPE) had developed,
the log TCID,, per gram of brain tissue was calculated.

For histology, the animals were perfused using 4% formaldehyde in PBS.
Heads were transected at the base of the skull and split in the midsagittal plane
and fixed in formalin (Boerman 1991; Boerman et al. 1991 a).

In order to investigate all sites of inflammation and possible pathways of
HSYV from the site of inoculation to the brain, decalcified head preparations
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with the brains in situ were used (Boerman 1991). Sections were collected on
polylysine-treated slides and stained with hematoxylin (Harris)/eosin. Par-
enchymal and meningeal inflammation were scored. For immunocytochem-
istry, adjacent sections were incubated with polyclonal rabbit HSV-specific
antibody (Dakopatts) and peroxidase-conjugated swine anti-rabbit im-
munoglobulin (Dakopatts). Peroxidase staining was performed with 3,3-di-
aminobenzidine (DAB) (Merck, BRD). The slides were counterstained with
hematoxylin (Harris) and mounted. Sections from uninfected mice subjected
to the entire procedure and sections from infected animals omitting the first
layer of antibody were used as controls. Areas of tissue damage were identified
using a standard atlas of the mouse brain (Sidman et al. 1971) as reference. A
histological examination was also performed in order to relate viral spread
within the CNS to the results of detection of HSV in the CSF. This investiga-
tion was limited, because the experiments had shown the viral spread to the
CSF compartment to be correlated to spread in the trigeminal complex only.
Moreover, only rapid viral culture (spin-amplified culture with immunofluo-
rescence, SAC/IF) and the polymerase chain reaction (PCR) were compared,
as these methods had shown sufficient sensitivity to warrant further study
(Boerman et al. 1989). Histological and immunocytochemical investigations
were carried out as described above.

Cerebrospinal Fluid

Cisterna magna puncture according to the method of Fleming et al. (1983) was
used to obtain CSF, and the volume acquired was measured by comparison
with a calibrated pipette. Inspection of the brain after dissection was per-
formed to check whether direct puncture of brain tissue had occurred. Due to
the small volume of mouse CSF (5—15 ul), only one analytical procedure could
be performed on a sample.

The development of inflammation within the meningeal compartment was
studied by cytological methods (Boerman 1991) and related to the results of
detection of HSV-DNA by PCR (Boerman et al. 1989; Boerman 1991). The
sensitivity of PCR was compared with viral culture by routine techniques
(Boerman 1988) and SAC/IF (Boerman et al. 1989, 1991 a), radioactive dot-
blot hybridization (Boerman et al. 1989), and immunofluorescence (Boerman
et al. 1988) by both in vitro and in vivo experiments.

Polymerase Chain Reaction

For the PCR (Boerman et al. 1989), the procedure as described by Saiki (Saiki
et al. 1988) was used, employing primers complementary to the HSV-TK gene
from a standard map (Kit et al. 1983) at positions 664683 (p219) and 769 -
787 (p220):

primer p219, (5-3") CTGCGGGTTTATATACACGG

primer p220, (3’-5) TACTGAATCACCGTCCACGA
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The CSF samples were heated at 100°C for 15 min, quenched on ice and
centrifuged at 10000 x g for 1 min. Some 32 of the following incubation cycles
were performed with the aid of a laboratory robot arm (P & P Elektronik;
Niirnberg, FRG): 1 min at 98°C followed by 3 min at 68 °C. The amplified
samples (20%) were clectrophoresed, photographed under short-wave UV
illumination, and transferred to Zeta-probe (BioRad Laboratories, Calif.) by
Southern blotting using 0.4 N NaOH as transfer solution. Hybridization using
a ??P-end-labeled 40-nucleotide sequence contained with the amplified DNA
fragment as probe was carried out as described elsewhere (Saiki et al. 1985).
PCR was performed using 1 ng HSV DNA as a positive control, 1 ng of mouse
and calf thymus DNA as negative controls.

The sensitivity of PCR was determined by amplification of serial dilutions
of a virus suspension containing 1 pg/ml total HSV-1 (strain McKrae) DNA.

Human Material

CSF specimens were obtained from 7 patients with HSE. Diagnosis was con-
firmed by a significant, fourfold HSV antibody titer rise in the CSF in 6
patients and by brain biopsy in 1 patient. As a control group, we examined
CSF specimens from 4 patients with other causes of meningoencephalitis.
Specimens used in this study were taken from days 2 to 29 after onset of iliness.
The onset of neurological illness was noted.

Diagnostic Methods

The PCR was carried out as stated above. The previously described antibody-
capture ELISA (van Loon et al. 1981, 1985b, 1989) was used for the detection
of HSV-specific IgA and IgG antibodies in CSF specimens.

For virus isolation, 10% wt/vol homogenates of brain biopsy or autopsy
specimens were inoculated onto duplicate cultures of primary monkey kidney
cells and human diploid fibroblasts (Flow 2002; Flow Laboratories). Levels of
antibodies were further determined by the complement fixation microtech-
nique of Casey (1965).

Results

Studies in the Animal Model
Histopathology and Immunohistochemistry

Two major pathways for the spread of HSV were found: the trigeminal nerve
and the lacrimal duct. HSV immediately enters nerve fibers at the site of
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inoculation and spreads along branches of the ophthalmic nerve to the trigem-
inal ganglion and its nuclei within the brain stem. Other cranial nerves were
also infected, but HSV does not reach the CNS via these pathways. The virus
spread along the lacrimal duct, via the nasal mucosa to the olfactory nerves.
The olfactory bulbs and meningeal surface surrounding the olfactory filia were
only slightly infected (Boerman et al. 1991 b). This pathway does not appear
important for the induction of experimental encephalitis, but it is an important
route with respect to the pathogenesis of HSE as it affords HSV access to the
parts of the brain involved in human HSE. In general, the spread of HSV along
nervous pathways is consistent with the results of other investigators (Kris-
tensson et al. 1978; Dyson et al. 1987) and other models of experimental HSE.
Primary neural spread is a pivotal feature of experimental HSE and of great
importance in understanding the process of spread of HSV to the CSF.

Within the CNS, nerve cells in the trigeminal spinal nuclei and the oligoden-
drocytes in the trigeminal tract are the CNS elements first infected. During the
early phase of cellular infection, the infected cell does not show morphological
alterations, but it does contain viral antigen. At a later stage, intranuclear
inclusion bodies appear, and the infected cells collapse and die. Neuronal
infection is accompanied by infection and necrosis of glia cells surrounding the
infected neurons and the development of an inflammatory exudate. A typical
multifocal infection is seen with patches of infected cells in the midst of nonin-
fected nervous tissue. Spread to nervous structures within the brain stem but
not directly connected with the trigeminal system is very limited (Boerman
et al. 1991a). Outside the brain stem, cellular infection is also found in the
olfactory system and parts of the parietal meninges, but it is much more limited
at these sites, and ballooning degeneration of CNS cells is not observed. The
histopathological and immunohistochemical observations made in the mouse
model would be best explained by intercellular spread of HSV through the
neurons of the trigeminal system, accompanied by infection of surrounding
cells in direct contact with infected nerve cell bodies or axons. Other investiga-
tions have also shown the very limited extracellular dissemination of HSV
within the CNS of the mouse (Cook and Stevens 1973) and the preferential
spread through axonal processes (Ugolini et al. 1989). In fact, the spread
through neurons is such a dominant mechanism that it has been used as a
neuronal tracer in animal studies (Ugolini et al. 1989).

The observations cited above must be considered as evidence that extracel-
lular spread of HSV to the CSF is of minor importance. HSV could also be
directly shed into the CSF from infected meningeal cells covering the brain-
stem. No correlation between detection of virus in the CSF and the presence
or absence of HSV in the meningeal surface has, however, been found (Boer-
man et al. 1991a). HSV has been shown to infect the ependyma of the fourth
ventricle. This has been linked to positive viral culture of CSF samples in
patients with HSE (Spaar 1976). In contrast, we could not find a correlation
with the detection of HSV in CSF (Boerman et al. 1991 ¢). Ependymal infec-
tion was also an inconsistent finding occurring at a late stage after inoculation
Third, HSV might disseminate to the CSF by infecting leukocytes. Infection
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and replication of HSV in mouse leukocytes has been observed (Lopez and
Dudas 1979) and is consistent with our results of detection of viral antigen in
CSF cells from infected mice (Boerman et al. 1988, 1991 b).

Thus, it would appear that shedding of HSV into the CSF is determined by
two processes: neuronal, intercellular spread of HSV with very limited and late
extracellular spread, and direct contact between infected cells and inflammato-
ry cells for cellular transport of HSV to the CSF.

CSF

At the height of disease, HSV could be cultured from 20% of CSF samples by
routine viral culture (RVC) and in up to 100% by SAC/IF (Table 1) (Boerman
et al. 1989, 1991 a). Similar differences in sensitivity were obtained by titrations
of virus stock. Positive results on CSF samples could only be obtained if
conditions for processing were optimal with rapid inoculation of the CSF.
Because little CPE was present in the monolayers, very low numbers of infec-
tious virions are present in the CSF of infected mice, even at the height of
infection. The sensitivity of SAC/IF compares favorably with PCR (Boerman
et al. 1989, 1991 a), but the correlation with viral spread within brain tissue is
less convincing (Boerman et al. 1991a). Nevertheless, SAC/IF is far more
sensitive than RVC, and improved viral culture techniques cannot be consid-
ered obsolete in the diagnosis of viral encephalitis.

HSYV antigen detection in CSF cells by immunofluorescence (IF) has been
claimed in proven cases of HSE early in the course of disease (Dayan and
Stokes 1973; Taber et al. 1976; Peters and Versteeg 1980). However, the reli-
ability and applicability of IF have remained controversial (Nahmias et al.
1982). We have demonstrated that IF is a rapid, specific, and sensitive tech-

Table 1. Comparison of virus detection methods in cerebrospinal fluid (CSF)

Viral cultures Animal experiments
A B C
PCR (0.01) 1 21/31 (68%)
RVC 1 - 3/15 (20%)
SAC/IF 0.03 - 12/22 (55%)
IF - - 18/24 (75%)
DBA (10) 500 1/40 (2.5%)

PCR, polymerase chain reaction; RVC, routine viral culture; SAC/IF, spin-amplified viral
culture with immunofluorescence; IF, indirect immunofluorescence on CSF cells; DBA,
radioactive dot-blot hybridization

Column A, minimal amount of infectious viral particles detected, expressed in logTCID,
(RVC, SAC/IF) or approximate equivalent (DBA, PCR)

Column B, minimal amount of total HSV-1 DNA detected (fg)

Column C, number (and percentage) of positive CSF samples per total number of infected
mice
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nique for the detection of HSV-1 antigen in CSF cells of experimentally infect-
ed mice (Boerman et al. 1988). In this model, IF is also more sensitive than
RVC for the detection of HSV in CSF, but optimal results require special
microscopic techniques and a rigorous controlled procedure (Boerman et al.
1988). Unambiguous positive results were not obtained prior to day S p.i., and
faint signals were present at day 4 p.i. (Boerman et al. 1991b). The late emer-
gence of HSV-specific fluorescence can be accounted for by the evolution of
the inflammatory process. Meningitis and CSF pleocytosis are present as soon
as HSV has spread to CNS cells, but perivascular infiltrations do not appear
prior to day 4 p.i. It is only at this stage that inflammatory cells come into
contact with infected CNS cells and may become infected. Accordingly, the
results of antigen detection in CSF cells nicely fit the histopathological and
immunohistochemical observations of predominant if not exclusive intercellu-
lar spread of HSV in the CNS.

Various techniques for the detection of viral DNA were compared, includ-
ing radioactive in situ hybridization on CSF cells, radioactive dot-blot hy-
bridization (DBA), and the PCR. The PCR proved to be a very sensitive and
specific technique for the detection of HSV-DNA in CSF (Boerman et al.
1989, 1991 a). HSV DNA was first detected early on day 4 p.i. in a few samples.
At this stage, infected neurons were found in the trigeminal spinal nucleus, and
there was infiltration of leukocytes into the brainstem (Boerman et al. 1989,
1991 a). The correspondence of detection of HSV DNA in CSF with the spread
of HSV DNA in brain tissue is important (Boerman et al. 1989, 1991a). Ap-
parently, HSV DNA can be detected in the CSF as soon as neurons within the
nervous system are infected. Viral DNA can be detected by the immunoperox-
idase technique in cells only a few hours after infection. As disturbance of
function of infected neurons is expected to occur at about the same time, this
would also be the moment of the appearance of symptoms referable to the
CNS. If these observations can be extrapolated to HSE, it would mean the
detection of HSV DNA in CSF as soon as symptoms of CNS disease appear.
Spread to higher-order neurons and increase in the severity of inflammation
are even related to detection of HSV DNA in all specimens (Boerman et al.
1991 a). However, the concentrations of both infectious virus and viral compo-
nents in the CSF are very low, barely exceeding the limit of detection of PCR
and SAC/IF (Boerman et al. 1989, 1991 a).

Studies on Human Material

HSV-DNA was detected in CSF of 4 patients with HSE during the second
week after onset of illness (Table 2). During the first and after the second week,
no HSV DNA could be detected in the CSF (Fig. 1). No signal was obtained
in specimens from control patients and total human DNA.
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T H M 1 2345 68 7

Fig. 1. Results of polymerase chain reaction, PCR (nonautoradiographic Southern blot
hybridization). Lane T, total human DNA; lane H, herpes simplex virus HSV DNA; lane M,
PCR reaction mix; lanes 17, samples from patients 1—7 (see Table 1). Results of investiga-
tion of two samples from patients 1, 5, 6, and 7 are shown: first sample on the /eft, second
sample on the right

Table 2. Results of ELISA (van Loon et al. 1989) and PCR in comparison with conventional
serological diagnosis

Patient Days after ELISA PCR CF
onset of HSV IgG
illness
1 6 ND pos neg
20 ND neg 1:32
2 3 pos ND ND
27 pos neg ND
3 10 neg pos neg
17 pos ND 1:4
4 7 pos pos neg
16 pos ND 1:4
5 10 pos pos neg
22 pos neg 1:16
6 2 neg neg neg
9 neg neg 1:1
7 10 pos neg 1:4
29 pos neg ND

CF, Complement fixation; ND, not done; ELISA, enzyme-linked immunosorbent assay;
PCR, polymerase chain reaction

Discussion

Two conclusions drawn from the animal experiments are relevant to CSF
diagnosis of HSE. Firstly, HSV is present in the CSF of infected mice in very
low amounts due to the peculiarities of viral spread within the CNS. Secondly,
the best techniques for the detection of HSV in the CSF are SAC/IF and viral
DNA amplification techniques.
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Virus isolation by RVC from the CSF of patients with HSE enjoys little
success. This may be partly due to delays in transport of samples (Nahmias
et al. 1982). However, HSV can often be cultured from the CSF of patients
with HSV meningitis (Skoldenberg et al. 1975) and of 50% of babies with
encephalitis (Whitley 1990). As HSV virions are not deactivated in the CSF,
the best explanation for the low success rate of RVC in HSE would be limited
shedding of infectious virions into the CSF. Since the histopathological evolu-
tion of the discase in mice and other animals is similar to the findings in the
human CNS (Spaar 1976), it is reasonable to assume that the mode of spread
of HSV to the CSF also occurs in animal models, resulting in such limited viral
spread to the CSF. SAC/IF has proven to be more sensitive than RVC. The
sensitivity could be further improved by increasing the speed of centrifugation
(Tenser 1978) and perhaps by combining this with other techniques such as
nonradioactive in situ hybridization. These improvements in culture tech-
niques are not required for routine diagnosis of HSV infections and have
limited applicability in a routine diagnostic laboratory. However, HSE is an
important disease, and the effort should be made to improve sensitivity of viral
culture as this may lead to rapid diagnosis of other viral encephalitides. Viral
culture does require rapid processing of CSF samples. As the incidence of HSE
is rather low, it was not possible to obtain fresh samples for viral culture from
patients in our hospital.

We have studied DNA detection techniques for the diagnosis of HSE. HSV
DNA was detected by DBA in the CSF from 1 patient with brain stem HSE
(Boerman et al. 1987). This finding appears to be an exception, however, with
respect to the large amount of viral DNA present in the CSF.

PCR is by far the most sensitive technique. We were able to detect HSV
DNA in 4 samples from 7 patients with serologically proven and 1 patient with
biopsy-proven HSE. All positive results were obtained during the second week
after onset of illness and within one week after the onset of neurological
symptoms (Table 2). This confirms the applicability of PCR for the noninva-
sive diagnosis of HSE (Rowley et al. 1990; Aurelius et al. 1991; Puchhammer-
Stockl et al. 1990; Klapper et al. 1990).

Various techniques have been used for the preparation of DNA from CSF
for PCR. Most have used CSF samples stored at from —30° to —40°C
(Aurelius et al. 1991; Puchhammer-Stockl et al. 1990; Klapper et al. 1990).
Centrifugation was either not performed (Aurelius et al. 1991) or prior to
extraction of DNA (Rowley et al. 1990; Klapper et al. 1990). The volume of
the CSF samples varied between 5 (Boefman 1991) and 100 pl (Puchhammer-
Stockl et al. 1990; Aurelius et al. 1991), and DNA was extracted by simple
boiling and ethanol precipitation (Aurelius et al. 1991) or phenol/chloroform
extraction either with (Rowley et al. 1990; Puchhammer-Stockl et al. 1990) or
without proteinase K (Klapper et al. 1990). However, the use of more elabo-
rate techniques for DNA preparation do not appear to improve the sensitivity
of PCR. The technique used by Aurelius et al. (1991) is most applicable:
storage of samples at — 30 °C without centrifugation; boiling of 100 pl of CSF
for 15 min and precipitation by addition of 250 ul 95% ethanol and incubation
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at —30°C for 10 min. This method of storage is very convenient in a clinical
setting, because samples are often taken outside office hours or in hospitals
without adequate facilities for viral diagnosis.

Primer and probe sequences have been selected from the TK gene (Klapper
et al. 1990; Boerman 1991), the glycoprotein D gene (Aurelius et al. 1991), and
the UL 42 region (Puchhammer-Stockl et al. 1990). The choice of these
primers does not affect the sensitivity of the procedure, although it may be
further enhanced by choosing primers within the repeated regions, as these are
represented more than once in the HSV genome. Specificity is affected by
homology with other herpesviruses, but information regarding this source of
error can only be found in one study (Aurelius et al. 1991). In the future, the
use of sets of different primers may allow for the simultaneous typing of the
HSYV strain (Kimura et al. 1990) and the detection of mutant virus strains that
are less sensitive to the effects of acyclovir.

The study of Aurelius et al. (1991) was rigorously checked by control spec-
imens and internal contamination controls. This is most important, as HSV is
ubiquitous, and most adults harbor and excrete the virus throughout life
(Anonymous 1991). Thus, all persons handling the material are potential
sources of contamination. This liability to false-positive results of the PCR
technique in general and regarding the detection of HSV in particular remains
its main drawback. The use of a nested PCR (Aurelius et al. 1991; Porter-Jor-
dan et al. 1990) may partly circumvent this problem, but the utmost care
should be taken in order to obtain reliable results for the reasons outlined
above.

The virologist’s search for a reliable, noninvasive method for the early
diagnosis of HSE is over: In the largest and most important study of noninva-
sive diagnosis of HSE by PCR (Aurelius et al. 1991), HSV DNA could be
detected in CSF samples of 42 of 43 patients with proven HSE. Positive results
could be obtained as early as a few days after the onset of neurological symp-
toms, and all controls remained negative.
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Summary

Primary infection of humans by varicella zoster virus (VZV) results in chicken-
pox (varicella). Virus establishes latency in sensory ganglia and reactivates
decades later to produce shingles (zoster). Disseminated zoster and posther-
petic neuralgia are the two major complications of VZV reactivation in the
elderly. There is increasing evidence that VZV can reactivate subclinically
(zoster without skin rash), particularly in immunocompromised patients.
Thus, the clinical import of rapid diagnosis and use of antiviral drugs in these
patients is clear. Although most clinical assays are restricted by their depen-
dence on an adequate host immune response, and by their limited sensitivity
and specificity, PCR technology enables the detection of minute amounts of a
specific viral DNA sequence in a large excess of background DNA. The
availability of the complete DNA sequence of the viral genome has facilitated
the diagnosis of VZV by PCR during acute and latent infections. VZV DNA
has already been detected by PCR in DNA isolated from human blood MNCs,
throat swabs, vesicles and crusts obtained at different times during viral infec-
tion, and in latently infected human ganglia. In addition, PCR has also been
used to study the early site of viral replication and the mode of transmission
of VZV infection. Lastly, the use of nested-primers and quantitative PCR will
enhance the sensitivity of detection and permit determination of virus burden
in biological specimens. These findings will aid in studies of VZV pathogenesis.

Introduction

Varicella zoster virus (VZV) causes childhood chickenpox (varicella), becomes
latent in dorsal root ganglia, and reactivates decades later to produce shingles

Departments of ! Neurology and * Microbiology and Immunology, University of Colorado

School of Medicine, Denver CO 80262, USA

*  Supported in part by grants AG06127, AG07347, and NS07321 from the National
Institutes of Health, Bethesda, Md., and by a grant from the Roy and Beatrice Backus
Foundation. A.N.D. is the recipient of an advanced postdoctoral fellowship (FG861-A-
1) from the National Multiple Sclerosis Society



Chapter 11 PCR Diagnosis of Varicella Zoster Virus 135

(zoster). Rash is characterized by vesicles on an erythematous base. Skin and
mucosal lesions of varicella are generalized, while those of zoster are restricted
to 1-3 dermatomes. Both disorders are acquired by household or direct con-
tact with skin lesions or respiratory secretions of infected humans (Ross 1962;
Gordon and Meader 1929; Evans 1940; LeClair et al. 1980; Gustafson et al.
1982; Brunell 1989).

Zoster, a common problem in elderly and immunocompromised individu-
als (Gallagher and Merigan 1979), is often complicated by postherpetic neural-
gia (pain which persists for months to years after rash), by disseminated zoster
or encephalitis or both, and less often by granulomatous arteritis. Rapid
clinical diagnosis of VZV infection and any attendant complications is essen-
tial since antiviral treatment does exist.

Because conventional approaches to the diagnosis of VZV are time-con-
suming and not always precise, they are of limited value to the clinician.
Nevertheless, before discussing the polymerase chain reaction (PCR), we
briefly review the standard diagnostic techniques to offer some perspective on
their usefulness and some speculations regarding their potential application in
conjunction with PCR in the diagnosis and study of the pathogenesis of VZV-
induced disease. These techniques include histologic and ultrastructural exam-
ination, attempts to isolate virus from infected tissue, and serologic assays that
measure the humoral or cell-mediated immune response to VZV.

Histopathological diagnosis of VZV infection uses Giemsa-stained smears
of vesicle scrapings to detect multinucleated giant cells and Cowdry A intranu-
clear inclusions characteristic of herpesviruses (Taylor-Robinson and Caunt
1972). Oral mucosa smears and cells in sputum from VZV-infected individuals
have also been shown to display intranuclear inclusions (Cooke 1960, 1963;
Williams and Capers 1959).

Electron microscopy (EM) study may reveal herpes virions in infected
tissue. Monocytes obtained during the early stages of zoster have been shown
to contain herpesvirus particles (Twomey et al. 1974). However, EM is cum-
bersome and does not distinguish the different herpesviruses; its diagnostic
usefulness today is to complement viral and immunocytochemical analyses of
herpesvirus-infected tissue.

VZV can occasionally be isolated by cocultivation of infected tissue with
human or primate cells. It has been isolated from blood mononuclear cells
(MNCs) of 10 of 12 (83%) otherwise healthy immunocompetent children 4-5
days before the onset of varicella, and 100% of children 1 -2 days before rash,
as well as on the first day of rash (Asano et al. 1985; Ozaki et al. 1986). These
findings indicate that the greatest magnitude of blood-borne virus dissemina-
tion occurs just before the onset of disease. In those studies, the cytopathic
effect characteristic of VZV was seen only after a second subculture in human
embryonic lung cells. VZV has also been isolated from the blood of immuno-
suppressed adult zoster patients (Gold 1966; Feldman and Epp 1976; Gershon
et al. 1978; Myers 1979), but not from the blood of healthy individuals with
zoster or immunosuppressed patients without zoster. Isolation of VZV from
the pharynx, a putative site of virus infection and replication shortly after
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infection, is usually difficult. One study describes the isolation of VZV from
the pharynx in 5 of 117 (4.3%) healthy children within 3 days after varicella
infection (Ozaki et al. 1989). The cell-associated nature of VZV, together with
its inability to produce disease in rodents, has made isolation of the virus
difficult and limited to tissue culture.

Serological assays may show a significant four-fold rise or fall in antibody
to VZV. They are used in conjunction with histological and viral isolation
studies and are particularly important when vesicle fluid or other infected
tissue is not available. Historically, agar-gel diffusion and countercurrent im-
munoelectrophoresis have been used to analyze the moist tops of lesions,
crusts, or scabs (Uduman et al. 1972; Frey et al. 1981); however, this technique
cannot be used on dried smears of vesicle fluid (Macrae et al. 1969). Comple-
ment-fixing (CF) antibodies to VZV-specific proteins have been detected 5—7
days after primary varicella and within 1-2 days after zoster (Taylor-
Robinson and Caunt 1972). The neutralizing antibody titer to VZV is usually
less than 1:40 after chickenpox but increases and persists after shingles (Caunt
and Shaw 1969). The sensitivity of detection of VZV-specific antibody can be
increased by the addition of human-specific immunoglobulin to virus-serum
mixtures (Asano et al. 1982; Takahashi 1983). Also useful is the fluorescent
antibody to VZV-induced membrane antigen (FAMA) test (Williams et al.
1974; Brunell et al. 1975; Gershon and Krugman 1975), which is more sensitive
than CF and is used not only in acute infection, but also in evaluating the
humoral immune status of children at risk for varicella (Gershon et al. 1974).
Currently, the most widely used antibody test to diagnose VZV infection is the
enzyme-linked immunoabsorbant assay (ELISA). However, in our laboratory,
VZV antibody has been repeatedly detected by immunoprecipitation in serum
negative by ELISA. For a detailed review of these serological techniques, their
sensitivities, and specificities, the reader is referred to Gilden et al. (1991 b).
Finally, in any serological assay, cross-reactivity among the human her-
pesviruses, leading to misdiagnosis, is a potential problem.

Recently, nucleic acid hybridization has been used to detect VZV in infected
tissue. Viral nucleic acid can be detected on Southern blots of DNA or by in
situ hybridization of cells fixed on glass slides to VZV-specific probes. Nucleic
acid hybridization has detected VZV DNA in the brain of patients with VZV
encephalitis (Ryder et al. 1986; Gilden et al. 1988 b), in nerve roots of a patient
with VZV meningoradiculitis {Dueland et al. 1991), and in blood mononuclear
cells of patients with varicella and zoster (Gilden et al. 1988 a; Koropchak et al.
1989). Furthermore, nucleic acid hybridization has detected latent VZV infec-
tion in normal human ganglia (Hyman et al. 1983; Gilden et al. 1983, 1987;
Croen et al. 1988). An advantage of in situ hybridization is the ability to
identify the cell containing VZV. However, its sensitivity compared with
Southern blot hybridization remains to be determined.

PCR technology has provided a means to examine virus at the molecular
level with a specificity and precision not previously attainable. However, there
have been very few reports on the use of PCR in VZV diagnosis (Kido et al.
1991; Koropchak et al. 1991; Mahalingam et al. 1990, 1992; Ozaki et al. 1991;
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Puchhammer-Stockl et al. 1991; Devlin et al. 1992). We have used it to verify
that VZV DNA is latent in human trigeminal and thoracic ganglia and to show
that more than one region of the viral genome is present during latency (Ma-
halingam et al. 1990, 1992). This chapter will focus on the contributions of
PCR in the evaluation of discase produced by VZV, including the potential use
of PCR to detect subclinical reactivation of VZV.

Experimental Approach

Polymerase Chain Reaction

Application of the PCR technique results in the exponential amplification of
nucleic acid sequences in vitro (Mullis and Faloona 1987). A pair of synthetic
oligonucleotides (primers) are used, whose sequences flank the segment of
target DNA. One of the primers is complementary to the sense strand and the
other, to the antisense strand of the target DNA. The primers.are oriented so
that the extension product serves as the template for further amplification. The
extension products of the primers annealing to the target DNA template result
in “long products” which contain 3'-ends of various lengths. The amplification
involves repeated cycles of heat denaturation (94°—98°C) of the target DNA,
annealing (37°-65 °C) of the primers to their complementary sequences, and
extension (72°C) of the annealed primers with DNA polymerase in the pres-
ence of dNTPs. After three cycles, “short products’™ begin to appear and
accumulate geometrically with each cycle. Each “short product” is identical
double-stranded DNA, the ends of which are bound by the two primers (Eisen-
stein 1990).

In theory, a single copy of target DNA can be amplified to 10° copies in a
few hours. An essential component of PCR is a heat-stable DNA polymerase.
PCR can also be used with RNA templates by an initial reverse transcription
step to convert RNA to cDNA.

Factors which influence the efficiency of PCR amplification include the
sequence specificity of the primers, the G+ C content of the primers and the
amplified segment, the concentrations of the DNA polymerase. dNTPs, and
magnesium in the reaction mixture, and the number of cycles (Innis and
Gelfand 1990; Saiki 1990; Williams and Kwok 1991).

Varicella Zoster Virus DNA and Primer Selection

The availability of the complete nucleotide sequence of the VZV genome
(Davison and Scott 1986) has enabled the use of PCR in diagnosis. The VZV
genome consists of a linear, double-stranded, DNA molecule 124 kilobase
pairs (kbp) in size (Davison and Scott 1986) with a molar G+C ratio of
46% —47% (Ludwig et al. 1972; Gilden et al. 1982a) and with large and small
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segments of DNA each bounded by inverted repeats (Gilden et al. 1982b).
Since the G+ C content of the inverted repeats is greater than that of the
unique segments (Davison and Scott 1986), amplification of DNA sequences
from the inverted repeats may require a higher temperature for denaturation
and annealing.

The size of the oligonucleotide primers used in PCR ranges from 20 to 30
bases. Primers are selected to have an average G + C content of 50%, without
secondary structures and without complementarity, especially at the 3'-termi-
nus (Saiki 1990; Williams and Kwok 1991). We have found the DNASIS
program (Hitachi Software Engineering Co.) to be useful in selecting primers.
Since VZV is usually present in small quantities in biological specimens and is
highly cell-associated, the primers are chosen from a region of the viral genome
which is not homologous to cell DNA. Primers can also be selected to identify
different strains of VZV based on minor sequence differences (Hondo and
Yogo 1988; Hondo et al. 1989; Dohner et al. 1988; Vlazny and Hyman 1985).
Inclusion of uninfected cell DNA as a control in PCR is useful.

Oligonucleotide primers are commercially available or can also be generat-
ed using a DNA synthesizer. The primers, obtained as dry pellets, are redis-
solved in TE buffer (10 mM TRIS-HCI, 1 mM EDTA, pH 8.0), aliquoted,
lyophilized, and stored as dry pellets at —20°C. Tables 1 and 2 list the se-
quences and location on the VZV genome of primers used in our laboratory.

Sample Preparation

Biological specimens used for VZV diagnosis include blood MNCs (Ko-
ropchak et al. 1991; Devlin et al. 1992), skin vesicles and crusts (Kido et al.
1991; Koropchak et al. 1991), throat swabs (Ozaki et al. 1991; Kido et al. 1991;
Koropchak et al. 1991), cerebrospinal fluid (CSF) (Puchhammer-Stockl et al.
1991), and human tissues (Mahalingam et al. 1990). Target DNA is obtained
by lysis of the cells with detergent in the presence of proteinase K and heating
to 94°C for 10 min before use in PCR. Phenol extraction of DNA obtained
from CSF is sometimes required for efficient amplification.

MNC:s are obtained from heparinized blood, and heparin may inhibit PCR
(Holodniy et al. 1991). Therefore, the DNA is treated with heparinase (Beutler
et al. 1990). Porphyrin compounds derived from blood heme can also inhibit
Taq polymerase (Higuchi 1989) but can be removed from blood by digestion
of the DNA with a restriction enzyme followed by denaturation and gel filtra-
tion through Sephadex G50 (de Franchis et al. 1988). Alternatively, blood
samples can be collected in anticoagulants such as acid citrate dextrose or
EDTA (Holodniy et al. 1991).

Protocol for Varicella Zoster Virus Detection

In a typical PCR, 1 pg of DNA isolated from the specimen or 1 ng or uninfect-
ed or virus-infected cell DNA or an equivalent volume of sterile water is used
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Table 1. Primer pairs for varicella zoster virus (VZV) DNA amplification by polymerase
chain reaction (PCR)

Gene and Sequence (5'—3) Length of Location on

primer pair PCR pro- VZV genome?
duct (bp)

Gene 28

Primer 1 CGGAACTTCTTTTCCATTACAGTA 249 50391-50415

Primer 2 TAAAATGGCGATCAGAACGGGGTT 5061650640

Gene 29

Primer 1 TACGGGTCTTGCCGGAGCTGGTAT 272 51066-51090

Primer 2 AATGCCGTGACCACCAAGTATAAT 51314-51338

Gene 37

Primer 1 ATGTTTGCGCTAGTTTTAGCGGTG 250 66074—-66098

Primer 2 GGGTTAACCTTAACAATAACCAAG 66300-66324

Gene 40

Primer 1 ATGACAACGGTTTCATGTCCCGCT 250 7154071564

Primer 2 TCTAGAAAACGCACAAAGTTTAAT 7176671790

Gene 62

Primer 1 GCAAGACGTTTGGTCTTACGAATC 227 107835—-107859

Primer 2 GAGTTTGTTTCGTCTTCATCCTCT 108062-108086

ORI®

Primer 1 GTGGGGGGGTGAAAAAGGGGGGGG 325 110034-110058

Primer 2 TCACGTCAAATCGATTTTAAAAAG 110335-110359

Gene 63

Primer 1 GCACTGGAATGTGACGTATCTGAT 283 111031-111055

Primer 2 GCTGTATATTCCGCGGTTTCTGCA 111290-111314

*  Davison and Scoot 1986

b

Denotes origin of VZV replication

Table 2. Internal oligonucleotide sequences used to detect varicella zoster virus (VZV)

Primer

Sequence (5'-3')

Location on VZV
genome®

Gene 28
Gene 29
Gene 37
Gene 40
Gene 62
ORI®

Gene 63

TTCTCTGTTACTACCGCGCC
ACTCACTACCAGTCATTTCT

TATGTCTCTGAAATTAGAAGCCTT
TAACAGCCTTTACTCGGCTC
GGACCTGCTGCCTGTAGTTT
ATGTCTGTGGTGTACGCCAATCGG
TGGTGAAGACGATAGCGACGATGA

50544-50564
51098-51118
66207-66231
71707-717217
107975-107995
110077-110101
111061-111085

#  Davison and Scoot 1986

b

Denotes origin of VZV replication
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as a template in a final 100-pl reaction mixture containing 0.010 M TRIS-HCI,
pH 8.3, 0.050 M KCI, 0-5 mM MgCl,, and 0.01% gelatin, dATP, dTTP,
dCTP, and dGTP (each nucleotide at a final concentration of 200 uM), and
1 uM of each primer. Reduction of the final primer concentration to 250 nM
decreases the formation of primer dimers during amplification, particularly
when more than 35 cycles are used. Samples are heated to 95°C for 5 min
before adding 2.5 U of Tag DNA polymerase.

An automated DNA thermal cycler is set for a denaturation step of 2 min
at 94°C, an annealing step of 2 min at 45°C, and an elongation step of 3 min
at 72°C with an automatic extension of the elongation step by 15 s per cycle.
The total number of cycles is usually 35. The optimum concentration of MgCl,
in the reaction buffer required for efficient amplification using a particular set
of primers is determined in a pilot experiment using a range (0—5 mM) of
concentrations of MgCl, with DNA from virus-infected cells. The reproduci-
bility of amplification is enhanced by filling any unused holes in the automated
thermal cycler with the same tubes containing TE buffer (10 mM EDTA,
1 mM TRIS-HCI, pH 8.0) and oil.

Detection of Virus-Specific Sequences in PCR-Amplified Products

The amplified products are usually separated by gel electrophoresis, stained
with ethidium bromide, visualized under ultraviolet light followed by Southern
transfer and hybridization to radioactive (Mahalingam et al. 1990, 1992) or
nonradioactive internal oligonucleotide probes. Other methods for the detec-
tion of PCR products include: hybridization to an internal oligonucleotide
followed by restriction enzyme digestion and gel electrophoresis (Kwok et al.
1989), by dot or slot-blot analysis (Ting and Manos 1990; Puchhammer-Stockl
et al. 1991), by reverse dot-blot hybridization (Saiki et al. 1989).

In PCR amplification of VZV DNA from human specimens, we noted that
visualization (under ultraviolet light) of amplification products separated on
agarose gels does not always reveal the products, and Southern hybridization
is required using radiolabeled probe for detection. Ozaki et al. (1991) used
primers specific for VZV gene 68 (glycoprotein I) and human placental DNA
mixed with a recombinant clone containing the target sequence to show that
the virus DNA could be detected by ethidium bromide staining at a level of
5x 10? copies and by Southern blot hybridization at a level of 50 copies. We
have found oligomer hybridization with radioactive probes to be very useful
in the detection of VZV DNA by PCR. Amplified DNA fragments are separat-
ed by electrophoresis on an agarose gel. After staining with ethidium bromide
and visualization under a ultraviolet light, the DNA fragments in the gel are
transferred to Zeta-probe (BIO-RAD) membranes, hybridized to *?P-end-la-
beled oligonucleotide probes (prepared from synthetic oligonucleotides repre-
senting a region internal to the amplified fragment) and detected by auto-
radiography. The size of the amplified product is determined by comparison
with standard molecular weight markers.
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The use of “nested” primers in PCR has been shown not only to increase
the product yield but also to reduce background (Mullis and Faloona 1987).
In this procedure, a very small portion of the amplified product obtained using
the first set of primers is reamplified with a second set of primers whose
sequences are enclosed by the first set. The second amplification results in
significant quantities of the product since the first amplification enriches its
substrate. Although this procedure increases the likelihood of contamination,
it enhances the sensitivity of detection and reduces the background arising
from nonspecific primer extension. We have found nested primers to be useful
in VZV PCR (Mahalingam, unpublished observation).

Coamplification using primer pairs that are specific for different regions of
the VZV genome from the same target DNA sample (multiplex PCR) is also
possible. Each primer pair may require a specific concentration of MgCl, for
efficient amplification. Therefore, the primer pairs selected must have the same
optimal MgCl, concentration. Multiplex PCR is potentially useful to analyze
biological specimens for the presence of the complete or partial VZV genome.

Results and Clinical Applications

Due to the extraordinary sensitivity of PCR, the contamination of a reaction
either with products from an earlier amplification or with material from an
exogenous source is a potential problem. Therefore, extreme care must be
taken to avoid “carryover” of reaction products. Guidelines have been pub-
lished to prevent such problems (Kwok and Higuchi 1989; Kwok 1990). False-
negative PCRs are not uncommon and are usually controlled by amplifying a
cellular gene from the same sample (Mahalingam et al. 1990).

Application of PCR technology to VZV has resulted in the detection of the
virus DNA in blood MNCs (Koropchak et al. 1991; Devlin et al. 1992). MNCs
obtained within 24 h after the onset of varicella exanthem from 8 of 12 (67%)
patients (both adults and children) were shown to be positive by PCR using
primers specific for VZV gene 31 (glycoprotein II) (Koropchak et al. 1991).
Recently, we have accumulated PCR data showing that VZV DNA can be
detected in blood MNCs in the absence of rash in elderly patients (Devlin
etal. 1992). We are currently using quantitative PCR to determine whether
there is a difference in virus burden in MNCs of elderly patients with and
without postherpetic neuralgia.

Kido etal. (1991) used primers specific for VZV gene 68 (glycoprotein I)
and detected VZV DNA in 100% of 20 vesicle samples collected from 18
patients with clinical chickenpox. One other report demonstrates the detection
of VZV DNA in 21 of 28 (75%) lesion samples using primers specific for VZV
gene 31 (Koropchak et al. 1991).

Koropchak et al. (1991) report that only 1 of 30 (3.3%) throat swab sam-
ples, obtained from 30 children within a day after rash, contained VZV DNA.
They speculate that most individuals who are symptomatic with varicella may
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not harbor virus in the oropharynx. In contrast, results of PCR analysis by
Ozaki et al. (1991) of 81 throat swabs from 18 patients taken at different times
around the appearance of disease show that the detection rate during the first
3 days after clinical onset of disease was 100% (Fig. 1). These authors used
primers representing more than one region of the VZV genome and detected
VZV DNA from 15 days before until 11 days after the appearance of rash.
They detected virus DNA in 11 of 42 (26.2%) samples during the incubation
period and in 35 of 39 (89.7%) samples after the clinical onset. The rate of
detection did not correlate with the maximum body temperature during the
disease. Based on their data, the authors concluded that the pharynx is the
probable site of early VZV replication. Finally, 5 of 6 (83%) crust samples
from 18 patients obtained during convalescent varicella were shown to contain
VZV DNA by PCR using three different primer pairs (Kido et al. 1991).

Patient Age/sex Maximum

No temperature
(°c)

1 1Y/F 396 o o} o—e ® [
2w 393 e0 -o—@
3w ) 0—0——0—0-e °
4 1Y/F 382 0 0—O e—{-e—o0
5 5YM ) o-0—e—1+—o—e
6 2Y/F 385 O-9—0—O -@—@—e
7 6Y/F () o) Py ®
8 6Y/F ) ° o) o
9  8YM 6 e o—0
10 4YM 8] 0—0 ) )
11 2Y/F 385 o—eo—e@ —@
12 MM 383 o 0-0 e—e—0
13 2Y/F -) o 0-0 @®9—@—0—eo
14 5Y/F 38-2 O——9-0—e
15 1Y/F 39-0 o-0————+—@-0
16 1Y/M 377 o—eo——@—eo
17 6YM () ] @
18 4MF 38-0 o7 0—0

T T T

T 1T T T 717 1T 7177 T T
-16-14-12410-8 -6 4 -2 0 2 4 6 8 10
Time of appearance of disease (days)

Fig. 1. Results of polymerase chain reaction analysis of throat swab samples obtained from
children at different times around the onset of clinical varicella. Not detected (open circle),
detected by hybridization using internal oligonucleotides (small solid circle), and detected
before hybridization by direct gel electrophoresis and ethidium bromide staining as well as
by hybridization (large solid circle); (—) denotes body temperature less than 37.5°C during
the disease; Y denotes years, and M denotes months. (Modified from and printed with
permission from Kido et al. 1991)
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VZV has been detected by PCR in CSF from 3 of 5 (60%) children with
postvaricella cerebellitis and in all of 7 (100%) herpes zoster patients with
various neurological features (Puchhammer-Stockl et al. 1991). In these stud-
ies, positive PCR results were obtained as early as 3 days after the onset of
zoster rash. Furthermore, PCR detected VZV DNA in the CSF from 4 patients
with meningitis, 2 of whom had facial palsy. Two of the 4 patients did not have
rash but were seropositive for VZV.

The detection of latent VZV DNA in human ganglia by Southern blot
hybridization (Gilden et al. 1983) was confirmed by PCR using primers
specific for the VZV origin of replication, gene 29 (major DNA binding
protein), gene 40 (capsid protein), and gene 28 (DNA polymerase) (Ma-
halingam et al. 1990, 1992). Examination of 24 trigeminal and 61 thoracic
ganglia from 23 individuals revealed latent VZV DNA in trigeminal ganglia
from 13 of 15 (87%) subjects and in thoracic ganglia from 9 of 17 (53%)
subjects. Most recently, when more than 6—7 thoracic ganglia from an individ-
ual were pooled, PCR detected VZV DNA in more than 90% of adults (Ma-
halingam, unpublished results).

The PCR technique is also useful in the detection of subclinical reactivation
of VZV (Puchhammer-Stockl et al. 1991). Subclinical reactivation of VZV has
been reported in various settings (Ljungman et al. 1986; Duecland et al. 1991;
Gilden et al. 1991 b). Puchhammer-Stockl et al. (1991) detected VZV DNA by
PCR in CSF from two patients with meningitis without rash, one of whom had
facial palsy. In the case of fatal zoster meningoradiculitis reported by Dueland
et al. (1991) and in the patients with preherpetic neuralgia described by Gilden
et al. (1991 a), PCR might have been useful in diagnosing VZV-induced neuro-
logic disease without zosteriform eruption. Finally, the combined use of PCR
and in situ hybridization will help to determine the mononuclear cell subtypes
in which VZV persists. Similarly, PCR in concert with pulsed-field gel elec-
trophoresis can be applied to studies of VZV DNA configuration in latently
infected ganglia.

PCR analysis can be extended to detect viral RNA in infected tissue. This
would be particularly useful for studies of latency in which the extent of VZV
transcription in ganglia is unknown. Usually, RNA PCR involves the selection
of primers on the exons of a spliced transcript to overcome the background
amplification arising from trace amounts of contaminant DNA (Gilliland
etal. 1990). Since there is no known spliced transcript in VZV, complete
removal of viral DNA by DNAase is mandatory before VZV RNA PCR can
be performed.

Acknowledgements. We thank Mary Wellish for technical help and Mary E. Devlin and
Marina Hoffman for editorial review and Marcia Conner for preparing this chapter for
publication.



144 R. Mahalingam et al.

References

Asano Y, Albrecht P, Stagno S, Takahashi M (1982) Potentiation of neutralization of
varicella-zoster virus by antibody to immunoglobulin. J Infect Dis 146:524—529

Asano Y, Itakura N, Hiroishi Y, Hirose S, Nagai T, Ozaki T, Yazaki T, Yamanishi K,
Takahashi M (1985) Viremia is present in incubation period in nonimmunocompromised
children with varicella. J Pediatr 106:69-71

Beutler E, Gelbart T, Kuhl W (1990) Interference of heparin with the polymerase chain
reaction. Biotechniques 9:166

Brunell PA (1989) Transmission of chickenpox in a school setting prior to the observed
exanthem. Am J Dis Child 143:1451-1452

Brunell PA, Gershon AA, Uduman SA, Steinberg S (1975) Varicella-zoster imunoglobulins
during varicella, latency and zoster. J Infect Dis 132:49-54

Caunt AE, Shaw DG (1969) Neutralization test with varicella-zoster virus. J Hyg 67:343 -
352

Cooke BED (1960) Epithelial smears in diagnosis of herpes simplex and herpes zoster
affecting the oral mucosa. Br Dent J 109:83-96

Cooke BED (1963) Exfoliative cytology in evaluating oral lesions. J Dent Res (Suppl)
42:343-347

Croen KD, Ostrove JM, Dragovic LJ, Straus SE (1988) Patterns of gene expression and sites
of latency in human nerve ganglia are different from varicella-zoster and herpes simplex
viruses. Proc Natl Acad Sci USA 85:9773-9777

Cruickshank JG, Bedson HS, Watson DH (1966) Electron microscopy in the rapid diagnosis
of smallpox. Lancet 2:527-530

Davison Al, Scott JE (1986) The complete DNA sequence of varicella-zoster virus. J Gen
Virol 67:1759-1816

de Francis R, Cross NCP, Foulkes NS, Cox TM (1988) A potent inhibitor of Taq polymerase
copurifies with human genomic DNA. Nucleic Acids Res 16:10355

Devlin ME, Gilden DH, Mahalingam R, Dueland AN, Cohrs R (1992) Peripheral blood mono-
nuclear cells of the elderly contain varicella-zoster virus DNA. J Infect Dis 165:619-620

Dohner DE, Adams SG, Gelb LD (1988) Varicella-zoster virus DNA from persistently
infected cells contains novel tandem duplications. J Gen Virol 69:2229-2249

Dueland AN, Devlin M, Martin JR, Mahalingam R, Cohrs R, Manz H, Trombley I, Gilden
D (1991) Fatal varicella zoster virus meningoradiculitis without skin involvement. Ann
Neurol 29:569-572

Eisenstein BI (1990) The polymerase chain reaction: a new method of using molecular
genetics for medical diagnosis. N Engl J Med 322:178—-183

Evans P (1940) An epidemic of chickenpox. Lancet 2:339-340

Feldman S, Epp E (1976) Isolation of varicella-zoster virus from blood. J Pediatr 88:265-267

Frey HM, Steinberg SP, Gershon AA (1981) Rapid diagnosis of varicella-zoster virus infec-
tions by countercurrent immunoelectrophoresis. J Infect Dis 143:274-280

Gallagher JG, Merigan TC (1979) Prolonged herpeszoster infection associated with immuno-
suppressive therapy. Ann Intern Med 91:842-846

Gershon AA, Krugman S (1975) Seroepidemiologic survey of varicella: value of specific
fluorescent antibody test. Pediatrics 56: 10051008

Gershon AA, Steinberg S, Brunell PA (1974) Zoster immune globulin: a further assessment.
N Engl ] Med 290:243-245

Gershon AA, Steinberg S, Silber R (1978) Varicella-zoster viremia. J Pediatr 92:1033-1034

Gilden DH, Shtram Y, Friedmann A, Wellish M, Devlin M, Cohen A. Fraser N, Becker Y
(1982 a) Extraction of cell-associated varicella-zoster virus DNA with triton X-100-NaCl.
J Virol Methods 4:263-275

Gilden DH, Shtram Y, Friedmann A, Wellish M, Devlin M, Fraser N, Becker Y (1982 b) The
internal organization of the varicella-zoster virus genome. J Gen Virol 60:371-374

Gilden DH, Vafai A, Shtram Y, Becker Y, Devlin M, Wellish M (1983) Varicella-zoster virus
DNA in human sensory ganglia. Nature 306:478—480



Chapter 11 PCR Diagnosis of Varicella Zoster Virus 145

Gilden DH, Rozemann Y, Murray R, Devlin M, Vafai A (1987) Detection of varicella-zoster
virus nucleic acid in neurons of normal human thoracic ganglia. Ann Neurol 22:377-380

Gilden DH, Devlin M, Wellish M, Mahalingam R, Huff C, Hayward A, Vafai A (1988a)
Persistence of varicella-zoster virus DNA in blood mononuclear cells of patients with
varicella or zoster. Virus Genes 2:299-305

Gilden DH, Murray RS, Wellish M, Kleinschmidt-DeMasters BK, Vafai A (1988 b) Chronic
progressive varicella-zoster virus encephalitis in an AIDS patient. Neurology 38:1150—
1153

Gilden DH, Dueland AN, Cohrs R, Martin JR, Kleinschmidt-DeMasters BK, Mahalingam
R (1991 a) Preherpetic neuralgia. Neurology 41:1215-1218

Gilden DH, Mahalingam R, Dueland AN, Cohrs R (1991 b) Herpes zoster: pathogenesis and
latency. In: Melnick J (ed) Progress in medical virology, vol 39. Karger, Basel

Gilliland G, Perrin S, Blanchard K, Bunn HF (1990) Analysis of cytokine mRNA and DNA:
detection and quantitation by competitive polymerase chain reaction. Proc Natl Acad Sci
USA 87:2725-2729

Gold E (1966) Serologic and virus-isolation studies of patients with varicella or herpes-zoster
infection. N Engl J Med 274:181-185

Gordon JE, Meader FM (1929) The period of infectivity and serum prevention of chicken-
pox. JAMA 93:2013-2015

Gustafson TL, Lavely GB, Brawner ER Jr, Hutcheson RH Jr, Wright PF. Schaffner W
(1982) An outbreak of airborne nosocomial varicella. Pediatrics 70:550-556

Higuchi R (1989) Simple and rapid preparation of samples for PCR. In: Erlich HA (ed) PCR
technology: principles and applications for DNA amplification. Stockton. New York,
p31

Holodniy M, Kim S, Katzenstein D, Konrad M, Groves E, Merigan TC (1991) Inhibition
of human immunodeficiency virus gene amplification by heparin. J Clin Microbiol
29:676—-679

Hondo R, Yogo Y (1988) Strain variation of R5 direct repeats in the right-hand portion of
the long unique segment of varicella-zoster virus DNA. J Virol 62:2916-2921

Hondo R, Yogo Y, Yoshida M, Fujima A, Itoh S (1989) Distribution of varicella-zoster virus
strains carrying a PstI-site-less mutation in Japan and DNA change responsible for the
mutation. Jpn J Exp Med 59:233-237

Hyman RW, Ecker JR, Tenser RB (1983) Varicella-zoster virus RNA in human trigeminal
ganglia. Lancet 2:814-816

Innis MA, Gelfand DH (1990) Optimization of PCRs. In: Innis MA, Gelfand DH, Sninsky
JJ, White TJ (eds) PCR protocols: a guide to methods and applications. Academic, San
Diego. p 3

Kido S, Ozaki T. Asada H, Higashi K, Kondo K, Hayakawa Y, Morishima T, Takahashi M,
Yamanishi K (1991) Detection of varicella-zoster virus (VZV) DNA in clinical samples
from patients with VZV by the polymerase chain reaction. J Clin Microbiol 29:76-79

Koropchak CM, Solem SM, Diaz PS, Arvin AM (1989) Investigation of varicella-zoster virus
infection of lymphocytes by in situ hybridization. J Virol 63:2392—2395

Koropchak CM, Graham G, Palmer J, Winsberg M, Ting SF. Wallace M, Prober CG, Arvin
AM (1991) Investigation of varicella-zoster virus infection by polymerase chain reaction
in the immunocompetent host with acute varicella. J Infect Dis 163:1016—-1022

Kwok S (1990) Procedures to minimize PCR-product carry-over. In: Innis MA, Gelfand DH,
Sninsky JJ, White TJ (eds) PCR protocols: a guide to methods and applications. Aca-
demic, San Diego, p 142

Kwok S, Higuchi R (1989) Avoiding false positives with PCR. Nature 339:237

Kwok S, Mack DH, Sninsky JJ, Ehrlich GD, Poiesz BJ, Dock NC, Alter HJ, Mildvan D,
Grieco MH (1989) Diagnosis of human immunodeficiency virus in seropositive individ-
uals: enzymatic amplification of HIV viral sequences in peripheral blood mononuclear
cells. In: Luciw PA, Steimer KS (eds) HIV detection by genetic engineering methods.
Dekker, New York, p 243

Leclair JM, Zaia JA, Levin MJ, Congdon RG, Goldmann DA (1980) Airborne transmission
of chickenpox in a hospital. N Engl J Med 302:450—453



146 R. Mahalingam et al.: Chapter 11 PCR Diagnosis of Varicella Zoster Virus

Ljungman P, Lonngvist B, Gahrton G, Ringden O, Sundqvist VA, Wahren B (1986) Clinical
and subclinical reactivations of varicella-zoster virus in immunocompromised patients. J
Infect Dis 153:840—847

Ludwig H, Haines HG, Biswal N, Benyesh-Melnick M (1972) The characterization of
varicella-zoster virus DNA. J Gen Virol 14:111-114

MaCrae AD, Field AM, McDonald JR, Meurisse EV, Porter AA (1969) Laboratory differ-
ential diagnosis of vesicular skin rashes. Lancet 2:313-316

Mahalingam R, Wellish M, Wolf W, Dueland AN, Cohrs R, Vafai A, Gilden DH (1990)
Latent varicella-zoster viral DNA in human trigeminal and thoracic ganglia. N Engl J
Med 323:627-631

Mabhalingam R, Wellish M, Dueland AN, Cohrs R, Gilden DH (1992) Localization of herpes
simplex virus type 1 and varicella-zoster virus in human ganglia. Ann Neurol 31: 444448

Mullis KB, Faloona FA (1987) Specific synthesis of DNA in vitro via a polymerase-catalyzed
chain reaction. Methods Enzymol 155:335

Myers MG (1979) Viremia caused by varicella-zoster virus: association with malignant
progressive varicella. J Infect Dis 140:229-233

Ozaki T, Ichikawa T, Matsui Y, Kondo H. Nagai T, Asano Y. Yamanishi K. Takahashi M
(1986) Lymphocyte-associated viremia in varicella. J Med Virol 19:249-253

Ozaki T, Matsui Y, Asano Y, Okuno T, Yamanishi K, Takahashi M (1989) Study of virus
isolation from pharyngeal swabs in children with varicella. Am J Dis Child 143:1448-
1450

Ozaki T, Miwata H, Matsui Y, Kido S, Yamanishi K (1991) Varicella zoster virus DNA in
throat swabs. Arch Dis Child 66:333—-334

Puchhammer-Stockl E, Popow-Kraupp T, Heinz FX, Mandl CW, Kunz C (1991) Detection
of varicella-zoster virus DNA by polymerase chain reaction in the cerebrospinal fluid of
patients suffering from neurological complications associated with chickenpox or herpes
zoster. J Clin Microbiol 29:1513-1516

Ross AH (1962) Modification of chickenpox in family contacts by administration of gamma
globulin. N Engl J Med 267:369-376

Ryder JW, Croen K, Kleinschmidt-DeMasters BK, Ostrove JM, Straus SE, Cohn DL (1986)
Progressive encephalitis three months after resolution of cutaneous zoster in a patient
with AIDS. Ann Neurol 19:182—-188

Saiki RK (1990) Amplification of genomic DNA. In: Innis MA, Gelfand DH, Sninsky JJ,
White TJ (eds) PCR protocols: a guide to methods and applications. Academic, San
Diego. p 13

Saiki RK, Walsh PS, Levenson CH, Erlich HA (1989) Genetic analysis of amplified DNA
with immobilized sequence-specific oligonucleotide probes. Proc Natl Acad Sci USA
86:6230-6234

Takahashi M (1983) Chickenpox virus. Adv Virus Res 28:285-356

Taylor-Robinson D, Caunt AE (1972) Varicella virus. Springer, Berlin Heidelberg New York,
pp 13-17 (Virology monographs, vol 12)

Ting Y, Manos M (1990) Detection and typing of genital human papillomaviruses. In: Innis
MA, Gelfand DH, Sninsky JJ, White TJ (eds) PCR protocols: A guide to methods and
applications. Academic, San Diego, p 356

Twomey JJ, Gyorkey F. Norris SM (1974) The monocyte disorder with herpes zoster. J Lab
Clin Med 83:768—-777

Uduman SA, Gershon AA, Brunell PA (1972) Rapid diagnosis of varicella-zoster infections
by agar-gel diffusion. J Infect Dis 126:193-195

Vlazny DA, Hyman RW (1985) Errant processing and structural alterations of genomes
present in a varicella-zoster virus vaccine. J Virol 56:92-101

Williams B, Capers TH (1959) The demonstration of intranuclear inclusion bodies in sputum
from a patient with varicella pneumonia. Am J Med 27:836-839

Williams SD, Kwok S (1991) Polymerase chain reaction: applications for viral detection. In:
Lennette EH (ed) Laboratory diagnosis of viral infection. 3rd edn. Dekker, Washington,
DC., pp 147-158

Williams V, Gershon A, Brunell PA (1974) Serologic response to varicella-zoster membrane
antigens measured by direct immunofluorescence. J Infect Dis 30:669-672



Chapter 12 Detection of Human Cytomegalovirus
by Polymerase Chain Reaction
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Summary

Human cytomegalovirus (HCMV) can produce life-threatening disease in im-
munosuppressed AIDS patients and organ transplant recipients. Congenital
HCMV is the leading infectious cause of birth defects, including blindness,
deafness, mental retardation, and death. HCMYV can be transmitted in utero,
during delivery, or postnatally through physical contact, blood transfusion,
and organ transplantation. There are few treatments for HCMV disease. How-
ever, ganciclovir (DHPG) has been beneficial in HCM V-infected transplant
patients.

The diagnosis of HCMYV infection requires laboratory confirmation. Cur-
rently, a combination of routine virus culture, shell vial assay (which combines
culture and immunofluorescence), cytopathology, and serology are used. A
more rapid and sensitive technique, such as PCR, might allow for earlier
DHPG treatment in transplant and other high-risk patients and might im-
prove the monitoring of disease before and after antiviral therapy. In this
chapter, PCR detection of HCMV DNA in urine specimens is compared with
routine viral culture and the shell vial assay. There is a high correlation be-
tween these techniques (83%). The PCR is sensitive and specific for detecting
HCMYV DNA, since 10 template molecules could be detected and other her-
pesvirus genomes were not amplified.

Introduction

Human cytomegalovirus (HCMYV) infections can be life-threatening in im-
munosuppressed children and adults. HCMYV infections occur in one-half to
two-thirds of all transplant recipients and contribute to failure of the trans-
planted organ and morbidity or mortality in the recipient (Rubin 1989).
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HCMYV can be transmitted by transplanted organs, such as liver (Paya et al.
1989), kidney (Naraqi et al. 1978), or heart (Preiksaitis et al. 1983), and by
blood or bone marrow transfusions (Mirkovic et al. 1971; Yeager et al. 1981).
Asymptomatic shedding of HCMV is common in urine (Chou and Merigan
1983), saliva, and breast milk (Hayes et al. 1972; Stagno et al. 1980).

Congenital HCMYV infections occur in 1% of all newborns (reviewed in Ho
1982) and are the leading infectious cause of birth defects, including blindness,
deafness, and mental retardation (Stagno et al. 1982). About 10% of HCMV-
infected children are symptomatic at birth, and another 5% —10% develop
sequellae (Ho 1982; Yow 1989). It is estimated that congenital HCMYV infec-
tions cause brain damage in 3000-6000 infants each year in the USA (Stagno
and Whitley 1985). While the effects of HCMYV infections are already of great
concern, they may become even a larger problem in the future because of the
increasing numbers of AIDS patients, organ transplant recipients, and chil-
dren in day-care centers.

HCMY infections are characterized by relatively slow growth, nuclear and
cytoplasmic inclusions, and strong species-specificity (reviewed in Gold and
Nankervis 1989). The standard for laboratory diagnosis of HCMYV is a combi-
nation of (a) direct examination of tissues or white blood cells for cytomegalic
inclusions, HCMYV antigens, or nucleic acids, (b) conventional virus culture (c)
the shell vial culture amplification assay, and (d) serology. The shell vial assay,
which combines low speed centrifugation and immunofluorescent detection of
HCMYV early nuclear antigen, is considerably faster (24 h) than routine culture
(up to 30 days) (Gleaves et al. 1984; Thiele et al. 1987). While these techniques
are adequate to confirm the majority of HCMYV infections, the culture and
shell vial assays can be discordant. In three studies comparing the techniques,
17% —43% (average 28%) of the HCMV-positive samples were positive by
conventional culture only, 21% —38% (average 30%) of the HCMV-positive
samples were positive by shell vial only, and the remaining 36% —46% (aver-
age 42%) of the HCMV-positive samples were positive by both techniques
(Paya et al. 1988; Rabella and Drew 1990; Schirm et al. 1987).

The HCMYV genome is linear, doubled-stranded DNA of about 230 kb with
the potential to encode more than 200 genes (Chee et al. 1990). A wide variety
of HCMV-specific PCR primers can be designed because the entire genome of
strain AD169 has been sequenced (Chee et al. 1990). HCMV DNA has been
detected by PCR in peripheral blood cells (Cassol et al. 1989; Hsia et al. 1989;
Stanier et al. 1989), urine (Cassol et al. 1989; Demmler et al. 1988; Hsia et al.
1989; Olive et al. 1989), and a variety of tissues from AIDS patients (Shibata
et al. 1988; Shibata and Klatt 1989). In this chapter, PCR amplification of
HCMYV DNA from urine specimens is compared with routine viral culture and
the shell vial assay. There is a high correspondence between these techniques,
which indicates that PCR is both sensitive and specific for detecting HCMV
DNA.

There are few treatments available for HCMYV or other herpesvirus infec-
tions. Dihydroxypropoxymethyl guanine (DHPG, ganciclovir) treatment has
helped immunocompromised patients and might be beneficial for serious in-
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fections (Erice et al. 1987; Laskin et al. 1987). PCR detection of HCMV might
be valuable for life-threatening infections (a) when time is a factor in the
decision to use DHPG, (b) if detection of HCMV DNA in blood by PCR prior
to the appearance of infectious virus indicates that HCMYV disease will develop
in transplant recipients, or (¢) when isolation of HCMV from tissues, such as
white blood cell buffy coats, has been difficult.

Materials and Methods

Clinical Samples. The 29 coded urine samples were obtained from a group of
both pediatric and adult transplant and HIV-infected patients. Specimens
were transported on ice within 2—4 h to the clinical virology laboratory at the
Children’s Hospital of Philadelphia (CHOP). After the pH of each sample was
neutralized with 0.1 N NaOH or 0.1 N HCI, the samples were treated for
30 min at 4°C with a mixture of vancomycin (20 pg/ml), gentamicin (50 pg/
ml), and amphotericin B (10 pg/ml). All samples were tested by routine viral
culture, shell vial assay, and PCR. Based upon culture data, samples were
selected for PCR to insure that about half of the samples would be culture
positive.

Conventional Virus Isolation. Two tubes of confluent monolayers of human
embryonic lung fibroblasts (MR C-5) were inoculated with 0.2 ml of the urine
specimens and inspected daily for 4 weeks for HCMV cytopathic effects
(CPE). The cells were refed twice weekly with fresh media containing 2% fetal
bovine serum (FBS) and antibiotics. Suspected HCMYV isolates were con-
firmed by indirect immunofluorescence using reagents from Syva Corp. (Palo
Alto, CA).

Spin-Amplification Shell Vial Assay. Two shell vials containing 12-mm cover-
slips with MRC-5 monolayers were inoculated with 0.2 ml of each specimen
and centrifuged at 700 x g for 40 min at 25°C. To each vial 2 ml Eagle’s MEM
containing 2% FBS and antibiotics were added, and they were incubated at
37°C for 16—24 h. The coverslips were washed twice with PBS, fixed at room
temperature for 10 min with acetone, and washed with PBS. Indirect im-
munofluorescence was performed with the E-13 mouse anti-HCMV MAD
(MAD 810; Chemicon, El Segundo, Calif.) as the primary antibody, followed
by biotin-labeled goat anti-mouse antibody (Kirkegaard & Perry Labs,
Gaithersberg, M.) and avidin conjugated with fluorescein isothiocyanate (Or-
ganon Teknika Corp., West Chester, PA). The cells were counterstained with
Evans blue, mounted on glass slides, and observed under a fluorescence micro-
scope. Uninfected and HCMV-infected (strain AD169) monolayers were in-
cluded as controls.

Polymerase Chain Reaction. Due to the high sensitivities of the PCR, many
precautions were taken to minimize contamination and false-positive results.
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Disposable tubes, pipettes, and positive displacement micropipettes were used
throughout these studies. All PCR templates were prepared in a room physi-
cally separate from the main lab. All PCR experiments contained positive
controls (an HCMV-infected MRC-5 cell lysate or culture-positive pancreatic
tissue) and negative controls (no DNA template and salmon sperm DNA
template). The negative controls were set up last, so that if the solutions or
pipettes were contaminated with HCMV DNA it would be detected in the
negative control. All clinical samples were heated in a boiling water bath for
5 min to inactive nucleases, proteinases, and infectious agents. Primers and
probes were synthesized at the Wistar DNA Synthesis Facility (Table 1). Taq
DNA polymerase and 10 x Taq buffer (500 mM K Cl, 100 mM TRIS-HCI, pH
9.0, 15 mM MgCl,, 0.1% gelatin (w/v), 1% Triton X-100) were purchased
from Promega. The 100-pl reaction mixtures consist of: 5—20 pl urine sample,
10 pul 10 x buffer, 100—500 pM primer (each), 200 pM dNTP (each),and 2.5 U
Taq. Optimal denaturation, annealling, and extension conditions were estab-
lished empirically for each pair of primers using an HCM V-infected cell lysate
and were 94°C for 1 min, 68 °C for 2 min, and 72°C for 3 min, for 30 cycles.

Southern Blots, Hybridization, and Washing. PCR products were resolved by
electrophoresis on 1.5% agarose gels and transferred to Gene Screen Plus
(Dupont) by Southern blotting, as recommended by the manufacturer. After
transfer the filters were soaked for 60 s in 0.4 M NaOH, rinsed in 2 x SSC/
0.2 M TRIS-HCI, pH 7.4, and air-dried. Prehybridization was for 30 min at
37°C in 5% SSC, 10 x Denhardt’s (0.2% polyvinylpyrrolidone w/v, 0.2%
bovine serum albumin, 0.2% Ficoll), sodium dodecylsulfate (SDS), and
200 pg/ml salmon sperm DNA. End-labeled oligonucleotide probes (Table 1)
were added at 510 ng/ml, and the filters were hybridized for 3—4 h at 37°C.
Filters were rinsed at room temperature and washed at 37°C, 50°C, and 65°C,

Table 1. Human cytomegalovirus polymerase chain reaction primers and oligonucleotide
probes

Prim- Gene Sequence %GC Res- Fragment Refer-
er/ tric- size ence
probe tion

sitt.  DNA RNA

FP IE1 GTCCTCTGCCAAGAGAAAGATGGAC 52% - Akrigg

RP IE1  ACATCTTTCTCGGGGTTCTCGTTGC 52% - et al.

Probe IE1 GACCAAGGCCACGACGTTCC 55%  Pstl 351 237 1985
TGCAGACTATGTTGAGGAAG

FP MLA CGCTGATCTTGGTATCGCAGTACAC 52% - Rueger

RP MLA ACGTTGATGCTGGGGATGTTCAGCA 52% - et al.

Probe MLA GAGCCCATGTCGATCTATGT 58% Pst1 223 184 1987
GTACGCGCTGCCGCTCAAGA

FP, forward primer; RP, reverse primer; IE 1, immediate early gene 1 (IE1 exons 2 and 3;
UL123); MLA, major late antigen (MLA; pp65; UL83)
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for 15 min each, in 5 x SSC/1% SDS. After a final wash at 65°C in 2.5 x SSC/
1% SDS, the filters were air-dried and autoradiographed with XAR film
(Kodak) at —70°C with an intensifying screen.

Preparation of Probes. Oligonucleotide probes were end-labeled with y[>2P]-
ATP with polynucleotide kinase (BRL) and separated from unincorporated
nucleotides with push columns (Stratagene).

Results
Specific PCR Amplification of HCMV DNA

The PCR primer pairs used in this work (Table 1) correspond to the immediate
early gene 1 (IE1; UL123) and the major late antigen (MLA; pp65; UL83). The
primers satisfy the following criteria: (a) approximately 50% GC content; (b)
lack of self-homology or complementarity; (c) exact alignment in only a single
portion of the HCMV genome; (d) sequence conservation between Towne,
ADI169, and Davis strains; (¢) lack of complementarity to herpes simplex virus
(HSV), varicella zoster virus (VZV), Epstein-Barr virus (EBV), human herpes
virus 6 (HHV-6), and, for the available sequence data (GenBank), human
DNA; (f) primer pairs span an intron so that the products amplified from
DNA and RNA are different sizes; and (g) each set of primers yields amplified
DNA products of different sizes so that the primers could be used in combina-
tion. Oligonucleotides were also synthesized as internal probes to hybridize to
amplified PCR products. Each probe contains a restriction site for an enzyme
that cuts once in the amplified product. After enzyme digestion, these probes
hybridized to both restriction fragments. Thus, the specificity of PCR products
could be confirmed by their size, specific hybridization to internal probes, and
restriction enzyme digestion.

Specificity

The PCR primers chosen specifically yielded amplification products of appro-
priate size with HCM V-infected cell lysates, but not with HSV-1-, HSV-2-,
HHV-6-, VZV-, or EBV-infected cell lysates (data not shown). The specificity
of the amplified products was confirmed by Southern blot analysis with an
internal probe and by digestion with restriction enzymes that cut once within
the PCR product (see Table 1).

Sensitivity

Both IE1 and MLA primers yielded PCR products from infected cell superna-
tants that were detectable on ethidium bromide-stained gels (data not shown).
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Less than 1 plaque-forming unit (PFU) of HCMYV could be detected per PCR
reaction in tissue culture homogenates (data not shown). Due to the large ratio
of virus particles to PFUs it is difficult to relate viral infectivity directly to the
number of HCMV DNA molecules. In reconstruction experiments with
known amounts of plasmid DNA in a background of salmon sperm DNA,
10 molecules of target HCMYV sequences could be detected by hybridization
with Southern blots of PCR products (Fig. 1). This is similar to the sensitivity
achieved by other investigators (Cassol et al. 1989; Olive et al. 1989).

PCR Correspondence with Culture and Shell Vial

We have blindly tested 29 coded urine samples from CHOP by PCR (Table 2).
Of these, 13 were positive by PCR (LA and IE primers), culture, and shell vial,
and 11 were negative by all three procedures. Thus, the PCR results corre-
sponded with both the culture and shell vial procedures in 24/29 (83%) of the

Fig. 1. Sensitivity of polymerase chain reaction (PCR) for human cytomegalovirus (HCMV)
DNA. A cosmid clone containing the target sequence for the HCMV major late antigen
(MLA) was used (Fleckenstein et al. 1982; Rueger et al. 1987). Based upon the cosmid size
and the DNA concentration, PCR reactions were set up containing the indicated number of
template molecules with the HCMV MLA primers. The reaction products were resolved by
agarose gel electrophoresis, Southern blotted, hybridized with the internal oligonucleotide
probe, washed, and autoradiographed. A faint band is detectable in the sample containing
10 molecules of template DNA
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Table 2. Comparison of human cytomegalovirus (HCMYV), polymerase chain reaction
(PCR) with viral culture and shell vial assays for evaluation of urine specimens

PCR Culture Shell vial

+ - + -
+ 13 4 14 3
— 0 12 1 11

samples. The 13/13 (100%) culture-positive samples and 14/15 (93%) shell
vial-positive samples were PCR-positive. Conventional viral culture and the
shell vial assay were in agreement for 27/29 (93%) of the samples, which is a
higher correlation than reported by other groups (Paya et al. 1988; Rabella
and Drew 1990; Schirm et al. 1987). Two samples that were culture-negative
were shell vial-positive. One of these was PCR-positive, the other PCR-nega-
tive. The three remaining samples were PCR-positive, but culture- and shell
vial-negative. Either PCR detected HCMV DNA that was not infectious, or
the PCR results were artifactual or due to contamination. We favor the first
possibility because the PCR controls were negative, and the results were con-
firmed by hybridization with internal probes (Table 1) and restriction enzyme
digestion of the PCR product (data not shown).

Discussion

HCMYV DNA was detected in human urine samples by PCR, standard viral
culture, and shell vial assay. For 24 of 29 samples (83%) all three techniques
were in agreement. Three samples were PCR-positive by Southern blot hy-
bridization, yet culture- and shell vial-negative. It is not known if the results
for these samples represent an increased sensitivity of PCR, the presence of
noninfectious viral DNA, or false-positives due to DNA contamination. Nev-
ertheless, the correlation of the PCR technique with culture techniques was
high. All culture-positive samples were PCR-positive, and the PCR products
were clearly visible on ethidium bromide-stained agarose gels. The time re-
quired from start to finish for PCR and gel electrophoresis is less than 6 h and
could probably be even further reduced, which makes PCR a rapid method for
detecting HCMYV DNA in clinical material.

There are two important issues that need to be resolved before PCR detec-
tion of HCMV DNA is used clinically to diagnose HCMV: (a) Is it of predic-
tive value to know when a patient is PCR-positive for HCMV DNA? (b) Is
PCR practical in a clinical laboratory? If patients become PCR-positive before
becoming culture or shell vial-positive, then this would be valuable in making
an earlier decision to use DHPG or to reduce immunosuppressive therapy.
PCR might also be useful in evaluating the effect of such changes in treatment
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on the course of HCMYV disease and viral clearance. However, if HCMV PCR
positivity is not an indicator for the development of HCMYV disease, then PCR
will be of less clinical significance. In a heart transplant study, HCMV PCR
positivity did not always correlate with HCMV disease (Gerna et al. 1991).
Much more work needs to be done in the clinical setting to define the signifi-
cance of PCR results for the management of HCMV disease in immunosup-
pressed children and adults. There is no indication for PCR diagnosis of
HCMYV infection in immunocompetent individuals.

PCR is an extremely sensitive procedure, which can be a double-edged
sword. The sensitivity allows the detection of a few molecules of template
DNA but is exquisitely sensitive to contamination. This limitation can be dealt
with in a research lab where sample processing PCR, and viral culture can be
performed in separate rooms on different days with a number of precautions
and controls. In a clinical laboratory, this may be more difficult because of the
large volume of samples, most of which are unknowns. To reduce the number
of false-positive results, clinical labs may need additional space, personnel, or
training. When advances in technology make PCR automated, less expensive,
and less susceptible to contamination, its use should become more widespread
in clinical laboratories.

The applications of PCR that may have the greatest impact for HCMYV in
the near future are in research. By employing several primer sets and by
restriction enzyme analysis of PCR products, clinical isolates can be distin-
guished (Chou 1990). This would be valuable in epidemiological studies of
HCMYV transmission and pathogenesis. The variability in restriction pattern of
clinical isolates might also be helpful in differentiating between authentic PCR
signals and lab contaminants. Another research area is the study of latency.
HCMYV, like all herpesviruses, establishes life-long latent infections. Latent
infections can reactivate to produce serious and fatal disease in immunocom-
promised patients. PCR should be valuable in determining which tissues har-
bor latent HCMV DNA and in the study of the mechanism of HCMYV latency.
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Summary

Epstein-Barr virus (EBV) DNA was detected and semiquantitatively analyzed
in clinical samples from patients with Hodgkin’s disease (HD), angioim-
munoblastic lymphadenopathy (AILD), hairy cell leukemia (HCL), T-
lymphoblastic lymphoma (TLL), familial gastric lymphoma, lymphocytic/
mixed thymoma, and reactive lymph node hyperplasia (HR). High numbers of
viral DNA copies were detected in HD and AILD, whereas no or very few viral
DNA copies were found in HCL and thymoma. One case of TLL and two
cases of HR contained relatively high numbers of EBV DNA copies. In the
case of TLL, the viral genomes probably originated from accessory B cells. The
high amount of EBV DNA identified in the HD and AILD cases is not
associated with the Bam W/Bam Z rearrangement known to disrupt viral
latency. Technical details of amplification, oligonucleotide hybridization, and
semiquantitative EBV DNA analysis are described. A sensitive detection sys-
tem of the Bam W/Bam Z rearrangement is also presented.

Introduction

Epstein-Barr virus (EBV) is a lymphotropic human herpesvirus endemic in all
populations. EBV is the causative agent of infectious mononucleosis and
oligoclonal B-cell lymphomas of immunocompromised hosts (Cleary et al.
1988; Fischer et al. 1991). It is also closely associated with endemic Burkitt’s
lymphoma (Lenoir and Bornkamm 1987; Rowe and Gregory 1989) and
nasopharyngeal carcinoma (Desgranges et al. 1975; Tugwood et al. 1987). In
the human host infectious EBV (virions) are continuously shed at very low
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rates from infected nasopharyngeal epithelial cells and latently infect B cells
which are consequently immortalized (Thorley-Lawson 1988). In an immuno-
competent host these cells are rapidly controlled, mainly by HLA class I-re-
stricted cytotoxic T cells, whereas in the immunocompromised patient they
may continuously proliferate (Wallace et al. 1982; Wallace and Murray 1989).

EBYV infection of human B lymphocytes and epithelial cells is mediated by
the C3d (CD21) receptor (Fingeroth et al. 1984). Binding of the EBV envelope
glycoprotein gp350/220 to the B lymphocyte plasma membrane CD21 is fol-
lowed by crosslinking, capping, and endocytosis of the virus (Tanner et al.
1987). Developing T cells, when expressing CD21 (Thore et al. 1979), may also
become infected (Jones et al. 1988). The double-stranded EBV DNA genome
is about 172 kilobases (kb) in length and has been completely sequenced (Baer
et al. 1984). The EBV DNA is linear in the infective form, viz. virion (Pritchett
et al. 1976), but is a covalently closed circular duplex DNA (CCC) episome in
latently infected cells (Lindahl et al. 1976). The complex mechanisms leading
to EBV DNA circularization and establishment of latency in newly infected B
cells have recently been elucidated (Hurley and Thorley-Lawson 1988). In
most latently infected cell lines EBV DNA is present in about 5—500 episomal
CCC copies per cell (Sudgen et al. 1979; Hurley and Thorley-Lawson 1988;
Thorley-Lawson 1988). However, there is one Burkitts lymphoma cell line,
Namalwa, in which two linear EBV copies are integrated into the DNA of the
unique chromosome 1 without episomal (CCC) DNA (Henderson et al. 1983;
Matsuo et al. 1984; Lawrence et al. 1988). Further information of the molecu-
lar biology of EBV is contained in a review recently published by Kieff and
Liebowitz (1991).

In clinical medicine the participation of EBV in the pathogenesis of disor-
ders other than those cited above has been suspected for a long time, but
methods to detect EBV were relatively insensitive (Southern blotting) or fastid-
ious (cell culture). However, the recent development of the polymerase chain
reaction (PCR) makes it possible to detect one unique DNA sequence among
10% human diploid genomes (Saiki et al. 1988), and as a result, the number of
clinical entities closely associated with EBV infection continues to increase
(Saito et al. 1989; Herbst et al. 1990; Katzenstein and Peiper 1990; Knecht
et al. 1990, 1991).

In this article we focus on the detection and semiquantitative analysis of
EBYV genomes in clinical samples from different diagnostic entities. We present
a sensitive system to detect the EBV Bam W/Bam Z rearrangement known to
disrupt viral latency and which occurs in the P3J-HR-1 cell line clone HH543-5
(Countryman and Miller 1985; Countryman et al. 1987; Jenson and Miller
1988).

Materials and Methods

Clinical Samples. Genomic DNA from fresh frozen tissue biopsies or peripher-
al blood mononuclear cells (PBMC) was purified under sterile conditions



Chapter 13 Semiquantitative Analysis of EBV DNA by PCR 159

according to Reymond (1987). All glass and plastic ware for DNA extraction
were autoclaved prior to use.

Polymerase Chain Reaction. Screening for the presence of viral DNA was
performed with 1 pg genomic DNA in a 50-pl reaction mixture containing
1 pM each of two oligonucleotide primers, 400 uM of each dANTP, 16.6 mM
(NH,),S0,, 67,7 mM TRIS-HCI, pH 8.8, 6.7 mM MgCl,, 10 mM S-mercap-
toethanol, 170 pg/ml bovine serum albumin (BSA), and 1.5 U Taq polymerase
(Ampli Tag; Perkin Elmer Cetus, Norwalk, Conn.). The reaction mixture was
prepared in Eppendorf tubes with tips stuffed with cottonwool to avoid con-
tamination by aerosols and overlayed with 50 pl paraffin oil. All plastic ware
was autoclaved prior to use. The PCR was run with a HYBAID intelligent
heating block, model no. IHB101 (Hybaid Limited, Teddington, UK) in a
room distinct from the one in which DNA samples were prepared. Tempera-
ture steps (timed only after the target temperature has been reached) were
controlled by a thermocouple externally mounted in an Eppendorf tube con-
taining identical volumes of reaction mixture and paraffin oil.

Cycling. Two standard cycling protocols are shown in Table 1. For cases
without specific amplification product after 30 cycles, an additional 25-30
cycles were run after addition of 1.5 U Taq polymerase. Increasing the anneal-
ing temperature by 3—-4C° for cycles 30—60 lowered the background DNA
without affecting sensitivity (Knecht et al. 1990).

Gels. A 10-ul sample of the amplification product was electrophoresed
through a 3% NuSieve GTG agarose gel (FMC Bio Products, Rockland, M.).
DNA was revealed by ethidium bromide staining.

Oligonucleotide Primers and Internal Controls. The sequences of five pairs of
EBYV oligonucleotide primers are given in Table 2. Specificity of the amplified

Table 1. Cycling protocols for the Bam W and the BMRF 1 set of primers

Set of Precycling Amplification Postcycle Amplification
primers (1 round) — (30 rounds) — (1 round) — (25-30 rounds)
Bam W 98°C 5 min 93°C 1 min 93°C 1 min
! 72°C  5min? 56°C 1 min ! 60°C 1 min
56°C 2 min 72°C  1.5min  72°C S5min® ¥ 72°C  1.5min°®
72°C 3 min
BMRF 1 98°C S min 93°C 1 min 93°C 1 min
72°C  5min® 60°C 1 min 63°C 1 min
60°C 2 min 72°C  1.5min 72°C 5min® 72°C 1.5min®

72°C 3 min

Add Taq polymerase
Take out 10 pl of solution and add new Taq polymerase or stop the amplification
¢ After last round to be held for 3 min at 72°C
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Table 2. Sequences of Epstein-Barr virus (EBV) primers (A, B) and internal controls (C)

Regionof T_* Oligonucleotide sequences Size of Reference and genomic
EBV O DNA location
genome (bp)
BamW 56 121 Cheung and Kieff (1982)
A to 5-CCAGAGGTAAGTGGACTT-3 Bam HI-W 1399-1416
B 60 5-GACCGGTGCCTTCTTAGG-3’ 1520-1503
BMRF1 60 159 Pfitzner et al. (1987)
A to S5-TTAGCGTGCCAATCTTGAGG-3¥ BamHI-M  413-432
B 63 S5-TTATCTTCTGGCTCAGAGGC-3 572-553
C 5-CAGGTCTGGCATCATAGCTGT-3' 438-458
EcoRID 60 593 Fennewald et al. (1984)
A to S5-CATGTCATAGGCTTGCTGAC-3 EcoRI D,,, 1340-1359
B 63 S5-AAGAAGGCCAGAGGAATGTG-3" 1933-1914
C 378+ Smal site at 1554

215
BamWZ1 59 180 Patton et al. (1990)
A to 5-AATAGACAGCCCAGTTGAAA-3 Bam HI-WZ 14691488
B 63 5-GTCCAGCGCGTTTACGTAAG-3 1649-1630
BamWZ3 60 322 Jenson and Miller (1988)
A to 5-GTGGCTCATGCATAGTTTCC-3' BamHI-WZ 13981417
B 63 5-GAGTGGGCTTGTTTGTGACT-3 1720-1701
c® 5'-GTCCAGCGCGTTTACGTAAG-3' 16491630

a

T, (optimal annealing temperature) is initially calculated as 4°C (G + C) plus 2°C (A +T)
after Itakura et al. (1984) and adjusted to the highest level of specificity and sensitivity
® C for Bam WZ3 is identical to primer B of BamWZ 1

products obtained with the BMRF 1 set of primers was confirmed by hy-
bridization with a *?P-end-labelled 21-bp internal probe (BMRF 1 C in Table
2). The specificity of the Bam W/Bam Z rearranged amplification product
(Bam WZ 3 oligonucleotides) was assessed by hybridization of the 32P-labelled
Bam WZ 1 B primer. The Bam WZ 1 set of primers can also be used as nested
primers because they are located within the DNA sequence delimited by the
Bam WZ 3 set of primers. In the Eco RI D amplification system specificity of
the amplified DNA was confirmed by presence of a specific Smal restriction
site.

Southern Blotting. For hybridization, 10 ul of each amplification reaction were
electrophoresed in a 3% NuSieve GTG agarose gel (FMC Bio Products,
Rockland, Me.), stained with ethidium bromide, and photographed. Southern
transfern to GeneScreen filters (Du Pont de Nemours, Dreicich, FRG) was
performed overnight in 25 mM NaH,PO,, pH 6.5. Prehybridization was for
2 hin a solution containing 6 x SSC, 50 mAM NaH,PO, (pH 6.5), 1 mM EDTA
(pH 8), 0.5% SDS, 100 pg/ml salmon sperm DNA, and 0.25% nonfat dry milk
followed by hybridization for 8—12 h (same solution). Concentration of the
32P-end-labelled internal probe was 4 x 10° cpm/ml hybridization solution.
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Controls. Human fibroblast DNA and human placental DNA were used as
negative controls. Positive controls for EBV were DNA from 4 human
lymphoblastoid cell lines derived from cord blood lymphocytes infected with
4 different clinical samples, genomic DNA from an affected lymph node in a
person with florid EBV infection, and genomic DNA from Namalwa, Raji,
and Jijoye cell lines. Positive control for the Bam WZ rearrangement was
genomic DNA from the P3J-HR-1 cell line, clone HH543-5 (this clone is a kind
gift from Dr. G. Miller, Yale University, New Haven, Conn.). To exclude
negative results due to inhibitors of PCR amplification, controls with HLA-
DQu primers were included.

Sensitivity. The sensitivity of detecting EBV genomes by gel electrophoresis
was two initial viral copies per 10° human diploid genomes (about 1 pg of
placenta or fibroblast DNA) with the BMRF 1 set of primers using 60 ampli-
fication cycles (Fig. 1). With the Bam W set of primers and identical amounts
of target DNA, a specific amplification product was already identified after 55
amplification cycles. However, generation of background DNA was consider-
ably higher in the Bam W system. Using the Bam WZ 3 set of primers and
serial dilutions of genomic DNA from the HH543-5 cell line, specific amplifi-
cation products were still identified by gel electrophoresis when 1 pg of
HHS543-5 DNA (0.1 cell) mixed with 1 pg of placenta DNA (107 cells) served
as input DNA. This result indicates both a high sensitivity of the Bam WZ3
primer system and the presence of at least 10 rearranged (Bam W/Bam Z) EBV
genomes in a single HH543-5 cell.

Semiquantitative Analysis of Viral DNA. It has been shown by Lawrence et al.
(1988) that two EBV genomes are closely integrated at a known site of the
unique chromosome 1 of Namalwa cells. Thus, a single Namalwa cell harbors
2 EBV DNA copies. We have shown (Knecht et al. 1991) that detection of the
EBV genome with the BMRF 1 set of primers (only one BMRF 1 copy per
EBV genome) is still possible when the DNA equivalent of one Namalwa cell
(about 10 pg) mixed with 1 ug placenta or fibroblast DNA serves as input.
Increasing the amount of Namalwa DNA gradually by a factor of 10 yields
correspondingly more specific amplification product as determined by both gel
electrophoresis and subsequent blotting followed by oligonucleotide hy-
bridization. In EBV DNA-positive samples (with 1 pg of input DNA) gradu-
ated dilution (factor of 10) of input DNA therefore allows determination of the
greatest dilution still giving a specific amplification product after 60 cycles of
PCR with the BMRF 1 set of primers. This last positive dilution (theoretically
corresponding to a minimum of 2, maximum of 19 EBV copies, practically to
about 10 viral copies) allows us to calculate approximately the number of EBV
copies in the initial DNA sample (10 multiplied by the appropriate dilution
factor).
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Fig. 1. Sensitivity of polymerase chain reaction (PCR) in detecting Epstein-Barr virus (EBV)
DNA with the BMRF 1 set of primers. Lanes -4 are DNA samples from patients with
reactive lymph node hyperplasia. C7 (fibroblast DNA) and C; (placenta DNA) are negative
controls. PCR was run with 1 pg of input DNA except the Pr lane (primers only). After 30
cycles a specific amplification product is seen only in lane 4, whereas after 30 additional cyles
a specific band is also detected in lane 3. End-point dilution analysis showed lane 3 to contain
about 10, lane 4 to contain about 1000 EBV DNA copies per 10° diploid genomes

Results

Semiquantitative Analysis of EBV. Genomic DNA from 96 patients with var-
ious disorders was screened with the Bam W and BMREF 1 sets of primers for
the presence of EBV genomes and further semiquantitatively analyzed using
the BMRF 1 set of primers (Table 3). A high number of EBV genomes was
found in samples from patients with Hodgkin’s disease (HD) (Fig. 2) and
AILD. PBMC from seven additional patients with chronic immune stimula-
tion were negative for EBV DNA except two severe hemophiliacs (HIV-nega-
tive) receiving regularly Factor VIII products; PBMC from both patients
harbored a few EBV genomes (<10 per 10° diploid genomes).



Chapter 13 Semiquantitative Analysis of EBV DNA by PCR 163

Fig. 2A, B. Graduated dilution analysis of Epstein-Barr virus (EBV) genomes and identifi-
cation of single-stranded DNA (ssDNA) using polymerase chain reaction (PCR) with the
BMRF 1 set of primers followed by hybridization with an internal oligonucleotide probe. A
10-ng sample of positive controls Nam (Namalwa DNA) and EBV (DNA from a EBV-in-
fected lymphoblastoid cell line) was subjected to 30 amplification cycles. A 10-ng sample of
negative controls Fi (fibroblast DNA) and P (placenta DNA) was subjected to 60 amplifica-
tion cycles. A 100-pg sample of genomic DNA from Hodgkin's disease cases H, — H, was also
run for 60 cycles. A Gel electrophoretic profile of the amplification products. No specific
amplification product is detectable in the negative controls Fi and P and H, and H;. A
specific amplification band is seen in the positive controls Nam and EBV as well as in H,
and H,. The numbers /8 and 98 above lanes 1 and 4, or 2 and 5, indicate that the first half
of the reaction was kept at room temperature, the second half heated at 98 °C for 3 min
shortly before being loaded. B Southern blot of the gel shown in A. Hybridization with an
end-labeled internal oligonucleotide (BMRF 1 C in Table 2) shows specific radiolabelling in
positive controls and H, and H,. The adjacent band in H, represents ssDNA as proven by
generation or increase of corresponding bands when the reaction was heated before being
loaded (arrows). Note that the identification of EBV genomes in only 100 pg of template
DNA in H, and H, indicates at least 10° EBV genomes per 1 pg genomic DNA in these cases
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Table 3. Approximate number of Epstein-Barr virus (EBV) copies in biopsy samples from
patients with lymphoproliferative disorders

Disorder (source of DNA) Cases EBV copies per 1 uyg DNA*
(n)

neg 1-10* 10% =>10*

Hodgkin’s disease (lymph node) 5 1 1 1
Hairy cell leukemia (spleen)
AILD (lymph node)

Ob
6
7
Reactive lymph node hyperplasia 17
2
8
6

]

Familial gastric lymphoma (tumor)
Lymphocytic/mixed thymoma (tumor)
T lymphoblastic lymphoma (1 PBMC, 5 lymph nodes)

UIUI'ABNWH
O W WO W=
O ONAON
SO~ O N

a

b

1 pg DNA corresponds to 10° diploid human genomes

12 EBV-positive cases were not further analyzed

In 1 case no more DNA left for further analysis

Note: Some data previously published (Knecht et al. 1990, 1991)

AILD, angioimmunoblastic lymphadenopathy; PBMC, peripheral blood mononuclear cells

<

Polymorphism of Eco RI D Amplification Products. Interestingly, in about 10%
of the EBV DNA-positive samples (as shown by successful amplification with
both the Bam W and the BMRF 1 sets of primers), no specific amplification
product was detected with the Eco RI D set of primers. These negative results
did not depend on the quantity of EBV copies in the input DNA; for example,
there was no specific amplification product when Namalwa DNA was used as
a template. Furthermore, Haelll digestion of a series of specific Eco RI D
amplification products (restriction sites expected at positions 312 and 588)
revealed at least three different restriction patterns suggesting that this genom-
ic region of the virus might be subject to a high spontaneous mutation rate.

Search for Autonomous EBV Proliferation. In the 16 cases of HD and the five
cases of AILD with 10 or more EBV copies per 1 pg of DNA, we looked for
the presence of the Bam W/Bam Z rearrangement of the EBV genome. This
rearrangement could not be detected in any of these cases (Fig. 3).

Discussion

Successful detection of EBV DNA by Southern blotting requires at least
2 x 10* viral DNA copies (corresponding to 2 x 10° Bam W sequences) in the
transferred DNA sample when the Bam W sequence is used as a radiolabeled
probe (Staal et al. 1989). In a PCR system based on 30 amplification cycles,
considerably fewer viral targets (approximately 10° viral copies in the input
DNA) will suffice to produce a clearly visible amplification product on ethid-
ium bromide-stained gels (Herbst et al. 1990). Thus, 30 cycles of PCR immedi-
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Fig. 3A, B. Search for the Bam W/Bam Z rearrangement in Hodgkin’s disease (HD) cases
(1-3) with a high content of EBV genomes (approximate number of EBV copies per 1 ug of
genomic DNA: 10* in lane 1, 10° in lane 2, 10* in lane 3). Positive control H is genomic DNA
from the cell line HH543-5. Negative control P is placenta DNA. In all, 55 amplification
cycles were performed using the Bam WZ 3 set of primers and 1 pg of input DNA (except H
where amplification was stopped after 30 cycles). A A specific amplification product is
detectable in H. In HD cases 1 and 2 small bands of nearly specific length (such variations
in length could result from different junction sites of the Bam W and Z fragments) are visible
besides multiple extraneous bands. B Southern blot of the gel shown in A. Hybridization with
a radiolabeled internal oligonucleotide probe (Bam WZ 1 B in Table 2) shows radiolabelling
specific for the amplified Bam W/Bam Z rearrangement present in H. Absence of hybridiza-
tion in HD cases and P proves the nonspecific nature of all other bands observed in A

ately improve the sensitivity of detecting EBV DNA significantly as suggested
by 58% (Herbst et al. 1990) compared with 29% of EBV DNA-positive HD
cases revealed by Southern blotting (Staal et al. 1989). However, increasing the
number of amplification cycles up to 60 further improves the sensitivity by a
factor of at least 10% and allows identification of as few as two EBV genomes
per 10° human diploid genomes (Saito et al. 1989; Knecht et al. 1991). More-
over, using graduated dilutions of Namalwa DNA (only two integrated EBV
genomes per cell) as a standard, calculation of the approximate number of
EBV copies in a clinical DNA sample is possible (Knecht et al. 1991). This
end-point dilution method offers a simple way of semiquantitative EBV ge-
nome analysis in clinical samples.
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Clonal EBV genomes (Raab-Traub and Flynn 1986) were identified by the
Southern blot technique in HD, and EBV DNA was localized by in situ
hybridization within Sternberg-Reed cells (Weiss et al. 1989; Anagnostopulos
et al. 1989). However, Katz et al. (1989), in a paper dealing with latent and
replicative EBV in lymphoproliferative disease, demonstrated both oligoclon-
al CCC and linear (replicating) EBV DNA in a case of HD. They found no
strict correlation between the amount of EBV DNA and the presence of linear
viral DNA. This observation and our findings in HD (Knecht et al. 1991)
showing no correlation between the number of Sternberg-Reed cells and the
amount of EBV DNA suggest that the role of EBV in the pathogenesis of HD
remains to be elucidated. Especially in cases with eventual chromosomal inte-
gration of EBV DNA — an event probably much more frequent than hitherto
recognized (Hurley et al. 1991) — identification of only a few EBV-positive cells
is potentially of interest. It has been shown that transfection of human fibro-
blasts with UV-irradiated EBV DNA-containing plasmid p500 results in en-
hanced cell transformation when the plasmid is integrated but not when it
remains episomal (Vos et al. 1989). Even a few cells with integrated EBV DNA
— not detectable by Southern blotting or 30-cycle PCR — could influence the
aggressiveness of the disease depending on the location of the chromosomal
integration site. Therefore, sensitive detection and semiquantitative analysis of
EBV DNA in lymphoproliferative disorders will be of major interest.

In the present report we have additionally semiquantified the number of
EBV genomes in AILD (Frizzera et al. 1974), a prelymphoma known to be
closely associated with EBV (Knecht et al. 1990). In this disorder, the rear-
rangement pattern of immunoglobulin and TcR genes (Lipford et al. 1987;
Knecht 1989) closely resembles the one described in immunocompromised
hosts (Cleary et al. 1988). It is possible that relatively high amounts of EBV
DNA, as identified in five of our seven cases and in a further case (White et al.
1989), result from an accumulation of EBV-infected B cells due to impaired
HLA class I-restricted cytotoxic T cell elimination or escape from immuno-
surveillance by spontaneous mutations within the EBV genomic region coding
for the late membrane protein (LMP) (Rowe et al. 1987). This region is adja-
cent to the PCR amplification product obtained with the Eco RI D set of
primers.

High amounts of EBV RNA were recently identified in clinically aggressive
hairy cell leukemia (HCL) by in situ hybridization (Wolf et al. 1990). We
investigated six HCL cases prior to treatment using PCR and identified a few
EBV DNA copies in only three of them. In the light of these differences,
semiquantitative EBV DNA analysis of prospective HCL cases before and
during interferon-« treatment might be of interest since interferon-« and EBV
share a receptor on B cells (Delcayre et al. 1991).

Only three out of eight thymomas examined contained a few EBV genomes.
This is in contrast to the findings of McGuire et al. (1988), who reported a high
incidence and amount of EBV DNA in cases of thymoma and thymic hyper-
plasia in patients of the Hong Kong area. Our findings argue against a patho-
genetic role of EBV in thymomagenesis and suggest that the difference be-
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tween our results and those of McGuire et al. (1988) are related to geographic
distribution of EBV infections.

EBYV genomes have recently been identified in T cells of T-cell lymphomas
(Jones et al. 1988), large granular lymphocyte lymphocytosis (Kawa-Ha et al.
1989), chronic active EBV infection (Kikuta et al. 1988), benign polyclonal T
cell proliferation (Yoneda etal. 1990), and aggressive peripheral T-cell
lymphomas (Su et al. 1991). In all these cases, infection of T cells presumably
occurred early during T-cell ontogeny via C3 (CD21) receptors (Thore et al.
1979). Su et al. (1991) were not able to demonstrate EBV DNA in their cases
of T-lymphoblastic lymphoma, whereas in our series one out of six cases
contained EBV DNA. However, the approximate number of 10> EBV
genomes per 10° diploid genomes is an argument against their presence in the
T lymphoblasts, since in case of EBV-infected T lymphoblasts, many more
viral copies should have been identified. Since the DNA was extracted from a
lymph node sample containing some nonmalignant residual B cells, it is more
likely that the EBV DNA originated from these cells, eventually proliferating
in the absence of T-cell-driven elimination.

We found that about 10% of the EBV DNA-positive samples among the
population analyzed in this paper was negative when tested with the Eco RI
D set of primers. This negative result was independent of the number of EBV
targets in the input DNA, and in the positive samples the amplified sequences
showed a Haelll restriction fragment length polymorphism. Furthermore, the
sequence of primer Eco RI D A as published by Bankier et al. (1983) differs
from that used by us (Fennewald et al. 1984) by an additional G between
positions 1355 and 1356. These observations are consistent with a considerable
heterogeneity in this region of the viral genome. In fact, the Eco RI D set of
primers is located within the transcribed sequence of LMP, and heterogeneity
of LMP was observed in transformed B-cell lines (Rowe et al. 1987). Taken
together, these findings favor the hypothesis that small changes in the coding
sequence of LMP may occur during latent viral replication and so contribute
to the escape of EBV-infected B cells from recognition by HLA class I-re-
stricted cytotoxic T cells.

Miller and coworkers identified a subclone of a Burkitt’s lymphoma cell
line, P3J-HR-1 HH 543-5, characterized by abundant infectious EBV (Coun-
tryman and Miller 1985; Countryman et al. 1987; Jenson and Miller 1988).
They observed the juxtaposition of the Bam W and the Bam Z fragment as the
event leading to the disruption of viral latency. Autonomous viral replication
due to defective virus containing the Bam W/Bam Z rearrangement was re-
cently identified in two out of ten oral hairy leukoplakia samples from AIDS
patients (Patton et al. 1990). We have looked for the Bam W/Bam Z rearrange-
ment in DNA samples from HD and AILD patients with a relatively high
number of EBV genomes. As demonstrated, the negative results were due to
a real absence of the Bam W/Bam Z rearrangement in the 21 samples exam-
ined because the sensitivity of detection was one positive cell within 10° diploid
human genomes.
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Chapter 14 Detection of Human Herpesvirus 6
DNA in Clinical Samples of Patients
by Polymerase Chain Reaction Amplification

K. Kondo, C. Tomomori, T. Kondo, T. Mukai, T. Yamamoto,
and K. Yamanishi

Summary

The detection of human herpesvirus 6 (HHV-6) DNA in peripheral blood
mononuclear cells (PBMC), throat swabs, and cerebrospinal fluid (CSF) was
determined using the polymerase chain reaction (PCR). The clinical samples
were collected from patients with exanthem subitum (ES) during the acute and
convalescent phases of infection, and from healthy children and adults. HHV-
6 DNA was detected in mononuclear cells which were collected from ES
patients during both acute and convalescent phases, and even from healthy
adults. Mononuclear cells of peripheral blood were then separated into adher-
ent and nonadherent cells. While DNA could be detected in nonadherent and
adherent mononuclear cells during the acute phase, it was detected predomi-
nantly in adherent cells during convalescent phase. Furthermore, viral DNA
was found in adherent cells of healthy adults. HHV-6 DNA could also be
detected in throat swabs from children and adults having antibody to HHV-6.
HHV-6 DNA was detected in CSF of ES patients who had some neurological
symptoms at a high frequency. However, there was no detection of HHV-6
DNA in samples from neonates.

Finally, we have developed nested double PCR, which could detect HHV-6
DNA more sensitively. A few copies of HHV-6 DNA could be detected by this
method, even in clinical samples.

Introduction

A novel human herpesvirus, now named human herpesvirus 6 (HHV-6), has
been isolated independently by several groups from patients with lymphocytic
disorders (Salahuddin et al. 1986; Tedder et al. 1987, Downing et al. 1987;
Agut et al. 1988; Lopez et al. 1988). Although this virus was initially named
“human B lymphotropic,” it was later found mainly to infect and replicate in
lymphocytes of the T cell lineage (Ablashi et al. 1987; Lusso et al. 1988; Taka-
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hashi et al. 1989). Characterization of HHV-6 indicated that it was antigenical-
ly and genetically distinct from other human herpesviruses (cytomegalovirus
CMYV, herpes simplex virus HSV types 1 and 2, varicella-zoster virus VZV, and
Epstein-Barr virus EBV; Josephs et al. 1986; Salahuddin et al. 1986; Lopez
et al. 1988). It was, however, not known at that time whether HHV-6 causes
disease in humans. We first reported HHV-6 as the causal agent of exanthem
subitum (ES) in 1988 (Yamanishi et al. 1988). The clinical appearance of ES
has been well described in pediatric textbooks. The main clinical characteris-
tics are as follows: The onset of this disease is often abrupt, and it lasts for a
few days. The typical eruption appears after the decline of the temperature.
Neurological symptoms such as convulsion may be seen during the febrile
phase of roseola, although encephalitis has been reported rarely. The progno-
sis is uniformly excellent, even for those cases complicated by convulsive
seizures. We have reported a case of encephalitis following roseola confirmed
by seroconversion to HHV-6 (Ishiguro et al. 1990).

A novel technique for the amplification of DNA or RNA in vitro, the
polymerase chain reaction (PCR), has recently been developed. The PCR can
be used for many purposes, such as the analysis of inherited disorders and the
detection of somatic diseases (Saiki et al. 1985, 1988; Mullis and Faloona
1987), and one of the most important applications has been in the detection of
infectious agents that are present in small numbers in clinical samples. Here we
show the use of the PCR for the detection of HHV-6 in peripheral blood
mononuclear cells (PBMC), throat swabs of children and adults, and cere-
brospinal fluid from ES patients. Furthermore, we also describe the nested
double PCR method, which can detect a small amount of template DNA
derived from clinical material.

Materials and Methods

Collection of Clinical Samples

Peripheral blood was collected from patients with ES and healthy adults and
separated to obtain PBMC by Ficoll-Paque centrifugation as described previ-
ously (Yamanishi et al. 1988). CSF was obtained from patients with ES who
had been admitted to hospitals and showed neurological symptoms such as
vomiting, convulsion, irritability, and bulging of the anterior fontanel during
the acute phase of the disease. Throat swabs were also collected from ES
patients, healthy adults, and adults and children who had common colds with
fever.

Methods for DNA Extraction

Method 1: Phenol-Chloroform Method. Up to 5x 10% PBMC or CSF was
incubated for 8—16 h at 60°C in 0.5 ml NET buffer (final concentrations:
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150 mAM NaCl, 15 mM Tris-HCI, 1 mM EDTA) with 0.1% sodium dodecylsul-
fate (SDS) and proteinase K 1.0 mg/ml. Throat swabs were ultracentrifuged at
70 000 rpm (Beckman TL 100) for 2 h. The pellets were suspended in 500 pl
NET buffer. The mixture was extracted three times with an equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1) and treated with chloroform
twice. DNA was precipitated by adding ethanol. Transfer RNA (tRNA) (5 pg)
was used as a carrier; between 5 and 20 pg tRNA did not interfere with the
sensitivity of the PCR. The DNA was washed three times with 80% ethanol
and resuspended in distilled water. Approximately 0.1-5 pg of PBMC DNA
was used in the PCR system.

Method 2: K Buffer Method. PBMC or CSF was incubated for 3 h at 56°C in
0.5 ml K buffer (final concentrations: 50 mM KCl, 10 mM Tris-HCI pH 8.3),
3mM MgCl,, 0.45% NP40, 0.45% Tween 20, proteinase K 1 mg/ml. The
samples were then heated to 98 °C for 10 min to denature proteinase K and
cooled on ice.

Primer Design

The primers which were used in this context were a part of the Sa/l fragment
(approximately 6 kilobases, kb) from the HHV-6 Hashimoto strain. Primer 3
(5-GTGTTTCCATTGTACTGAAACCGGT-3") and primer B, 5-TAAA-
CATCAATGCGTTGCATACAGT-3" were used as primers at beginning
(Kondo et al. 1990). Five other primers shown in Fig. 1 were also designed for
nested double PCR. It was recently found from DNA sequence data that this
area is in the coding region of a nucleocapsid protein (Lawrence et al. 1990).

Primer 3 - = -------o---- 782bp------------- <« Primer B
GTGTTTCCATTGTACTGAAACCGGT TAAACATCAATGCGT TGCATACAGT
Primer | -  -------- 51bp ------ ~— Primer W
TTCTAGCGGATCGTTGACGTCTGTG ACAGCGCAGCAACATGTTTCAGAGC

Primer il — ---- 492bp ------ ~— Primer I

CCTTGTGTAGGTGGTCGAATGCGAC

Primer | -  ---------- 360bp--— Primer C
GATACGAACAACTACACTTCCAAAG GATACGAACAACTACACTTCCAAAG
Primerl -— .- 328bp-«— Primer C
Primer 4 —--294bp - - -- ~— Primer Wil

GCCCATAATAAAGTGACCATATGAG

Fig. 1. Primer sets and size of the PCR product. * In the case of 3-B we calculated the size
to be 776 bp (Kondo et al. 1990). but in another study it appeared to be 782 bp (Lawrence
et al. 1990)
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Polymerase Chain Reaction

A total volume of 50 ul of reaction mixture consisting of 50 mM KCl, 10 mM
Tris-HCl pH 8.3, 1.5 mM MgCl,, 0.01% (w/v) gelatin, 200 pM each of dGTP,
dATP, TTP, dCTP, and 5 U Taq polymerase (Behringer-Mannheim). The
sample was first denatured at 94 °C for 2 min and then subjected to 30 ampli-
fication cycles of annealing at 62 °C for 2 min, extension at 72 °C for 5 min, and
denaturation at 90 °C for 1 min. The primers were used at 1.0 uM each and the
reaction was carried out in a DNA thermal cycler (Perkin-Elmer/Cetus). f-
Globin primers (Saiki et al. 1985) were used as a positive control in which
amplification of viral DNA was not observed.

In the case of nested double PCR, 5 pl of the PCR product after 30 cycles
was added to 45 pl of the new reaction mixture (the ingredients were the same
as the first PCR reaction mixture). This was then subjected to another 30
amplification cycles.

Detection of Amplified Products

The amplified product was detected by direct gel analysis and Southern blot
hybridization. In case of Southern blot hybridization, we used a cloned DNA
probe (part of the Sa/l fragment) or an inner oligomer probe (5-GAGATG-
TACTGGGAGAGTATGTTGGTGAGT-3"). For direct gel analysis, 10 ul of
the reaction mixture was run on a 1.5% agarose gel, and DNA was monitored
under UV light after staining with ethidium bromide. A band of 782 base pairs
(bp) was seen when samples were amplified. DNA was transferred to a Hy-
bond-N* membrane (Amersham) by alkali blotting. Briefly, we used alkali
transfer buffer (0.4 M NaOH), capillary blotting for 3 h, and rinsing of the
membrane in 2x SSPE (0.36 M NaCl, 0.02 M sodium phosphate, 0.002 M
EDTA pH 7.7). The membrane was then hybridized with a homologous *2P-la-
beled probe. In the case of the cloned probe, we used the Multiprime (Amer-
sham) rapid hybridization system. The membrane was then hybridized with
the cloned probe (2.0 x 10° cpm/ml) for 2 h. The membrane was washed twice
with 2 x SSPE/0.1% SDS for 20 min at room temperature, once with 2 x SSPE/
0.1% SDS for 20 min at 65°C, and then twice in 0.1 x SSPE/0.1% SDS for
20 min at 65 °C. Bound probe was detected by autoradiography at — 70 °C for
16 h with two intensifying screens. When the sensitivity of the system was
estimated using purified DNA, at least five copies of HHV-6 DNA were
detectable after 30 amplification cycles in the case of DNA extraction method
1 using primer 3-B (Fig. 1 and Kondo et al. 1991). In the case of the oligomer
probe, 5" termini were labeled using polynucleotide kinase. The blotted mem-
brane was prehybridized in 10 x Denhart solution and 6 x SSPE for 6 h at
50°C and hybridized with the oligomer probe (1.0 x 10° cpm/ml) at 50°C. The
membrane was washed twice with 2 x SSPE/0.1% SDS for 20 min at room
temperature and then twice in 2 x SSPE/0.1% SDS for 20 min at 50°C. Bound
probe was detected as described above.
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Results and Discussion

Sensitivity and Specificity of PCR

The ability of our primers to detect eight different clinical isolates (six strains
isolated from patients with ES in Japan, one isolated from a patient who had
a renal transplantation, and one isolated from a patient with acquired immune
deficiency syndrome in the United States) was evaluated. Samples of 0.05—
0.2 pg DNA from infected cells were used as templates in the PCR using the
primer-pair 3-B. Each strain gave a positive band on direct gel electrophoresis
(Kondo et al. 1990).

The specificity of PCR and the primers for HHV-6 were evaluated using
five other human herpesviruses, HSV-1, HSV-2, VZV, CMYV, and EBV. DNAs
from cells infected with these viruses were extracted and purified by DNA
extraction method 1, and DNA samples of 0.01—1 pg were used as templates
in the PCR. No amplification was detected by direct gel electrophoresis or
Southern blot hybridization. Because the samples might have been contami-
nated with inhibitors, DNA samples of approximately 1 ug containing 1 ng
phage DNA were used as templates, and the PCR was performed in accor-
dance with the instructions provided with the GeneAmp DNA amplification
kit (Perkin-Elmer/Cetus). A positive band was observed on direct gel elec-
trophoresis. Next, 8-globin DNA from all samples except EBV was also ampli-
fied using primers as described by Saiki et al. (1985). A band with a molecular
weight of 150 was observed (Kondo et al. 1990).

Detection of HHV-6 DNA in PBMC from Patients with ES

Blood samples were collected during the acute and convalescent phases from
five clinically and serologically diagnosed ES patients. All acute phase samples
were collected from patients with fever; convalescent phase samples were ob-
tained 1.5-2.5 months after the onset of the illness. Sera were first tested for
anti-HHV-6 antibody by an immunofluorescent antibody test. Antibodies
were not detected (< 1:10) in acute phase sera, but the antibody titer became
1:640 to 1:2560 during the convalescent phase.

PBMC of ES patients were separated into adherent and nonadherent cells
as described previously (Kondo et al. 1991). We then attempted to detect
HHV-6 DNA in adherent cells (monocytes) and nonadherent cells using the
PCR. Using small amounts of DNA and 30 cycles of PCR amplification, the
accumulation of amplification product appeared to be an unlimited process,
and the product was thought to increase in proportion to the original HHV-6
DNA copy number in the samples (data not shown). HHV-6 DNA could be
detected in both adherent and nonadherent cells collected during the acute
phase, and predominantly from the adherent cell fraction during the convales-
cent phase (Fig. 2). Since it was not possible to isolate virus from PBMC
during the convalescent phase, HHV-6 might persist in a latent state in mono-
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Fig. 2. Detection of HHV-6 DNA in peripheral blood mononuclear cells of acute and
convalescent phase ES patients and healthy adults by PCR. ¥, nonadherent cells; 4, adherent
cells

cytes. Viral DNA could also be detected in the monocyte fraction of the
peripheral blood of healthy adults by using 45 cycles of PCR amplification,
although the detection rate was not so high (Fig. 2).

Detection of HHV-6 DNA in Throat Swabs

Specimens were classified according to the following criteria: group I, 30
healthy adults aged 27—47 years, including 10 mothers of ES infants; group II,
9 adults with common colds when samples were collected; group 111, 10 infants
aged 5—-9 months with ES; group IV, 10 children with fever under aged 1 year;
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group V, 29 children with fever aged over 1 year; group VI, 14 healthy
neonates, 1 week after birth. The throat swabs of each group were centrifuged
as described in “Materials and Methods.” DNA was extracted by method 1
and HHV-6 DNA was then amplified by PCR. In group I, HHV-6 DNA was
detected in 1 of 30 healthy adults (3.3%) including mothers of ES patients. In
group II, HHV-6 DNA was detected in 2 of 9 adults with common colds
(22%). In group III, HHV-6 DNA was detected in 2 of 10 ES patients (20%)
and in group IV in 3 of 10 children under 1 year with antibody to HHV-6 and
fever (30%). The rate of detection of HHV-6 DNA was about 3% (1/29) in
children over 1 year with antibody to HHV-6 and with fever (group V).
However, no DNA was detected in the 14 neonates within 1 week after birth
in group VI (Kido et al. 1990).

Since DNA was detected in children and adults with antibodies to HHV-6,
and it is widely known that HHV latently infects humans and can be reactivat-
ed, HHV-6 may be reactivated from the latent state and may be transmitted
to uninfected individuals through the air.

Detection of HHV-6 DNA in CSF of ES Patients

Specimens of CSF were collected from ES patients with neurological symp-
toms. When cell counts in the CSF were determined at the time of collection,
they were found to be in the normal range in each sample. PCR was attempted
after DNA extraction by method 1. A band of 782 bp was detected and could
be visualized by ethidium bromide staining in some patients. The presence of
HHYV-6 gene products was confirmed by Southern blot analysis using a HHV-
6-specific probe (data not shown).

These results indicate that HHV-6 genomic material could be detected in
CSF of patients with neurological symptoms such as febrile convulsion, vom-
iting, and bulging of the anterior fontanel. Although we have only attempted
to detect DNA in CSF of roseola patients with severe symptoms, we speculate
that HHV-6 replicates in the brain of at least some children with roseola and
may cause some neurological signs.

Development of Nested Double PCR

Since it takes a long time to purify DNA by method 1, this method does not
seem suitable for applicable in clinical laboratories. Therefore, to determine
the sensitivity of the PCR in clinical samples, DNA from CSF of two ES
patients was prepared by both methods 1 and 2, and the sensitivity was com-
pared by PCR. DNA of patient 1 was clearly detectable by ethidium bromide
staining using method 1 (Fig. 3, lane 1), but no bands were seen when DNA
was prepared by method 2 (Fig. 3, lanes 3 and 4). When DNA was Southern
hybridized, only a faint band could be detected by method 1 in patient 2
(Fig. 3, lane 2). This result clearly shows that DNA from clinical samples is



178 K. Kondo et al.

Fig. 3. Comparison of two methods for DNA extraction for PCR. CSF of two patients was
prepared to produce DNA samples by method 1 or 2. Amplified product was detected by
staining by ethidium bromide and by Southern blot hybridization, as described in *‘Materials
and Methods.” Lanes I and 2, prepared by method 1, lanes 3 and 4, prepared by method 2;
lanes 5 and 6. nested double PCR: /1, 3, and 3, patient 1; lanes 2, 4, and 6, patient 2

detectable by PCR when samples are prepared by method 1, although this
method is more troublesome and time-consuming.

In order to have an easier and more sensitive method for use with clinical
samples, nested double PCR has been developed using five other primers, as
shown Fig. 4. A viral DNA sample with copy numbers of 3 x 103/ml was
diluted to 10~% and the sensitivity of PCR using five paired primers as second
primers was compared. When the I-C, II-C, and 4-1II" pairs were used as the
second primers, more than 30 copies of DNA were detectable. When I-1I1" and
II-III" were used as the second paired primers, one more band was detectable
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Fig. 4. Analysis of viral DNA after nested double PCR and direct gel electrophoresis. The
diluted samples of viral DNA (equivalent to 3 x 10% to 0.3 copies) were amplified by the
nested double PCR using five paired primers as the second primers
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(3 copies of DNA/sample). Next, when the specificities of primers 4-III' and
II-III" to detect nine different clinical isolates, including HST, Z-29 and U-
1102, were evaluated, all strains gave positive bands on direct gel electrophore-
sis. The specificity of this nested double PCR and the primers for HHV-6 was
evaluated using five other herpesviruses, HSV-1, HSV-2, VZV, CMYV, and
EBV. No amplification was detected by direct gel electrophoresis or Southern
blot hybridization (data not shown).

This method was then applied to detect DNA in CSF from two patients.
Clear bands were detectable in both samples (Fig. 3, lanes 5 und 6). These
results show that this method is very sensitive, and even single copies of
HHV-6 DNA can be detected in clinical samples.
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Chapter 15 Human Papillomavirus Infections
of the Genital Tract: Clinical Significance
and Diagnosis by Polymerase Chain Reaction *

Stina Syrjdnen and Kari Syrjdnen

Summary

Current data implicate that human papillomavirus (HPV) lesions in the genital
tract are frequently associated with precancer lesions and invasive squamous
cell carcinomas. Almost 70 different HPV types have been recognized during
the past 10 years, and a significant risk for the development of an invasive
cancer has been ascribed to infections of the high risk HPV types. On the other
hand, spontaneous regression has been histologically confirmed in a signifi-
cant proportion of genital HPV infections in prospective cohort studies. Of
special importance from the epidemiological point of view is the mode of
transmission of this virus by sexual contact, thus conferring a potential risk for
the development of genital precancer lesions to both sexual partners. Recently,
HPV DNA has been detected by different hybridization techniques and PCR
in normal squamous epithelium of the genital tract in both sexes, suggesting
that these sites of latent HPV infections might act as a reservoir for such
infections. In the present review, the clinical significance of genital HPV infec-
tions is discussed. The importance of making a distinction between (1) clinical-
ly manifest, (2) subclinical, and (3) latent HPV infections is emphasized, and
the potentially precancerous nature of the manifest HPV infections is under-
lined. The applicability and limitations of different diagnostic techniques are
discussed with special emphasis on the important role of PCR as the only
method capable of disclosing also the subclinical and latent HPV infections.
The significance of detecting minute amounts (a few molecules) of HPV DNA
is unknown. Many of these PCR-positive results may not represent an infec-
tion per se, but rather a tissue surface contamination. Extensive studies are still
needed to establish the clinically relevant amounts of viral DNA. Thus, cau-
tion should be exercised in labelling as an HPV infection those cases where
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HPV DNA is detected by PCR alone. It seems clear that the examination and
treatment of all patients with even a clinically manifest HPV infection will be
an overwhelming task. In the light of the epidemiological data and substanti-
ated by the current PCR results, it is equally obvious that patients with subclin-
ical and latent HPV infections cannot be traced and treated by the currently
available facilities. It should be borne in mind, however, that it is not the HPV
itself which is harmful to the patients, but the precancer (and cancer) lesions
that it causes at various anatomic sites. Thus, in countries where nation-wide
mass-screening programmes are effective, the means are available to prevent
the development of invasive cervical carcinomas by tracing and eradicating the
precancer lesions. The old concept on early detection of cervical precancer
lesions still remains valid, despite the role of HPV in genital carcinogenesis. In
prevention of cervical cancer worldwide, it will be enormously much more
effective to first establish covering mass-screening programmes in the high-risk
countries than to introduce sophisticated DNA technology (hybridization
tests) or PCR amplification procedures to screen large populations for subclin-
ical and latent HPV infections. It will be of major importance to promptly
elucidate the risk factors predisposing the clinically manifest HPV lesions for
rapid progression. Although some of these factors are well established by now
(i.e., lesion grade and HPV type), additional factors involved in the regulation
of the viral life cycle within the cell certainly exist which, hopefully, could be
used to better predict the disease outcome of the genital HPV infections in the
future.

Introduction

Since 1976, it has been well recognized that human papillomavirus (HPV)
lesions (i.e., flat, inverted, and exophytic condylomas) in the genital tract are
frequently associated with precancerous lesions (intraepithelial neoplasias,
CIN, VIN, VAIN, PIN, AIN) and invasive squamous cell carcinomas (K.J.
Syrjinen 1986, 1991). Almost 70 different HPV types have been recognized
during the past 10 years (de Villiers 1989), and a significant risk for the
development of an invasive cancer has been ascribed to infections of the
so-called high-risk HPV types (Broker and Botchan 1986; Howley 1983; K.J.
Syrjdnen et al. 1987). One of the key issues in understanding the epidemiology
of HPV infections is the assessment of their natural history, i.e., the disease
outcome without therapeutic interventions (K.J. Syrjdnen et al. 1987; Roman
and Fife 1989; zur Hausen 1989). Evidence on the definite progressive poten-
tial of certain HPV lesions has been obtained by prospective cohort studies
(K.J. Syrjdnen et al. 1985 a, b, 1988). On the other hand, a spontaneous regres-
sion has been histologically confirmed in a significant proportion of genital
HPV infections in such studies (K.J. Syrjdnen et al. 1985b, 1988; Kataja et al.
1989, 1990, 1991). Of special importance from the epidemiological point of
view is the mode of transmission of this virus by sexual contact, thus conferring
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a potential risk for the development of genital precancer (and eventually can-
cer) lesions to both sexual partners (Barrasso et al. 1987; Campion et al. 1985).
Recently, however, other possible modes of transmission have been suggested
(Sedlacek et al. 1989; Ferenczy et al. 1989; Schneider 1990). Before appropri-
ate preventive measures can be entertained, it is essential to identify the reser-
voirs of the virus (Barrasso et al. 1987; Campion et al. 1985; S. Syrjanen 1987).
During the past few years, several reports have been published in which HPV
DNA has been disclosed by different hybridization techniques and polymerase
chain reaction (PCR) in normal squamous epithelium of the genital tract in
both sexes, suggesting that these sites of latent HPV infections might act as
such a reservoir (Meanwell et al. 1987; Fife et al. 1987; Macnab et al. 1986;
Wickenden et al. 1985).

In the present review, the clinical significance of genital HPV infections is
discussed on the basis of current epidemiological data. The importance of
making a distinction between (a) clinically manifest, (b) subclinical, and (c)
latent HPV infections is emphasized, and the potentially precancerous nature
of the manifest HPV infections is underlined. The applicability and limitations
of different diagnostic techniques are shortly discussed with special emphasis
on the important role of PCR as the only currently available method capable
of disclosing subclinical and latent HPV infections.

Clinical Manifestations of Genital HPV Infections ... .

The extensive literature describing the morphological manifestations of clini-
cally overt HPV infections in the genital tract which has accumulated since the
late 1970s is expected to be familiar to the reader, and it is not reviewed in
detail in this context (K.J. Syrjdnen et al. 1987; K.J. Syrjdnen 1991; Schneider
1990). It is generally agreed that the clinically manifest genital HPV lesions
include the following: condyloma acuminatum, giant condyloma, flat condy-
loma, endophytic (inverted) condyloma, bowenoid papulosis, and pigmented
papulosis. The accurate diagnosis of these HPV lesions does not usually pose.
any major problems, provided that proper colposcopic (peniscopic) and
pathology facilities are available (Schneider 1990; Syrjdnen 1986, 1991).

Subclinical and Latent HPV Infections

During the past couple of years, reports have been published in which HPV
DNA has been disclosed in lesions not fulfilling the criteria of the above-listed
HPV manifestations or even in the genital mucosa of healthy women (Mean-
well et al. 1987; Fife et al. 1987; Macnab et al. 1986; Wickenden et al. 1985).
However, contradictory reports questioning the estistence of HPV DNA in
histologically normal epithelium have been published as well (Syrjinen and
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Syrjdnen 1989; Cornelissen et al. 1989; Kulski et al. 1989). For proper evalua-
tion of the epidemiology of HPV infections, it is essential to define their
different manifestations accurately. This is especially important because
marked inconsistencies and discrepanies exist in the usage of the terms subclin-
ical and latent HPV infections in the current literature (Schneider 1990; Mean-
well et al. 1987; Fife et al. 1987; Macnab et al. 1986; Wickenden et al. 1985;
Syrjidnen and Syrjinen 1989; K.J. Syrjanen 1989, 1990, 1991; Cornelissen ct al.
1989; Kulski et al. 1989). The suggested diagnostic criteria of these three cate-
gories of HPV infections are summarized in Table 1.

Accordingly, to be called a clinical HPV infection, the lesion should be
readily apparent by all clinical diagnostic means, i.e., colposcopy, PAP smear,
and biopsy. At the other end of the spectrum, latent HPV infections should not
be detectable by any of these clinical diagnostic techniques. Thus, in latent
infections, HPV DNA demonstrable by DNA hybridization or PCR should be
confined to entirely normal epithelium (K.J. Syrjanen 1989, 1990, 1991). Self-
evidently, colposcopy and PAP smear alone are not sufficient diagnostic tools
to establish the epothelial normality, which should invariably be based on
histopathologic examination of the biopsy (Syrjdnen and Syrjdnen 1989).

The most problematic are the infections currently referred to as subclinical,
a term being ascribed to different issues by different authors (Schneider 1990;
Meanwell et al. 1987; Fife et al. 1987; Macnab et al. 1986; Wickenden et al.
1985; Syrjdnen and Syrjdnen 1989; K.J. Syrjanen 1989; Cornelissen et al. 1989;
Kulski et al. 1989). According to our view, however, even the minor epithelial
changes not fulfilling the criteria of classic HPV lesions should be called a
subclinical infection whenever shown to contain HPV DNA by hybridization
or PCR techniques (K.J. Syrjianen 1989, 1990, 1991). In practice, the diagnosis
of subclinical HPV infections frequently encounters major problems, while
findings classifiable only as suspicious of HPV are present on colposcopy, PAP
smear, and biopsy. Suspicious on colposcopy usually refers to faint acetowhite
staining of mucosa, whithout the classic colposcopic patterns of leukoplakia,
mosaic, or punctation. On PAP smears, the only manifestations might be the
weakly dyskeratotic superficial cells presenting with mild nuclear pyknosis,
but devoid of the diagnostic koilocytosis (and dyskaryosis). Furthermore, in

Table 1. Different manifestations of human papillomavirus (HPV) infections and their diag-
nostic criteria

Diagnostic Clinical Subclinical Latent
method infection infection infection
Colposcopy Positive Suspicious Negative
Pap smear Positive Suspicious Negative
Histology Positive Suspicious Negative
Hybridization Positive Positive Positive
PCR amplification Positive Positive Positive

PCR, polymerase chain reaction
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punch biopsy the slightly acanthotic epithelium might contain superficial
dyskeratosis and intermediate cells with slightly vacuolized cytoplasm, but
again devoid of any nuclear changes consistent with HPV-induced koilocyto-
sis.

Representative series of both subclinical and latent HPV infections were
biopsied from the cervix, vagina, and vulva in 100 women who on a recent
mass screening presented with a normal PAP smear (S. Syrjdnen et al. 1990).
In the majority of these biopsies (shown to contain HPV DNA only by PCR
amplification), only subtle morphological changes were present. Without
awareness of the DNA data, most of them would have been extremely difficult
(if not impossible) to classify as HPV lesions. Undoubtedly, further work is
needed to correlate the DNA data with morphology, to establish the histo-
pathological criteria (if any) for subclinical HPV infections, especially in the
vagina, introitus, vulva, and male genitalia (Franquemont et al. 1989). Ac-
cording to the experience of the authors, HPV lesions at these sites are much
more problematic to assess histologically than those of the uterine cervix. The
important epidemiological role of the subclinical and latent HPV infections at
these sites is apparent, however (zur Hausen 1989; K.J. Syrjanen 1990, 1991).

Biological Behavior of Genital HPV Infections

Compared with the vast amount of literature which has accumulated on HPV
lesions during the past 14 years, the number of adequately conducted prospec-
tive follow-up studies is still surprisingly low (K.J. Syrjdnen et al. 1985b, 1988;
Campion et al. 1986; Nash et al. 1987; Hollingworth and Barton 1988). To
elucidate the natural history of genital HPV infections, a prospective follow-up
study of women infected with this virus was started in our clinic in 1981. A
cohort of 530 women (including cervical, vaginal, and vulvar HPV lesions with
and without intraepithelial neoplasia of all grades) has been followed-up for
a mean of 71 months (SD +21), using colposcopy, PAP smears, and punch
biopsies, but without instituting any kind of treatment (Kataja et al. 1990,
1991). Using a wide panel of techniques applied to cytological smears and
repeated punch biopsies, a substantial amount of new data has been elaborat-
ed on the biological behavior of genital HPV infections (K. J. Syrjdnen et al.
1985a, 1985b, 1988; K.J. Syrjdnen 1989, 1990, 1991). As established by the
life-table analysis, progression and regression seem to be significantly related
to grade of the lesion in the first biopsy (P < 0.00001 and p=0.0005, respective-
ly). Clinical progression was related to the cellular atypia in the first PAP smear
(p=0.006, overall) as well as to the type of HPV (p=0.0012). With regard to
the role of HPV type as a prognostic indicator, HPV 16-induced CIN lesions
seem to run a more aggressive course than those caused by any of the other
HPV types analysed (HPV 6, 11, 18, 31, and 33) (Kataja et al. 1989, 1990).
When entered into Cox’s model, HPV 16 infections showed a fivefold higher
risk for progression compared with HPV DNA-negative lesions and those
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infected by HPV 6 or 11 (Kataja etal. 1991). The data on the prognostic
significance of HPV type in invasive cervical carcinomas remain controversial,
however (Walker et al. 1989; King et al. 1989). No prognostic influence could
be ascribed to any of the HPV types in our recent series of cervical carcinomas
(Ji et al. 1991). Furthermore, PAP smear or HPV type were not of predictive
value for spontaneous regression, and colposcopic pattern predicted the clini-
cal course very poorly (Kataja et al. 1989, 1990, 1991).

During the 10-year follow-up period, the vast majority of the HPV infec-
tions has regressed spontaneously (61%), many seem to persist (25%), and a
certain proportion (14%) underwent clinical progression up to the stage of
carcinoma in situ (CIS) (K.J. Syrjanen 1990). Quite interestingly, the percent-
age of spontaneous regressors seems to increase in parallel with the extent of
the follow-up time, i.e., from <30% at 35-month follow-up, to 40% at 45-
month, to over 55% at 58-month, up to 61% at 70-month (data not published
yet). Noteworthy is the fact that during that period, the percentage of clinical
progressors remains practically unchanged, i.e., at 14% of these 530 women.
In many cases, however, genital HPV infections seem to run an extremely
fluctuating course, a transition from a manifest to a subclinical or latent
infection being frequently encountered in individual patients when examined
at 6-month intervals for prolonged periods (K. J. Syrjdnen 1989; K. J. Syrjdnen
etal. 1990a).

When viewed as a group, several distinct disease profiles can be distin-
guished among these 530 prospectively followed-up women, with regard to the
clinical behavior of their HPV infections. Early regressors are women in whom
the lesion disappears quickly, i.e., sometimes during the period elapsed from
the invitation (i.e., PAP smear diagnostic to HPV) to the first attendance at the
clinic, which usually takes 2—3 months. Persistors are the patients whose HPV
lesion remains morphologically unchanged for a prolonged time period. Quite
a substantial percentage of the patients are fluctuators, with their lesions alter-
natively disappearing and reappearing during the follow-up. Progression,
when established, is usually evident during the first 2 years of the follow-up,
as evidenced by the settling of the progression rate at a constant level of 14%
in our study after the mean follow-up of about 3 years. Late regressors are
women in whom the lesion abruptly disappears after a prolonged follow-up
period. This is reflected as the continuously increasing rate of regression as a
function of the follow-up time. Most unfortunate are the recurrators, i.e.,
women whose lesion was eradicated by cone treatment because of progression
into CIS but recurs after a variable period of post-treatment follow-up (K.J.
Syrjdanen 1990, 1991).

It is clear that this kind of complex clinical behavior for the most part
explains the significantly divergent prevalence figures recently reported for
HPYV infections in different series (ranging from a few percent to 80% and
more) (Roman and Fife 1989; Schneider 1990; Meanwell et al. 1987; Fife et al.
1987; Macnab et al. 1986; Wickenden et al. 1985; S. M. Syrjdnen et al. 1990).
In this context, it is also imperative to realize the fact that these figures are
completely dependent on the technique used to analyse the samples for the
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presence of HPV, whether PAP smear, DNA hybridization, or PCR amplifica-
tion, as recently emphasized (K. J. Syrjdnen 1989, 1990, 1991). Extreme cau-
tion should be exercised in interpreting the reports on over 80% detection rates
of HPV 16 DNA in ‘normal women’ by PCR (Tidy et al. 1989). This is because
of at least two obvious reasons: (a) The reported 80% prevalence of HPV 16
does not even nearly correspond to the known representation of this single
HPYV type in clinical lesions, and (b) the ‘normal women’ studied have been in
most cases those with a single normal PAP smear only. As emphasized before,
however, a single PAP smear can be normal even in women with CIN, CIS, and
cancer lesions (Syrjdnen and Syrjanen 1989). The role of PCR will be discussed
in more detail in the subsequent sections of this review.

Natural History

The experience gained from our follow-up study was recently summarized by
constructing a model to give an overview on the natural history of genital HPV
infections (K. J. Syrjdnen 1989, 1991). Upon entrance of HPV into the epithe-
lial cells, three different outcomes can be expected: (a) a manifest infection, (b)
a subclinical infection, and (c) a latent infection. According to our data, the
prevalence of manifest HPV infections in the genital tract among the Finnish
female population (age range 2560 years) currently falls between 2 and 3%
(K.J. Syrjdnen et al. 1990a). This is based on the figures derived from the
nationwide mass-screening program for cervical cancer run in our country
since the 1960s. As an example, the prevalence of HPV-induced cytopathic
changes in the screened women in Kuopio (approx. 8000 smears examined
annually) steadily increased from 1980 through 1987, i.e., 0.05% and 1.72%,
respectively. Of interest is the observed decline in these prevalence figures after
that year, i.e., to 1.4% in 1988, and to 1.02% in 1989 (K.J. Syrjdnen et al.
1990b). The full significance of these data remains to be evaluated, however.

Clinical infections, which thus represent only the peak of an iceberg (2% —
3% of all HPV infections), possess the potential for developing in three direc-
tions: regression, persistence or progression, as conclusively established by our
follow-up program (Kataja et al. 1989, 1990, 1991). Regression seems possible
even in lesions diagnosed as CIN I or II, but the eventual regression rate of
CIN III lesions is hard to establish for ethical reasons, i.e., all our follow-up
women are treated by cone whenever the lesion progresses to CIN III. As an
example of a sometimes quite rapid progression of clinical HPV infections is
the single (and so far the only) woman in our follow-up series who developed
an invasive cancer from CIN I in less than 3 years (K.J. Syrjdnen et al. 1985a).
As pointed out above, the marked fluctuation in the clinical course of HPV
infections observed in individual patients followed up for extended periods is
a clear indication of the fact that a transition from a clinical infection to either
a subclinical or a latent infection is a frequent event indeed. It should also be
emphasized that no reliable follow-up data are available as yet on subclinical
and latent HPV infections. Thus, the rate of progression from latent to subclin-
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ical and further to clinical infections is not known. More importantly, no firm
evidence is available to indicate whether or not a complete clearance of HPV
infection is possible. To declare a women HPV-free (healthy) should require
that all HPV DNA detection techniques, including PCR, give negative results.
In such an assessment, overwhelming problems arise with the sampling, be-
cause of the established multifocal nature of HPV infections.

Epidemiology of Genital HPV Lesions

Prevalence and Incidence

To assess the prevalence and incidence figures in the general population, a
mass screening was conducted which focused on an unselected cohort of 22-
year-old women in Kuopio province (K. J. Syrjdnen et al. 1990a). Thus, in 2
successive years, the same cohort of women was screened using routine PAP
smears. The prevalence of HVP infection among these women was about 3%
in the first year of screening, and about 7% 1 year later. The crude annual
incidence was 7.0%. The prelavence figures for those attending both rounds
and for those attending only once indicate that the nonattenders had some
25% higher risk of HPV infection than the attenders. Adjusting for this
sources of bias increased the annual incidence to 8% at this age group (K. J.
Syrjdnen et al. 1990a).

Lifetime Risk

Based on the above figures and those derived from a random sample of 2084
(out of 28 861) routine PAP smears examined in our laboratory, the lifetime
risk of genital HPV infections was calculated. According to these estimates, up
to 79% of Finnish women would contract at least one HPV infection between
ages 20 and 79 years (K.J. Syrjinen et al. 1990a). It should be realized, howev-
er, that this 79% lifetime risk of contracting an HPV infection, or even the
observed 14% of progression rate for clinically manifest HPV infections, by no
means reflects the established risk for the development of cervical cancer (i.e.,
0.79 x 0.14=11%). This is clearly evident from the statistics of cervical cancer
in Finland (current incidence < 5/10%). These mass-screening data are in full
agreement, however, with the proposed model of the natural history of HPV
infections, of which only a fraction exhibits clinically overt infections at any
time period (K.J. Syrjdnen 1989, 1990, 1991). It should be pointed out that the
above figures do not include any estimates on the prevalence and incidence of
genital HPV infections in men. This is because no reliable data for the basis of
such calculations are available as yet (Oriel 1987).
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Use of PCR in the Diagnosis of Genital HPV Infections

The PCR, orginally introduced by Saiki et al. (1985) and subsequently auto-
mated by Mullis and Faloona (1987), has emerged as a powerful tool in
molecular genetics for the exponential in vitro amplification of specific se-
quences of interest from minute quantities of DNA. PCR has rapidly estab-
lished itself as a standard technique also in several laboratories working with
HPV diagnosis. Gene detection experiments most dramatically illustrate the
extreme sensitivity of PCR, amplifying specific genes from single cells, and a
few abnormal cells against a background of normal cells, or latent virus infec-
tion of less than 1 in 10 000 cells. However, the major problem with PCR
detection is that even if the specificity of the conditions can be established
(primers, annealing temperatures) beyond doubt, the sensitivity is so high that
there is a major risk of obtaining false-positive results.

During the past few years, PCR has been widely used to analyze the occur-
rence of HPV infections in different populations (Manos et al. 1990; S. M.
Syrjanen et al. 1990; Bauer et al. 1991; Evander et al. 1991). Also, several
methodological papers have been published describing highly sensitive PCR-
based methods that utilize consensus or general primers to amplify many
unidentified HPV types in addition to the known types (Gregoire et al. 1989;
Manos et al. 1989; van den Brule et al. 1989, 1990; Snijders et al. 1990; Evan-
der and Wadell 1991). In HPV diagnosis, amplification has been successfully
applied to a variety of samples including exfoliative cytology (van den Brule
et al. 1990; Bauer et al. 1991), fresh or formalin-fixed, paraffin-embedded ma-
terials (Shibata ct al. 1988; He et al. 1989; S. M. Syrjinen et al. 1990; Nuovo
1990), urine, and sperm (Le et al. 1988; Kataoka et al. 1991) (Table 2). Several
rapid methods to process the samples for PCR analysis have recently been
published (van den Brule et al. 1990; Kallio et al. 1991; Saiki 1990). These
topics will be shortly discussed in the following paragraphs.

Sample Preparation

A large number of different protocols for the isolation of nucleic acids are
available (for review, see Maniatis et al. 1982; Kawasaki 1990). Most of the
methods used initially in PCR-based HPV diagnosis produced highly purified
DNA. Subsequent works, however, have shown that rapid methods that do
not involve extensive purification of the nucleic acids nevertheless yield prepa-
rations readily applicable for DNA amplification by PCR (Kawasaki 1990;
Saiki 1990).
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Cellular Swabs

In HPV diagnosis, PCR has been most widely applied on scrapings from the
uterine cervix, vagina, or vulva (Bauer et al. 1991; van den Brule et al. 1990;
Melchers et al. 1989) or cervical lavages (Morris et al. 1988). In addition,
urethral scrapings have been used to analyse HPV infections of men (Kataoka
et al. 1991). In most methods, the samples are collected with a cotton swab or
cytobrush. The specimen is then placed in a 5-10 ml test tube containing
buffer (mostly phosphate-buffered saline with antibiotics). The samples should
be processed in 1 day when kept at room temperature, while refrigerator
temperature allows a longer delay. After washings, the pretreatment of the
cells can be performed. Lysing the cells in hypotonic solution at high temper-
ature (i.e., boiling in water) is a quick and effective method of preparing DNA
for PCR. The main limitation is that only relatively few cells, usually 10* or
less, can be used; otherwise, the accumulation of cellular debris will begin to
inhibit the reaction (Kawasaki 1990). In addition, cells in complex biological
fluids (blood) or cells resistant to lysis (sperm) require additional manipula-
tions (Kawasaki 1990; Saiki 1990). It has been shown that as little as 1% v/v
of blood is enough to totally inhibit Taq polymerase (Panaccio and Lew 1991).
Recently, van den Brule and coworkers (1990) described a rapid PCR
method applicable to all cervical scrapes to amplify HPV DNA. To optimize
the use of PCR directly on crude cell suspensions for HPV detection, they
tested several pretreatment methods published earlier. Briefly, cells were sub-
jected to proteinase K incubation (Li et al. 1988; Manos et al. 1989), alkaline
denaturation followed by neutralization (Jiwa et al. 1989; Melchers et al.
1989), or common protein fixation methods such as buffered formalin (Shi-
bata et al. 1988), paraformaldehyde, ethanol, and acetone (Mullnik et al.
1989). Their optimal protocol used cell suspensions that had been pelleted and
resuspended in phosphate-buffered saline and then frozen at —40°C. After
thawing, the cells were vortexed vigorously. Subsequently, 10 pl of the homo-
geneous cell suspension was taken up with a disposable pipette, denatured at
+100°C for 10 min, cooled on ice, and centrifuged for 1 min at 3000 x g. The
PCR was performed in 50 pl of PCR solution containing 50 mA KCl, 3.5 mM
MgCl,, 0.01% gelatin, 200 pM of each ANTP, 25 pmol of general primers, 1U
of thermostable DNA polymerase, and 10 pl denatured cell suspension. After
initial denaturation (95°C, 5 min) each cycle consisted of a denaturation step
at 95°C for 1 min, following by a primer annealing step at 40 °C for 2 min, and
a chain elongation step of 72°C for 1.5 min. Finally, 10 pl of the amplification
product was analyzed by 1.5% agarose electrophoresis. For type-specific
PCR, these authors used a lower MgCl, concentration (1.5 mM), type-specific
primers, and annealing temperature of 55°C (van den Brule et al. 1990).
This method has also been reproducible in our hands and has consistently
resulted in successful amplification of HPV target sequences. With this meth-
od, reduced PCR efficiency has not been noted when cervical scrapes contain
blood. This is probably because the serum components were lost during the
initial pelleting of the cells (van den Brule 1990). The detection level of the
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method is about 10—100 copies of HPV in a given sample as determined with
a serial dilution of SiHa cells (110 copies of HPV per genome) in 10° human
fibroblasts (van den Brule et al. 1990).

Biopsies

Although several rapid methods exist for PCR-based HPV diagnosis per-
formed on scrapings, fresh surgical material has usually been processed ac-
cording to the classic DNA extraction methods with standard proteinase K,
phenol, and chloroform extractions with ethanolic salt precipitations (Mani-
atis et al. 1982). Currently, we are using the saturated sodium chloride method
asa standard to extract DNA from biopsies for different purposes (Miller et al.
1988). The method is easier to perform than the classic one and avoids all toxic
reagents. The amount of purified DNA needed for each reaction is usually
0.1-0.05 pg. This method is currently used in our laboratory to detect HPV in
all our research material. In our hands, rapid PCR methods have not been as
reliable when performed on fresh biopsies as on scrapings. This might be due
to the large number of cells in biopsies resulting in accumulation of cellular
debris which inhibits the PCR reaction (Kawasaki 1990). However, isolation
of clean DNA is impractical for routine tests because of the complexity of the
procedure.

Retrospective studies with molecular biology techniques have recently be-
come possible with the advent of DNA extraction methods applicable for
formalin-fixed, paraffin-embedded tissues (for review, see Wright and Manos
1990). Such retrospective studies can provide valuable epidemiological data on
several infectious diseases including HPV infection. PCR analysis of archival
tissues from several years old to over 40 years old has been accomplished
successfully with 5- to 10-um sections (Shibata et al. 1988). Recently, several
reports on PCR amplification of DNA from fixed tissues have been published
(S.J. Syrjinen et al. 1991; Chang et al. 1990; Wright and Manos 1990).

In our laboratory, we are mostly working with PCR performed on forma-
lin-fixed material to detect HPV. We have recently developed an improved
method which can be applied to routine PCR using archival material (Kallio
et al. 1991). The method is briefly as follows: One to several 5-um thick sec-
tions are cut to achieve an average surface area of 1 cm?. Before slicing, the
excess paraffin should be cut off from the block. The sections are directly
placed into a 500-ul microfuge tube. The paraffin is extracted twice with 500 ul
xylene by mixing gently for 5 min at room temperature, followed by washes
with absolute ethanol to remove xylene. After removing the ethanol, a few
drops of acetone is added to each tube to be evaporated. Onto dried samples,
50 pl of sterile distilled water is added. The pellet is gently resuspended and
boiled for 10 min. The tubes are transferred on ice and centrifuged to pellet the
undissolved material. Samples are used immediately or stored at —20°C until
used. For PCR, 15 pl of supernatant is used. PCR is done in 50 pl of the
reaction mixture described in the paragraph for scrapings (van den Brule et al.
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1990). After an initial template thermal denaturation at 95°C for 5 min, the
following cycle profile is used: 30 s at 55°C (annealing), 1 min at 72 °C (exten-
sion), and 30s at 95°C (denaturation). At the end of the 35th cycle, the
extension step is lengthened by an additional 5 min. Every assay includes
negative controls in which PCR is performed with no DNA. In all reactions,
an additional pair of primers amplifying f-globin (a single copy gene) should
be included to analyze the adequacy of the sample. The PCR product is then
analyzed by routine gel electrophoresis with subsequent hybridization (Fig. 1).

Fig. 1. Formalin-fixed, paraffin-embedded biop-
sies from the uterine cervix amplified for human
papillomavirus (HPV) 16 DNA. The specific
polymerase chain reaction (PCR) product is of
size 315 bp. Lanes 4 and C represent two HPV
16 DNA-positive cases. Lanes B and M represent
a negative control and DNA size marker, respec-
tively

Although several reports favor the isolation of DNA from paraffin blocks
with pronase treatment (Wright and Manos 1990), we have found that it results
in a significantly lower PCR yield than obtained with the protocol described
above. Proteinase K treatment might be needed when large fragments are
amplified (Wright and Manos 1990). In the same study, we also examined the
effect of tissue debris on amplification by adding the PCR mixture directly to
the boiled sample. Although this gave fairly good amplification, in some cases
the amplification was suppressed (Kallio et al. 1991). This may be due to
fixation effects (Shibata et al. 1988) or inhibitory substances present in the
boiled pellet (Wright and Manos 1990). The simplicity and rapidness of our
method makes it particularly suitable for routine diagnostic work. This also
diminishes the need for manual manipulation and will thus minimize the risks
of cross-contamination and carry-over from previous amplifications.

Primer Selection for HPV Diagnosis

Currently, there are at least 65 known HPV types; however, the complete
sequence of HPV is known only for 10. Thus, HPV typing with PCR is
applicable only for the amplification of the specific target HPV DNA with a
known nucleotide sequence. In the earliest reports on PCR-based HPV diag-
nosis, specific primers for HPV 6, 11, 16, and 18 were mostly used (Shibata
etal. 1988; S.M. Syrjianen 1990; Tham et al. 1991). Also, a few studies have
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analysed HPV 31 and 33 infections with PCR (van den Brule et al. 1989;
Evander et al. 1991). The primer selection (HPV 6, 11, 16, 18) is used not only
because they present the HPV types with known sequences but they are the
most relevant and frequent HPV types in genital infections. The type-specific
HPYV primers are usually selected from open reading frames (ORFs) E1, E6,
and E7. The E6 and E7 regions of the HPV 16 and 18 genomes have been
selected for amplification for several reasons. First, these sequences are consis-
tently present in HPV-associated lesions, even when integration of the viral
genome into host chromosomes has occurred (Schwarz et al. 1987). Second,
expression of the E6 and E7 region appears to be an important component in
the process of cellular transformation by these oncogenic types (Schwarz et al.
1987).

Anticontamination Primers

The main disadvantage of PCR is its sensitivity for laboratory infection or
contamination, such as virus particles, cloned HPV plasmids, and PCR prod-
ucts themselves. In particular, the last two sources of contamination can cause
false-positive results. Van den Brule and coworkers (1989) developed a special
strategy to avoid the false-positive results. The use of anticontamination
primers ruled out the detection of cloned HPV plasmids. Thus, specific HPV
detection is possible even in the presence of contamination with the cloned
HPYV plasmids. The localization of the anticontamination primers (flanking
the plasmid cloning sites, i.e., primers either from L1 or from ES) also mini-
mizes false-negative results caused by integration.

We recently analysed formalin-fixed, paraffin-embedded biopsies from 81
women, treated for an invasive carcinoma of the uterine cervix during 1964 -
1987, for HPV DNA content by PCR. Amplified HPV DNA was found in
37% of the cases when the type-specific primers were used. However, when we
repeated the PCR with the type-specific anticontamination primers, only 24%
of the cases were positive. HPV 16 was the most frequent type present in 60%
of the cases, followed by HPV 18 in 37%. The low overall HPV-positivity in
these samples was probably due to the age of the paraffin blocks and the long
fixation time in formalin (Ji et al. 1991).

Consensus General Primers

Several studies have investigated the capability of PCR to detect a broad
spectrum of HPV genotypes in order to obtain a powerful tool for the demon-
stration of unknown HPV types. Matrix comparison of sequenced HPV types
1a, 6b, 15 and 18 revealed that the most conserved regions are localized within
the E1 and L1 ORFs (Giri and Danos 1986). By comparing the DNA se-
quences of genital HPV types 6, 11, 16, 18, and 31, regions of homology
20-25 bp in length have been identified within L1 or E1. Consensus or general
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primers have been shown to amplify at least 20—30 distinct genital HPV types
(Gregoire et al. 1989; Manos et al. 1989; van den Brule et al. 1989, 1990;
Snijders et al. 1990; Evander et al. 1991). Several HPV types have been recently
identified by using the general primers. Although some of the primers created
are working well with different HPV plasmids, nonspecific or poor amplifica-
tion has been found with human material. In addition, attention should be
paid to possible amplification of human DNA. Cross-hybridization has been
shown at least between HPV 18 DNA and human DNA. So far, the consensus
primers published by Manos et al. (1989) have yielded the best results in our
hands.

Prevalence of HPV Infection as Detected by PCR

In various reports, the detection rates of HPV in cervical scrapes from patients
with positive cytology have ranged from 17% to 80%. In cervical cancer, HPV
DNA has been found in up to 90% of cases. The positivity rate depends on the
method used for HPV DNA detection (S. Syrjdnen 1990). Recently, several
studies comparing different HPV detection techniques have been published,
which are summarized in Table 2.

Normal Histology/Cytology and Infection

A number of early PCR papers claimed that HPV DNA can be detected in the
uterine cervix of nearly all healthy subjects (Tidy et al. 1989; Ward et al. 1989).
Of peculiar interest seemed to be the extremely high rates of cervical infections
by the high-risk type HPV 16 (Tidy et al. 1989; Ward et al. 1989). A variant of
HPV 16 (16b) was reported to be common in the normal population (Tidy
et al. 1989), but this finding was subsequently retracted as a laboratory con-
tamination (Tidy et al. 1989). In more recent studies, however, the figures of
HPYV prevalence have dramatically declined. Recently, Manos et al. (1990)
reported a prevalence of cervical HPV infection ranging from 31% to 44%
using the consensus primers. More importantly, the prevalence of HPV 16
ranged from 0% to 22%. They analysed cervical swabs from over 200 women
and found no evidence of HPV 16b.

The explanation for the decline in prevalence figures for HPV infection in
the more recent PCR studies probably lies in various forms of accidental
contamination or carry-over to which PCR is vulnerable (Fig. 2). Melchers
and coworkers (1989) analysed 100 women involved in a triennial checkup
program, who had a normal Pap smear result and no history of cervical
lesions. HPV was detected in 5% of the women. However, it was not known
whether the cervix was clinically or histologically normal in these subjects,
because no colposcopy was performed. Bauer and coworkers (1991) reported
their results from 467 women visiting a university health service for a routine



Chapter 15 Human Papillomavirus Infections of the Genital Tract 201

Fig. 2. Amplification of DNA from human tissue with HPV-specific oligonucleotide
primers, as shown in the low-melting temperature gel (3%). Lane A, a positive amplification
control for HPV 6; lane B, a positive amplification control for HPV 16 DNA; lane C. a
positive amplification control for HPV 18; lane D, a positive amplification control for HPV
11 DNA; lane J, a negative control for HPV 11 DNA amplification. now showing contam-
ination; Lanes E—I, K—U, clinical samples (formalin sections) amplified with HPV 11 and
18 primers showing positive amplification results with HPV 11 due to the contamination of
PCR buffer with HPV 11 DNA. Clinical samples in lanes I. N, R, and S show positivity for
HPV 18
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annual gynecologic examination. Using PCR, they found that 46% of the
study population was infected with HPV; the ViraPap test showed a preva-
lence of 11% infected. Of these subjects, normal cytology was found in 421
subjects. HPV DNA was found in 31% and 7% of the normal cytological
samples by PCR and ViraPap, respectively. We also performed a study to
assess the prevalence of HPV infection in the genital tract of women with
normal cytology (S. Syrjidnen et al. 1990). A random series of 109 women was
re-examined using colposcopy, PAP smear, and punch biopsy taken from the
cervix (33 cases), vagina (212 cases), and vulva (20 cases). Changes consistent
with HPV infection were seen in 7% of the biopsies under light microscopy.
However, only 3% of the biopsies harbored HPV DNA when analysed by in
situ hybridization. By PCR, 93 biopsies derived from 40 subjects were
analysed, and HPV DNA was found in 35.5%. Only 17 biopsies analysed by
PCR were graded as histologically normal, and only 3 of them contained HPV
DNA (S. Syrjdnen et al. 1990).

Clinical Importance of HPV Infection Detected Only by PCR

This topic can be summarized as recently discussed in Lorincz and Spring
(1991). Most authorities agree that PCR is prone to false-positive results. Even
if all possibility of laboratory contamination is eliminated, the significance of
detecting minute amounts (a few molecules) of HPV DNA is unknown. Many
of these PCR-positive results may not represent an infection per se but rather
a tissue surface contamination. Extensive studies are still needed to establish
the “clinically relevant amounts of viral DNA® (or rather DNA) that are
clinically relevant. Caution should be exercised in labelling an HPV infection
(especially the genital ones) in those cases where HPV DNA is detected by
PCR methods alone.

Conclusions

It seems clear by now that the examination and treatment of all patients with
even a clinically manifest HPV infection will be an overwhelming task. In the
light of the epidemiological data and substantiated by the current PCR results,
it is equally obvious that patients with subclinical and latent HPV infections
cannot be traced and treated by the currently available facilities. It should be
borne in mind, however, that according to the best available data, it is not the
papillomavirus itself which is harmful to the patients, but the precancer (and
cancer) lesions that it causes at various anatomic sites. Thus, in countries in
which nationwide mass-screening program are effective, the means are avail-
able (at least in theory) to prevent the development of invasive cervical car-
cinomas by tracing and eradicating the precancerous lesions. Accordingly, the
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old concept of early detection of cervical precancerous lesions still remains
valid, despite the role of HPV in genital carcinogenesis. The situation is quite
different, however, in the high-risk countries, where such programs do no
exist. In the prevention of cervical cancer worldwide, it will be enormously
much more effective first to establish mass-screening programs in those high-
risk countries than to introduce sophisticated DNA technology (hybridization
tests) or PCR amplification procedures to screen the large populations for
subclinical and latent HPV infections. Of major importance will be to elucidate
promptly the risk factors predisposing the clinically manifest HPV lesions to
rapid progression (K.J. Syrjdnen et al. 1985a). Although some of these factors
are well established by now (i.e., lesion grade and HPV type) (K.J. Syrjdnen
1990, 1991), additional factors intimately involved in the regulation of the viral
life cycle within the cell certainly exist (zur Hausen 1989), which hopefully
could be used to predict better the disease outcome of genital HPV infections.
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Chapter 16 Human Papillomavirus Types 6 and 11
in Tumours

R. L. Bryan and J. Crocker

Summary

Human papillomavirus (HPV) types 6 and 11 are known to be associated with
tumours of the upper respiratory tract and anogenital region. Their presence
has been demonstrated by a variety of techniques, particularly in benign tu-
mours at these sites. The extremely sensitive polymerase chain reaction indi-
cates that these viruses are more widespread than was previously thought; they
are frequently associated with malignant tumours and also with tissue showing
no histological abnormality.

Introduction

Viral particles were first identified in laryngeal papillomas by means of elec-
tron microscopy (Boyle et al. 1973), and the viral antigen was later detected by
immunohistochemistry (Braun et al. 1982). In 1983, Gissmann and colleagues
demonstrated the recently characterised human papillomavirus (HPV) 6 (Giss-
mann and zur Hausen 1980) and closely related HPV 11 (Gissmann et al.
1982b) in these lesions as well as in cervical squamous tumours.

The polymerase chain reaction (PCR) is an extremely sensitive technique
which is able to detect a single DNA sequence in 10° cells (L.S. Young et al.
1989). In an attempt to clarify the role of HPV 6 and 11 in tumours of the
upper respiratory tract, we used the PCR to analyse benign tumours
(squamous papillomas and inverted nasal papillomas) and malignant tumours
(invasive squamous and verrucous carcinomas). We also analysed biopsies of
the pharynx and larynx showing no histological abnormality, for comparison
(Bryan et al. 1990).

Department of Histopathology, East Birmingham Hospital, Birmingham B9 58T, UK
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Materials and Methods

The 32 tumours of the upper respiratory tract selected comprised 6 laryngeal
squamous papillomas, 8 squamous carcinomas of the pharynx and larynx, 5
verrucous carcinomas from these sites and 13 nasal inverted papillomas. Also,
14 biopsies of histologically normal nasopharyngeal mucosa were analysed.

A representative histological section was chosen in each case, and five
10-um sections were cut from the corresponding paraffin block. These were
cleared in xylene, washed twice in 95% ethanol and dried. Each sample was
then boiled in 250 ul water for 30 min. A 35-pl aliquot of the resulting solution
was amplified using the PCR. Plasmid-cloned DNA of HPV 6 and 11 was used
as positive control material, and lymphoblastoid cell line and fetal liver DNA
were used as negative controls. Oligonucleotide primers complementary to
sequences in the E6 region of HPV 6 and 11 were used to amplify segments of
differing length in the two HPV types (Table 1). The samples for analysis and
the control samples were amplified in a 100-pl reaction mixture containing: (a)
16.6 mmol/l ammonium sulphate, 6.7 mmol/l magnesium chloride and
67 mmol/l trometamol, pH 8.8, (b) 1.5 mmol/l of each dNTP, (c) 10 mmol/l
2-mercaptoethanol and 10% v/v dimethyl sulphoxide, (d) 200 pg/l gelatin, (e)
1 umol/l HPV type-specific oligonucleotide primer and (f) 2 U thermostable
DNA polymerase (Taq polymerase). The samples were overlaid with mineral
oil, denatured for 7 min at 94°C and subjected to 30 cycles of amplification.

A cycle consisted of primer extension for 2 min at 70 °C, denaturation for
1 min at 92 °C, reannealing for 2 min at room temperature, followed by primer
extension as before.

After amplification, samples were incubated for 10 min at 70°C, and 15 pl
of the reaction mixture were electrophoresed on 8% polyacrylamide gels. 