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ABSTRACT

Human cytomegalovirus (HCMV) is a betaherpesvirus shown to be a major cause of 
disease in immunocompromised hosts. Human herpesviruses 6 and 7 (HHV-6 and HHV- 
7) show genetic homology to HCMV, and are classified in the same subfamily. Their role 
in disease of the immunocompromised is unclear. This thesis shows that the polymerase 
chain reaction (PCR) can be used to provide important information about the natural history 
of these viruses in healthy and immunocompromised individuals.

PCR assays for the detection of HCMV in blood were used in the surveillance of solid- 
organ and bone-marrow transplant groups, and important prognostic information was 
obtained about development of HCMV disease. In this case, the benefits of this earlier 
diagnosis allowed more effective patient management strategies to be formulated.

These studies were extended to detect and analyse HHV-6 and HHV-7 infections. An 
HHV-7 genome library was constructed and primers designed to amplify an HHV-7 
genome region of likely conservation. Following optimisation and calibration of 
qualitative, multiplex and quantitative-competitive PCR assays, an analysis of the natural 
history of these viruses in healthy individuals showed that viral load associated with 
persistence is lower and more stable in blood than in saliva.

The role of HHV-6 and HHV-7 primary infection in febrile illness of infants was then 
investigated, identifying primary infections by a high blood viral load together with the 
absence of detectable virus in the saliva. Both HHV-6 and HHV-7 were associated with 
convulsions in infected infants.

Finally, a detailed clinico-pathologic analysis of renal transplant patients showed a 
significant association between development of HCMV disease and infection with both 
HCMV and HHV-7, but not with HCMV alone. In addition, HHV-7 infection alone was 
associated with more episodes of graft rejection. These data suggest a role for HHV-7 as 
an important co-factor in the development of HCMV disease.
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This thesis is concerned with the analysis of the natural history of human herpesviruses 6 
and 7 (HHV-6 and HHV-7) in healthy individuals and the immunocompromised, using 
human cytomegalovirus (HCMV) as the model for the investigations. The introduction to 
this project highhghts the problems posed by herpesvirus infections — a key feature of 
which is the difficulty in assessing whether disease in immunocompromised patients is 
attributable to infection by specific herpesviruses. New molecular techniques, such as the 
polymerase chain reaction (PCR), provide the opportunity to develop better methodologies 
for the quantitative analysis of the herpesviruses in the normal host and 
immunocompromised patients, which in turn may provide insight into viral pathogenesis 
and hence allow patient management strategies to be formulated.

The first part of this chapter deals with important biological aspects of the herpesviruses as 
a group, and then more specifically the members of the betaherpesvirus sub-family and 
their role in disease. The second section describes the host immune response to 
herpesvirus infections and compares and contrasts this with the immune response in the 
setting of immunosuppression. The third section describes estabhshed laboratory methods 
for the diagnosis of herpesvirus infection, including the treatment strategies available for 
herpesvirus disease. The fourth section is concerned with aspects of the polymerase chain 
reaction, and the contribution that this technique has made to the management of viral 
diseases.

1.1 CLASSIFICATION OF HERPESVIRUSES
The family Herpesviridae comprises a group of over 100 viruses, which infect a wide range 
of vertebrates (Roizman and Sears, 1993). The structure of the virion is a major unifying 
feature of all herpesviruses (Figure 1), as is their ability to establish and maintain a 
persistent infection which probably remains with the host throughout its life. Reactivation 
from this clinically quiescent state often occurs during immunosuppression, sometimes 
causing a recrudescence of disease (Whitley, 1996). Although reactivation can occur in the 
immunocompetent state, the stimuli in these cases are not known.

For classification purposes the Herpesviridae have been divided into three subfamilies 
(Roizman and Sears, 1993), mainly based on biological differences of cell pathology in 
laboratory culture, tissue tropism in vivo and characteristics of latency. The alpha- 
herpesviruses have the widest host range, and produce a cytopathic effect more rapidly in 
cell culture than either the beta- or gamma-herpesviruses. In addition, these viruses are 
neurotropic and estabhsh persistence in the sensory gangha which innervate the skin. In 
contrast, the betaherpesviruses have a more narrow host range, are slower-growing in ceU 
culture and have a tendency to give a cytomegalic type of pathology. Human 
cytomegalovirus (HCMV) derives its name primarily from the pathology seen in clinical 
syndromes (Griffiths, 1996), but human herpesviruses 6 and 7 (HHV-6 and -7) show this
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cytopathic effect in cell culture (Frenkel et al., 1990; Bememan et a i, 1992a). The 
betaherpesviruses are primarily lymphotropic and, at least for HHV-6 and HHV-7, 
establish one form of persistent infection in this cell type. The characteristics of gamma- 
herpesviruses are somewhat intermediate between the alpha- and betaherpesviruses, being 
significantly slower-growing in cell culture than the former but quicker than the latter, and 
do not tend towards cytomegalic pathology.

Whilst undoubtedly useful in certain circumstances, the classification of herpesviruses on 
biological characteristics is subjective and does produce anomalies; for example Epstein- 
Barr virus, a gamma-herpesvirus, is lytic in some cell types like the alpha-herpesviruses 
(Jordan, 1983), but lymphotropic like the beta-herpesviruses. In addition, recent advances 
in molecular biology have allowed the discovery of new herpesviruses before they can be 
propagated in cell culture; for example the Kaposi’s sarcoma-associated herpesvirus 
(KSHV or HHV-8 — Chang et al., 1994). Thus, in order to classify new herpesviruses, 
parameters such as similarities of genomic organization, homology between nucleotide and 
protein sequences must now be taken into account. Investigations using these 
methodologies has confirmed the validity of grouping herpesviruses into the alpha-, beta, 
and gamma-herpesviruses (McGeogh et al., 1995). Nevertheless, similar studies have 
produced interesting conclusions (Karlin et al., 1994). If the relationships between 
herpesviruses are viewed from an evolutionary perspective, using whole genome and 
nucleotide-group frequency analysis, HHV-6 appears to be closest to the progenitor from 
which most currently sequenced herpesviruses are derived (Figure 1.1).

1.1.1 Physico-chemical characteristics
AH herpesviruses appear identical when viewed by electron microscopy. The envelope is 
formed from the host cell nuclear membrane, acquired during budding of mature viral 
capsids, with the composition adjusted to include virus-specific protein components. The 
tegument, which surrounds the viral capsid, is a structurally variable layer containing 
enzymes and other phosphoproteins of importance during replication. The capsid is 
composed of an assembly of 162 hollow pentagonal and hexagonal capsomers arranged as 
an icosadeltahedral structure around the double-stranded DNA genome, which is tightly 
condensed inside the capsid cavity. Also contained within the capsid are many enzymes 
required for viral replication. The process of capsid assembly and packaging of DNA has 
recently been reviewed by Homa and Brown (1997).
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Figure 1.1
A. Schematic diagram of the important structural components of herpesviruses.
B. Protein similarities between herpesviruses, depicted as a tree topology 
diagram (adapted from Karlin etal. (1994))

Key: HCMV = human cytomegalovirus: HVS = herpesvirus saimiii; HHV6 = human herpesvirus 6; 

EBV = Epstein-Barr virus; EHV1 = equine herpesvirus 1 ; HSV = herpes simplex
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Herpesvirus genome structure
Herpesvirus DNA extracted from capsids is double-stranded linear DNA, but on infection 
of permissive cells the genome becomes circularised in the infected-cell nucleus 
(Poffenberger and Roizman, 1985). Size of the genome within the human herpesviruses 
varies between 120 and 230 kilobase pairs (Kbp), with most of the difference accounted for 
by the presence or absence of unique short regions or repeated sequences (Roizman and 
Sears, 1993). The general structure of all currently analysed herpesvirus genomes can be 
classified into six major groups, and a schematic representation of the major differentiating 
features of these is shown in Figure 1.2. In addition, several blocks of functionally-related 
genes are conserved across the a , p and y sub-families, depicted in Figure 1.3.

1.1.2 Herpesvirus life-cycle
Herpesviruses possess or encode most of the enzymes necessary for replication of DNA. 
This may be a consequence of their persistence in terminally-differentiated cells such as 
neurones, which for most of the life of the host do not divide and thus have a smaller 
nucleotide pool available for viral genome replication. In addition, herpesviruses encode a 
number of accessory proteins which optimize the rate of replication or promote 
dissemination of the infection by extending tissue tropism and the establishment of 
persistence (Roizman and Sears, 1993). The kinetics of replication have been most 
extensively studied with herpes simplex virus (HSV), and as the mechanisms are broadly 
similar throughout the other subfamilies, it provides a suitable model for the other 
herpesviruses.

1.1.2.1 Attachment and penetration
Prior to replication of its genome, the virus must gain entry into the host cell. 
Herpesviruses have a range of surface glycoproteins in order to attach reliably to 
susceptible cells; in particular, epithelial cells have a polarization of ceU membrane proteins 
between the basement and free surfaces. Attachment of virus to the cell surface is mediated 
by a number of receptor/ligand interactions. For HSV-1 and HCMV, glycoproteins 
glycoprotein (g) B, gD and gH are required in varying orders of importance, depending on 
the cells which are being infected. The initial important contact in HSV-1 replication is that 
between gB and the heparan sulphate region of cellular proteins (WuDunn and Spear, 
1989), followed by association between gD and an unknown receptor (Johnson and Ligas, 
1988). Entry into the cytoplasm is mediated by fusion of the viral envelope with the 
cellular membrane, and tegument proteins are released which halt ceUular protein synthesis 
(Sydiskis and Roizman, 1966). The capsid is transported along the cytoskeleton to the 
nucleus (Kristensson etal., 1986), where viral DNA is released, enters the nucleus through 
a nuclear pore, and circularises (Poffenberger and Roizman, 1985).
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1 .1 . 2 . 2  Genome replication
Replicative gene expression in herpesviruses is tightiy controlled (for detailed review see 
Roizman and Sears (1993)). Three classes of messenger RNA (mRNA) are transcribed in 
an ordered sequence by the cellular RNA polymerase U; the immediate-early, early and late 
genes (a, P and y  respectively). Transcription of the a  genes is mediated by a tegument 
protein (a-TIF for HSV-1 (a-gene transcription-inducing factor), ppUL82 for HCMV 

(phosphoprotein derived from the HCMV unique-long region gene 82), which associates 
with other cellular proteins to form a complex which upregulates cellular RNA polymerase 
activity by binding to the immediate-early promoter enhancer region of viral DNA. The 
a-mRNAs are transported to the cytoplasm, translated into regulatory proteins that control 
expression of all later genes. In particular, the transcription of the p genes, the products of 

which are enzymes such as ribonucleotide reductase and thymidine kinase in HSV-1, is 
required to increase the intracellular pool of nucleotides. Other P proteins are involved in 

viral DNA replication, such as viral DNA polymerase, topo-isomerase, and other single- 
and double-strand binding proteins.

The viral genome appears to replicate by the method of rolling circle synthesis. The 
important feature of this mechanism is that rephcation results in complete viral genomes 
arranged as head-to-tail concatamers. Following DNA replication, p proteins induce the 
switch from transcription of P to y genes, and the resulting ‘late’ mRNAs are translated into 
Y proteins, most of which have a structural role in assembly of the virion.

1 .1 .2 .3  Assem bly and budding
Capsid proteins associate to form empty capsids in the nucleus, and genome unit-length 
viral DNA cleaved from the concatamers is packaged to produce nucleocapsids, which then 
associate with patches of nuclear membrane to which tegument and glycosylated envelope 
proteins have bound. Envelopment of the capsids is achieved by budding through the 
nuclear membrane, and fully-enveloped virions accumulate in the endoplasmic reticulum, 
where the mature virions are released from the cell by exocytosis.

1.1.3 Persistence
Following primary infection, herpesviruses persist in the host. This may take the form of 
latency or chronic active replication, where latency represents a state of non-productive 
infection but perhaps with active transcription.
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Group A Unique sequence with left and right terminal direct repeats.
Group B Unique sequence with the left and right termini consisting of a series 

of directly repeated sequences.
Group 0 Unique sequence with terminal direct repetitions, and a number of 

internal repeat sequences.
Group D Two unique sequences (Ul and Us), with one terminal repeat. An 

internal repeat is inverted with respect to the terminal one. The Us 
sequence of the genome inverts with respect to the Ul sequence, 
giving two isomers.

Group E Two unique sequences (Ul and Us), each having a left and right 
terminal repeat. Both the Ul and Us sequences of the genome invert, 
giving four isomers.

Group F Unique sequence with no terminal direct repetitions.

Figure 1.2 Simplified schematic diagram of the sequence arrangements in 
the six classes of genomes of the viruses comprising the Herpesviridae 
(adapted from Roizman and Sears (1993)). HCMV is in group E, and HHV-6 
and HHV-7 are in group B.
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Figure 1.3 Conserved blocks of sequence across herpesvirus subfamilies 
(adapted from Mocarski, (1993)). HCMV, HSV-1 and EBV sequence blocks A, 
B, C, D, E, F, and G shown below the Ul genome segment. Arrows below HSV-1 
and EBV indicate reverse orientation of blocks relative to that in HCMV.
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1.1 .3.1 Alphaherpesvlrus persistence
Herpes simplex and varicella-zoster virus (VZV) establish persistent infections in 
ganglionic neuronal tissue (reviewed by Roizman and Sears (1993), and Gelb (1993), 
respectively). During primary infection, virions travel up the axons of neuronal tissue by 
retrograde transport to the appropriate ganglia, where they infect individual neurones, 
although in the case of VZV, spread by the haematogenous route is a possible alternative 
route. In the case of HSV, some degree of molecular latency is accompanied by the 
appearance of mRNA latency-associated transcripts (LATs), which are anti-sense to 
immediate-early regions of the viral genome. It is hypothesised that LATs may bind to the 
HSV genome thus inhibiting rephcation and further transcription — however this has yet to 
be conclusively demonstrated and the exact role of LATs remains unclear. Recurrent 
episodes of disease are a feature of HSV, although much less frequently with VZV. In 
both cases, viral reactivation and rephcation in the neurone occurs, virions are assembled 
and travel down the axon to the epithehum, where more vigorous rephcation takes place, 
with consequent appearance of disease. The role of the immune system, in particular the 
T-ceh cytotoxic activity, is a major factor in the control of clinical latency.

1 . 1 . 3 . 2  Betaherpesvlrus persistence
Far less is known about the mechanisms of persistence operating in this group of viruses 
(for a review of HCMV, see Mocarski (1993). Although HCMV may be recovered from a 
wide range of cells during primary or recurrent infection, and HHV-6 and 7 from peripheral 
blood mononuclear cehs, it is extremely difficult to reactivate the viruses by co-cultivation 
of leukocytes from previously-infected individuals (Yamanishi et al., 1988). For HCMV, 
only a small proportion of peripheral blood mononuclear cells from seropositive individuals 
contain the viral genome and the major immediate-early gene products appear to be the only 
ones expressed (Jordan, 1983). From the murine CMV model, there is evidence that the 
HCMV viral genome may persist within the spleen in stromal cehs (Mercer et al., 1988). 
In humans, HHV-6 and HHV-7 are also persistently excreted at relatively high titre in 
saliva (Jarrett et al., 1990; Wyatt and Frenkel, 1992).

Whether persistence of the beta-herpesviruses in blood is due to a complex repression of 
genome rephcation or a low-level chronic-active infection is not clear, but based on the 
tendency of HHV-6 serum antibody level to decline over many years (Yanagi et al., 1990), 
it seems likely that chronic productive infection is less likely and that there may be several 
sites of persistence for each virus.

1.1 .3 .3  Gammaherpesvirus persistence
The natural history of EBV infection in the host, especiahy the range of types of molecular 
and clinical latency, is acomphcated one (reviewed by Liebowitz and Kieff (1993), and

25



Steven, 1997). After primary infection, persistence of the virus is likely to take the form of 
a repressed episome in immortalised B-cells. Several defined forms of latency have been 
identified, classified as latency (Lat) I, II and III, by the degree of gene expression needed 
to maintain the immortalised phenotype of the B-cell (reviewed by Rowe et a l (1992)). 
Reactivation of virus from latency may be spontaneous or can be achieved in vitro by 
treatment with chemical agents such as 12-0-tetradecanoyl phorbol-13-acetate (zur Hausen 
e ta l, 1978). In addition to these forms of latency, chronic shedding of infectious virus in 
salivais common. Although natural reactivation undoubtedly occurs, usually reflected by a 
rise in both excreted virus and EBV-specific antibodies, the in vivo mechanism is 
unknown.

1.2 The Betaherpesviruses

1.2.1 Human cytomegalovirus
Human cytomegalovirus was discovered as a result of investigations into the pathological 
features of cytomegalic inclusion disease (CID), a syndrome affecting neonates and infants. 
The isolation of HCMV was achieved independently in 1956 by three groups (Smith, 1956; 
Rowe et a l, 1956; Weller er a l, 1957), although a herpesvirus etiology for CID had first 
been proposed in 1921 (Lipschutz, 1921). The majority of HCMV strains isolated from 
clinical syndromes show 95% homology to each other, based on restriction fragment length 
polymorphism (Chandler and McDougall, 1986) or DNA sequence analysis (Chou, 1991; 
Lehner et a l, 1991). At the tissue level, relatively little is known of the pathogenesis of 
HCMV infection. During the viraemic phase of primary infection, virus can be recovered 
from monocytes, polymorphonuclear leukocytes and T lymphocytes (Schrier et a l, 1985). 
Other cells have been shown to be potentially permissive by in vitro studies showing 
HCMV will productively infect epithelial, endothelial and fibroblast ceUs (Myerson et a l, 
1984).

1.2.1.1 HCMV disease in the immunocompetent h o s t
The major features of HCMV disease appropriate to the age or immune status of the host 
are summarised in Table 1.1. The most physically and socially devastating outcome of 
HCMV infection occurs after congenital infection. Although fetal immunological 
immaturity is likely to be a factor influencing the development of severe disease following 
maternal primary infection, the serological status of the mother is of major importance and 
therefore congenital infection will be discussed in this section.

1.2 .1 .2  HCMV congenitai infection
World wide, primary HCMV infection occurs more often in childhood. Thus, in 
developing countries, more than 90% of women are seropositive as they become fertile. In 
communities with better standards of hygiene, however, the average age of HCMV primary
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infection is higher, and in developed countries, over 50% of women are still seronegative 
as fertility commences. Thus in this latter situation females are more likely to experience 
primary infection during pregnancy, where the consequences of such infections are often 
fetal damage. Indeed, transplacental infection with HCMV is now the most common viral 
cause of prenatal damage to the fetus, and second only to Down’s syndrome as a known 
cause. Primary infection of the mother in the first two trimesters of pregnancy carries a 
30-40% risk of fetal infection (Stagno et al., 1977; 1982; 1986; Griffiths and Baboonian, 
1984) and a 10-15% risk of clinical abnormalities in the neonate (Demmler, 1991). In 
seropositive women, recurrent HCMV infection during pregnancy also carries a risk of 
transmission to the fetus, but this is less than that of primary infection and with a 
correspondingly lower risk for abnormality (Fowler et al., 1992). Nevertheless, in 
countries with poor socio-economic standards, the number of seropositive pregnant women 
with congenitally infected babies resulting from HCMV reactivation exceeds the number 
infected as a consequence of primary infection.

The exact route of transmission from mother to fetus is unclear, largely due to the lack of 
clinical signs during infection. It seems likely that a viraemia precedes fetal infection, 
although this has not been formally demonstrated. The existence of alternative routes of 
transmission, such as whether HCMV can infect, and reactivate from persistence in tissue 
of the reproductive tract, remains to be determined. The virus has been detected in cervical 
secretions during pregnancy (Shen et al., 1993; Furukawa et al., 1994b), but the 
importance of this is not known.

Although the mechanism of transmission is unclear, the effects of a maternal primary 
infection on the fetus are serious (Boppana et al., 1992). The classic syndrome, 
cytomegalic inclusion disease, consists of persistent excretion of HCMV by the neonate at 
high titre in the urine, coupled with one or more of the following signs: low birthweight, 
petechial haemorrhages, jaundice, hepato-splenomegaly, microcephaly, encephalitis, and 
occasionally chorioretinitis and inguinal hernia. The abnormalities of the brain and eye are 
associated with mental retardation, cerebral palsy, severe impairment of hearing and sight. 
A minority of babies with clinical abnormalities at delivery are stillborn or die shortly after 
birth, and post-mortem investigation may reveal fibrosis and calcification in the brain and 
liver. Typical cytomegalic cells may be found in numerous organs. Those infants who 
survive require special care for life, and socially and educationally important intellectual or 
perceptual deficits such as hearing loss, below-average intelligence, epilepsy and 
behavioural problems may not manifest until as late as 2-4 years after birth.

1.2 .1 .3  Post-natal Infection
Perinatal infection of the neonate is more common than pre-natal infection. Approximately 
10% of seropositive women shed HCMV from the cervix during all stages of pregnancy
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(Stagno et a l, 1975), providing a means of infecting the neonate during delivery. Infection 
may also be transferred to the infant through breast feeding; between 10 and 20% of 
mothers excrete HCMV in the milk (Dworsky et al., 1983), and there is an estimated higher 
likelihood of the breast-fed child acquiring infection by this route (Stagno et a l, 1980).

As HCMV is shed in saliva and urine, these bodily fluids probably form the principal route 
of transmission between older infants toddlers and younger children. The nature of contact 
between children whilst in long-term playgroups, with the attendant difficulties in 
maintaining hygiene arrangements, make the transmission of HCMV more likely between 
children (Hutto et a l, 1985), and the adult supervisors (Adler, 1989). Infected children 
returning home may then infect susceptible siblings and adults (Pass et a l, 1986), and 
seronegative pregnant women in this situation clearly have an increased risk of undergoing 
HCMV primary infection (Pass et al, 1987)

There is a significant rise in HCMV seroprevalence in adolescence, where kissing and 
sexual contact probably account for the increase in seropositivity from 10-15% to 30-40% 
between the ages of 15 and 30 in North America. Despite the observation that HCMV is 
shed intermittently in cervical secretions and semen (Stagno et al, 1983), and that increased 
sexual activity is linked to HCMV infection (Sohn et a l, 1991; Handsfield et a l, 1985; 
Fowler and Pass, 1991; Chandler et a l, 1985), the relative importance of this potential 
transmission route is still unclear. Since extended oral contact usually precedes sexual 
contact, it is difficult to dissect epidemiologicaUy the individual contribution of sexual 
activity to the acquisition of HCMV infection. However, sexual transmission may have a 
more important role in spread in homosexual activity, where the seropositivity approaches 
100% (Drewe ta l,  1981).

The frequency of recurrent infection in normal individuals, meaning either the reactivation 
of persistent HCMV infection or the acquisition of new and different viral strains, is largely 
unknown. Reactivation of endogenous virus is likely to be more frequent and of more 
significance during pregnancy (Huang et a l, 1980). In addition, the lack of expression of 
MHC class I or class II antigens by regions of the placenta (Sunderland et at., 1981) may 
also contribute to enhanced susceptibility to infection. Whilst the risk of reinfection is 
probably dependent on the risk of exposure to new strains of HCMV, the consequence of 
reinfections limited to the reproductive mucosal surfaces is also unknown.

Primary infection in adolescence and beyond is usually subclinical or mild, but where 
symptomatic a mononucleosis-like illness is the most common feature (Griffiths, 1996). 
This presents as prolonged fever with splenomegaly, hepatic involvement indicated by 
raised hepatic enzymes in the peripheral blood, and lymphocytosis with atypical cells such 
as those found in mononucleosis caused by EBV. In contrast to EBV mononucleosis.
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however, heterophile antibody is not detected, and symptomatic pharyngitis and 
lymphadenopathy are uncommon. Recurrent infections, either by successive reactivations 
of clinically-latent virus or reinfection with a different HCMV strain are almost always sub- 
clinical.

In addition to natural routes of transmission, HCMV infection may be acquired through 
iatrogenic means, such as blood transfusion or organ transplantation. Infection is common 
amongst recipients of large volumes of blood, where the term ‘post-perfusion syndrome’ is 
applied to the resulting condition. Again, particularly high risk is attached to the 
transfusion of HCMV seropositive blood to seronegative infants, pregnant women or 
transplant recipients.

1.2 .2  HCMV disease in the immunocompromised host

1 .2 .2 .1  immunosuppression due to transplantation
Human cytomegalovirus has proved to be a great challenge to the recovery of transplant 
patients. Primary or recurrent infection causes morbidity and mortality across all categories 
of transplantation, and the early differential diagnosis of pathology due to HCMV infection 
may be complicated by the similar signs of organ rejection or side-effects of 
immunosuppressive therapy. In order to differentiate between the causes of pathology 
associated with HCMV replication and that caused by other factors, a consensus has been 
established amongst experienced scientific and medical investigators (reviewed by 
Ljungmanand Griffiths (1993). Table 1.2 lists the known symptoms and signs of HCMV 
disease in transplant groups, if laboratory evidence of HCMV active infection is found 
during the period of that disease (see section III for discussion of laboratory diagnosis of 
HCMV infection). ^

Clinical M anifestations

The acute clinical manifestations associated with HCMV in organ transplant recipients are 
well recognized. Most common is a non-specific syndrome of fever, malaise, neutropenia, 
thrombocytopenia, and elevated liver enzymes in serum, such as transaminases. These 
symptoms may be mild and temporary, or may be the prelude to more severe organ disease. 
Neutropenia may predispose to superinfection with other microbial agents, and may 
preclude the use of HCMV-specific antiviral drugs such as ganciclovir, which also 
decreases the neutrophil population. Neutropenia is particularly problematic in bone- 
marrow transplantation, where patients may be pancytopénie by the nature of the marrow 
repopulation.
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Table 1.1
Cytomegalovirus infection and its consequences

Timing of 
acquisition Route

Disease caused by 
primary infection

Pre-natal

Perinatal

Any age

Immuno
compromised

Transplacental

Cervical secretions, 
breast milk, saliva 

Blood transfusion

Saliva or adolescent 
sexual intercourse 

Blood transfusion 
Saliva, sexual contact, or 

organ graft

Encephalitis, hepatitis, 
thrombocytopenia; long-term 
sequelae include brain 
damage, nerve deafness, 
retinopathy 

None

Pneumonitis, disseminated 
disease  

Mononucleosis, mild hepatitis

Mononucleosis 
Pneumonia, hepatitis, retinitis, 

encephalitis, myelitis, 
gastrointestinal d isease
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Gastrointestinal disease is a HCMV manifestation that is common to multiple kinds of 
immune compromise, including AIDS, steroid therapy, and cancer chemotherapy (reviewed 
by Goodgame (1993)). Ulcerative and erosive lesions are most commonly found in the 
oesophagus and colon, but are also seen in the mouth, stomach, and small intestine. 
Significant morbidity and mortality is due to bleeding, superinfection, and perforation.

Hepatitis ranges from asymptomatic transaminase elevation to, rarely, fulminant liver 
failure. The liver is the most common site of disease in liver transplant recipients and it has 
been suggested that rejection of the organ and viral pathogenesis are linked (reviewed by 
Stratta (1992)). On clinical criteria, viral hepatitis may be difficult to distinguish from 
immunological rejection of the organ. In such cases, liver biopsy is required for diagnosis, 
because rejection is treated by increased immunosuppression whereas HCMV disease may 
respond to a reduction in immunosuppression.

Interstitial pneumonitis is the most severe complication of HCMV infection, and is most 
common and most serious after bone-marrow transplantation (reviewed by Zaia (1994)). 
Prior to the availability of antiviral treatment, the disease was rapidly progressive and had a 
case fatality rate of 80-100%. Despite improvements in antiviral therapy such as a 
combination of ganciclovir and immunoglobulin (discussed here in this chapter, section 
111), the case fatality rate remains above 50% in marrow transplantation. Pneumonitis is 
less prevalent and less severe in other organ transplants, but still accounts for significant 
morbidity. It is rarely seen in non-transplant immunocompromised patients such as those 
with AIDS. It has been proposed (Grundy et al., 1987) that the pathogenesis of HCMV 
pneumonitis is partially mediated by the host immune response.

Other manifestations of HCMV in the transplant population are less common than those 
discussed above. Some disease syndromes, such as retinitis, adrenalitis and encephalitis, 
which are more common in AIDS patients, are rarely observed in patients after 
transplantation. Whether these differences in prevalence reflect differences in the 
interactions between virus and host immunity is not clear.

In addition to the acute syndromes discussed above, HCMV appears to have long-term and 
indirect effects that are less well understood (reviewed by Ho (1991)). There is in vitro 
evidence that HCMV infection has immunosuppressive effects, but the clinical significance 
of these changes is unclear. Nevertheless, clinical observation shows that HCMV infection 
in the immunosuppressed patient is associated with an increased risk of other infections, 
although it is unknown whether this is due to direct immunosuppression by the virus or to 
associated factors such as the development or treatment of rejection.
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Although rejection therapy increases the risk of HCMV infection, there is suggestive 
evidence that HCMV may also play a causative role in rejection (Ho, 1991). Some studies 
have shown that patients who experienced HCMV disease have a higher long-term risk of 
rejection than those without HCMV, but it is possible that some patients had 
immunosuppression reduced as an adjunct to antiviral therapy. The amount of data needed 
to demonstrate cause and effect in the close association of rejection and active HCMV 
replication makes the imminent resolution of this question unlikely. With the development 
of more rapid and predictive HCMV diagnostic tests (discussed here in section III) progress 
may be made in determining the temporal relationship of these two comphcations.

Similar difficulties are found in attempts to analyse the relationship between graft-versus- 
host disease (GVHD) with HCMV in marrow transplantation. Although GVHD seems to 
precede HCMV infection clinically, there is in vitro evidence that HCMV may trigger 
GVHD, as well as clinical data suggesting that pre-transplant HCMV immunity corelates 
with a higher risk of GVHD (reviewed by Ho (1991) and Zaia (1994)). In heart 
transplantation, epidemiological and in vitro findings have suggested that HCMV 
contributes to accelerated graft arteriosclerosis (Ho, 1991; Cooper era/., 1991; Koskinen et 
aL, 1994). In lung transplantation, HCMV pulmonary infection was associated with 
poorer lung function, chronic rejection, and reduced survival at 2 years post-transplant 
(Duncan era/., 1992).

In summary, long-term survival is poorer after HCMV infection in many transplant series 
even when a specific cause cannot be identified (Ho, 1991). These indirect effects of 
HCMV infection need to be elucidated by long-term studies, not only for better patient 
management but for improved understanding of virus-host interactions.

V

Morbidity and Mortality
The timing of HCMV disease is remarkably constant among different types of transplant, 
that is, 30-70 days post-transplant. However, the type and severity of disease differs 
between transplant groups. Several studies have shown that the incidence of disease is 
primarily dependent on the existence of immunity to HCMV at the time of transplant. 
Surveillance for HCMV infection and disease has shown distinct differences between renal, 
bone-marrow and liver transplant groups. The data from one source supporting these 
observations is summarised in Table 1.2, and shows the relationship between HCMV 
seropositivity of the donor and recipient with the development of disease (Pillay et a/.,
1993).

In renal and liver transplant groups, the highest risk for development of HCMV disease is 
when organs from seropositive donors are used, and that in renal transplant patients disease 
is more frequent when seropositive organs are transplanted into a seronegative recipient
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(Grundy etal., 1988). In contrast to RTx and LTx, BMTx patients suffer more disease if 
the recipient is seropositive, and this effect is enhanced when receiving a T ceU-depleted 
seronegative graft. This observation is borne out by restriction fragment length 
polymorphism (RFLP) analysis showing that in BMTx groups, it is the virus originating 
from the recipient which is isolated from episodes of disease. D-/R- patients have low risk 
attributable mostly to transfusion.

Overall, HCMV disease is most severe in allogeneic bone marrow transplantation. Prior to 
the development of effective treatment, 15-30% of all patients had HCMV disease, often 
interstitial pneumonitis (Zaia, 1994). However the severity is lower in autologous marrow 
transplantation (Enright et at., 1993), probably because of the absence of reinfection with 
donor strain as well as lower level of immunosuppression. In general, HCMV disease is 
more prevalent and severe in heart and liver transplants than in renal transplants, and more 
severe in heart-lung than in heart transplants (Wreghitt et aL, 1988). Meaningful figures 
for mortality are difficult to collect, because of variations in reporting and frequent inclusion 
of contentious diagnoses such as CMV-induced GVHD, as discussed earlier. Furthermore, 
the incidence of HCMV disease is decreasing because of improvements in patient 
management such as blood product screening and increasingly successful prophylactic 
measures which makes comparison of older and newer data difficult.

1.2.2.2 .  Immunosuppression due to HIV Infection
Individuals co-infected with the human immunodeficiency virus (HIV) suffer from HCMV 
disease with the onset of the acquired immunodeficiency syndrome (AIDS). Although 
HCMV has been recognised for a long time as an opportunistic pathogen in patients with 
AIDS, its importance was overshadowed by other fatal opportunistic infections such as 
Pneumocystis carim pneumonia. With the successful control of this and other such 
infections, and the consequent survival of patients for longer periods, there has been an 
increase in frequency of HCMV disease. More recently, with the advent of highly-active 
antiretroviral therapy (HAART), the likelihood is that the incidence of HCMV disease in 
HIV-infected will begin to dechne (Hammer et at., 1997).

The point at which HCMV disease develops is variable, as measured by markers of the 
onset of reduced immune function such as the CD4 cell count, but typically occurs when 
the number of CD4 cells fall to below 100 per microlitre of blood (Gallant et at., 1992). 
Because the decline of immune function is itself variable, the appearance of HCMV disease 
in individuals may vary by a matter of years after the diagnosis of AIDS, but the strongest 
prognostic factor for development of HCMV disease is when the CD4 count falls below 50 
per microlitre of blood (Drew, 1988). Common clinical symptoms and signs of HCMV 
disease in this population are chorioretinitis, gastrointestinal tract lesions and meningo
encephalitis. Amongst these chorioretinitis is the most frequently described.
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Table 1.2
Scoring System for Severity of Cytomegalovirus Disease 
(taken from Plotkin etal.  1991)

Clinical Manifestations___________________________________
Fever (temperature, > 38.3°C:

Mild (2-4 days)
Moderate (5-20 days)
Severe (> 21 days)

Leukopenia (< 4 x 10 /̂L)
Thrombocytopenia (< 100 x 10 /̂L)
Hepatitis:

Elevation of liver enzyme levels > 2 times normal 
Jaundice

Pneumonia associated with cytomegalovirus:
Infiltrate on roentgenogram 
Infiltrate and symptoms 
Ventilator support 

Gastrointestinal bleeding or ulceration proved by biopsy 
specimen to be cytomegalovirus-related 

Central nervous system changes:
Lethargy 
Stupor 
Coma 

Renal insufficiency:
Creatinine level 2-4 times above best level after 
transplantation
Creatinine level > 4 times above best level after 
transplantation
Nephrectomy, permanent dialysis 

Arthritis or muscle wasting 
Superinfection (Bacterial, protozoal, fungal)
Death
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Table 1.3
Relationship between donor/recipient HCMV status and risk of infection and 
disease (Pillay etal.,  1993)

Pat.type

Pre-Tx IgG No. with HCMV

Recip. Donor No. patients Infection Disease

Renal — —

Tx — + (62%) (44%)
+ — (37% (6%)
+ + (69%) (25%)

Bone — — (6%) (3%)
marrow — + (26%) (4%)
Tx + — (48%) (44%)

+ + (50%) (12%)

Liver — — (25%) (25%)
Tx — + (33%) (33%)

+ — (11% (11%)
+ + (58%) (32%)
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In contrast to the pathology seen in patients who are immunocompromised for organ 
transplantation, where disease can involve immunopathological mechanisms, in the case of 
individuals with AIDS the lesions are predominantly the result of direct damage caused by 
viral replication. Chorioretinitis usually presents with unilateral painless yet progressive 
loss of vision, which extends to the other eye if untreated. Further progression to retinal 
necrosis and infection of the optic nerve may occur, and eventual blindness ensues. 
Gastrointestinal disease, involving the oesophageal, gastric, biliary and colonic sites, 
results in symptoms and signs such as diarrhoea, abdominal pain, weight loss and 
anorexia. Neurological manifestations of HCMV disease most commonly reported include 
encephalitis and peripheral neuropathies such as polyradiculomyelitis.

The diagnosis of pneumonia in AIDS patients is often accompanied by the isolation of 
HCMV from broncho-alveolar lavage specimens. However, it is currently under debate 
whether such disease should be regarded as being caused solely by HCMV, or whether it is 
likely to be opportunistic HCMV replication secondary to disease caused by other infectious 
agents. If specific antiviral treatment for HCMV is withheld, the disease is not usually 
fatal. This is in contrast to pneumonia diagnosed in patients who are immunosuppressed 
for organ transplantation, which is also associated with the presence of active HCMV 
replication, yet is often fatal if untreated. As discussed, it is hypothesised that differences 
in the nature of the immunodeficiency between AIDS and iatrogenic immunosuppression 
are responsible for this seeming paradox (Grundy, 1987)

1.2.3. Human herpesvirus 6
The isolation of HHV-6 was first described by Salahuddin et al. (1986), from peripheral 
blood mononuclear cells from patients with lymphoma, some of whorn were also infected 
by the human immunodeficiency virus type 1 (HTV-1). Many other laboratories have also 
reported the isolation of similar viruses throughout the world (Tedder et al., 1987; 
Downing et al., 1987; Agut et al., 1988). Heterogeneity exists between isolates, and 
shows a 5% genetic divergence at certain regions of the genome, which have been 
classified into two main groups; types A and B (Ablashi et d ., 1991; 1993; Aubin et al., 
1991).

Recently, the entire sequence of the HHV-A prototype strain U l 102 (Downing et al., 1987) 
has been determined (Gompels et al., 1995). The HHV-6 genome is approximately 160 
Kbp, arranged as a class B herpesvirus genome (Figure 1.2), and contains over 100 open 
reading frames (ORFs). More than 65% of the predicted genes have either sequential or 
positional homology to HCMV (Neipel et al., 1991; Bememan et al., 1992a; Gompels et 
al., 1995). A lytic-phase origin of replication has been identified (Dewhurst et al., 1993), 
along with cleavage signal sequences (pac-1 and pac-2) (Martin et al., 1991b), and human
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telomeric repeat sequences (Thomson et al., 1994), the latter being also found in Marek's 
disease virus (Kishi et at., 1988). Several replication, regulatory and structural genes of 
HHV-6 have been characterised, mostly based on co-hnearity or genetic homology with 
HCMV (reviewed by Lusso, (1996). It is of note that HHV-6 does not appear to possess a 
thymidine kinase gene, yet has a gene homologous to the HCMV ganciclovir kinase UL97 
(Gompels et a!., 1995).

Independent studies have shown that HHV-6 has a primary tropism for CD4-t- 
T-lymphocytes (Lusso et at., 1988; Takahashi et at., 1989), although the CD4 molecule 
itself is not the receptor (Lusso et at., 1989b). Studies on the effects of HHV-6 infection 
on surface molecule expression show that CD3 expression is markedly and irreversibly 
down-regulated, and cytotoxic activity lowered, by HHV-6 A but not by HHV-6B 
(Furukawa et at., 1994a). Although the mechanism responsible is unknown, the decrease 
in CD3 molecule expression was not due to transcriptional interference.

In vitro, T-cells must be activated in order to become infected with HHV-6, and in this 
activation state, mononuclear cells of different tissue origin, such as macrophages are 
susceptible to infection. In addition, B-lymphocytes immortalised by EBV become 
susceptible to HHV-6 infection (Cuomo et at., 1995), suggesting the induction of an 
unknown receptor. Genome homology differences between sub-types A and B are 
mirrored in their cellular tropism. HHV-6 A can also infect cells with cytotoxic function, 
such as CD8+, gamma/delta (yô) T-lymphocytes, and natural killer (NK) ceUs (Lusso et 
at., (1991; 1995; 1993). In contrast, HHV-6B is apparently unable to infect these ceU 
types (Lusso, 1996). When propagated in cell culture, HHV-6 produces a marked 
cytopathic effect characterized by the formation of large granular ballooning syncytia.

1.2.3 .1 .  HHV-6 disease In the Immunocompetent host
Unlike the case of HCMV, there is only sparse evidence for intrauterine spread of HHV-6 
during pregnancy (Aubin et al., 1992), and perinatal infection through breast-feeding seems 
unlikely to be a major transmission route (Dunne and Jevon, 1993). Okuno et al. (1995), 
using PCR, demonstrated the presence of HHV-6B genomic sequences shed from the 
cervixes of nearly 20% of 72 pregnant women, and a similar study by Leach et al. (1994) 
showed 10% of 29 women attending STD clinics shed HHV-6, thereby proposing a source 
of perinatal infection and sexual transmission. However, both groups were unable to 
demonstrate that this was infectious virus.

It is now certain that the majority of individuals undergo primary infection with HHV-6 in 
early life, where the prevalence of infection reaches between 95% to 98% by the age of 2 
years (Clark et a l, 1993). The peak incidence occurs in the first year of life with 
approximately 50% of infants being seropositive by 1 year of age (Wyatt et al., 1991; Clark
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et al., 1993). It is difficult to isolate HHV-6 from blood from previously-infected 
individuals except during primary infection, and virus isolation from saliva from 
seropositive adults is rare. Nevertheless, viral genome sequences may be readily detected 
in saliva by PCR (Gopal et at., 1990). Other studies have shown that virus is present at 
much lower levels in blood compared to saliva, suggesting that HHV-6 estabhshes a 
chronic infection in blood and the salivary glands, with constant shedding from the latter 
into the saliva (Jarrett et at., 1990).

In contrast to HCMV, where the range of symptoms and signs associated with primary 
infection in the immunocompetent host is wide and varied, primary infection with HHV-6B 
has been shown to be the major cause of exanthem subitum (ES) (Yamanishi et al., 1988). 
Formal scientific investigations into the nature of this disease were reported in the early part 
of this century (Zahorsky, 1910; Veeder and Hempelmann, 1921), although descriptions of 
similar syndromes of infancy had appeared in the mid-19th century. Exanthem subitum, 
alternatively referred to as roseola infantum, is a well-defined illness in immunocompetent 
persons, characterized by a high pyrexia, fi*equently greater than 39“C, which suddenly 
falls to below normal and may be followed by a transient macular rash. The etiology was 
suspected and eventually proved to be due to infectious causes (Kempe et al., 1950); 
reviewed by Griffiths (1995)}.

Although ES is usually self-limited and the majority of infants and children seem to 
undergo sub-chnical primary infection, infection with HHV-6 has been reported as a major 
cause of visits to hospital emergency departments (Hall etal., 1994), because of high fever 
coupled with neurological complications such as meningitis (Huang et al., 1991), meningo
encephalitis (Ishiguro et al., 1990), and sometimes with seizures. Primary infection with 
HHV-6 has also been identified as a major cause of pronounced pyrexia without rash (Suga 
et al., 1989), which may also include the neurological complications. With the findings 
that HHV-6 can be detected in the cerebrospinal fluid from cases of ES complicated by 
seizures (Suga et al., 1993; Kondo et al., 1993), the possibility that HHV-6 directly infects 
the central nervous system seems likely.

Although HHV-6 has been identified as a common childhood illness resulting in lifelong 
persistent infection, the consquences of this in adulthood are not completely clear. 
Reported associations between HHV-6 infection and a variety of adult clinical syndromes 
are summarised in Tables 1.4 and 1.5

1.2 .3 .2 .  HHV-6 disease in the immunocompromised host
Evidence is steadily accumulating that HHV-6 may act as an opportunistic pathogen in 
individuals with immunodeficiency, such as those iatrogenically-suppressed as a result of
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organ transplantation, or through infection with the human immunodeficiency virus type 1 
(HIV-1).

HHV-6 and organ transplantation
Because of the epidemiology of HHV-6 infection, most organ transplant recipients are 
likely to have undergone infection with HHV-6 prior to transplantation, and are thus 
probably HHV-6 seropositive at the time of organ engraftment (Okuno et al., 1990; 
Yoshikawa et at., 1992a; 1992b). Although the source of virus responsible for recurrent 
infections has not been precisely defined, due to the strong likelihood that organ recipients 
will be already infected with HHV-6 at the time of transplantation, it is assumed that most 
are due to reactivation of host virus. Direct evidence of this has been obtained (Yoshikawa 
et at., 1991), where restriction fragment length polymorphism analysis of the genome of 
virus isolated before and after transplantation, showed that the virus which later reactivated 
was the same as that present in the recipient prior to engraftment. Evidence has also been 
presented to show that transmission from the donor to recipient also occurs (Yoshikawa et 
at., 1992a). In this case two identical strains of virus were isolated from each of two 
recipients of a kidney from a single donor. Primary infection resulting from a donor organ 
in liver transplantation has also been recorded (Ward et at., 1989).

Early investigations into renal transplant patients have shown serological evidence of 
HHV-6 primary and recurrent infection sometimes accompanied by symptoms and signs 
attributable to viral infection, such as pyrexia (Morris et al., 1989; Okuno et al., 1990; 
Chou and Scott, 1990; Irving et al., 1990). A confounding feature of several of these 
studies, which highlights the unsuitability of serological methods to demonstrate viral 
infection in immunocompromised patients, was the coincident rise in HCMV antibody titre, 
making it difficult to attribute specific clinical features to HHV-6 infection alone. Specific 
reactivity to the individual viruses remained after absorption studies to remove cross
reactivity (Chou and Scott, 1990), thus confirming a parallel finding in non-transplant 
patients (Irving et al., 1990) that HCMV and HHV-6 antibody titers can rise coincidentally. 
HHV-6 has been isolated from patients undergoing acute rejection after renal 
transplantation, and on further investigation, HHV-6 antigen was detected in approximately 
half of renal biopsies analysed (Okuno et al., 1990).

More recent studies, using serological techniques together with PCR, have indicated that 
the prevalence of HHV-6 infection is higher in renal transplant patients than in controls, and 
that the geometric mean titre of anti-HHV-6 antibody is higher in patients (Yalcin et al.,
1994). These results suggest that antibody responses are boosted by recurrent infection 
during the post-transplant period. A similarly-defined study found an increased prevalence 
of HHV-6 compared to a control group of individuals (Osman et al., 1996). In addition, a 
relative risk for development of HCMV disease was found if patients had a concurrent 
viraemia with either HCMV and HHV-6, or HHV-6 and HHV-7.

39



Table 1.4
Clinical m anifestations of HHV-6 infection

Disease/syndrome Reference
Infants/Children
Firm evidence Exanthem subitum 

Complications:
High fever 
Meningitis
Meningo-encephalitis 
Seizures 
Granulocytopenia 
Liver dysfunction

Yamanishi etal. ,  1988

Hall etal. , 1994 
Ishiguro etal.,  1990 
Huang etal. ,  1991 
Asano et  al., 1992 
Takikawa etal.,  1992 
Takikawa etal.,  1992

Anecdotal evidence Idiopathic thrombo- Yoshikawa etal. ,  1993;
cytopenic purpura Kitamura etal.,  1994
Rosai-Dorfman disease Levine etal.,  1992
Haemophagocytic syndrome Huang etal.,  1990 
Organ failure Prezioso etal.,  1992

Older
Children/Adults
Suggestive evidence Multiple sclerosis

EBV-negative

Anecdotal evidence

Challoner etal.,  1995 
infectious Steeper ef a/., 1990 

mononucleosis Akashi etal.,  1993
Persistent lymphadenopathy Niederman etal.,  1988 
Fulminant hepatitis Asano etal.,  1990
Autoimmune disorders Krueger etal.,  1991
Chronic fatigue syndrome Buchwald et  al., 1992
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Table 1.5
Association of HHV-6 infection with neoplastic d isease

Disease/syndrome Reference
Hodgkin’s disease

Non-Hodgkin’s lymphoma

Angioimmunoblastic lymphadenopathy 
dysproteinaemia (AILD)
Langerhans cell-histiocytosis 
Kaposi’s sarcoma 
Oral carcinoma 
Cervical carcinoma

Clark et  al., 1990 
Torelli etal.,  1993 
Di Luca et al., 1994 
Jarrett et al., 1988 
Josephs etal.,  1988 
Fillett etal., 1995 

with Luppi ef a/., 1993

Leahy et al., 1993 
Bovenzi etal.,  1993 
Yadav et  al., 1994 
Chen et  al., 1994
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In vitro studies have shown that infection of CD4 and CDS T-lymphocytes with HHV-6 
results in down-regulation of the CDS/T-cell receptor complex (Lusso et al., 1991), thus 
indicating the immunosuppressive potential of this infection in vivo. Clinical 
manifestations of HHV-6 infection have been most frequently studied in bone-marrow 
transplantation, where the virus has been reported to be an important cause of marrow 
suppression (Drobyski et at., 1993; Carrigan and Knox, 1994). Within this setting, 
pronounced pyrexia (Jacobs etal., 1994), skin rash (Yoshikawa et al., 1991), encephalitis 
(Drobyski et al., 1994) and interstitial pneumonitis (Carrigan et al., 1991) have been 
associated with HHV-6 infection, in the absence of evidence of active HCMV infection. In 
HHV-6 associated pneumonitis is beheved to be due to lytic viral replication (Knox and 
Carrigan, 1994).

HHV-6 and HIV-1

Following the original isolation of HHV-6 from individuals with HIV-1 infection, interest 
focused on whether HHV-6 could act as a co-factor in the progression to AIDS. HHV-6 
can infect most, if not all major lymphocyte types, and induce the expression of the CD4 
molecule on cells that do not normally exhibit that phenotype such as CD8+/CD4— cells 
(Lusso et al., 1991) and natural killer (NK) cells (Lusso et al., 1993). Hypothetically, this 
could make such cell types susceptible to infection by HIV-1 (Lusso et al., 1991). Studies 
have also shown that in vitro infection of peripheral blood mononuclear cells by HHV-6 
strongly up-regulates tumour necrosis factor-a (Flamand et al., 1991), which enhances 

HIV-1 replication by autocrine and paracrine mechanisms (Fauci, 1990). Although in some 
studies HHV-6 and HFV-l have been demonstrated to co-infect CD4+ lymphocytes (Lusso 
et al., 1989a), and that this resulted in accelerated HIV-1 expression and cellular death 
(Ensoh et al., 1989; Lusso et al., 1990), other investigations have shown that HHV-6 
inhibits HFV-l rephcation (Levy etal., 1990; Carrigan etal., 1990). Further studies on the 
interactions between these two viruses at the intraceUular level showed that rephcation of 
HHV-6 rra«5-activates the HIV-1 long terminal repeat (LTR) region, directly by individual 
gene products (Thompson et al., 1994; Martin et al., 1991a; Geng et al., 1992; Wang et al., 
1994; Zhou et al., 1994), or indirectly by activated nuclear transcription factors (NF) such 
as NF-kB (Ensoh et al., 1989; Geng et al., 1992). Similarly, the HFV-l /rart^activating 

factor (tat) has been shown to enhance the rephcation of HHV-6 (Sieczkowski et al.,
1995), suggesting that bi-directional interactions between the two viruses may have a role 
in the pathogenesis of AIDS.

1.2.4. Human herpesvirus 7
HHV-7 was isolated in 1989 from a healthy volunteer during the preparation of stimulated 
PBMCs for HIV-1 culture (Frenkel et al., 1990). Following this, independent 
confirmation of this agent as a new virus was reported (Bememan et al., 1992b), this time
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isolated from a patient with chronic fatigue syndrome. In this study, despite major 
differences in sequence homology between the HHV-7 genome and those of other members 
of the herpesvirus family, HHV-7 was closest to the genome of HHV-6, and to a lesser 
degree, HCMV. In addition, HHV-7-specific proteins cross-react with monoclonal 
antibodies raised against HHV-6 (Wyatt et a i, 1991; Bememan et al., 1992a), and 
monoclonal and polyclonal antibodies raised against HHV-7 proteins weakly react to 
proteins of HHV-6 (Foa-Tomasi et at., 1994).

Recently the genome of HHV-7 has been fully sequenced (Nicholas, 1996). The size of 
the genome is 140 Kbp , and is organised as a class B herpesvirus genome (Figure 4), like 
that of HHV-6. The HHV-7 genome shows homology and co-linearity to the genomes of 
HHV-6 and HCMV, thus confirming the earlier findings that HHV-7 is most closely related 
to HHV-6, and to a lesser extent, HCMV. Other independent analyses of the HHV-7 
genome have identified human telomeric repeat motifs and herpesvirus consensus 
packaging signal sequences (Secchiero et al., 1995a), similar to those found in HHV-6, 
and the major capsid protein gene (Mukai et al., 1995).

Efficient propagation of HHV-7 can be achieved in human cord blood mononuclear cells, 
after which infection can be transferred to the continuous immature-T-cell line Sup-Tl 
(Bememan et al., 1992a). The cellular receptor for primary attachment of HHV-7 to 
susceptible cells is the CD4 molecule (Lusso et al., 1994), although secondary receptors 
which mediate entry of the vims into the cell have not yet been identified. During infection, 
HHV-7 down-regulates expression of CD4, and there is reciprocal interference between 
HHV-7 and HIV-1 in T-cells and macrophages (Lusso et al., 1994; Crowley et al., 1996).

1 .2 .4 .1 .  HHV-7 disease In the Immunocompetent host
To date, there is no evidence for the intrauterine spread of HHV-7. One study (Okuno et 
al., 1995) has shown the presence of HHV-7 genomic sequences in approximately 3% of 
samples taken from the cervixes of 72 pregnant women, but infectious vims was not 
demonstrated.

Primary infection with HHV-7, like that of HHV-6, is most common in the first few years 
of life, though there is conflicting evidence as to whether children acquire HHV-6 before 
HHV-7 (Wyatt et al., 1991), or at the same time (Clark et al., 1993). As in the case of 
HHV-6, HHV-7 establishes a persistent infection in the host, being readily detected in 
blood and saliva; although in contrast to HHV-6, HHV-7 may be frequently isolated from 
saliva for many years after primary infection (Wyatt and Frenkel, 1992).

Recent investigations have shown that primary infection with HHV-7 may be an additional 
causative agent of febrile illness, including exanthem subitum (Tanaka et al., 1994; Ueda et

43



al.y 1994; Asano et al., 1995). In addition, a number of associations between HHV-7 
infection and a variety of clinical conditions have been reported, including the chronic 
fatigue syndrome (Bememan et al., 1992b; Di Luca et al., 1995b), a chronic 
mononucleosis syndrome (Kawa-Ha etal., 1993), febrile episodes (Portolani et al., 1995), 
and hepatitis (Hashida etal., 1995). Whilst in some of these studies the presence of active 
viral infection was detected by the definitive method of virus isolation, the role of HHV-7 
in disease has been questioned on the basis of the observation that HHV-7 replication can 
reactivate HHV-6 in vitro (Katsafanas eta l, 1996).

1.2.4.2.  HHV-7 disease in the immunocompromised h o st
The role of HHV-7 in disease after organ transplantation has been little studied. Yalcin gr al. 
(1994) investigated the prevalence of HHV-7 infection in renal transplant patients compared 
to that in a control group, using virus isolation, PCR and serological assays. The 
prevalence of HHV-7 DNA was found to be the same in patients and controls (19%). 
However, the time at which samples were taken in the post-transplant period was not 
identified, nor correlated with presence of disease. However, the geometric mean titre of 
anti-HHV-7 antibody was higher in patients than controls, suggesting reactivation or 
primary infection with HHV-7 at some time during the post-transplant period. 
Subsequently, Osman et al. (1996) carried out a prospective study on renal allograft 
patients, comparing the presence of HHV-6 and HHV-7 DNA in sequential samples taken 
throughout the post-transplant period. Serological analysis was also undertaken to correlate 
rises in antibody titre with the presence of disease. HHV-7 DNA was detected in 39% of 
transplant patients compared with 9% of healthy controls, although the patients were 
sampled more frequently than the control group. The relative risk of development of 
HCMV disease was increased if patients had evidence of HCMV and HHV-7 DNA in 
peripheral blood mononuclear cells. Development of HCMV disease was also associated 
with rising antibody titres to HHV-7, and from this evidence it was suggested that HHV-7 
may be a co-factor in disease progression. However, the role of HHV-7 may be confined 
to specific transplant groups; recent studies of in the setting of bone marrow transplantation 
have suggested that HHV-7 may not have a role in interference with engraftment, or 
development of graft-versus-host disease (Wang gf a/., 1996).

1.3. The immunological response to viral infection
The host response to viral infection can be broadly described in terms of two main 
pathways, that mediated by the T-cell and that of the B-cell or humoral response (for a 
comprehensive overview see Whitton and Oldstone (1996)). It is clear, however, that this 
is only a convenient descriptive picture, with many complex cell-to-cell and cytokine 
interactions across these ‘pathways’ being necessary for an effective immune response. 
Description of the mechanism of immune activation necessitates a detailed discussion of
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events in molecular terms, since later discussion surrounding immunosuppression and 
immunotherapy relate to this level.

1.3.1. Initiation of immune response
The T-cell response is stimulated by the intracellular rephcation of viruses and the 
subsequent recognition of processed viral peptides (reviewed by York and Rock (1996). 
Briefly, endogenously-synthesised viral proteins are degraded by the cellular ubiquitin- 
dependent proteolytic pathway (referred to as the proteasome), which fragments the input 
material into shorter peptides, possibly in a directed manner (DriscoU et al., 1993). 
Fragments are transferred to transporter proteins associated with antigen presentation (TAP) 
which translocate with the fragments to the endoplasmic reticulum of the ceU. Within this 
compartment, peptide fragments are incorporated into the peptide-binding groove of nascent 
HLA class I molecules. The assembly progresses to the Golgi and trans-Golgi and 
eventually to the cell surface, resulting in extracellular display of the peptides. In tandem, 
speciahzed antigen-presenting cehs such as monocyte-macrophages engulf extracehular 
virus-specific debris, and proteolyhcally process proteins to smaU peptides in non- 
speciahsed endocytic compartments. Class II molecules are synthesised in the endoplasmic 
reticulum, temporarily bind to an accessory protein known as the invariant chain, and 
exported to the Golgi and trans-Golgi in vacuoles. The class II vacuole fuses with the 
endosome containing the fragmented peptides, where the invariant chain is lost and the 
peptides bind in the groove of the class II molecules. The functional class II structure is 
transported to the ceh surface, and the peptides displayed in an analagous manner to the 
class I structure.

The foreign peptides in the HLA class I and II molecules are recognized by CD8+ and 
CD4-K T-cehs respectively. The CD4 and CDS proteins on these T-cehs binds to the 
monomeric component of their respective HLA molecule, promoting antigen recognition. 
This in turn stimulates a clustering of the complex of T-cell antigen receptor and CDS with 
the CD4 or CDS molecule. Additional signalling molecules, CD2 and CD5, are recruited to 
the complex, which then has the potential to act as a unit in T-cell activation.

As a result of the above processes, a signal transduction event occurs within the T-cell, 
yielding an increased intracellular free calcium concentration, which through the extended 
activation of protein kinase C, promotes the expression of several nuclear regulatory 
proteins and the transcriptional activation of important genes influencing T-cell growth. 
However, other co-stimulatory signals are required before full T-cell activation takes place. 
Amongst the most important of these is the B7:CD2S/CTLA-4 pathway (reviewed by 
Reiser and Stadecker (1996). Cytokines derived from antigen-presenting cells, such as 
interleukin (IL) -1 and IL-6 also provide the means for full stimulation, which is marked by 
T-cell prohferation and stable expression of the IL-2 and interferon gamma (IFN-y) genes.
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In addition to the co-stimulatory effects on B-cells (outlined below), IL-2 upregulates the 
expression of its own receptor, thus establishing a positive feedback mechanism. 
Furthermore, IL-2 and IFN-y can amplify the ongoing immune response by upregulating 
the expression of HLA molecules in host cells not infected with virus.

The B-ceU response is also dependent on antigen recognition and co-stimulatory signals. 
Antigen recognition occurs when viral antigens contact and cross-link antibody molecules 
on the siuface of the B-cell. Co-stimulatory signals necessary for B-ceU stimulation include 
those mediated by activated T-cell-derived cytokines such as IL-2 and IL-4, and physical 
contact between T-cells and B-cells through specific pairs of receptors. Once triggered, 
B-cell clonal expansion, secretion of virus-specific antibody and IL-1 occurs as a result of 
signal transduction events broadly similar to those occurring in T-cell stimulation.

1.3.2. Effects of stimulated host response
Once T- and B-cell proliferation has become established, with the attendant cytokine levels, 
several consequences ensue for the progress of viral replication. The net result of IL-2 
secretion and the appearance of its receptor is the emergence of antigen-specific destructive 
T-cells. These attack host cells harbouring viral replication by identification of the virus- 
specific peptides in the context of HLA class I molecules, and effect cell lysis by the 
insertion of perforin molecules into the ceh membrane.

Cytokines also facilitate the activation of macrophages, other cehs involved in the 
inflammatory response, and as noted above, the production of anti-viral antibodies by 
stimulated B-cells. Antibodies exert a preventative antiviral effect by binding to and 
neutrahsing viral surface proteins, thus reducing the abhity of the viral particle to infect host 
cells. In addition, the complex of bound antibody and antigen activates the molecular 
complement cascade, which induces lysis of viral envelopes, capsids and virus-infected 
cells.

1.3.2.1 .  Natural Immunity to herpesvirus Infection
Although the complexities of the immune response to HCMV infection are stih being 
investigated, certain generalisations are possible. Firstly, although the humoral response 
can be detected after infection, the factor of key importance in the control of HCMV 
infection is likely to be the ceU-mediated response. Normal seropositive adults have 
readhy-detectable lymphocyte transformation responses to HCMV, and there is evidence 
that these may be cross-strain specific (Gema et al., 1994). Congenitally-infected infants 
who consistently shed virus in urine have a specific defect in cell proliferation, and the 
appearance of cellular responses coincides with cessation of virus shedding (Pass et al., 
1983). Although a role for natural killer cells has been suggested (Einsele et al., 1994),
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HLA-restricted cytotoxic T-lymphocytes are probably more important (Borysiewicz et al., 
1988; Smith et al., 1994; recently reviewed by Riddell and Greenberg, 1997).

1.3.3. Immunocompromised host response
The effect of transplantation of a non-HLA-matched solid organ into a fully- 
immunocompetent recipient is the stimulation of a vigorous immune effort on the part of the 
recipient to destroy the grafted tissue. Therefore for successful grafting of tissue, control 
of the immune system is an obvious necessity. This may be achieved passively; for 
example by matching the HLA types of the donor and recipient as closely as possible, 
although the shortage of organs available for transplantation may prevent this, and most 
bone-marrow donations or heart and liver transplants from cadaveric donors fall into the 
non-matched category. Renal transplant is often an exception; HLA matching is possible 
because potential recipients can be maintained on dialysis untü a suitable organ becomes 
available. Related organ donations from parents, offspring or siblings are naturally more 
closely matched due to the haploid identity present in the organ, but all solid organ 
recipients need immunosuppressive drug therapy to modulate the immune reactions which 
ensue.

1.3.3.1 .  Rationale of Iatrogenic Immunosuppression
The most favourable outcome of transplantation, in terms of the length of graft survival, 
occurs when there is early engraftment of the organ with no rejection, and the major aim of 
immunosuppressive therapy is to ensure the early success of the graft. However, 
successful drug régimes aim to balance the requirements of rapid organ engraftment with 
retention of sufficient immune capability to protect against severe microbial disease and 
neoplasia, and the reduction of the side-effects of the individual drugs to a manageable 
level. The attainment of this stable dynamic state is often termed ‘immunocompromise’, 
and is not usually achieved immediately after transplantation. Meticulous observation of 
many directly measurable parameters of the recipient’s constitution, such as blood pressure, 
urine output, temperature, as well as more analytical observations such as markers of liver 
damage and bone-marrow activity, enable the empirical adjustment of drug therapy over a 
longer time period.

1.3.3.2.  Pharmacology of Immunocompromise
Recent advances into immunomodulatory drugs have yielded several compounds suitable 
for use in transplantation; cyclosporin A, tacrolimus (FK506), prednisolone, azathioprine 
and preparation of anti-T-cell antibodies. All these drugs, however, have significant side- 
effects, which precludes their use individually.

Cyclosporin A is a fungal cyclic peptide with potent immunosuppressant properties, which 
is virtually non-myelotoxic but markedly nephrotoxic. Tacrolimus, a macrolide compound.
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has immuno-modulatory effects through similar mechanisms. The immunosuppressive 
effects of cyclosporin and tacrolimus depend on the intracellular access and binding of 
either drug to its respective cytoplasmic receptor protein. Once formed, both these 
complexes interfere with and prevent the completion of signal transduction within the 
T-cell. Thus the accelerated expression of nuclear regulatory proteins and T-cell activation 
genes, such as those of IL-2 and the IL-2 receptor, is inhibited. Cyclosporin has an 
additional immuno-modulatory effect in the stimulation of the enhanced expression of 
transforming growth factor (TGF) -p, which is a potent inhibitor of both IL-2-sdmulated 

T-cell proliferation and the generation of antigen-specific cytotoxic T-lymphocytes. The 
most serious and potentially deceptive side-effect of cyclosporin is that of nephrotoxicity at 
therapeutic blood levels; the nature of which closely mimics signs of renal rejection, and to 
date this has not been separable from the T-cell immunosuppressive effects at any dose.

Prednisolone is a corticosteroid compound which inhibits the expression of cytokine genes 
IL-1, IL-2, IL-6, IFN-y and tumour necrosis factor (TNF) -a. This occurs through the 

binding of prednisolone to its receptor protein, forming a heterodimeric complex which has 
an affinity for the glucocorticoid response element in the 5' regulatory region of most 
cytokine genes. Transcription is thus inhibited, preventing the expression of the cytokines 
required for T- and B-cell proliferation. Side effects are the consequence of glucocorticoid 
interactions elsewhere in the body; in particular diabetic problems and osteoporosis.

Azathioprine is a purine analogue which competes with true purines in the intracellular pool 
of metabolites for incorporation into nucleic acids by cellular DNA polymerase, interfering 
with and suppressing all cellular DNA synthesis. Therefore the effects of azathioprine are 
non-specific, but for stochastic reasons are most pronounced in rapidly-replicating cells 
such as proliferating T- and B-cells. Similarly dynamically-active tissue, such as bone 
marrow is also affected by azathioprine, and this is the major side-effect of administration 
of this drug.

Anti-T-cell antibody is either mouse monoclonal antibody (0KT3), or rabbit or horse 
polyclonal anti-human-lymphocyte (thymocyte) globulin (ALG or ATG). 0KT3 
monoclonal antibody binds to the e-chain of T-cell CD3 proteins, and modulates the 

complex of T-ceU-antigen receptor and CD3 from the surface of the cell, preventing the 
process of signal transduction to the interior.

The combination of cyclosporin, prednisolone and azathioprine is currently almost always 
the drug cocktail administered immediately after transplant, often referred to as ‘triple 
therapy’. However, the use of anti-T-cell antibody is more varied. Some transplant centres 
use it immediately for induction therapy against rejection, particularly when the recipient is
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at high risk of immunologic graft failure. Others use it as an adjunct to the standard triple 
therapy when supplementary methyl prednisolone fails to prevent rejection.

1.3.4. Laboratory diagnosis of infection
The basis for the laboratory diagnosis of betaherpesvirus infection is that disease is likely to 
be caused by active viral replication, and will result in a rise in viral load in one or more 
body compartments. This is in contrast to the clinically latent state of the virus, where it is 
assumed that little or no replication takes place. Therefore the concept of a threshold in 
viral load can be introduced, with the absence of disease being characterized by a lower or 
absence of viral load, and disease being associated with higher viral load. There is also an 
assumption that as HCMV, HHV-6 and HHV-7 are lymphotropic herpesviruses, active 
viral replication, and thus a higher viral load, will be manifest in the peripheral blood 
circulation. It is also assumed that this viraemia could result in the seeding of multiple 
organs with HCMV infection. Successful detection of active viral replication is therefore 
dependent on the use of tests which can distinguish clinically-relevant viral replication from 
that associated with clinical latency.

1.3.4.1.  Human cytomegalovirus

Virus Isolation

A definitive laboratory diagnosis of HCMV infection is made on the basis of successful 
culture of virus from clinical specimens, followed by identification of an HCMV-specific 
cytopathic effect. Semi-continuous human fibroblast cell cultures such as embryonic lung, 
kidney or foreskin cells are susceptible to HCMV infection, and tube cultures of these cells 
exposed to the appropriate clinical sample are observed regularly for the development of 
HCMV cytopathic effect. Quantitative measurements of virus in clinical samples may be 
made by serial dilution of the sample, and inoculation of the dilutions into cell culture tubes. 
Replicates of each dilution analysis are needed to calculate the infectious dose which 
produces infection in 50% of the cultures (TCID50), which is usually determined by the 

method of Reed and Muench (1938)

Virus isolation is regarded as the ‘gold standard’ by which the sensitivity and specificity of 
all other tests must be judged. However, the sensitivity of virus isolation depends on the 
type and quality of the cells used, and susceptibility to infection by HCMV may decrease 
with increasing passage number. Semi-continuous fibroblast cells derived from explanted 
human embryonic lung tissue are generally regarded as being the most sensitive to 
infection. Prior to use for routine virus isolation, all primary cell lines must be tested for 
sensitivity to HCMV infection with a suitable laboratory strain such as ADI69. In addition, 
the cells must be tested for the presence of mycoplasma infection, which if present 
decreases the condition of the cell monolayers and lowers sensitivity to HCMV infection.
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Although regarded as the gold standard, there are disadvantages to the method of virus 
isolation. The infectivity of HCMV is reduced by incorrect transport and storage. In 
addition, those HCMV strains that are better suited to in vitro growth may be preferentially 
isolated. The length of time taken for cytopathic effect to appear, which may be as long as 
four weeks, hmits the clinical relevance of a positive result. As a consequence, more rapid 
methods for the detection of active HCMV infection have been developed to improve the 
speed and chnical significance of laboratory diagnosis.

DEAFF and shell-vlal a ssays

The detection of HCMV immediate-early antigen fluorescent foci (DEAFF), and the 
closely-related sheU-vial assay, are both methods developed to identify rapidly the partial 
replication of HCMV after 24 or 48 hours incubation. An additional feature of the shell-vial 
assay is the enhancement of infection efficiency by centrifugation of the chnical sample onto 
the fibroblast monolayer. In both assays the appearance of HCMV immediate-early antigen 
in infected fibroblast nuclei is detected by the binding of specific monoclonal antibody and 
an appropriate fluorescent conjugate. Viewing of the monolayers by incident ultraviolet 
hght enables the identification of fluorescent nuclei, on which a diagnosis of active HCMV 
infection is made. The most important factor influencing the sensitivity and specificity of 
the DEAFF and shell-vial assays is the detection antibody, and a pool of monoclonal 
antibodies gives superior results to a single type. Whilst the DEAFF and sheU-vial assays 
have comparable specificity to virus isolation, the sensitivity is lower. Nevertheless, the 
rapidity of obtaining a positive result is of considerable value in the diagnosis of serious 
HCMV disease.

Other tests for the rapid detection of active HCMV rephcation have been developed. The 
antigenaemia assay relies on the immunochemical or fluorescent detection of HCMV virion- 
associated tegument phosphoprotein (pp)-65 within peripheral blood leukocytes separated 
from patients' blood (van der Bij et a l, 1989). The assay has the advantages over DEAFF 
and shell-vial assays of not requiring the time needed for partial growth in vitro, and also 
avoids the selection of strains which are better fitted to growth in cell culture. Comparisons 
of the relative sensitivity of the antigenaemia assay to detect HCMV viraemia indicate that it 
is equal to or better than DEAFF or sheU-vial assays (Landry and Ferguson, 1993; Erice et 
a i, 1992), but not as sensitive as conventional virus isolation (Lipson et al., 1993). In 
addition, the quantitative nature of the assay potentially enables more accurate predictions 
about the likelihood of disease development — higher numbers of positive cells are 
associated with an increased risk of disease (Koskinen et al., 1993).

The polym erase chain reaction

Although first described as an alternative to cloning, PCR has now become a ubiquitous 
methodology. With technological improvements such as the availability of commerciaUy-
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produced and standardized reagents, PCR has become a realistic choice for the rapid 
detection of HCMV in clinical samples.

As the development of a PCR-based methodology for the detection of betaherpesvirus 
infection forms the subject of further chapters of this thesis, the background to the 
application of this technique will be discussed in the introduction to those chapters. A 
detailed description of the principles of PCR, together with discussions of the general 
development of the technique are to be found in section 1.4 of this chapter below.

Serologica l d iagn osis

Active HCMV infection may be indirectly detected by measurement of a rise in serum 
antibody levels. Primary infection with HCMV results in the appearance of specific IgM 
class antibodies, closely followed by IgG, and a laboratory diagnosis of acute infection can 
be made on the basis of detection of IgM in one sample or an IgG seroconversion in two 
samples, acute and convalescent. Recurrent infections may also be diagnosed in some 
cases by the measurement of a four-fold rise in IgG titre. Because symptomatic HCMV 
infection in the immunocompetent individual is rare, serological tests are not normally used 
to detect evidence of such infections. In immunocompromised patients, primary infection 
is more difficult to detect by serological methods as antibody production may be impaired. 
In addition, during the transplantation procedure, patients often receive multiple blood 
product transfusions or administration of immune globulin preparations which may alter the 
levels of previously circulating antibodies. For these reasons, the use of serology is 
unhelpful in the diagnosis of primary or recurrent infection, and direct detection is the 
preferred method.

1.4. The Polymerase Chain Reaction
PCR is a technique for the repetitive copying of DNA sequences, defined by paired short 
(17-25 bp) oligonucleotides complementary to the sequence of interest, and catalysed by the 
enzyme DNA polymerase. In the reaction, newly-synthesised copies are themselves used 
as templates for further copying, and the accumulation of rephca sequences proceeds 
exponentially. Thus the numbers of a particular sequence can be increased by several 
thousand- or million-fold, and PCR has been successfully used as a replacement for the 
conventional process of cloning fragments of DNA using plasmid vectors followed by their 
in vivo replication. The PCR process is extremely sensitive, requiring an input of perhaps 
less than ten copies of the sequence, and this facet has been utilised in many biological 
disciplines.

Since the initial report of the first practical application of PCR (Saiki et al., 1985), 
significant improvements in methodology have been made. For example, the use of cloned 
thermostable polymerase enzymes is now widespread, and for critical applications several
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enzymes with proof-reading capability are available. In addition, the availability of dual
function polymerases with reverse transcriptase capability makes the detection and 
quantitation of RNA possible.

1.4.1. Principle of the reaction
In its most basic form, the PCR process amplifies short segments of a DNA molecule, 
typically 100-500bp in length. A modem amplification reaction includes the sample of 
target DNA, a thermostable DNA polymerase, two oligonucleotide primers, deoxy- 
nucleoside triphosphates (dNTPs), reaction buffer, a source of free magnesium ions such 
as magnesium chloride, and optional additives to reduce non-specific amplification. The 
components of the reaction are mixed and the reaction is placed in an automated thermal 
cycler, which alternately heats and cools the reaction through a series of different pre-set 
temperatures for varying amounts of time. The series of temperature and time adjustments 
required for one round of DNA replication is referred to as one cycle of amplification.

The initial step in a cycle denatures the target DNA by heating it to 94°C or higher for 
between 15 seconds and 2 minutes. In the dénaturation process, the strands of DNA 
separate from one another, producing the necessary single-stranded DNA template for the 
thermostable polymerase. The next step of a cycle reduces the temperature to between 40°C 
and 60°C. At this temperature, the oligonucleotide primers can anneal to the separated 
target DNA strands and serve as primers for DNA synthesis by the polymerase. This step 
lasts approximately 30-60 seconds. Finally, the synthesis of new DNA begins when the 
reaction temperature is raised to the optimum for the particular thermostable DNA 
polymerase, normally about 72°C. Extension of the primer by the polymerase lasts 
approximately 2 minutes. This step completes one cycle, and the next cycle begins with a 
return to 95°C for dénaturation. After 20-40 cycles, the amplified nucleic acid may then be 
analyzed for a number of parameters such as size, quantity, or sequence, or used in further 
experimental procedures; for example, cloning.

1 .4 .1 .1 .  Considerations for PCR Optimization 

M agnesium  Concentration

Magnesium concentration is a crucial factor affecting the performance of Taq DNA 
polymerase. Reaction components, including template DNA, chelating agents present in 
the sample (for example EDTA or citrate), dNTPs and proteins, all affect the amount of free 
magnesium. In the absence of adequate free magnesium, Taq DNA polymerase is inactive. 
Conversely, excess free magnesium reduces enzyme fidelity and may increase the level of 
nonspecific amplification. For these reasons, it is important to determine empirically the 
optimal MgCl2 concentration for each reaction.
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Primer Design

PCR primers generally range in length from 15-30 bases and are designed to delineate the 
region of interest. Primers should contain 40-60% G+C and care should be taken to avoid 
sequences which would produce internal secondary structure. The 3'-ends of the primers 
should be non-complementary to avoid the production of primer-dimers in the PCR 
reaction. Ideally, both primers should anneal at the same temperature. The annealing 
temperature is dependent upon the primer with the lowest melting temperature (Tm). The 
sequence of the primers can also include regions at the 5'-ends which can be useful for 
downstream applications. For example, restriction enzyme sites can be placed in the primer 
pair design if the desired PCR product is to be subsequently cloned. Regardless of primer 
choice, the final concentration of the primer in the reaction must be optimized.

Tem plate C onsiderations

Successful amplification of the region of interest is dependent upon the amount and quality 
of the template DNA. Reagents commonly used to purify nucleic acids (salts, guanidine, 
proteases, organic solvents and sodium dodecyl sulphate) are potent inhibitors of DNA 
polymerases. The amount of template required for successful amplification is dependent 
upon the complexity of the DNA sample. For example, in a 4Kb plasmid containing a 1Kb 
insert, 25% of the input DNA is the target of interest. Conversely, a 1Kb gene in the human 
genome (3.3 x lO^bp) represents approximately 0.00003% of the input DNA. 
Approximately 1,000,000-fold more human genomic DNA is required to maintain the same 
number of target copies per reaction.

Cycle Param eters

The sequences of the primers are a major consideration in determining the temperature of 
the PCR amplification cycles. For primers with a high Tm it may be advantageous to 
increase the annealing temperature. The higher temperature minimizes nonspecific primer 
annealing, increasing the amount of specific product produced and reducing the amount of 
piimer-dimer formation. However, it is best to optimize the annealing conditions by 
performing the reaction at several temperatures, starting approximately 5°C below any 
calculated Tm.

Certain unwanted side reactions can occur in PCR, and these usually begin at room 
temperature once all reaction components are mixed. These unwanted reactions, such as 
nonspecific amplification and primer-dimer formation, can be avoided by incorporating one 
of many "hot start" methods. In general, hot start techniques limit the availability of one 
necessary reaction component until a higher temperature (>60°C) is reached. This can be 
done manually by the addition of the critical component when the reaction mixture reaches 
the higher temperature. This method, however, is tedious and can increase the chances of 
contamination. Other methods incorporate the critical substance in a wax bead, which melts
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at the higher temperature, releasing the missing component. Another technique uses an 
antibody to the polymerase which, at lower temperatures, binds the polymerase, preventing 
polymerization. At higher temperatures, the antibody binding is reversed, releasing a 
functional polymerase.

1 .4 .1 .3 . Quantitative determination

PCR is generally used in a quahtative format for evaluation of biological samples. 
However, a wide variety of apphcations, such as the determination of viral load, 
measurement of response to therapeutic agents and characterization of gene expression, 
have the potential to be improved by quantitative determination of target abundance. Given 
the exponential nature of PCR, a theoretical linear relationship exists between the number of 
amplification cycles and the logarithm of the number of molecules. In practice however, 
the real efficiency of amplification is decreased for many reasons including the presence of 
inhibitors, competitive non-specific reactions, substrate exhaustion, inactivation of the 
polymerase, or target reanneahng. As the number of cycles increases, the amplification 
efficiency decreases, resulting in a plateau effect.

Normally, quantitative PCR requires measurements to be taken prior to the plateau phase, 
where the relationship between the number of cycles and molecules is approximately 
proportional. This point must be determined for different reactions because of the 
numerous factors that can affect the amplification efficiency. Because the measurement is 
taken prior to the reaction plateau, quantitative PCR often uses fewer amplification cycles 
than qualitative PCR, which may result in a reduction in sensitivity and thus cause 
problems in the detection of the final product.

To monitor the efficiency of amplification, apphcations have been designed to include an 
internal standard in the PCR reaction containing the target being quantified. One such 
approach includes a second primer pair in the reaction which is specific for a 
"housekeeping" gene, that is, a gene that is consistently present in the samples being 
compared. Amplification of such housekeeping genes verify that the target nucleic acid and 
reaction components were of acceptable quality, but does not account for differences in 
amplification efficiencies due to differences in the size of the product or to primer annealing 
efficiency between the internal standard and target being quantified.

The concept of quantitative competitive (QC-) PCR is an alternative to these limitations. In 
QCPCR a control template is added in known concentration to the reaction. This template 
has the same primer sites as the target DNA, but yields a product which is distinguishable 
by, for example, size or restriction digestion. The amounts of control and test product are 
compared after amplification. While these approaches control for the quahty of the target
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nucleic acid, buffer components and primer annealing efficiencies, they have their own 
limitations, including the fact that many depend on a final analysis by electrophoresis. 
More recently, numerous fluorescent solution and solid-phase assays have been described 
to measure the amount of amplification product generated in each reaction.

1.5 Antiviral therapy
There are three main antiviral drugs regularly used for the treatment of HCMV infection:, 
ganciclovir, foscamet, and aciclovir, although in the context of HCMV aciclovir is only of 
value in prophylaxis against disease. Both aciclovir and ganciclovir are nucleoside 
analogue DNA polymerase inhibitors, and foscamet is an analogue of the pyrophosphate 
product of viral polymerase activity.

Both aciclovir and ganciclovir require phosphorylation in three stages to the triphosphate 
form before they interfere in DNA synthesis. The first phosphorylation step is performed 
by the HCMV phosphotransferase pUL97 (Sullivan et al., 1992; Littler et al., 1992), which 
accounts for the selectivity of action of these compounds in virus-infected cells over that in 
uninfected cells. The second and third steps are performed by cellular enzymes.

With the improvements in rapid diagnostic methods for the detection of HCMV infection, 
and the knowledge that the presence of HCMV infection at certain sites of the body has 
predictive value for the eventual development of disease, treatment with antiviral 
compounds has undergone a degree of rationahsation. Rather than its original use for 
therapy of estabhshed disease, the administration of these drugs is now classified as either 
prophylactic, suppressive, pre-emptive, or treatment of disease, and these approaches 
broadly reflect the the current understanding of the progression of initial HCMV primary or 
recurrent infection towards serious disease.

Prophylactic administration of aciclovir has been shown in placebo-controlled trials to be of 
value in reducing the incidence of HCMV disease in renal and bone-marrow transplant 
patients (Balfour et al., 1989; Prentice et al., 1994). Prophylactic ganciclovir has been 
shown to similarly reduce disease in heart and bone-marrow transplantation (Merigan et al., 
1992; Goodrich et al., 1993), although in the latter case the administration was not 
commenced until after engraftment due to the potential neutropenic effects of ganciclovir. 
Suppressive therapy, instigated at the detection of HCMV at peripheral sites such as the 
urine, aims to inhibit local active viral rephcation before it is taken up by the blood and 
spread to other anatomical sites. Long-term persistent virus excretion from the kidney, 
which may occur in the post-transplant period, limits the significance of detection, and 
other more quantitative assays may be needed to assist in the assessment of the value of 
suppressive therapy. Pre-emptive administration is an approach to prevent the development 
of disease foUowing the detection of active HCMV viral rephcation in the blood or lung,
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either of which have been shown to have be highly predictive for HCMV disease (Schmidt 
et a i, 1991; Goodrich et al., 1991). Patients presenting with estabhshed HCMV disease 
such as retinitis, gastro-intestinal disease or pneumonitis are treated with either ganciclovir 
orfoscamet. Allograft recipients with pneumonitis may receive intravenous immuno
globulin as an adjunct to ganciclovir therapy.

There are several new antiviral compounds which show promise in the chemotherapy of 
herpesvirus infections (reviewed by de Clercq (1995)), of which the most important for the 
therapy of HCMV infections is cidofovir (HPMPC; (S)-9-(3-hydroxy-2-phosphonyl- 
methoxypropyl)cytosine). This compound shows potentially significant characteristics, 
such as a longer intracellular half-life than ganciclovir, and because its mode of action is not 
dependent upon phosphorylation by viral-encoded enzymes, it appears to show particular 
promise as a prophylactic agent (reviewed by Hitchcock et al. (1996)).

1.5.1 Immunotherapy
Despite great success with antiviral drug treatment, there are HCMV disease syndromes 
which are often refractile to treatment with current antiviral compounds. HCMV interstitial 
pneumonitis responds poorly to antiviral therapy alone, despite evidence that the drug 
reduces viral replication in the lung by over 99% (Shepp et ai, 1985). The contribution of 
the immune response to the pathology of these conditions has already been discussed.

1 .5 .1 .1  Polyclonal Immunoglobulin therapy
On the basis that immunopathology may be a contributary factor to the severity of HCMV 
pneumonitis, trials were commenced of immune-based therapies using prednisone or 
interferon in combination with antiviral agents and normal human immunoglobulin alone, 
but these showed no improvement in survival. However, the combination of polyclonal 
human immunoglobuhn and ganciclovir was shown to increase survival of organ transplant 
recipients with HCMV pneumonitis (Bratanow et al., 1986). A recent analysis of three 
prospective uncontrolled trials (Paar and Pollard, 1996), conducted to verify the effect of 
this combined treatment on allogeneic bone-marrow transplant patients who developed 
interstitial pneumonitis, showed response rates greater than 60%. Nevertheless, further 
examination of the data showed that these response rates were also dependent on the 
sensitivity of the method of diagnosis for pneumonitis, and at one of the three centres this 
may have been as low as 43%. Therefore the true efficacy of combination 
immunoglobulin/ganciclovir remains unknown.

Other factors may play a role in the response rate of HCMV pneumonitis to therapy with 
immunoglobulin and ganciclovir. The presence of GVHD may predispose to a more severe 
infection resulting in poorer response to therapy. Age of the patient and timeliness of 
diagnosis and initiation of therapy may also be involved. In addition, there are at least 7
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commercially available immunoglobulin preparations and all may not be equivalent. For 
instance, substantial variations in HCMV-specific immunoglobulin titres between products 
or between lots of antibody from the same manufacturer have been noted (Emanual, 1991).

1 .5 .1 .2  Monoclonal antibody therapy
Currently, HCMV-specific monoclonal antibodies are in clinical trials. Previous results 
indicated that they may be useful in delaying the progression to HCMV retinitis in patients 
with AIDS (Aulitzky et al., 1991; Azuma et aL, 1991; Tolpin et al., 1993). The use of 
monoclonal antibodies for therapy of HCMV infections has several theoretical advantages 
over the use of polyclonal immunoglobulin preparations. Monoclonal antibodies are 
standardizable reagents with defined functional and pharmacokinetic properties, and should 
eliminate the variability in treatment response that might be due to variations in HCMV 
antibody titers and neutralization activity that has been observed in commercially-prepared 
polyclonal immunoglobulin.

1 .5 .1 .3  Adoptive transfer of HCMV-speclfIc T-cell clones
It is now accepted that HCMV-specific cytolytic T-cells are necessary for recovery from 
HCMV infections in BMTx recipients (Quinnan et a i, 1982), and that transfer of these cells 
into immunodeficient patients reduces the risk of HCMV disease (reviewed by Riddell and 
Greenberg, 1997). Greenberg (1991) reported that ten of twenty BMTx recipients from 
HCMV seropositive donors developed T-cell responses to HCMV within three months of 
transplantation, the other ten recipients failed to develop this response within the first three 
months. When the clinical courses of the patients were examined, it was noted that none of 
the ten with detectable HCMV-specific T-ceU responses developed HCMV infections while 
six of the ten without detectable HCMV-specific T-ceU responses developed fatal HCMV 
pneumonia.

These observations and other preliminary work in laboratory animals infected with HCMV 
have led to clinical investigations in which HCMV-specific CD8+ cytotoxic T-ceUs are 
isolated from bone marrow donors, clonally expanded in vitro, and then infused into BMTx 
recipients. This is termed adoptive transfer of HCMV-specific T-ceU clones, and initial 
results in three patients were reported in 1992 (Riddell et al., 1992). Adoptive transfer was 
weU-tolerated, and none of the 15 patients developed HCMV disease even though 15-30% 
of such patients would have been expected to develop such disease. This method can 
potentially be applied to the therapy of estabhshed HCMV infections.

1.5.2 Vaccination
Despite the success achieved by antiviral therapy of HCMV disease, vaccination would 
potentially benefit susceptible individuals, such as women contemplating pregnancy, or 
transplant patients, by reducing the congenital effects of primary infection. Possible
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strategies include the immunisation of children of school age (reviewed by Pass, 1996). In 
addition, for those individuals already infected with HCMV, based on recent evidence from 
treatment of related herpesvirus infections (Straus et al., 1994), prior vaccination may 
reduce the effects of reactivation of endogenous virus during pregnancy or 
immunosuppression.
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Aims of the project

The objectives of the work carried out for this higher degree were:

1. The development of a qualitative PCR assay for the detection of HCMV, and the 
comparison of this assay with other established methods for the provision of 
prognostic information in immunocompromised patients at risk of HCMV infection.

2. Analysis of the genome of HHV7, for regions suitable for use in the design of 
qPCR and QCPCR assays for the detection of HHV-7.

3. The use of these PCR assays, with similarly-designed assays for the detection of 
HHV-6, to investigate the prevalence and natural history of HHV-6 and HHV-7 in 
healthy individuals.

4. Investigations into the pathogenesis of HHV-6 and HHV-7 in primary infection, in 
a case/control study of infants and children presenting with febrile illness.

5. A prospective clinico-pathological analysis of the role of HHV-6, HHV-7 and 
HCMV in renal transplant patients, using PCR methodologies on samples collected 
over a three-year period.
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Chapter 2 - MATERIALS AND METHODS
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This chapter describes in detail the patient populations, pathological definitions and 
laboratory methods used in this study. The first stage was the assessment of the suitability 
of PCR for improved diagnosis of HCMV disease in transplant patients, by comparison 
with virus isolation and the more rapid test of detection of immediate-early antigen by 
fluorescent foci (DEAFF). Following this, similar PCR procedures were applied to the 
detection of HHV-7. As comparatively less is known about HHV-7, an analysis of the 
viral genome was a necessary first stage. Design and development of PCR assays for the 
detection of HHV-7 followed, then later their application to determine the natural history of 
HHV-7 in healthy subjects. Once the state of HHV-7 in healthy individuals was known, 
the analysis of immunocompromised subjects was performed.

The first section (2.1) deals with the volunteer and patient groups under investigation, the 
definitions of disease severity in patient groups, and the types of clinical sample taken 
together with the processing of these samples prior to testing in the assays. The next part 
(2.2) describes the methodologies for cell culture, and the isolation of both HCMV and 
HHV-7 viruses. Section 2.3 involves the cloning of HHV-7 and identification of a suitable 
nucleotide sequence for use as a target in PCR.

The next two sections (2.4 and 2.5) deal with the development and optimization of 
qualitative and quantitative competitive PCR assays for HHV-7 in clinical material. The 
final part of this chapter (section 2.6) describes the serological tests performed on clinical 
samples.

2.1. VOLUNTEER AND PATIENT GROUPS

2.1.1. Healthy volunteers
Healthy male and female subjects between the ages of 23 and 45, and employed in the 
department of Virology, Royal Free Hospital, volunteered to donate peripheral venous 
blood and saliva for the purposes of the investigation into the natural history of HHV-7. 
Female subjects varied in parity between 0 and 3, and volunteered information about oral 
contraception or pregnancy.

2.1.2. Transplant patients

2 .1 .2 .1 .  HCMV study
Patients with renal, bone-marrow or liver transplants, together with HIV-positive patients 
attending out-patient clinics, were prospectively incorporated into the study. Samples sent 
to the routine diagnostic section of the Virology laboratory, as part of established 
surveillance protocols, were collected for 1 year.
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2 .1 .2 .2 .  HHV’6 and HHV-7 study
The study was approved by the Royal Free Hospital Ethical Committee. Patients 
undergoing renal transplantation between April 1993 and November 1996 were recruited 
prospectively, with informed consent being obtained for each patient. Immunosuppressive 
therapy in the immediate post-transplant period consisted of cyclosporin A, azathioprine 
and prednisolone. Surveillance for post-transplant complications was performed by 
monitoring the patient's temperature, lymphocyte count, blood urea and creatinine levels, 
and serum alanine transferase (ALT). In addition, the results of dynamic renal transplant 
scintigraphy and histology of biopsy samples were recorded. Episodes of histologically- 
identiEed rejection were treated with 500 milligram (mg) or lOOOmg bolus doses of methyl 
prednisolone, and where rejection continued under these conditions a course of anti
lymphocyte globulin (ATG) was administered. The clinical management of patients was 
not influenced by the results of laboratory investigations, except where HCMV was 
detected by qualitative PCR as part of the chnical surveillance protocol already in operation, 
and performed by the routine service section of the department of Virology.

2.1.3. Febrile Infants and controls
Children aged from 6-36 months presenting to the Accident and Emergency and Paediatric 
Departments, Birmingham Heartlands Hospital, with an acute febrile iUness or a febrile 
convulsion were recruited between July 1995 and February 1996. The study was approved 
by Birmingham Heartlands Hospital Ethical Committee and written consent was obtained 
for all children through their parents or guardians. Children in the same age range attending 
the paediatric out patient clinic or for routine surgery, with clinical conditions that were 
neither acute, infectious nor febrile were recruited as controls. A full history and 
examination was undertaken, usually including full blood count and, where appropriate, 
blood and urine cultures, and lumbar punctures.

2.1.4. Estimation of disease severity

2 .1 .4 .1 .  Cytomegalovirus Infection
Definitions of disease due to HCMV infection were those according to published criteria 
(Ljungman and Griffiths, 1993 — see Chapter 1, Table 1.2).

2 .1 .4 .2 .  Human herpesvirus 6 & 7 Infection
Disease syndromes associated with HHV-6 or HHV-7 infection were those previously 
observed and published as case reports, limited studies or larger prospective studies (see 
the Introduction of this thesis for a detailed discussion). Primarily, these were: Febiility 
together with detection of HHV-6 or HHV-7 within 7 days; lymphocytosis; unexplained 
hepatitis; convulsions; unexplained rash; unexplained pneumonitis.
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2.1.5. Clinical samples
All clinical samples were processed within a Class II microbiological safety cabinet (British 
Standard 5726: 1992), in a room dedicated to the manipulation of potentially-infectious 
material.

2 .1 .5 .1 .  B lood
Peripheral venous blood was collected into sterile preservative-free heparin (50 units per 1 
millilitre (UmL'^) blood) and thoroughly mixed. The extraction of DNA from blood was 
performed in three ways, each using a commercially available kit, and the differences 
between these methods reflect either the needs of the investigation or changes in the 
extraction kit protocol decided by the manufacturer. Most of the formulations and 
concentrations for the buffers in these kits were deemed commerciaUy-sensitive by the 
manufacturer, and were not available to be quoted.

1. For the investigation into the natural history of HHV-7 in healthy individuals, DNA 
was extracted from blood using a commercially-avaUable kit (‘Wizard’ genomic DNA 
kit, Promega, UK), as this offered the advantage of easy scaling-up to allow the 
purification of several micrograms of DNA from one sample.

Briefly, red cells in 300 microlitres (|iL) blood were lysed by the addition of cell lysis 

buffer provided. After mixing by inversion, the blood was centrifuged at 13,000g to 
pellet nuclei, which were resuspended and lysed in nuclei lysis solution. Ribonuclease 
A (RNase A) solution was added (concentration not available), the sample mixed and 
incubated at 37“C for 15min. Protein was precipitated from the nuclear lysate by the 
addition of a supplied reagent (formula not available), and after centrifugation at 
13,000g the supernatant was withdrawn and DNA precipitated with 100% isopropanol. 
The DNA was washed twice, first with absolute ethanol, then 70% ethanol, and 
allowed to dry before being resuspended in 50|iL SDW. The DNA was stored at minus 

70°C until used.

2. For the analysis of blood from febrile infants and controls (Chapter 6) peripheral blood 
mononuclear cells (PBMCs) were obtained from 5mL EDTA blood samples by density 
centrifugation (Histopaque, Sigma Diagnostics, Poole, UK) and DNA extracted from 
10  ̂PBMCs using a QIAamp Blood Kit (Qiagen, Dorking, UK), as described below in 
the next paragraph. This procedure was performed by Dr. Kathryn CoUingham at the 
Regional Virus Laboratory at Birmingham Heartlands Hospital, UK.

3. For the analysis of transplant patients by PCR, DNA was extracted from blood using 
the QIAamp blood kit. This type of extraction procedure was chosen as it enabled the
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simultaneous processing of larger numbers of samples. There were two procedures for 
the extraction of DNA, due to changes introduced by the manufacturer.

a. The first procedure described was used in the initial prospective analysis of 
HCMV in transplant patients (see Chapter 3). For HCMV PCR, ImL blood 
was added to a column containing a filtered silica-matrix bed and centrifuged at 
13,000g for 1 minute (min). Blood cells retained by the filter were lysed with a 
proprietary buffer and the column incubated at 37°C for 5min. After a further 
centrifugation step at 13,000g for Imin the released and adsorbed DNA was 
washed twice with further proprietary buffers (containing guanidinium 
hydrochloride), the DNA eluted in sterile deionised distilled water (SDW), and 
stored at minus 70 °C.

b. In the subsequent study of HCMV, HHV-6 and HHV-7 in transplant patients 
(see Chapter 7), the manufacturer’s protocol had changed. For HHV-7 PCR, 
200[J,L blood was added to 200p,L proprietary lysis buffer containing 
2.5mgmL'^ protease. The mixture was vortexed for 15sec and incubated at 
65X  for 30min, the lysate applied to silica-matrix column, and centrifuged at 
6,000g for Imin. The adsorbed DNA was washed twice with buffers supplied 
(containing guanidinium hydrochloride), the DNA eluted by centrifugation at 
6,000g in 200|iL SDW preheated to 70"C, and stored at minus 70°C. This 
procedure was performed by the routine diagnostic section of the laboratory.

2 .1 .5 .2 .  Serum
For analysis of anti-HCMV, anti-HHV-6 or anti-HHV-7 antibodies, blood was collected in 
anticoagulant-free plastic tubes (‘Monovette’, Sarstedt, UK) and allowed to clot. Serum 
was separated and stored at minus 20°C until analysed.

2 .1 .5 .3 .  Urine
Mid-stream urine was collected into a sterile container. On receipt, the urine sample was 
decanted into a sterile polystyrene bijou bottle, and stored at 4“C untü tested. After testing, 
the urine sample was düuted with sorbitol to a final concentration of 30% volume-to- 
volume ratio (v/v), and frozen at minus 70“C.

2 .1 .5 .4 .  Saliva
For analysis of saliva from healthy volunteers, whole saliva was coUected directly into a 
sterile container. The saliva droplets were coalesced by a brief centrifugation at 400g for 
Imin, and any peUet resuspended in the supernatant. For isolation of HHV-7, the saliva 
was immediately inoculated into cell culture (see section 2.2.23). For future PCR testing.
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the samples were aliquoted into sterile 1.5mL microcentrifuge tubes and frozen at minus 
70X .

For analysis of saliva from febrile infants and controls, saliva was obtained by rubbing the 
gums with a custom-made toothbrush-like swab (Malvern Medical Developments, 
Worcester, UK) and subsequent elution with phosphate buffered saline (200|iL). All 
samples were stored at -70°C until use.

2.2. CELL CULTURE AND VIRUS ISOLATION
This section describes the techniques used in the establishment and culture of the cell lines 
used in this study. Human embryonic lung (HEL) cells were used in the isolation of 
HCMV by detection of specific cytopathic effect, and in the detection of HCMV-specific 
immediate-early protein by immunofluorescence (DEAFF), as part of the comparison of 
these methods with PCR. Cord blood mononuclear cells (CBMC) were used for the initial 
isolation of HHV-7 from saliva, and after transfer of infection, SUP-Tl cells used for the 
long-term propagation of HHV-7, both for viral DNA extraction and detection of HHV-7 
infection using immunofluorescence assays. For the propagation of HHV-6, variant A was 
grown in JJhan cells, and variant B in MOLT-3 cells.

2.2.1. Cell culture
All procedures were performed in a specialized cell-culture facUity in the Department of 
Virology, Royal Free Hospital. This included the use of Class II microbiological safety 
cabinets for the preparation and maintenance of cell lines, with appropriate mycoplasma- 
free facilities for HEL cell lines in all procedures, including incubation at 37°C. All 
constituents of media were screened at source for potentially-contaminating bacterial and 
fungal agents.

2 .2 .1 .1 .  Human embryonic lung fibroblasts
A semi-continuous cell line was propagated from cell monolayers prepared from human 
embryonic lung tissue (kindly provided by the Tissue Bank facility. Royal Marsden 
Hospital, UK). An approximate 0.5 cubic centimetre section of tissue was washed twice in 
phosphate-buffered saline (PBS) and stored at 4°C overnight in working strength 
trypsin/versene to allow penetration of the enzyme into the tissue. Next day, the permeated 
tissue was moved to an incubator at 37“C and left for 1 hour (Ih). Gentle pipetting was 
used to break the tissue into a unicellular suspension, which was washed twice in HEL 
growth medium (Eagle’s minimal essential medium [MEM], 2 millimolar (mM) L- 
glutamine, 10% foetal bovine serum [FBS], 100 international units [lU] per mL penicillin). 
All media components were supplied by Flow Laboratories, UK. Cells were transferred to 
a 75 square centimetre (cm^  ̂plastic tissue culture flask and allowed to form an adherent
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monolayer at 37 °C. The growth medium was replaced with fresh medium and the flask 
incubated overnight at 37°C.

Passaging cells consisted of treating cells with trypsin/versene, resuspension of cells in 
growth medium and dividing the cell suspension between three new flasks. When 
monolayers were confluent, growth medium was replaced with maintenance medium (HEL 
growth medium except with 2% instead of 10% v/v FBS).

Cultures were tested for the presence of mycoplasma after 4 passages in antibiotic-free 
medium. Cells were seeded into chamber slides (Nunc, Life Technologies, UK), and 
when monolayers were confluent the cells were fixed in 0.5mL 75%/25% v/v 
methanol/glacial acetic acid. After washing of the cells in PBS, the cells were stained with 
0.5mL Hoechst 33258 (Hoechst, UK) at 50 nanograms (ng) per ImL. After further 
washing in PBS the cells were mounted in 22mM citric acid, 5mM disodium phosphate, 
50% v/v glycerol at pH 5.5, and coverslips applied. The monolayers were examined at 
4(X)-times (4(X)x) magnification, under 520 nanometre (nm) wavelength incident ultraviolet 
(UV) light, for characteristic pale blue fluorescence of prokaryotic DNA in the cellular 
cytoplasm.

New HEL cell lines were tested subjectively for sensitivity to HCMV strain AD 169 by a 
direct comparison with the HEL cell hne currently in use. Both cell lines were seeded into 
chamber slides, and infected with doubling dilutions of a stock preparation of AD 169. The 
monolayers were examined for the numbers of fluorescent nuclei after performing the 
DEAFF test (see section 2.2.2.2). Sensitivity was deemed to be acceptable if the end-point 
of the new cell line was within 1 dilution either side of the end-point obtained in the 
previously-used cell hne.

To propagate mycoplasma-free HEL cells of satisfactory sensitivity for stock purposes, a 
passage ratio of 1:3 was maintained, which gave confluent monolayers after overnight 
growth. In preparation for isolation of HCMV from clinical samples, trypsinized 
unicellular HEL cell suspensions were seeded into glass culture tubes (Flow Laboratories, 
UK) at the ratio of 1 flask to 30 tubes. In addition, for DEAFF, 1 flask was trypsinized 
and seeded into twelve 8-well chamber slides.

2 .2 .1 .2 .  Cord blood mononuclear cells
Primary cell cultures of CBMC were estabhshed by the following procedure. Cord blood 
was obtained from the labour ward of the Royal Free Hospital. Blood was withdrawn from 
a cord vessel using a sterile syringe, followed by expulsion into a 30mL sterile universal 
and stored at 4°C. The cord blood was diluted in an equal volume of Hanks’ balanced salt 
solution (HBSS), layered onto Ficoll-Hypaque (Pharmacia Biotech, UK), and centrifuged
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at 800g for 30min. The cells at the interface were collected and washed twice in HBSS, 
then resuspended in CBMC growth medium (RPMI 1640 medium, 10% v/v FBS, 2mM 
L-glutamine, 400IUmL"^ sodium penicillin, 400mgmL'^ streptomycin sulphate). The cells 
were seeded into 25cm^ plastic culture flasks. Cell metabolism was stimulated by the 
addition of 5|igmL'^ phytohaemagglutinin mucoprotein (PHA-M, Boehringer Mannheim 
Biochemica, UK). The atmosphere in the flask was replaced with sterile 5% v/v C02/air,

and the ceUs incubated at 37 °C for 48 hours (h). Thereafter, the cells were refed with 
growth medium which included 5UmL'^ recombinant human interleukin-2 (Boehringer 
Mannheim Biochemica, UK).

2 .2 .1 .3 .  SUP’TI lymphocyte cultures
SUP-Tl cells were obtained from the UK MRC AIDS-Directed Programme, as a frozen 
cell suspension in cryopreservative. The vial containing the cells was thawed rapidly in a 
3TC  waterbath, and the cell suspension added dropwise, with frequent mixing, to 5mL 
SUP-Tl growth medium (RPMI 1640 medium, 10% v/v FBS, 2mM L-glutamine, 
400IUmL'^ penicillin, 400mgmL"^ streptomycin) pre-warmed to 37 °C. The cells were 
centrifuged at 400g for lOmin, washed once in growth medium, then resuspended in a 
further lOmL pre-warmed growth medium in a 25cm^ plastic culture flask. The cells were 
incubated at 3TC  in an atmosphere of 5% v/v C02/air.

To propagate the SUP-Tl cell line, cultures were passaged every three to four days. The 
procedure consisted of adding 1.5mL of cell suspension to 8.5mL growth medium in a new 
flask, and replacing the atmosphere with 5% v/v CO^air.

2 .2 .1 .4 .  JJhan and MOLT-S lymphocyte cultures
Both these cell types, either uninfected or infected with HHV-6 variants A or B 
respectively, were propagated in RPMI medium, supplemented with 10% v/v FBS, 2mM 
L-glutamine, 400IUmL'^ penicillin, and 400mgmL'^ streptomycin. Uninfected cells were 
passaged every three to four days, as for SUP-Tl cells (section 2.2.1.3 above). Infected 
cells were passaged onto uninfected cells at a ratio of 1:10, when between 50-60% of cells 
appeared infected, as shown by ballooning and increased refractility of the cells. These 
procedures were performed by Dr. Duncan Clark, Department of Virology.

2.2.2. Virus Isolation

2 .2 .2 .1 .  Detection of human cytomegalovirus In patient samples
Peripheral venous blood (200|liL) or urine (200jiL) was inoculated onto HEL monolayers; in 
glass tubes for virus isolation and in chamber slides for DEAFF. Cell monolayers in both 
tubes and chamber slides were inoculated in duplicate. All cultures were incubated for 1 
hour at 3TC  (in 5% v/v C02/air for DEAFF), washed twice with 0.5mL PBS to remove the
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sample, and 0.5mL maintenance medium (HEL growth medium with only 2% v/v FBS, 
plus 30 microgrammes (|Lig) per mL gentamicin sulphate, SOIUmL’̂  nystatin) added to each 
well.

2 .2 .2 .2 .  Identification of human cytomegalovirus 

Cytopathic effect

Cultures were observed regularly, over a period of 21 days, for the characteristic cytopathic 
effect of HCMV replication. Toxicity of the sample to the cell monolayers was distinctive, 
shown by a generalised pyknotic appearance of the monolayer, and noted whenever it 
occurred.
Detection of early-antlgen fluorescent foci (DEAFF)
After 18h incubation in 5% v/v CO^air, the slides were fixed in acetone at minus 20°C for 

20min. After drying, monoclonal antibody to HCMV immediate-early protein 2 (termed 
‘63.27’ - kindly provided by Dr WJ Britt, Birmingham, Alabama, USA), was diluted 1 in 
40 in PBS and added at 25|iL to each separate monolayer, after which the slides were 

incubated at 37°C in a moist container for 30min. Slides were washed in a stirred PBS bath 
for lOmin at room temperature, and 25|iL of a 1 in 40 dilution of conjugate (goat anti- 

mouse-IgG monoclonal antibody conjugated to fluorescein isothiocyanate (FITC) — Tago 
Ltd, UK) added to each monolayer. After a further 30min incubation at 37°C in the moist 
container, and a further washing step, the monolayers were allowed to dry and mounted 
(‘Citifluor’, City University) with glass coverslips. Individual cell monolayers were 
examined by fluorescent microscopy for the presence of fluorescing cell nuclei, indicating 
the presence of HCMV-specific immediate-early protein.

2 .2 .2 .3 .  Isolation of HHV-7 from saliva
Whole saliva samples were diluted 1:3 in RPMI 1640, filtered by passage through a 0.45 
micrometre (jj.m) pore size membrane filter (Gelman Sciences), and 0.4mL inoculated per 
flask of PHA-stimulated CBMC cultures. The 5% v/v CO^air atmosphere was replaced in

the flask and the culture incubated at 37°C. Every three to four days the culture was 
passaged by adding 1.5mL infected cells to an 8mL of a culture of uninfected, PHA- 
stimulated CBMC.

Virus infection was transferred to SUP-Tl cells by filtering 1.5mL supernatant from 
infected CBMC cells through a 0.45|im pore size membrane filter, then adding this to an 
8mL culture of uninfected SUP-Tl cells followed by re-incubation at 37°C in 5% v/v 
C02/air.

2 .2 .2 .4 .  Identification of HHV-7 

Cytopathic effect
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The CBMC and SUP-Tl cultures exposed to HHV-7 were examined daily for the 
characteristic cytopathic effect of HHV-7 replication. Typically, this consisted of syncytia 
formation, with granulation of cell contents and ballooning of cell membranes. In addition, 
in the SUP-Tl cultures, some adherent cells could be observed.

Electron m icroscopy

HHV-7 RK-infected SUP-Tl cells were observed until approximately 50% showed 
cytopathic changes. Culture supernatant was withdrawn and approximately lOmL 
centrifuged in a Jouan model B3.11 bench centrifuge for lOmin at 400g to pellet cell debris. 
The supernatant was removed and subjected to ultracentrifugation at 100,000g for 90min in 
an SW40 rotor in a Beckman L-80 ultracentrifuge. The supernatant was discarded, the 
pellet resuspended in 100|xL SDW and one drop placed on a formvar/carbon-coated copper 
electron microscopy grid. After Imin the excess fluid was removed with blotting paper and 
a drop of negative stain applied (5% w/v phosphotungstic acid/SDW) for Imin, after which 
the excess stain was removed by blotting. The grid was allowed to dry, and examined for 
the presence of herpesvirus particles at 45,000x magnification using a Philips 201 

transmission electron microscope.

Im m u n oflu orescen ce
Cells from exposed CBMC and SUP-Tl cultures were centrifuged, washed twice in 
HBSS, and resuspended at 2 x 10  ̂ cells per mL. Fifteen microUtres of this suspension 

was spotted onto poly-tetrafluoroethylene (PTFE)- coated glass slides (Handley Essex, 
UK) and allowed to dry in a moving air flow. Cells were fixed in ice-cold acetone for 
lOmin and allowed to dry. Slides were stored at minus 20°C until used. Ten microlitres of 
HHV-7 antibody-positive, HHV-6 antibody-negative human serum, at a dilution of 1 in 40, 
was added to all ceU spots. The slide was incubated at 37°C in a moist chamber for 40min, 
after which the shde was washed in a stirred PBS bath, with three changes of PBS, for 
15min at room temperature. Next, 10|iL rabbit anti-human-IgG antibody F(ab)2 fragment

(Dako, UK) was diluted to 1 in 20 and added to each cell spot. After a further 40 minute 
incubation at 37°C in the moist container, the slides were washed again, allowed to dry and 
mounted (‘Citifluor’ mountant. City University, UK) with glass coverslips. Cells were 
examined for the presence of fluorescence, indicating the presence of HHV-7-specific 
antigens.

2.3. CONSTRUCTION OF HHV-7 GENE LIBRARY

2.3.1. Extraction of viral DNA
The method for extraction of viral DNA from infected SUP-Tl cells followed closely that 
described by Mukai et al. (1994). HHV-7 RK-strain (kindly supplied by Dr N Frenkel, Tel 
Aviv University, Israel) was propagated in SUP-Tl cells and harvested when 
approximately 50% showed cytopathic effects. Approximately 8mL infected cell
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suspension was centrifuged in a Jouan model B3.11 bench centrifuge for lOmin at 400g to 
pellet the cells. The supernatant was discarded and the cells gently resuspended in ImL 
lysis buffer (50mM Tris-HCl, 3.5mM CaCl2, 5mM MgSO^, 125mM KCl, 0.5mM EDTA,

ImM dithiothreitol, 0.5% v/v Nonidet NP-40, 0.5% w/v sodium desoxycholate, 50jigmL" 
 ̂ DNase I, 50|igmL'^ RNase A). The lysate was incubated at 37°C for 45min in a 

waterbath.

An equal volume of 1,1,1 trichloro-trifluoroethane was added to the lysate and vortexed for 
5min, after which it was subjected to centrifugation for 5min at 400g, where two distinct 
phases separated. The upper phase containing the viral capsids was separated and layered 
onto a 5%/40% (both v/v glycerol/lysis buffer) discontinuous gradient, and centrifuged at 
100,000g in an SW40 rotor in a Beckman L-80 ultracentrifuge for 90min. The supernatant 
was discarded, the pellet resuspended in STEN buffer (0.1% w/v sodium dodecyl sulphate, 
lOmM Tris-HCl pH 7 .6 ,150mM NaCl) containing 500|igml'^ proteinase K, and incubated 

for 2h at 65°C to digest the capsid protein.

The digested material was extracted twice with an equal volume of 50%/50% v/v 
phenol/chloroform (pre-saturated with TEN buffer (STEN without sodium dodecyl 
sulphate)), and the DNA precipitated with 2.5 volumes of absolute ethanol at minus 70“C 
for Ih. The DNA was pelleted by centrifugation at 13,000g in an Heraeus Biofuge 13 
microcentrifuge (Heraeus, UK) for 20min and washed with 70% v/v ethanol/SDW. The 
pellet was dried for lOmin under reduced atmospheric pressure, and dissolved in SDW. 
The DNA concentration was determined by spectrophotometry of a 1 in 100 dilution at 
260nm (OD260) &nd 280nm (0D2gg), after which calculation of the concentration of DNA 
was based on the assumption that a DNA concentration of 50|igml"^ in SDW has an OD260

of 1 unit. An assessment of DNA purity was made on the basis that DNA not significantly 
contaminated by either protein or RNA has an OD26o/OD2go ratio of between 1.8 and 2.0.

If not processed further, the DNA was stored at minus 70°C.

2.3.2. Restriction enzyme digestion
Approximately 2|ig HHV-7 DNA, dissolved in water, was added to a 1.5mL plastic

microcentrifuge tube containing 20 units restriction enzyme Hind III, the appropriate 
enzyme buffer (50mM Tris-HCl, lOOmM NaCl, lOmM MgCl2, ImM dithiothreitol, pH 7.5

at 2>TC — ‘SuRE/Cut’ buffer H, Boehringer-Mannheim Biochemica, UK), and sufficient 
SDW to give a total reaction volume of 50|iL. The reaction mixture was incubated in a 
waterbath at 37°C for 18h. Following digestion, approximately lp.g DNA was withdrawn 

from the reaction, mixed with gel-loading buffer (15% w/v Ficoll 400/SDW, 0.02% w/v 
bromophenol blue) and electrophoresed at 5 volts per centimetre (Vcm‘̂ ) for 18 hours in a
0.8% agarose gel containing 40ngmL'^ ethidium bromide. The remaining reaction mixture
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was stored at minus 20 °C. The results of electrophoresis of restriction fragments were 
visualized by transillumination of the gel with 254nm wavelength UV light

2.3.3. Preparation of competent bacterial host
Prior to the ligation procedure, sufficient stocks of transformation-competent bacteria were 
prepared according to established protocols (Sambrook et al, 1989). Subculture of E. coli 
strain JM109 bacteria was performed in lOOmL non-selective Luiia-Bertani (LB) broth and 
allowing growth to an OD550 of 0.48. The cells were chilled on ice and centrifuged at

6000g for 5min at 4°C. Cells were resuspended in 40mL ice-cold sterile transformation 
buffer I (TFB I - 30mM potassium acetate, l(X)mM RbCl2, lOmM CaCl2, 50mM MnCl2,

15% v/v glycerol, pH 5.8 [using 0.2M acetic acid]). The culture was left on ice for 20min, 
after which it was centrifuged at 5000g for 5min at 4°C. Cells were resuspended in 4mL 
ice-cold sterile TFB II (lOmM 3-[N-morpholino] propanesulphonic acid [MOPS], lOmM 
RbCl2, 75mM CaCl2, 15% v/v glycerol, pH 5.8 [using KOH]), and left on ice for 20min, 

after which they were aliquoted into 200|J,L amounts into sterile plastic microcentrifuge 
tubes and snap-frozen in an ethanol/solid CO2 bath. These transformation-competent cells

were stored at minus 70“C until used.

2.3.4. Ligation Into pUC18 vector
Restriction fragments of HHV-7 DNA were ligated into Hind Ill-digested, 
dephosphorylated pUC18 using a commercial kit ('Ready-to-go', Pharmacia Biotech, UK). 
Briefly, 20|iL of the restriction-enzyme digestion reaction (approximately 650ng DNA) was 
added to a microcentrifuge tube containing the desiccated constituents for ligation of the 
restriction fragments into the vector, and the reaction incubated overnight at 16°C, 
according to the manufacturer's instructions.

2.3.5. Transformation of competent bacterial host
Standard protocols were used to transform competent E.-coli (Sambrook et al., 1989). The 
volume of the ligation reaction mixture was increased by the addition of lOfxL lOmM Tris, 
ImM EDTA (TE) buffer, and the whole volume (approx 20|xL) added to an ice-cold, 
freshly-thawed 500|iL aliquot of transformation-competent E. coli strain JM109 in a 12ml 

Falcon tube. The mixture was left on ice for 30min, after which the tubes were immersed 
in a waterbath at 42“C for exactly 90 sec. The tubes were removed and placed back on ice 
for a further 30min, after which 2mL selective LB medium (sLB — containing 50)iml"^ 

ampicillin) was added, and the culture incubated at 37°C, with shaking, for 45min. The 
culture was spread on sLB agar plates (sLB, 1.5% w/v bacteriological agar [DifCo, UK], 
80)Ligml‘̂  isopropyl"P-D-thiogalacto-pyranoside [IPTG], 100|igml"^ 5-bromo, 4-chloro, 
3-indolyl-p-D-galactopyranoside [X-gal]) at 300|liL per plate, allowed to dry, and incubated 

at 37°C overnight.
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2.3.6. Screening of clones
Individual white colonies were picked off the agar plates with sterile toothpicks and 
transferred to master plates. Each colony was inoculated into 3mL sterile sLB broth and 
incubated with shaking overnight. Next day, plasmid DNA was extracted from the cultures 
using a commercial mini-scale preparation procedure (QIAprep-8, Qiagen, UK), according 
to the manufacturer’s instructions. Briefly, cells in individual cultures were pelleted by 
centrifugation for 2min at 13,000g in an Heraeus Biofuge 13 benchtop micro-centrifuge. 
Cells were completely resuspended in 200|J,L minipreparation solution 1 (50mM Tris-HCl 
pH 8.0, lOmM EDTA, lOOjigmL'^ RNase A), whereupon they were lysed by the addition 
of 200|iL solution 2 (200mM NaOH, 1% w/v SDS). The tubes were gently inverted to 

achieve mixing of the reagents and cells, and left for Imin on ice. The lysis products were 
neutralized by the addition of Solution 3 (3M potassium acetate), and the tubes centrifuged 
at 13,000g for 5min. The supernatant from the tubes was added to a commercially- 
produced DNA-purification column, and the fluid aspirated through by application of a 
vacuum. The retained DNA was washed with supplied buffers to remove soluble protein, 
and the purified DNA eluted from the column in TE buffer. If not immediately processed, 
the DNA samples were stored at minus 20°C.

One-microgram amounts of DNA were subjected to restriction-enzyme digestion with Hind 
III as described in section 2.3.2, in a total reaction volume of 20|xL. Electrophoresis of the 

reaction products was carried out in 0.8% w/v agarose gels containing 40ngmL'^ ethidium 
bromide, at 15Vcm"\ The results of enzyme digestion were visualized with UV hght as 
described in section 2.3.2.

2.3.7. DNA sequence analysis
A modified version of the plasmid sequencing protocols developed by Murphy and 
Kavanagh (1988) was used, with a commercially-produced kit (‘Sequenase’, Amersham, 
UK). Oligonucleotide primers to the phage M13 regions of the pUC18 vectors were used 
to initiate DNA synthesis, catalyzed by a modified phage T7 DNA polymerase. 
Polymerization was randomly terminated by incorporation of dideoxynucleosides, and the 
heterogeneous fragments separated on thin, denaturing polyacrylamide gels. With the use 
of a ^^S-labelled deoxynucleoside triphosphate in the reaction mixture, the position of the 
fragments in the gel was detected by autoradiography.

2 .3 .7 .1 .  DNA sequencing reaction
Approximately 5|Xg of plasmid DNA in 20|iL of SDW was denatured by the addition of 
5|iL IM NaOH, ImM EDTA, and incubated at room temperature for lOmin. A miniature 

buffer-exchange column was constmcted by puncturing a small hole in the conical base of a
0.5mL microcentrifuge tube using a needle. Ten 1mm diameter glass beads were placed 
inside the tube, and approximately 500|xL of a slurry of Sepharose CL-6B (Pharmacia) pre
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equilibrated in TE buffer added. The 0.5mL tube was placed inside a 1.5mL 
microcentrifuge tube (depicted in Figure 2.1), and centrifuged for 20sec at 6,500g. The 
void volume of the column was calibrated by the addition of 25|iL TE buffer, centrifugation 

of the column at the same time and speed, and measurement of the resultant eluate volume. 
When 25|iL TE buffer was consistently recovered, the column was ready for use.

1.5mL microcentrifuge tube

0.5mL microcentrifuge tube

Sepharose CL-6B

Glass beads acting 
as plug

Column eluate

Figure 2.1 Schematic diagram of buffer exchange  
column, used in the template dénaturation stage in the 
DNA sequencing methodology

The denatured DNA was applied to the column, and centrifuged for the calibrated time and 
speed. The eluate was retained for the sequencing reaction.

The sequencing rection was performed according to the manufacturer’s protocol (USB, 
USA). Of the 25pL eluate, two 7|iL aliquots were taken and each added to a separate 
microcentrifuge tube containing 2\iL ‘Sequenase’ buffer (USB) and IpL either M13 
forward and reverse universal sequencing primers. These tubes were incubated at 37°C for 
15min, allowed to cool slowly to room temperature, and placed on ice. Next, an
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incorporation reaction master mix was made up, with a 2 unit mix for each clone, plus 1 
more unit to allow for pipette errors. A 1 unit mix consisted of: l|iL  ImM dithiothreitol, 
2jiL incorporation mix (previously diluted 1 in 5 from kit stock), 0.5|iL % -dA TP, 2|iL 

‘Sequenase’ enzyme (previously diluted 1 in 8 from kit stock). The master mix was 
aliquoted in 1 unit lots into 0.5mL microcentrifuge tubes, which were placed in a 
microcentrifuge with the caps open. Ten microhtres of annealed DNA was pipetted into 
each tube, the caps closed and the tubes centrifuged briefly to mix the contents. The 
reactions were allowed to proceed at room temperature for 3nun, then put on ice. 
Termination mixes, each consisting of all four dNTPs plus individual dideoxynucleoside 
triphoshates, and supplied with the kit, were aliquoted at 2.5|iL each, and 3.5|iL from the 

incorporation reaction mixtures added to these individual termination tubes. These were 
centrifuged to mix the contents and incubated at 37“C for 5min. The reaction was stopped 
by the addition of 4|xL formamide/xylene cyanol/bromophenol blue, and if not immediately 

processed further the tubes were stored at minus 20°C.

2 .3 .7 .2 .  Gel electrophoresis of sequencing reaction products
The products of sequencing reactions were electrophoresed in 15cm x 8cm wedge-section 
(0.5mm to 1mm thick), 6% urea-polyacrylamide gels using TBE (90mM Tris-borate, 2mM 
EDTA) electrophoresis buffer and xylene cyanol/bromophenol blue marker dye. Gels were 
prepared according to standard protocols (Sambrook et al., 1989), and subjected to the 
conditions used for electrophoresis for approximately 20min prior to the addition of the 
sequencing reaction products (a constant 65 Watts).

The tubes containing the products of sequencing reactions were thawed, 5|iL withdrawn 

and heated to 95°C for 3min, briefly centrifuged to coalesce condensation, and loaded onto 
the gel in the spaces created by the comb. The samples were electrophoresed at 65 Watts, 
the gel fixed in 10% v/v glacial acetic acid/distilled deionized water for 20min, backed with 
3M paper, covered with Saran-Wrap film and vacuum-dried. When dry, the plastic film 
was discarded and the dried gel autoradiographed for 1-4 days, depending on the quantity 
of -label which had been incorporated.

Autoradiographs were developed in the X-ray processing facility at the Royal Free Hospital 
Casualty department, and the sequences determined by examination of the film over a light
box. For accuracy, the sequence determined by the individual forward and reverse primer 
extension reactions were read separately, and the complementary sequences matched.

2.3.8. Computational comparisons of sequences
All nucleic acid and amino-acid comparisons were carried out using the computer facihties 
at Oxford University Molecular Biology Data Centre; namely a DEC VAX running the 
VMS operating system, and accessed from the Royal Free Hospital via an Apple Macintosh
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LC n  running the terminal emulation program ‘VersaTerm Pro’. Under the Oxford VAX 
molecular biology analysis programs, nucleotide sequences were entered and formatted 
using the ‘EOT’ screen editor, and translated to an amino-acid sequence in all three reading 
frames using the ‘NIP’ program in the ‘STADEN’ application. Comparisons were made 
between the sequences identified and other viral nucleotide and amino-acid sequences in the 
GenBank (maintained by the National Center for Biotechnology Information (NCBI)) and 
European Molecular Biology Laboratory (EMBL) databases, using the application 
programs ‘PASTA’ and ‘TFASTA’ of the Genetics Computer Group (GCG) suite. 
Alignments were optimized using the ALIGN’ program from the Protein Information 
Resource (PIR).

2.4. DEVELOPMENT OF QUALITATIVE PGR ASSAYS

2.4.1. General precautions
To prevent the detection of previously-amplified specific sequences, and other 
contamination with cloned material, a number of precautions were taken.

1. Physically separate and distant rooms were used for:
a. The storage of PCR reaction buffers and reagents and the preparation of PCR 

reaction mixtures.
b. The processing, storage and addition of clinical samples to the PCR reaction 

vials.
c. The thermal cycling process and gel electrophoresis and other analysis of PCR 

products.
d. The storage and manipulation of high copy-number cloned HCMV gBj49 

sequence.

A strict system of access to these rooms was followed, with the flow of work activities 
in one direction from theoretically-clean to successively less-clean areas. Separate 
laboratory coats were provided and only used in each area.

2. When assaying clinical material, the precautions recommended by Kwok and Higuchi 
(1989) were followed. These included hand-washing, the use and frequent changes of 
latex gloves.

3. Designated pipettes and sterile filter tips (both from Anachem, UK) were used at aU 
stages of the assay, including the addition of samples to PCR reaction mixtures.

4. The addition of clinical samples to PCR tubes was performed in a Class II safety 
cabinet, to minimize the contamination of neighbouring tubes with material. Only one 
tube was opened for sample addition at any stage.
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5. The use of mineral oil in the PCR reaction tubes was considered to be important in 
prevention of aerosol spread, both during the sample addition stage and the analysis of 
PCR reaction products.

6 . Waste associated with PCR work was not autoclaved within the department, but sent 
for incineration.

2.4.2. Human cytomegalovirus PCR

2 .4 .2 .1 .  OUgodeoxynucleotlde primers
Primers used for HCMV PCR were used in a previous analysis of sequence variation of 
HCMV clinical isolates (Darlington et a i, 1991), corresponding to nucleotides 1942 to 
1964 and 2066 to 2031 of the HCMV glycoprotein B (gB or gpUL55) as described by 
Cranage et al. (1988), and delineating a sequence length of 149bp (gB^^). The primer

sequences are shown in Table 2.2. They were synthesized and purified by high-pressure 
liquid chromatography (HPLC) at a commercial source (R&D Systems, UK).

Primer_____________________ Sequence__________________ Length
HCMV qB1 5 ' - g a g  g a g  a a c  g a a  a t c  CTG TTG GGC A -3  ' 25-mer 
HCMV gB2 5 ' -G T C  GAC g g t  g g a  g a t  a c t  g o t  g a g  G -3  ' 25-mer

Table 2 .2  Oligonucleotide primer sequences used in qualitative PCR for 
HCMV

2 .4 .2 .2 .  Reaction reagents and conditions
The enzyme reaction buffer used in the HCMV PCR was 25mM Tris-HCl pH 8.4, 17mM 
(NH4)2S04, 2mM MgCl2, lOmM 2-mercaptoethanol, 0.002% w/v gelatin. Batches were

made using sterilized components as a lOx-concentrated stock and stored at 4“C until used. 
Deoxynucleoside triphosphates (dATP, dCTP, d lTP and dGTP — dNTPs) were obtained 
from a commercial source (Promega, UK) and used at a final concentration of 200pM. 
Thermostable DNA polymerase, originating from Thermos aquaticus (Jaq polymerase) was 
obtained from a commercial source (Bioline, UK) at a stock concentration of 5U|LiL'\ 
stored at minus 20°C, and used at a final concentration of lU per lOOjiL reaction volume.

Individual PCR reactions were performed in polypropylene 0.5mL microcentrifuge tubes, 
with a total reaction volume in each tube of lOOjxL with a 120|iL mineral oil overlay. 

Thermal cycling conditions were 39 cycles at 94°C, 60°C, 7 2 T  for 30sec each. All
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reactions were carried out in a Hybaid TR2 thermal cycler (Hybaid, UK). The presence of 
HCMV-speciflc fragments of the correct size after PCR was visualized following 
electrophoresis of reaction products in 3% w/v agarose gels containing 40ngmL'^ ethidium 
bromide.

2 .4 .2 .3 .  Optimization of primer and magnesium concentration
To find the optimum primer concentration for the HCMV PCR, reactions were carried out 
with primer concentrations ranging from lOOng, 200ng, and 500ng primer per reaction. 
Individual reactions were similarly performed in duplicate with MgCl2 concentrations

ranging from ImM to 5mM. The results of both optimization procedures were visualized 
following electrophoresis of reaction products in ethidium bromide-stained 3% w/v agarose 
gels.

2 .4 .2 .4 .  Sensitivity determination
To determine the sensitivity of the optimized PCR, dilutions were made of the cloned gBj^ 

sequence from a stock of 10 ®̂ copies, in 10-fold steps, to 100 copies per microlitre, and 
tested by PCR using the optimised primer and magnesium concentrations.

2 .4 .2 .5 .  PCR on ciinicai sam pies
Urine and DNA extracted from blood were tested for the presence of the HCMV gBi49 

sequence using the fully-optimized assay conditions. For the addition of clinical samples, 
designated pipettes and sterile filter tips (Anachem, UK) were used to prevent cross
contamination of samples. Assay controls were included, as follows:

1. One tube remained closed throughout sample addition stage, to detect contamination in 
the PCR master mix preparation stage.

2. Every fifth tube served as a negative control, to detect contamination at the sample 
addition stage.

3. For a positive control, 1000 copies of a cloned gB149 sequence were added to one 
tube, after the addition of all clinical samples.

Blood DNA
DNA extracted from blood (see section 2.1.3) was added (5pil) to prepared PCR reaction 

vials. To avoid the effects of samples which were inhibitory to PCR, each sample was 
tested neat and 1 in 20 dilution, by the addition of 5pl to one tube, mixing of the sample in 
the PCR tube, and withdrawal of 5pl and the addition of this to a subsequent tube. All 

additions were made through the oil layer to reduce contamination, using a Gilson Pipetman 
P20 pipette (Anachem, UK).

U rine

Urine was tested directly without pretreatment at neat and at a 1 in 20 dilution. The same 
arrangements were made for the inclusion of negative and positive controls.
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2.4.3. Human herpesvirus 7 PCR

2 .4 .3 .1 .  OUgodeoxynucleotlde primers
Oligodeoxynucleotide primers complementary to regions of the 1D3 sequence were 
designed for use in a nested PCR assay. All primers were synthesized and purified by 
HPLC from two commercial sources (R&D Systems, and Cruachem, both UK). Two 
ohgonucleotides served as outer primers in a PCR reaction (HHV7-MK1 and HHV7-MK2 
— see Table 2.3), and two as inner primers in the second round of the nested PCR 
(HHV7-MK3 and HHV7-MK4).

Primer_______________________ Sequence_________________ Length
HHV7-MK1 5 '- T T T  TTA CAT TTG GGT TGC T T T  T T G -3  ' 24-mer
HHV7-MK2 5 ' -A T A  TTT CTG TAG CTA TCT TGC G A A -3 ' 24-mer
HHV7-MK3 5 '-T G C  TTT TTG GTT TGT AAA T T G -3  ' 21-mer
HHV7-MK4 5 '-G A A  TTT ATG GAG TTT GGT G T G -3  ' 21-mer

Tabie 2.3 Oligonucleotide primer sequences used for nested qualitative 
PCR for HHV-7

2 .4 .3 .2 .  Reaction reagents and conditions
Enzyme reaction buffer, based on ammonium sulphate (16mM (NH^)2S04 , 67mM 

Tris-HCl (pH 8.8 at 25“C), 0.01% v/v Tween-20) was supphed as a lOx concentrate, 
together with 50mM magnesium chloride, from a commercial source (Bioline, UK) and 
stored at minus 20°C. Deoxynucleoside triphosphates were obtained from a commercial 
source (Promega, UK), and used at a final concentration of 200|iM each dNTP. Taq 

polymerase) was obtained from a commercial source (BioUne, UK) at a stock concentration 
of 5U pL '\ and used at a final concentration of lU per 50|iL reaction volume.

Individual PCR reactions were performed in polypropylene 0.5mL microcentrifuge tubes, 
with a total reaction volume in each tube of 50|iL and a 90|iL mineral oil overlay. Thermal 

cycling conditions were the same for both rounds of PCR: 1 cycle at 95°C for 6min; 39 
cycles at 94°C, 50°C, 72“C for 30sec each; 1 cycle at 94°C, 50°C for 30sec each, followed 
by a final extension step of 72°C for lOmin. All reactions were carried out in an 
‘Omnigene’ thermal cycler (Hybaid, UK). The presence of HHV-7-specific fi*agments of 
the correct size after first or second rounds of PCR was visualized following
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electrophoresis of reaction products in 3% w/v agarose gels containing 40ngml'^ ethidium 
bromide.

2 .4 .3 .3 .  Optimization of primer concentration
Optimization of primers was performed separately for each round of the nested PCR 
procedure. PCR reactions were carried out in duplicate, using ammonium sulphate buffer 
containing 1.5mM MgCl2, with primer concentrations ranging from 400ng to 50ng primer

per reaction, in doubling dilutions. DNA from HHV-7-infected cells (lOng) was used as a 
target.

2 .4 .3 .4 .  Optimization of magnesium concentration
Again, with separate optimization for each round of the nested PCR, individual reactions 
were performed in duplicate with ammonium sulphate buffer, and MgCl2 concentrations

ranging from ImM to 5mM.

2 .4 .3 .5 .  Sensitivity determination
The fully-optimized, nested PCR assay consisted of performance of the first round under 
the described thermal cycling procedure, followed by the addition of l|iL  of first-round 

product to prepared second-round tubes, which were subjected to the same cycling 
conditions. To determine the sensitivity of this nested PCR, dilutions were made of the 
cloned 1D3 control sequence from the stock of 10̂ ® copies, in 10-fold steps to 1 copy per 
microlitre, and tested by nested PCR.

2 .4 .3 .6 .  Specificity determination
To assess the specificity of the PCR assay, duplicate reactions were carried out using the 
fully-optimized assay conditions. A range of primer concentrations was tested, from 50ng 
to 400ng per reaction, on 200ng DNA template derived from HHV-6-infected cells. As a 
comparison, in parallel, approximately lOng DNA extracted from HHV-7-infected cells 
was tested.

2.4.4. Human herpesvirus 6 PCR
The qualitative PCR for HHV-6 was developed and optimised by Dr. Duncan Clark, 
Department of Virology, Royal Free Hospital. Primers used were those described by 
Wakefield et al. (1992). Optimisation of the assay was performed using a 223 bp sequence 
of the HHV-6 U67 region, cloned into the plasmid pUC18. All reaction conditions were 
identical to those described for HHV-7 quahtative PCR in section 2.4.3, except that the 
annealing temperature in the thermal cycling procedure was 60°C in the second round of 
nested PCR

2.4.5. Multiplex HHV-7 PCR
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To increase the efficiency and cost-effectiveness of screening large numbers of samples, a 
multiplex PCR was developed for the simultaneous detection of HHV-6 and HHV-7. The 
additional complexities of this assay, with respect to the individual HHV-6 and HHV-7 
PCRs, were those of an extra primer set included in the reaction components, and a 
reduction in the annealing temperature of the HHV-6 primers.

2 .4 .5 .1 .  Cloned HHV-6 and HHV-7 sequences
For optimisation of multiplex PCR, sequences of the HHV-6 and HHV-7 genomes were 
used which had previously been cloned into pUC18 (see sections 2.4.4 and 2.3.2 
onwards, respectively).

2 .4 .5 .2 .  Plasmid dilution for multiplex PCR
To mimic the conditions of analyzing extracted DNA from clinical samples, all plasmid 
dilutions were performed in sterile deionized water containing a HHV-6 and HHV-7 
negative background human DNA concentration of SOng. Stock preparations at 1 x 10  ̂

copies per microlitre (c|iL'^) of HHV-6 and HHV-7 cloned sequences were diluted in 100- 
fold steps down to 100 cjiL '\ and thereafter in 10-fold steps to 1 c|iL"^

2 .4 .5 .3 .  PCR components and conditions
For detection of HHV-6 and/or HHV-7, primers delineating a 223 bp sequence from the 
HHV-6 U67 region, and a 193 bp sequence fi*om the HHV-7 region corresponding to the 
HHV-6 U42 gene were used (sections 2.4.4 and 2.4.3.1, respectively).

2 .4 .5 .4 .  PCR analysis of plasmid DNA
The diluted cloned HHV-6 and HHV-7 sequences were mixed in different ratios in a total 
volume of 4|iL. Each plasmid ratio was assayed in triplicate, covering the range 1 to 100 
copies of each sequence. After the sample addition, all reaction tubes were subjected to the 
first round of PCR. On completion, l|iL  of first round reaction product was added to 
second-round reactions and subjected to the second round of PCR. Reaction products were 
electrophoresed at 18 volts per centimetre for 45min in 3% w/v agarose gels containing 40 
nanograms per ImL ethidium bromide.

PCR reaction conditions were as described in section 2.4.2.2, except that in the single 
HHV-6 PCR, the annealing temperature was 60°C, but 50°C in the multiplex PCR.

2.4.6. PCR on clinical samples
Whole saliva and DNA extracted from blood were tested for the presence of HHV-7 
sequences using the fully-optimized assay conditions. For blood DNA, the addition of a 
specific volume was determined by the need to assay a certain quantity of DNA.

2 .4 .6 .1 .  Blood DNA
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Depending on circumstances, different volumes of DNA were added to the prepared PCR 
reaction vials. All additions were made through the oil layer, with a minimum of l|iL  and a 
maximum of 30|xL being the arbitrary sample volume limits. For the addition of volumes 
above 5|iL, a Gilson Pipetman P20 pipette (Anachem, location, UK) was used. For 
volumes of 5|iL or less, a PIO pipette was used. Filter pipette tips were used at all stages. 

Immediately after sample addition, the PCR reaction tubes were transferred to the thermal 
cychng unit and the reaction started.

2 .4 .6 .2 .  Saliva
The PCR reaction master mix was made up, appropriately concentrated to allow for the 
addition of 30|iL sahva per reaction tube, but not ahquoted into reaction vials. Saliva 
samples were given an initial dénaturation step by the addition of 30|iL whole sahva to a
0.5mL microcentrifuge tube, followed by 90|iL mineral oil. The sahva samples were 

placed in a rack which secured the hds (‘Treff’ box, Scotlab, Glasgow, UK) and the rack 
transferred to the steam phase of a boihng waterbath. The samples were steamed for 
lOmin, then cooled to room temperature. Next 20|iL PCR master mix was added to each 

tube through the oil layer, and the tubes transferred to the thermal cycler and the reaction 
conditions started.

2.5. DEVELOPMENT OF QUANTITATIVE PCR FOR HHV-7

The next section describes the development of a quantitative competitive method for the 
determination of copy numbers of HHV-7. The construction and cloning of a control 
sequence was a necessary first stage, after which the cahbrahon and sensitivity 
determinations of the method were assessed.

2.5.1. Design and optimization of mutationai primers
Ohgodeoxynucleotide primers were designed to introduce a three base-pair change into the 
central portion of the 1D3 sequence (the latter hereafter referred to as the ‘wild-type’). The 
mutational primers (HHV7-MUT5 and HHV7-MUT6) are shown in Table 2.4 below.

Primer____________________________ Sequence_______________ Length
HHV7-MUT5 5 '- C A A  AGO TGC AAC CCG GGG TTG TAG AAC A -3  ' 28-mer
HHV7-MUT6 5 '-T G T  TCT ACA ACC CCG GGT TGC AGC TTT G -3  ' 28-mer

Tabie 2.4 Primers used to make the control sequence for the 
quantitative competitive PCR, using site-directed mutagenesis of the 
HHV-7 1D3 wild-type. The sequence cleaved by the restriction 
endonuclease Sma I is underlined on both primer sequences.
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2.5.2. Construction of control sequence
Prior to construction of the control sequence, the optimal concentrations of mutational 
primers and MgCl2 in the PCR reaction was determined using the principles and criteria for

the optimisation of qualitative PCR, described in section 2.4.2.

Two separate PCR reactions were carried out with the HHV-7 1D3 cloned sequence as a 
template. One reaction was performed with primers HHV7-MK1 and HHV7-MUT6, and 
the other reaction with HHV7-MK2 and HHV7-MUT5. The reaction products were 
separately purified to remove excess primers and other reaction components, using a 
commercial kit (‘QIAprep spin’, Qiagen, UK), according to the manufacturer’s protocol. 
This involves centrifugation of PCR reaction products through a silica-based matrix, to 
which the DNA binds. Washing with supplied buffers (formulae not available but which 
included guanidinium hydrochloride) removes unincorporated primers, dNTPs and 
polymerase, yielding purified DNA which was eluted in water.

The purified DNA products of both separate PCR reactions were mixed together in 
equimolar proportions, in two separate reactions, at 1 picomole (pmol) and 5pmol 
mixtures. Water was added to give a total reaction volume of 30|iL and 50)J,L sterile mineral 
oil added to both tubes. The DNA was denatured by heating both reactions to 94"C for 
12min in a thermal cycler, and then annealed by allowing the reactions to cool to room 
temperature for 30min. Next, 5|iL 1 Ox-concentrated enzyme buffer (‘SuRE/Cut’ buffer 
H) was added to the liquid volume, together with 1.6|xL of 6.25mM dNTPs to give 200|xM 

final dNTP concentration. Two units of Klenow fragment of DNA polymerase I was 
added, and sufficient water to give a final reaction volume of 50|iL. The reactions were 
kept at room temperature for 40min to allow extension of annealed DNA fragments.

Next, samples from the reaction mixtures were used as a template in a PCR, to amplify 
successfully-constructed mutated sequences. Primers HHV7-MK1 and HHV7-MK2 were 
used in PCRs as described in section 2.4.2. Amplicons from these PCRs were tested for 
the presence of a Sma I restriction endonuclease site by the withdrawal of 10|xL reaction 
product, the addition to this of 1.5|iL enzyme buffer (33mM Tris-acetate, 66mM potassium 

acetate, lOmM magnesium acetate, 0.5mM dithiothreitol, pH 7.9 at 37°C — ‘ SuRE/Cut’ 
buffer A, Boehringer Mannheim Biochemica, UK) and 20U Sma I restriction 
endonuclease, followed by vortexing and incubation at 25X  for Ihr. The effect of the 
restriction enzyme on the PCR products was observed by electrophoresis of the digestion 
mixture on a 3% w/v agarose gel containing 40ngml'^ ethidium bromide, transilluminated 
by UV light at 254nm wavelength.
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2.5.3. Cloning of control sequence
The strategy for ligation of the successfully-constructed control sequence was a blunt-end 
ligation of phosphorylated DNA into Sma I-digested dephosphorylated pUC18. To prepare 
the control sequence for ligation, primers HHV7-MK1 and HHV7-MK2 were 
5'-phosphorylated by the addition of 650pmol of appropriate primer to a reaction mixture of 
28|iL water, lOOpmol adenosine triphosphate (ATP), 4|iL 1 Ox-concentrated enzyme 
buffer, and 2|iL (5 units) T4 polynucleotide kinase (all from Boehringer Mannheim 
Biochemica, UK), giving a total reaction volume of 40|iL. The reaction was incubated at 
37°C for 20min and frozen at minus 20°C to inactivate the enzyme.

Phosphorylated control sequence was generated by PCR amplification of the construct 
described in section 2.5.2, using the phosphorylated primers, under the conditions 
described in section 2.4.2. After PCR, 20\iL reaction product was added to a vial of 

commercially-produced desiccated ligation reaction constituents (’Ready-to-go', Pharmacia 
Biotech, UK), containing dephosphorylated Sma I-digested pUC18. The reaction was 
incubated overnight at 16^C, according to the manufacturer's instructions. Next day, 
bacterial host E. coli strain JM109 was transformed with the products of the ligation 
reaction, as described previously in section 2.3.4.

Mini-scale plasmid preparations from 12 clones, prepared as described in section 2.3.5, 
were tested for the presence of the HHV-7 control sequence by:

1. Restriction endonuclease digestion using the enzymes Eco R1 and Hind III, to excise a 
fragment of predicted size. Approximately 2|ig plasmid DNA was digested with 10 
units each of Eco R1 and Hind III, in Ix-concentrated ‘One-Phor-AlP buffer 
(Pharmacia, UK) in a total reaction volume of 20|iL for 2h at 37°C. The reaction was 
followed by separation of products on an ethidium bromide-stained 2% wÂ  agarose gel 
and visualized with 254nm UV light.

2. Restriction endonuclease digestion using Sma I, to linearize the plasmid if the restriction 
enzyme site was present. Approximately 2|Lig plasmid DNA was digested with 10 units 
each of Sma I, in ‘SuRE/Cut’ buffer A in a total reaction volume of 20|iL for 2h at 25°C. 

The reaction products were separated on an ethidium bromide-stained 0.8% w/v agarose 
gel at 15Vcm'^ for Ihr and visualized over 254nm UV hght.

3. PCR amplification of cloned plasmid DNA using both rounds of PCR to detect the 
presence of ah four primer sites. Approximately lOng plasmid DNA was added to PCR 
reactions and amplified under the conditions previously described in section 2.4.2 
above. After the first round of PCR, l[iL product was added to the second round 

reachons and subjected to the same cychng conditions. Second round reaction products
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were visualized in an ethidium bromide-stained 3% w/v agarose gel using 254nm UV 
light.

4. Sequencing of the cloned DNA insert. Both DNA strands were sequenced according to 
the plasmid sequencing protocols developed by Murphy and Kavanagh (1988), as 
described in section 2.3.7.

2.5.4. Method of QCPCR
The methodology for the QCPCR was basically the same as that for the quantitative PCR, 
except for a number of differences:

1. Known copy numbers of the control sequence were added to the PCR reaction mixture, 
along with the clinical sample, before the first round of amphfication. As an initial 
screening criterion, the number of control sequence copies to be added to allow 
effective quantification was decided by:

a. Whether a sample was positive after the first round of qualitative PCR, in which 
case >1000 copies of control sequence were used for quantification

b. If a sample was positive only after the second round of qualitative PCR, <100  
copies of control sequence were used for quantification

2. In the second round of PCR, lOOKBq of [y-^^P]-labelled primer HHV7-MK4 per tube 

was added to the PCR reaction to allow detection of the reaction products. The 
procedure for labelling of the primer followed exactly that for the preparation of 
phosphorylated primer prior to blunt-end hgadon (section 2.5.3), except that y-^^P 
(Amersham, UK) was used in place of ATP in the reaction.

3. The reaction conditions were the same as above, except the number of cycles in the 
second round was limited to 13 cycles when 100,000 copies of the control sequence 
were added. When lower numbers of control sequence copies were used, the number 
of cycles was increased, pro rata, up to a maximum of 17 cycles (for example, 1,000 
copies input control sequence received 15 cycles).

After completion of the nested procedure under the above conditions, lOpL of reaction 

product was digested for 18 hours with 10 units Sma I under the buffering conditions 
previously described for this enzyme (section 2.5.2). In each experiment a parallel PCR of 
Sma I-containing control plasmid was included to confirm complete digestion of amplified 
product. The products of restriction enzyme digestion were separated on a 12% 
polyacrylamide gel and autoradiographed in a cassette fitted with intensifying screens, at 
minus 70®C for 1-4 hours.
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Scanning densitometry was performed on the signals in each lane using a Shimadzu CS- 
9001PC densitometer (Shimadzu, Japan) with a beam spot size of 1mm x 1mm, and the 
intensity of signals determined for wild-type and control bands, each as a percentage of the 
total signal intensity.

2 .5 .4 .1 .  Preparation of control sequence stocks
High copy-number stocks of both control and wüd-type sequence plasmids were prepared 
using a commercially-available kit (‘Wizard’ mini-prep kit, Promega, UK), which was 
based on a modified alkaline lysis method (Sambrook et a i, 1989). Briefly, plasmid DNA 
resulting from the lysis of a 3mL bacterial culture was bound to a proprietory resin under 
appropriate low salt and pH conditions. Contaminating proteins, RNA and other impurities 
were removed by a medium salt wash, and the purified DNA eluted in SDW.

The DNA concentration and purity was determined by spectrophotometry at 1 in 50, 1 in 
100, and 1 in 500 dilutions, and calculated as described in section 2.3.1. The DNA 
concentration was used to calculate the copy number of plasmid molecules per l|xL of the 
preparation, and the copy number adjusted to 1 x 10^  ̂ copies per microlitre. This 
preparation was aliquoted into 5|xL amounts in small microcentrifuge tubes, and stored at 

minus 70°C until used.

2 .5 .4 .2 .  Calibration of the QCPCR assay
The accuracy of the QCPCR was verified by a series of experiments where known copy 
numbers of wild-type and control sequence plasmids were mixed and co-ampHfied. For 
example, 100 copies of wild-type sequence were co-amplified with 50 control sequence 
copies. After detection of the reaction products and determination of the relative wild-type 
and control signal intensities (eg 65% and 35% respectively), as described above, the 
calculated wild-type copy number of 93 was obtained by using the formula:

Calculated copy number = signal ^ control sequence number
% control signal

Each determination was performed in triplicate, and the mean calculated copy number 
plotted as a function of actual input copy number. This procedure was repeated several 
times, over the range 10 to 10  ̂wild-type copies. The data was collated, the relationship 
between input and calculated copy number linearized by a logarithmic transformation, and 
analyzed by linear regression using the method of least squares.

2 .5 .4 .3 .  QCPCR on clinical samples
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Each sample was analyzed with at least two different control sequence copy numbers, and 
the wild-type/control signal percentage ratios calculated using the method in section
2.5.4.2. Where the values representing the number of copies of wild-type genomes were 
different, the value chosen was that which was closest to the point of equivalence 
(50%/50%).

2.6. SEROLOGICAL INVESTIGATIONS

2.6.1. Cytomegalovirus serostatus
In the study of the use of PCR for HCMV, described in Chapter 3, the presence of 
antibodies to HCMV in patients prior to transplant was determined by using a substantial 
modification of an established solid-phase antiglobulin radio-immunoassay (Berry et al., 
1988). In the later study of the renal transplant group on the role of HHV-6, HHV-7 and 
HCMV, the serostatus of patients was determined by a commercial antiglobulin enzyme 
immunoassay (Bioelisa CMV IgG, Biokit, UK), and performed by the diagnostic staff in 
that section of the laboratory.

The radioimmunoassay used for the results in Chapter 3 was performed as follows. Test 
and control antigens, supphed as fi*eeze-dried cell culture lysates, were obtained from a 
commercial source (Behring, Germany), and used to coat polystyrene microtitre-format 
wells at a dilution of 1 in 80 in 20mM Tris pH 8.0 for 18h. Wells were treated with 
blocking buffer (10% v/v foetal calf serunVSDW) at 37°C for 30 min, then washed twice 
by repeated dehvery and aspiration of saline/Tween buffer (0.14M NaCl, 0.05% v/v Tween 
20).

Serum samples were diluted 1 in 100 in PBS type ‘B’ (Dulbecco’s modified formula — 
ICN/Flow, USA) and added to both test and control wells. After incubation at 37°C for 
Ih, the plate was washed 8 times in wash buffer (0.8% w/v saline/0.05% v/v Tween). 
Rabbit anti-human-IgG labelled with ^^^lodine, prepared by the iodogen method and 
supplied by the Department of Virology, St. Bartholomew’s Hospital, was diluted to give
10.000 counts min"  ̂ per lOOjil in label diluent (Eagle’s MEM, 10% v/v normal rabbit 
serum, 5% w/v lactalbumin hydrolysate [ICN/Flow]) and 100|il added to each well. The 

plates were incubated at 37°C for 30 min, and washed 8 times.

Wells were allowed to dry and the amount of label bound to individual wells determined 
using a gamma counter (NE1600, Nuclear Enterprises, UK). For each serum sample, the 
results were expressed as the ratio of counts detected in the test antigen well over that 
detected in the control antigen well. Samples were considered to be positive for the 
presence of IgG antibodies to HCMV if the ratio of test to control signals was greater than
2.0 ±  0.2.
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2.6.2. Human herpesvirus 6 and 7 serostatus
The presence of antibodies in serum to HHV-6 or HHV-7 was detected by the use of an 
indirect immunofluorescence assay similar to that used for the detection of HHV-7 infection 
in CBMC or SUP-Tl cells (for complete details see section 2.2.4.2). The changes were:

1. For the antigen solid phase, HHV-6 (variant B strain) -infected MOLT-3 cells or 
HHV-7 (MK strain) -infected SUP-Tl cells were spotted on PTFE-coated slides and 
acetone-fixed.

2. Serum samples under test were diluted to 1 in 10 in HBSS, and lOpL spotted onto the 

solid phase.

Samples were subjectively scored as negative, or where fluorescence was exhibited by the 
HHV-7-infected cells, on a scale of ‘-i-/-’ to '4-4-\

2.7.STATISTICAL ANALYSIS
In the study of the use of PCR for the early detection of HCMV in transplant patients 
(Chapter 3), comparisons of all results were analyzed using Fisher's exact test, except for 
the comparison of time between detection of HCMV and time pre- or post-onset of disease, 
where the medians of the test group were compared using the Mann-Whitney ‘U’ test. 
Comparison of three assays for concordant results was undertaken with the Kappa test 
(Altman 1991).

To identify clinical associations with each virus, Fisher’s exact test was used in statistical 
comparisons between the detection or non-detection of a particular virus, and the presence 
or absence of defined clinico-pathologic criteria. Where the pathological events were 
quantifiable, such as number of episodes of rejection, further comparisons were made 
using the Mann-Whitney ‘U’ method between the detection or non-detection of a particular 
virus and the mean rank of the population distribution for that parameter.

To determine whether single or combinations of viruses were related to clinico-pathological 
criteria, patients were assigned to particular virological groups, depending on the possible 
combinations of HCMV, HHV-6 and HHV-7 found during the post-transplant period 
(Table 7.1C). Comparisons were made between group D (no viruses detected) versus the 
individual groups A, B, C, E, F, G and H, and the presence or absence of the clinico- 
pathologic events. Where pathology was quantifiable, further individual comparisons were 
made between the groups A, B, C, E, F, G and H versus group D, on the mean rank of the 
population distribution for that parameter by the Mann-Whitney ‘U’ method.

To assess whether the presence of disease was linked to specific augmented 
immunotherapy, contingency analysis using Fisher’s exact test was performed separately
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on the association of disease with augmented methyl prednisolone, and with administration 
of ATG.



Chapter 3 - THE DEVELOPMENT OF QUALITATIVE PCR AND 
COMPARISON OF METHODS FOR THE DETECTION OF 

CYTOMEGALOVIRUS IN THE IMMUNOCOMPROMISED HOST
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3,1 INTRO DUCTIO N

Human cytomegalovims is responsible for severe and often life-threatening disease in 
immunocompromised individuals (Griffiths, 1996), the manifestations of which include 
pneumonitis, gastrointestinal tract lesions, and retinitis. Previous studies have shown that 
HCMV disease can be predicted by the detection of HCMV viraemia and viruria in 
surveillance cell cultures undertaken in bone marrow (Meyers et a/., 1990, Webster et al., 
1993), liver (Pillay et al., 1992), and renal transplant recipients (Pillay et al., 1993).

At the time this study was commenced, a number of reports attested to the higher sensitivity 
of the polymerase chain reaction (PCR) for detection of the HCMV genome in clinical 
specimens compared with cell culture and antigen detection methods (Demmler et al., 1988; 
Einsele et al., 1991; Sandin et al., 1991; van Dorp et al., 1992). Previously, serological 
diagnosis of HCMV infection in the immunocompromised has been shown to be both 
insensitive (Paya et a l, 1989) and is subject to distortion by passive antibody 
administration. Alternative methods of diagnosis include virus isolation (VI), detection of 
immediate-early antigen fluorescent foci (DEAFF) (Griffiths et al., 1984) or shell vial assay 
(Gleaves et al., 1985), and leukocyte antigen detection (van der Bij et al., 1988). Although 
VI is regarded as the most sensitive method, it usually takes between 14 and 28 days for 
HCMV in the inoculum to exhibit characteristic cytopathic changes in human embryonic 
lung cells. The DEAFF technique can rapidly detect HCMV, taking between 24 and 36 hr 
to produce a result, but has a variable and generally lower sensitivity than VI. 
Notwithstanding this, the DEAFF test can be a useful adjunct in the diagnosis of HCMV 
disease due to the rapid availability of results.

The prognosis of HCMV disease has been radically improved with the introduction of 
effective anti-HCMV drugs, such as ganciclovir, often in combination with 
immunoglobulin in the case of HCMV pneumonitis (Balfour, 1990; Emanuel et al., 1988; 
Ljungman et al., 1992). In support of this clinical development it has become increasingly 
important for diagnostic laboratories to provide evidence of active HCMV infection as 
quickly as possible since the early initiation of antiviral therapy offers the greatest benefits 
for the patient (Goodrich et a i, 1991). Thus, the use of PCR could potentially lead to an 
earher diagnosis of HCMV viruria and viremia and therefore the possibility of pre-emptive 
intervention with anti-HCMV drugs (Rubin et al., 199\). To investigate this hypothesis I 
undertook a prospective study to correlate results obtained by PCR with those of VI and 
DEAFF, and to discern whether PCR offers any prognostic advantages over the other 
methods for the prediction of future disease due to HCMV.
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3.2 RESULTS

3.2.1 Optimisation of HCMV PCR
The optimum concentrations of magnesium ion and primer were resolved empirically by 
comparing different concentrations of the reaction component, followed by visual 
estimation of product quantity. Using optimised reactions, the sensitivity of the assay was 
measured by determining the number of target sequence copies needed to generate a 
positive signal in the PCR. The results of optimisation, together with the determination of 
the sensitivity of the assay are shown in figure 3.1. On the basis of these results, primer 
concentration was set at 200ng and magnesium ion concentration at 2mM, giving an assay 
sensitive enough to detect 100 copies of the target sequence.

3.2 .2  Analysis of clinical samples
A total of 295 blood samples were received over a twelve-month period, derived from 148 
patients. The numbers of patients in the respective groups were: 79 renal transplant 
recipients, 42 HIV-infected patients, 17 liver transplant recipients, and 10 bone marrow 
transplant recipients. Five hundred and eighty-two urine samples were received from 142 
patients; specifically, 102 renal transplant recipients, 34 liver transplant recipients, and 6 
bone marrow transplant recipients. All these samples were analyzed by VI, DEAFF, and 
PCR for HCMV.

By performing PCR analysis of each sample both undiluted and after a 1:20 dilution the 
problems associated with inhibitory substances could be assessed. In the case of urines, 
11% of samples that were positive for HCMV were only detected after dilution, whereas in 
blood 35% of the HCMV-positive samples were inhibitory when tested undiluted.

The correlation between these three assays for the detection of HCMV in urine and blood is 
shown in figure 3.2. Of the blood samples that were HCMV-positive by virus isolation, 
93% were also detected by PCR. For the urine samples, 87% of those that were positive 
by virus isolation were also positive by PCR. Of the samples negative by VI and DEAFF 
in urine, only 9.8% were positive by PCR, whereas in blood 22% of samples negative by 
both VI and DEAFF were PCR positive (chi-squared test; P<0.0001). An analysis of these 
data by Kappa test indicated no concordance between methods for urine or blood (p > 
0.05). These blood samples were derived from 29 patients, 17 of whom had HCMV 
disease and/or HCMV detected in either DEAFF or VI on a separate occasion. The 
remaining 12 patients were either HCMV-seropositive or received organs from an HCMV- 
seropositive donor.
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Figure 3.1 Optimisation of PCR for HCMV gB149 sequence. (A) Titration of 
primer concentration. Both primers were added to reaction mixtures at 50ng, 
tOOng and 500ng per reaction and PCR performed. Products were 
electrophoresed in a 3% agarose gel and analysed visually as described in 
Chapter 2, section 2.4.1.3. (B) Titration of magnesium ion concentration. 
Magnesium chloride (MgCl2) was added to reaction mixtures at a final 
concentration of 2mM, 5mM and lOmM, and compared to a previously- 
formulated reaction mixture containing 5mM MgClg. PCR was performed and 
the products analysed as in (A) above. (C) Determination of assay sensitivity. 
Serial ten-fold dilutions of a plasmid containing the gB^^g sequence were 
analysed by PCR using the optimised reaction buffer. PCR was performed and 
the products analysed as in (A) above.
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PCR

412

*3 VI Indeterminate 
^8 DEAFF, 16 VI indeterminate 
*3 DEAFF, 3 VI indeterminate 
*1 VI indeterminate DEAFF n = 582

B

1 -DEAFF indeterminate 
+11 DEAFF, 20 VI, 2 DEAFF & VI 

Indeterminate 
+4 DEAFF, 4 VI, 2 DEAFF & VI 

indeterminate 
*1 VI indeterminate

PCR

217

DEAFF n = 295

Figure 3.2 Venn diagrams showing the correlation of DEAFF, virus isolation 
(VI) and PCR for the detection of cytomegalovirus in (A) 582 urine samples and 
(B) 295 blood samples. The number of samples negative by all three tests is 
shown outside. Abbreviations: VI = virus isolation; DEAFF = detection of 
immediate-early antigen fluorescent foci; PGR = polymerase chain reaction. The 
symbols *, t ,  $ and # indicate the number of specimens yielding indeterminate 
results in cell culture assays due to sample toxicity.
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Table 3.1 Comparison of test results for the detection of HCMV from urine and 
blood of patients with or without disease attributable to HCMV.*

Sample
Test Disease
result (No. of patients) 

Yes No
Cell culture:

Urine (P=0.01) + 9 13
— 11 75

Blood (P=0.07) + 5 5
— 15 68

DEAFF:
Urine (P=0.06) + 7 12

— 13 76
Blood (NS) + 0 2

— 20 71
PCR:

Urine (P=0.017) + 12 25
— 8 63

Blood (P=0.0001) + 16 10
— 4 63

*Statistical significance of the association of a positive test result with the 
appearance of HCMV disease was determined by a Chi-squared test (NS = not 
significant). Results refer to 548 urine samples from 108 patients and 248 blood 
samples from 93 patients tested by all three methods.
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Table 3.2 The sensitivity, specificity, positive predictive value (PPV), negative 
predictive value (NPV), and relative risk for HCMV disease associated with cell 
culture, DEAFF, and PCR positivity for HCMV in urine and blood*.

Assay Sensitivity Specificity PPV NPV

Reiative risk 

(95% Ci)

Urine:

VI 0.5 0.85 0.41 0.89 3.3 (1.7-6.5)

DEAFF 0.35 0.86 0.37 0.86 2.5 (1.1-5.5)

PCR 0.6 0.71 0.32 0.89 2.1 (1.3-3.4)

Blood:

VI 0.25 0.93 0.5 0.82 3.4 (1.1-10.5)

DEAFF — 0.97 — 0.77 —

PCR 0.8 0.86 0.62 0.94 5.84 (3.2-10.8)

*The sensitivity, specificity, PPV, NPV, and relative risk were calculated using 
results from patients who were positive before the onset of disease. Relative 
risk is the likelihood of developing HCMV disease among patients with positive 
cultures compared with the risk in those without positive cultures, with 95% 
confidence intervals. Results refer to 548 urine samples from 108 patients and 
248 blood samples from 93 patients tested by all three methods.
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Figure 3.3 Timing of detection of first post-transplant HCMV 
excretion in blood and urine in relation to disease.
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Figure 3.4 Longitudinal analysis of urine and blood samples from two renal 
transplant patients who suffered CMV disease during the period noted. Analysis 
is shown for PCR, DEAFF and VI for the time the samples were taken from the 
patient.
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Within the study, 180 samples were derived from 28 patients who were HCMV- 
seronegative recipients of a HCMV-negative donor organ. Only one of these patients was 
PCR-positive for HCMV and so remains a potential false-positive reaction. The proportion 
of urine and blood samples that were toxic in VI or DEAFF was 5.7% and 16%, 
respectively.

Stratification of the transplant recipients into those with or without disease and the 
respective test results for blood and urine is shown in table 3.1. It was apparent that HCMV 
positivity in the urine was significantly related to the presence of disease in the case of cell 
culture and PCR, with DEAFF illustrating borderline significance. In contrast, when blood 
samples were considered, only PCR positivity had a highly significant association with 
disease.

The data in table 3.1 were used to calculate the prognostic parameters for PCR, VI, and 
DEAFF shown in table 3.2. The sensitivity of PCR for the detection of disease in both 
blood and urine was greater than either VI or DEAFF. It should be noted that in this study 
DEAFF did not detect HCMV in the blood of any of the patients with HCMV disease. Such 
results are partly explained by the high degree of toxicity encountered when analyzing 
blood samples by DEAFF. The specificity of PCR for predicting disease was lower than 
either DEAFF or VI for both blood and urine. The negative predictive value for PCR was 
comparable to both DEAFF and VI in urine and markedly superior in the case of blood. The 
positive predictive value associated with PCR for disease in urine samples was lower than 
either DEAFF or VI due to the higher rate of PCR detection of HCMV in the urine of 
patients without disease. However, in the case of blood, PCR positivity was associated 
with a higher positive predictive value than culture. Thus, the relative risk of HCMV 
disease associated with the detection of HCMV by PCR is 5.8 for blood and 2.1 for urine.

In order to ascertain whether the detection of HCMV by PCR offered significant benefits 
for the early diagnosis of disease, a subset of 18 patients on whom frequent longitudinal 
specimens had been obtained prior to the onset of disease was analyzed. These data are 
recorded as the day that a result was obtained after sample acquisition; that is, within 24 hr 
for DEAFF and PCR, but up to 21 days for virus isolation (figure 3.3). In the case of 
blood, a positive PCR result was available significantly earher (median of 5 days prior to 
the onset of clinically apparent HCMV disease) than by VI (median of 13 days after the 
onset of disease; P<0.05). Similar analysis for urine shows that PCR positivity occurs at a 
median of 10 days before infection is clinically apparent. In contrast, a DEAFF-positive 
result was available at the time of disease onset and for VI, 12 days after onset.

The profiles of the PCR, DEAFF, and VI results in both urine and blood for two renal 
transplant recipients are shown in figure 3.4. These data clearly demonstrate the 
effectiveness of PCR in the early detection of HCMV in both urine and blood when 
compared with DEAFF and VI. In addition, the presence of HCMV is consistently detected 
by PCR throughout the disease period.

3.4  D ISCUSSION
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In this study, blood and urine specimens were analyzed for the presence of HCMV using 
PCR and the methods of VI and DEAFF. Results from all three tests on both types of 
samples were discordant. However, they show that PCR was more comparable to VI in 
detecting HCMV-infected patients and was significantly more sensitive than DEAFF. As 
expected for a more sensitive assay, a number of specimens were found to be positive for 
HCMV by PCR but negative by VI and DEAFF. It was important to exclude the possibility 
that these results represent false-positive reactions or the detection of latent HCMV. In aU 
but one case these samples were derived from patients who had excreted HCMV at other 
sites or at other times, or who were HCMV seropositive or had received seropositive 
organs, or who had a documented seroconversion. Against the possibility that PCR was 
detecting latent HCMV is that a high proportion of blood samples tested from seropositive 
individuals were negative by PCR, VI or DEAFF. It is unlikely that the PCR system used 
in this study was detecting latent HCMV in the volume of blood analyzed since we 
deliberately designed an assay based on the analysis of a relatively small amount of input 
DNA. Other workers have reported that HCMV can be detected in the PBMCs from 
HCMV-seropositive individuals without evidence of viruria or viremia (Stanier et al., 1989; 
Taylor-Wiedeman et al., 1991). Paradoxically, the PCR analysis of a larger amount of 
input DNA may make the assay more sensitive yet limit its usefulness in the diagnosis of 
active disease.

With these data in hand, the benefits offered by HCMV PCR for the detection of HCMV 
disease were assessed. In the case of urine, HCMV positivity by PCR was associated with 
a relative risk for disease of 2.1 and was comparable to the relative risks for disease using 
VI and DEAFF both in the current study and previously reported studies (Webster et al., 
1993; Pillay et al., 1992; 1993). In blood, the relative risk for disease associated with 
HCMV PCR positivity was 5.8, reflecting the dramatic increase in sensitivity for disease 
detection by PCR over VI, while maintaining a high negative predictive value. These data 
clearly demonstrate that surveillance analysis of blood samples by PCR for HCMV is 
highly informative with respect to HCMV disease. However, HCMV load in the urine of 
certain patient groups, such as renal transplant recipients, may offer increased prognostic 
value over qualitative assessments, especially with the advent of quantitative PCR assays 
for HCMV (Fox et al., 1992). Finally, the data show that in both blood and urine derived 
from patients with HCMV disease, PCR detection of HCMV occurs earlier than either VI or 
DEAFF. Furthermore, PCR is the only assay that allows detection of virus before the onset 
of disease in a high proportion of individuals since detection of virus occurs within 24 hr, 
rather than weeks in the case of VI, and is more sensitive than DEAFF. Others have shown 
PCR to detect vims excretion earlier than a leukocyte antigen detection method (van Dorp et 
a l, 1992).
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In conclusion, the results shown in this chapter clearly demonstrate the effectiveness of 
PCR for the detection of HCMV in immunocompromised patients. The assay possesses a 
higher prognostic value in identifying patients with HCMV disease at earlier times than any 
of the current assays in the laboratory, and should be considered the replacement for current 
rapid assays such as DEAFF. Subsequent to the work in this chapter, the PCR assay was 
incorporated into the spectrum of tests performed as part of the surveillance protocols on 
immunocompromised patients at the Royal Free Hospital School of Medicine, 
demonstrating that the logistics of performing such an assay within the diagnostic 
environment were not insurmountable.
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Chapter 4 - THE CONSTRUCTION OF AN HHV-7 GENOME 
LIBRARY AND ANALYSIS OF CLONED SEQUENCES.
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4.1. INTRO DUCTIO N
To date, analyses of the prevalence of HHV-7 infection in healthy or immunocompromised 
populations have been by virus isolation, serological or molecular methods. The latter 
approach is likely to be more appropriate in investigations of the immunocompromised 
host, especially in organ transplant procedures, where immunosuppressive therapy and 
perhaps large-scale transfusions disturb the indigenous immune system. The polymerase 
chain reaction (PCR) has been used to overcome these problems, although prior to the 
investigations described in this thesis only one set of primers for HHV-7 PCR had been 
reported (Bememan et al., 1992a). Although these primers had been of value in the initial 
investigations into the role of HHV-7 in human disease, for the investigations described in 
this Chapter it was considered important to identify regions of HHV-7 for use as a PCR 
target which were likely to be conserved between viral strains.

As a precursor to investigations into the natural history of HHV-7 infection, this chapter 
describes the work I performed for the constmction of an HHV-7 genome library and the 
analysis of de novo HHV-7 sequences.
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4.2 RESULTS

4.2.1 Propagation of HHV-7
HHV-7 RK-strain infection was established in the permissive cell line SUP-Tl, producing 
characteristic cytopathic effects of refractihty, ballooning and gross enlargement of cells. 
Electron microscopy of ultracentrifuged cell-culture supernatant medium showed 
herpesvirus particles, with capsids either enveloped or naked (Figure 4.1). 
Immunofluorescence of infected cells using known human HHV-7 antibody-positive sera 
showed SUP-Tl cells gave positive results, consistent with the cytopathic changes being 
due to infection with HHV-7.

4.2 .2  Extraction and characterisation of HHV-7 DNA
Extraction of viral DNA was achieved by density gradient separation of viral capsids from 
infected cells, followed by digestion of capsids to release viral genomic DNA. This was 
subjected to Hind XU restriction endonuclease digestion. Agarose gel electrophoresis of 
viral DNA fragments showed similar migration patterns to previously published results for 
HHV-7 strains, and different to those of HHV-6 (figure 4.2), thus confirming the extracted 
viral DNA as that of HHV-7.

4.2 .3 Construction of virai DNA library and analysis of sequences
After ligation into pUC18 a number of clones were identified containing HHV-7 sequences. 
Two clones, one containing a fragment of calculated size 2179 bp (named ‘1A5’) and the 
other 193 bp (named ‘1D3’), were selected for further study (figure 4.3).

4 .2 .3 .1 .  Fragment 1A5
Comparison of the nucleotide sequence of the first 170 bp of fragment 1A5 with viral 
sequences in GENBANK and EMBL databases showed that 1A5 had significant homology 
to repeat sequences within the genome of HHV-6 . The nucleic acid identity between 1A5 
and the region of the HHV-6 repeat sequence is shown in figure 4.4.

4 .2 .3 .2 .  Fragment 1D3
Database searches with the 1D3 HHV-7 DNA sequence showed no homology to any 
sequences in the GENBANK and EMBL databases. However, translation of the DNA 
sequence in all three reading frames followed by searching using PASTA revealed that the 
fragment encoded an amino acid sequence with significant homology to the U42 gene 
(Gompels et al., 1995), previously named KA3L (GENBANK accession number L I6947), 
of HHV-6 (figure 4.5 (A)). Use of the program 'ALIGN' showed that the amino-acid 
identity score, calculated for an optimized ahgnment of the two sequences, was 9.7 
standard deviations away from the mean of 100 random iterations of both sequences (p < 
0.00001).
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Figure 4.1 Electron microscopy of uitracentrifuged cell-culture supernatant, 
showing: (A) enveloped and naked herpesvirus capsids, all penetrated by 
negative stain, and (B) higher magnification of a non-penetrated capsid 
showing some surface morphology.
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9.4 Kbp

6.5 Kbp

4.3 Kbp

2.3 Kbp

A B

Figure 4.2. Agarose gel electrophoresis of viral genome fragments following 
Hind III restriction endonuclease digestion. (A) HHV-7 strain RK extracted from 
SUP-T1 cells. (B) HHV-7 strains 0T5 and Jl, and (C) HHV-6 variants A and B, 
taken from Berneman ef a/(1992b) and shown for comparison.
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5.0 Kbp
4.3 Kbp
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103(193 bp)

Figure 4.3 Hind III restriction enzyme digestion of 4 clones of HHV-7 gene 
library, showing cleavage of fragment 1D3 from, and its relative mobility to, the 
linearised pUC18 plasmid.
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10 20  30  40 50 60
1A5 GCTTTATCCCACCGGTCCTTCCTCAACATTTACGCGTGGCTGTCTTTGAGTCGAGGGTCT

'k k k k k k k k k k k k k k k k k k k k k k k k

HHV6dr AGACTGGCCCACGCGCGAGCCCGTGCCCGCTTCGACTGGCTGCTCCTGGCCCGCGGCAGG 
60 70 80 90 100  110

70 80 90 10 0  11 0  120
1A5 CCGCGAAAAGTGTACGGATATGCCTTCAGGCACAGAGGAGAACTCGTAGCATTGCCATGG

k k  k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k  k k k k k k k

HHVSdr CCGTCCAAACTGTACGGCTATGCGAGCCGGCATCGCGGAGAACTGATCCACCTACCGTGG 
12 0  130  14 0  15 0  160  17 0

13 0  14 0  1 5 0  1 6 0  1 7 0
1A5 CCGCCTAACTGGAGCCTGGAACTTCACCACGATCC-TATCGAGACGCAGA

★ *  *  *  *  k k k k k k k k k k k k k k k k k k k  k k k k k k k k k

HHV6dr CCGCCGTGCTGGTGTCTAGAACTCCACCACGATCCGTACAGAGACGCCAGAAGT 
18 0  1 9 0  2 0 0  2 1 0  2 2 0  2 3 0

Figure 4.4 Nucleic acid identity between a 170 bp section of HHV-7 fragment 
1A5 and the region of HHV-6 repeat sequence. Asterisks denote identity 
between the two sequences.
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A

HHV6 U42 K P S L F F C T Y F A K D A P K F K L F P N L P H E Y R N L S F T C P
HHV7 1D3 - - S L Y F C T Y L P K E F M E F G L H P N M P E E Y N S F N V A C S

I d e n t i t y  S L F C T Y  K F L P N P E Y  C

HHV6 U42 K V D M E P S C S Y S T S R - - - - - - - D L P Q T S H - - - - - -
HKV7 1D3 T T - - - P S G S F A S Q Q S K Q T V Q L N L - Q T K K Q A K C K K L

I d e n t i t y  P S C S L Q T

B
1 1 1  2 1  3 1  4 1  51

1D3  TTTTTA  CATTTGGCTT GCTTTTTGGT TTGTAAATTC AATTGGACGG TTTGCTTAGA
* * * * * *  * * * * * * * * * *  * * * * * * * * * *  * * * * * * * * * *  * * * * * * * * * *  * * * * * * * * * *

HHV-7 Jl AAGCTTTTTA CATTTGGCTT GCTTTTTGGT TTGTAAATTC AATTGGACGG TTTGCTTAGA  
1 1 1  2 1  3 1  41  51

61  7 1  8 1  91  1 0 1  1 1 1
1D3 TTGCTGTGAA GCAAAGCTGC AAGACGGAGT TGTAGAACAT GCAACATTAA AGCTGTTGTA

★ * * * * * * * * * *  * * * * * * * * * *  * * * * * * * * * *  * * * * * * * * * *

HHV-7 Jl TTGCTGTGAA GCAAAGCTGC AAGACGGAGT TGTAGAACAT GCAACATTAA AGCTGTTGTA
61 7 1  8 1  91  1 0 1  1 1 1

1 2 1  1 3 1  1 4 1  1 5 1  1 6 1  1 7 1
1D3 CTCTTCAGGC ATGTTAGGAT GCAGACCAAA CTCCACAAAT TCTTTGGGAA GATAGGTACA

* * * * * * * * * *  * * * * * * * * * *  * * * * * * * * * *  * * * * *  *  *  *  *  * * * * * * * * * *  * * * * * * * * * *

HHV-7 Jl CTCTTCAGGC ATGTTAGGAT GCAGACCAAA CTCCATAAAT TCTTTGGGAA GATAGGTACA
1 2 1  1 3 1  1 4 1  1 5 1  1 6 1  1 7 1

1 8 1  1 9 1  2 0 1  2 1 1  2 2 1  2 3 1
1D3 GAAATATAAG CTTGGTTTCC AAGGTGACAT CATGCGTTGG ATTCTAGTTT G 

* * * * * * * * * *  *  *  *

HHV-7 Jl GAAATATAAG C T T ----------------------------------------------------------------------------------------------
1 8 1  1 9 1  2 0 1  2 1 1  2 2 1  2 3 1

Figure 4.5 (A) Amino acid identity between translated 1D3 sequence and 
HHV-6 U42 gene. (B) Nucleic acid identity between 1D3 sequence and 
published sequence of HHV-7 strain Jl (Nicholas, 1996). Asterisks denote 
identity between the two sequences. There is one base-pair mismatch at 
position 156.

109



The HHV-6 U42 gene is the positional homologue of the herpes simplex type-1 (HSV-1) 
UL54 gene, which encodes the infected-cell protein 27 (ICP27). Due to the lack of 
nucleotide homology with 1D3 and other viral sequences, and the close amino acid 
similarity with an essential herpes simplex protein, the 1D3 sequence was chosen as a 
suitable target for development of quahtative PCR.

Subsequent to this work, the entire sequence of HHV-7 strain Jl was determined 
(Nicholas, 1996). The sequence of 1D3 was compared to the published sequence of HHV- 
7 (Figure 4.5 (B)), and found to differ only at one base.

4.2.4. Optimization of quaiitative PCR

4 .2 .4 .1 . Optimisation of primer concentration
The optimum concentration of primer was determined separately for each round of nested 
PCR. Figure 4.6 (A) shows the example of varying the concentration of primers 1 and 2 
(expressed as ng per reaction volume). The intensity of staining of the 193 bp specific 
PCR product was weak at 50ng primer, stronger at lOOng but did not show a substantially 
increased intensity at 200ng and greater. Therefore the optimum concentration was 
determined to be lOOng per reaction volume. The same results were obtained when the 
primers 3 and 4 were titrated, and therefore lOOng per reaction volume was chosen for use 
in the second round of PCR (data not shown).

4 .2 .4 .2 . Optimisation of magnesium concentration
The optimum Mĝ '*’ ion concentration of the PCR reaction buffer was determined by 
varying the concentration of magnesium chloride included in PCR reactions. Figure 4.6 
(B) shows the effect of Mĝ "̂  titration over the range ImM to 5mM magnesium chloride. 
The specificity of amplification is satisfactory up to 3mM, but deteriorates thereafter at 
4mM and 5mM MgCl2. A concentration of 2mM MgCl2 was therefore chosen as the

optimum for inclusion in the first round of PCR. Similar results were obtained when the 
MgCl2 concentration was varied with the second round primers, and the concentration was

therefore also set at 2mM (data not shown).

4 .2 .4 .3 . Determination of specificity of qualitative PCR
To ascertain whether the primers would amplify HHV-6 DNA, the primer titration was 
performed on DNA extracted fi'om HHV-6-infected cell culture. The results are shown in 
figure 4.6 (C), where the left-hand side of the gel shows the results of adding lOng HHV-6 
DNA to the PCR reactions, with increasing concentration of primer. No amplification of 
HHV-6 sequences was seen, indicating that the specificity of the PCR was for HHV-7 
alone. Subsequently, further determinations of specificity were performed, using 200ng
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Amount of primer per reaction

183bp

B
Concentration of magnesium per reaction

183bp

Amount of HHV-7 primer per reaction

1 0 n g  H H V-6 D NA 1 0 n g  H H V -7 D N A

183bp

Figure 4.6 The effect of increasing concentration of (A) primer and (B) 
magnesium ions on PCR product yield. Varying amount of primer was added to 
the PCR reaction mixtures, in duplicate. DNA extracted from HHV-7-infected 
cells were used as a target. Panel C shows the determination of specificity of 
the PCR. Increasing concentration of primer was added to duplicate PCR 
reaction mixtures and PCR performed using HHV-6 or HHV-7 infected-cell DNA 
as a target. All reaction products were electrophoresed in agarose gels as 
described in section 2.4.3.2
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Figure 4.7 Results of the full optimisation of the qualitative HHV-7 PCR. 
Sensitivity determination of (A) first round of PCR and (B) nested PCR. 
Different copy numbers of HHV-7 were used as a target in PCR, and the results 
analysed by agarose gel electrophoresis as described in section 2.4.3.2
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Table 4.1 Results of single and multiplex PCR plasmid mixing experiments.

A. HHV-6 PCR Copies HHV-6 and HHV-7

100 10 1

PCR Sign al

HHV-6 + + + + + + + + +
HHV”7 ------- ------- -------

B. HHV-7 PCR Copies HHV-6 and HHV-7
100 10 1

PCR signal
HHV-6 ------- ------- -------
HHV-7 + + + + + + + + +

C. Multiplex PCR  Copies HHV-6
100 10

Copies HHV-7 PCR signal
100 HHV-6 + + + + + + + + +

HHV-7 + + + + + + + + +

10 HHV-6 + + + + + + + + -
HHV-7 + + + + + + + + +

1 HHV-6 + + + + + + —  +
HHV-7 + + + —+ + + +  —

Different copy numbers of HHV-6 and HHV-7 cloned sequences, diluted in a 
background DNA concentration of 30ng, were mixed in different proportions and 
assayed both by (A) HHV-6 single PCR, (B) HHV-7 single PCR, and (C) by 
multiplex PCR. All combinations were determined in triplicate, and the results of 
both PCR types were observed by electrophoresis of reaction products in 
ethidium-bromide-stained agarose gels, as described in Materials and Methods.
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Saliva sam p les  1-16

/

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

-  —  *  • • •  •  * •
HHV-6 (173  bp) 

HHV-7 (143  bp) 

HHV-61
>HHV

primer dimer

Figure 4.8 Results of multiplex PCR on saliva samples. For each of the 
sixteen specimens, a 30/vL sample of saliva was denature(d by steaming, 
analysed by multiplex PCR for the presence of HHV-6 and HHV-7, and reaction 
products electrophoresed in ethidium bromide-stained agarose gels. Molecular 
weight markers were electrophoresed at either end of the gel to assist in the 
positional analysis of the respective amplicons. The arrowed markers indicate 
the respective mobilities of HHV-6 and HHV-7 amplicons, and also those of the 
respective primer dimers. Samples 4, 9,11 and 13 are positive for HHV-6 only: 
samples 3 and 8 are positive for HHV-7 only; samples 5 and 7 are positive for 
both HHV-6 and HHV-7, and samples 1, 2, 6, 10, 12, 14, 15 and 16 are negative 
for both viruses. To aid the identification of respective viral amplicons, note the 
presence of a specific amplicon is accompanied by the decreased intensity of 
the primer dimer band for that species (in particular lanes numbers 8-13).
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HHV-6-infected cell DNA, from which no amplification was seen using the HHV-7 
primers (data not shown).

4 .2 .4 .4 . Determination of sensitivity of quaiitative PCR
The final sensitivity of the fully-optimised nested PCR was determined by performing both 
rounds of PCR under the optimised conditions, using known copy numbers of cloned 
wild-type sequence as a target. The results of the end-point detection of the respective 
rounds of PCR are shown in figure 4.7. The lowest copy number of cloned sequence that 
was detectable by the first round of PCR was 100 copies, and by application of the second 
round PCR to the products of the first round, between 1 and 10 copies.

4.2.5. Optimization of a multipiex PCR for HHV-6 and HHV-7

4 .2 .5 .1 . Piasmid mixing experiments
The results of individual and multiplex PCRs on different combinations of HHV-6 and 
HHV-7 cloned sequences are shown in Table 4.1. When the dilution series of the mixture 
of HHV-6 and HHV-7 plasmids was analyzed by the individual assays (Table 4.1 A and 
4. IB), there was no cross-amplification of the heterologous type. In addition, at the 
dilution level which was equivalent to 1 copy of each sequence, HHV-6 and HHV-7 
sequences were detected in 1 out of 3 replicates and 2 out of 3 replicates, respectively.

The results of multiplex PCR on the mixture of sequences are shown in Table 4.1C. Both 
HHV-6 and HHV-7 sequences were amplified in all mixed proportions, including the 
imbalance of mixture ratio of 100 to 1 with respect to both viruses. Only at the lowest 
dilution ratio of 1:1 for both sequences was there a discrepancy in the number of replicates 
showing amplification. Figure 12 shows application of the multiplex PCR to clinical 
samples.

4.2.6. Construction of control sequence for quantitative PCR
The quantitative PCR described in this thesis is a quantitative-competitive method, based on 
the co-amplification of a control sequence. Following PCR on the analyte, differentiation 
of the control sequence from the wild-type amplicons is necessary for calculation of wild- 
type quantity. To enable this distinction, a Sma I restriction endonuclease site was 
introduced into the wild-type sequence by site-directed mutagenesis, which then served as 
the control sequence. Construction of the target sequence mimetic for use as a control 
sequence was performed by PCR-based site-directed mutagenesis (for a schematic diagram 
of the strategy, see Figure 4.9). Mutated constructs were amplified by PCR and ligated 
into the plasmid pUC18. After transformation of competent bacterial host, mini-scale 
preparations of plasmid DNA were made and characterised in several stages. Figure 4.10A 
(i) shows the results of Eco R1 and Hind HI digestion of isolated plasmid DNA
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Figure 4.9 Construction of control sequence by site-directed mutagenesis, for 
use in quantitative-competitive PCR. (A) Two separate PCR reactions were 
performed, one using primers 1 and 6, the other using primers 2 and 5. (B) 
Dénaturation, mixing and (C) annealing of the two heterologous species. (D) 
Extension of complementary regions by DNA polymerase. (E) Amplification of 
full control sequence by PCR with primers 1 and 2 for blunt-ended ligation into 
pUC18.
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Figure 4.10 (A) Identification of correctly mutated sequences in clone 11 by 
(I) H/nc/lll/EcoR1 restriction enyme digestion of cloned products of site-directed 
mutagenesis, (11) linearisation of plasmid by Sma I and (iii) PGR amplification 
from cloned control sequence with first and nested primer sets (B) Nested 
PCR amplification of cloned products followed by Sma 1 restriction enyme 
digestion of PCR products, showing functional restriction enzyme site present.
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Figure 4.11 Comparison of central sequence areas of wild-type and control 
sequence plasmids. Note sequence changes (boxed) from TOGGTC (wild-type) 
to CCCGGG (mutant).
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Figure 4.12 Calibration of HHV-7 QCPCR. (A) Autoradiograph showing 
results of QCPCR using varying wild-type (wt) copy number with constant 
control sequence (ctrl) copy number. (B) Calculated wild-type copy numbers 
were obtained and plotted against actual input wild-type copy numbers. Each 
point represents the mean of triplicate determinations, with standard deviation 
plotted as error bars. Line of best fit was plotted and the significance ‘p’ of the 
correlation coefficient V is shown.
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from 12 clones, all with inserts of approximately the expected size. Each of these plasmid 
preparations was further characterised by testing for the presence of a unique Sma I site by 
restriction enzyme digestion. The results are shown in Figure 4.10A (ii), where only the 
plasmids from clones 11 and 12 are correctly linearised. Plasmid DNA from all 12 clones 
was subjected to PCR amplification to determine whether all four primer-binding regions 
were present and Figure 4.10A (iii) shows that this was the case only for clone 11. In 
order to determine whether the Sma I site was functional after PCR, the reaction products 
of clone 11 were subjected to restriction enzyme digestion with Sma I. Figure 4.10 (B) 
shows the PCR amplicons cleaved into two fragments, indicating the presence of a 
functional Sma I site.

The clone thus characterised was sequenced. Figure 4.11 shows a comparison of the 
central sequence of the wild-type and control pUC18 inserts. The wild-type area targeted 
for mutation and the result of the mutagenic procedure in the control sequence are 
highlighted, showing the successful base changes which create a Sma I restriction 
endonuclease site.

4.2.7. Calibration of quantitative PCR
The calibration procedure was performed to determine the precision and accuracy of the 
quantitative PCR. Different known wild-type plasmid copy numbers were amplified in the 
presence of a constant control plasmid copy number, to ascertain the range of accuracy of 
the assay. Figure 4.12 (A) shows the autoradiograph of a typical gel after digestion and 
electrophoresis of PCR products. In this figure, the relative signal strengths of the wüd- 
type and control amplicons change proportionally according to their individual copy 
numbers present at the start of the PCR reaction. Where the input wild-type and control 
copy numbers are equal, the relative signals are equal after performing the assay. Figure 
4.12 (B) shows the relationship between actual and calculated copy numbers between the 
range 10 to 10  ̂ copies. The correlation coefficient of 0.994 indicates precision over this 
range, and with good accuracy of calculated copy number shown by the regression line 
passing through the origin.

120



4.3. DISCUSSION
In one of the original investigations into the nature and prevalence of HHV-7 (Bememan et 
a l, 1992a), ohgonucleotide primer sets were described for use in amplification of HHV-7 
sequences by nested PCR, and later work by this and other groups has relied on these 
primers (Yalcin et ai, 1994; Di Luca et al., 1995a; Secchiero et at., 1995c). Despite their 
adoption as being universally applicable to studies on the natural history of HHV-7, no 
formal demonstration has been made concerning the likely variability of the region 
amplified, particularly within the sequences of the primers themselves. Similarly, other 
primer sets have been described for different regions of the HHV-7 genome, again without 
consideration of variability (Tanaka-Taya et a i, 1996; Sada et al., 1996).

The HHV-7 Hind 111 fragments discovered in this work show different degrees of 
homology to HHV-6. The 1A5 sequence, of calculated size 2179 bp, shows close 
homology to a repeat region of HHV-6, and has associated multiple reading frames. Due to 
the similarity between the sequences, the 1A5 sequence was not deemed to be of use in the 
design of a PCR to specifically detect HHV-7. Nevertheless, such a region might be of 
value in screening large numbers of samples for the presence of HHV-6 or HHV-7, 
although positive reactions would need to be further characterised to identify the specific 
vims.

The 1D3 nucleotide sequence has a translated peptide sequence which is highly 
homologous to the HHV-6 U42 gene (Gompels et al., 1995), which is itself the positional 
homologue of the HSV-1 1CP27 gene. HSV-1 1CP27 is a zinc-binding protein with a 
multi-functional role in differential splicing and transport of messenger RNA, and is an 
essential gene (Roizman and Sears, 1993). Since it is likely that the HHV-7 homologue is 
also essential for viral rephcation, the sequence appeared to be of value as a potential target 
for PCR amplification. Importantly, despite amino-acid conservation, there was no 
significant nucleic acid homology between this region and the equivalent HHV-6 U42 gene, 
which was borne out by the inability to amplify HHV-6 DNA using the HHV-7 primer 
pairs.

The results of optimisation of the PCR reaction conditions show the HHV-7 assay could 
detect approximately 100 copies of target DNA after the first round of PCR, and between 1 
and 10 copies after nested PCR. In addition, the assay did not generate a signal when a 20- 
fold greater amount of HHV-6 wild-type DNA was tested in the presence of excess HHV-7 
primers, showing the PCR was specific for HHV-7 sequences. This confirmed the results 
of the computational determinations of nucleic acid homology, and established a sensitive 
and specific PCR assay for chnical evaluation.
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Subsequent to the development of the HHV-7 qualitative PCR, the method was developed 
into a multiplex PCR assay for the simultaneous detection of HHV-6 and HHV-7. The 
additional complexities of the multiplex PCR, with respect to the original reaction 
conditions for individual HHV-6 and HHV-7 PCRs, were those of an extra primer set 
included in the reaction components, and the reduction of the annealing temperature of the 
HHV-6 primers. It was important to verify the effect of these modifications, and the 
plasmid mixing on the sensitivity and specificity of the single and multiplex PCRs, and to 
ensure no preferential amphfication of either sequence.

The results of the individual PCR assays on the mixture of HHV-6 and HHV-7 plasmids, 
in which each assay amplified only the corresponding viral templates, indicates that the 
specificity of the reaction was unchanged by the effect of mixing the sequences. In 
addition, amplification throughout the dilution range, including the single-copy dilution 
hmit, demonstrated that the presence of equal copy numbers of HHV-6 and HHV-7 
sequences did not interfere with the sensitivity of the amphfication of either the HHV-6 or 
the HHV-7 sequence. In total, these results indicated the sensitivity and specificity of the 
respective individual PCR assays was retained when attempting to detect HHV-6 and/or 
HHV-7 sequences in the context of a typical background human DNA concentration. This 
further supported the suitabihty of the individual PCRs for the analysis of naturaUy- 
occuring HHV-6 and HHV-7 infections, where both sequences may be present in the same 
sample, in different clinical settings.

The results of the multiplex assay, in which different imbalances of HHV-6 and HHV-7 
plasmids were tested in PCR reactions containing both HHV-6 and HHV-7 primers, also 
showed that the sensitivity of the assay remained unchanged. This was evident by the 
inconsistent amplification of replicates only at the single-copy dilution hm it Importantly, 
there was no evidence of preferential amplification of either sequence, even when one 
sequence was in a 10- or 100-fold excess.

Adaptation of the quahtative PCR into a quantitative format was effected by the construction 
of a control sequence, which was identical to the wild-type sequence apart from the specific 
base changes creating a Sma I restriction endonuclease site. The use of a control sequence 
in quantitative PCR ensures that each PCR tube is internally controlled for variations in 
amplification efficiency (Becker-André and Hahlbrock, 1989; Henco and Heiby, 1990), 
and such assays have been shown to be accurate in the quantitation of a number of different 
viruses such as hepatitis C (Gretch et al., 1994), HIV-1 (Bruisten et al., 1993), HCMV 
(Fox etal., 1992), variceUa-zoster virus (Mahalingam et a i, 1993), HHV-6, (Secchiero et 
at., 1995c; Clark et a i, 1996) and HHV-7 (Secchiero et a l, 1995c). However, in the assay 
design described in this Chapter, over-estimation of quantity of target sequences could 
potentially occur through the formation of heterodimers of wild-type and control DNA
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strands, which would be resistant to restriction enzyme digestion. Nevertheless, the 
formation of heterodimers can be prevented by ensuring that the thermocycling is completed 
whilst the reaction is in the exponential phase (Becker-André and Hahlbrock, 1989). In this 
Chapter, these precautions were incorporated and plasmid co-amplification experiments 
showed accurate quantitation of wild-type copies over a wide dynamic range, and was 
associated with low intra- and inter-assay variability, indicating that heterodimer formation 
was not problematic under the conditions used.

In summary, the work presented here describes novel oligonucleotide primer sets for the 
specific amplification of part of the HHV-7 genome, homologous to the HHV-6 U42 gene, 
which is essential to the replication of the virus. A nested PCR assay was developed, 
which showed specificity for HHV-7 and a sensitivity sufficient to detect a single copy of 
the target sequence. The qualitative PCR was converted into a multiplex assay for the 
simultaneous detection of HHV-6 and HHV-7, retaining the specificity and sensitivity of 
the single assay. The qualitative assay was converted into a quantitative assay by the 
construction of a control sequence, the calibration of which showed the accurate and 
reproducible determination of HHV-7 copy numbers.
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Chapter 5 - MEASUREMENT OF HUMAN HERPESVIRUS-7 
LOAD IN PERIPHERAL BLOOD AND SALIVA OF HEALTHY 

SUBJECTS BY QUANTITATIVE POLYMERASE CHAIN
REACTION
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5.1. IN TRO D UCTIO N
As described in detail in Chapter 1, human herpesvirus-7 (HHV-7) is a recently discovered 
herpesvirus, first isolated from the peripheral blood of a healthy volunteer (Frenkel et al., 
1990). Genome homology studies show it to be most closely related to human herpesvirus- 
6 (HHV-6) and human cytomegalovirus (HCMV) (Frenkel et at., 1990; Bememan et at., 
1992a), and accordingly it has been classified as a new member of the subfamily 
betaherpesvirinae. HHV-7 is a ubiquitous virus, infecting most individuals in childhood 
(Wyatt et al., 1991; Clark et a i, 1993). Primary infection has been associated with 
episodes of exanthem subitum (Tanaka et al., 1994), after which the virus may persist, 
with excretion of infectious virus in the saliva (Wyatt and Frenkel, 1992; Black et al., 
1993). To date, no other disease manifestations in the immunologically competent host 
have been associated with HHV-7. However, since other members of the herpesvirus 
family cause disease in the immunocompromised patient, it is plausible that HHV-7 may do 
likewise.

Before the role of HHV-7 in disease could be investigated, a study of the natural history of 
HHV-7 infection in healthy individuals was essential. Since herpesvirus primary and 
recurrent infection is frequently associated with elevations in viral load (Stagno et al., 1975; 
Riddler gr a/., 1994; Fox et al., 1995), the range of viral loads associated with persistence 
in the immunocompetent host needs to be determined through cross-sectional and 
longitudinal studies, as has been done for other herpesviruses (Wagner et al., 1992; Asano 
etal., 1985; Brytting etal., 1992; Cone et al., 1993b). This chapter describes the work I 
carried out in the application of the qualitative and quantitative PCR assays to an analysis of 
the persistence of HHV-6 and HHV-7 in healthy adults, in order to provide insight into the 
natural history of HHV-7 infection.
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5.2 RESULTS

5.2.1. Analysis of saliva and peripheral blood DNA from healthy 
volunteers
A cross-sectional HHV-7 PCR analysis of saliva and pbDNA derived from healthy 
volunteers was performed. Analysis of whole saliva samples by qualitative PCR showed 
that 23/24 (96%), and 16/19 (84%) of these individuals had HHV-7 and HHV-6 DNA 
present, respectively. Similar analysis of pbDNA from the same individuals by qualitative 
PCR showed that 20/24 (83%), and 8/24 (33%) were positive for HHV-7 and HHV-6, 
respectively, when lj4g of input DNA was analyzed (equivalent to 150,000 diploid cells). 
In the case of HHV-7, this prevalence did not alter when up to 2//g was used in the PCR. 
However, when successively smaller quantities of input pbDNA were analyzed, HHV-7 
prevalence declined as a sigmoidal function (logistic curve fit; = 13.78, p <  0.01; figure 
5.1). Of the 4 individuals who were negative for HHV-7 DNA in pbDNA, one individual 
was also negative in saliva, and was negative for antibodies to HHV-7 by an indirect 
immunofluorescence assay. It is very likely that this 36-year old individual was not 
infected with HHV-7, despite being HHV-6 and HCMV seropositive.

5.2.2. Quantitative analysis of saliva and blood DNA
By quantitative PCR, the HHV-7 genome copy numbers in saliva ranged between 7.7x10^ 
and 1.8x10^ copies per mL (median 1.1x10^). When pbDNA samples were similarly 
analyzed, viral loads ranged between 5 and 1229 HHV-7 genome copies per Ifig pbDNA 
(median 40 copies; equivalent to 1 copy per 3750 white blood cells). On stratification of 
the individuals by sex, a significant difference was seen between the groups for HHV-7 
median viral load in pbDNA (males, 10 copies (range 0 - 1229 copies); females, 53 copies 
(range 5 - 610 copies); Mann-Whitney 'U' test: p < 0.05; figure 5.2 (A)). In contrast, no 
significant difference between sexes was observed for HHV-7 median viral load in saliva 
(males 7.4x10^ copies, females 1.6x10^ copies; figure 5.2 (B)). ThereVas no association 
between viral load in pbDNA and saliva by least squares regression analysis (r = 0.24, 
p>0.4).

To investigate the extent of fluctuations in HHV-7 viral load in saliva and blood from 
immunocompetent individuals, sequential samples taken over periods between 40-60 days 
from five volunteers were quantitated. The results shown in figure 5.3 (A) indicated that aU 
individuals had a sustained high salivary viral load with both intra- and inter-person 
variation, whilst in blood the same individuals had a viral load several orders of magnitude 
lower (5.3 (B)). One individual (A) had a higher sustained level of blood HHV-7 viral 
load compared to the other four. All individuals had blood HHV-7 viral loads which were 
relatively constant during the period of analysis (subject A: mean blood viral load 1568 
copies per 2.5 //L pbDNA analysed (standard deviation (sd) 196); subjects B, C, D and E  
means of blood viral load 86 (sd 25), 84 (sd 31), 52 (sd 7) and 5 (sd 0) copies, 
respectively).
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Figure 5.1 Relationship between amount of input DNA required to generate a 
positive PCR signal for HHV-7 and HHV-6, in a population of 24 healthy 
individuals. Logistic regression analysis was applied and the line of best fit 
plotted for each relationship. For HHV-7, prevalence varied as a sigmoidal 
function (y^ = 13.78, p < 0.01).
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1mL saliva, by quantitative PCR from healthy volunteers, stratified by sex. The 
solid bar in each group represents the median copy number of HHV-7 
genomes. In the case of the pbDNA analysis, the difference in medians 
between sexes was significant (Mann-Whitney 'U' test: p < 0.05).
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Figure 5.3 Quantitative PCR analysis for HHV-7 of sequential pbDNA (A) and 
saliva (B) from 5 volunteers, showing temporal variation in individuals. HHV-7 
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saliva as copies per 1mL In the analysis of pbDNA, the samples taken from 
subjects A and D on day 0 were inhibitory to the PCR, and no result could be 
obtained. Sequential saliva samples were obtained 40 days after those used 
for initial cross-sectional analysis.
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5.3 DISCUSSION
This chapter describes the use of quahtative and quantitative PCR to determine the levels of 
persistence of HHV-7 in blood and sahva of immunocompetent individuals. The 
proportion of individuals who were positive in blood (83% at l|ig  pbDNA) is in agreement 
with other published studies (Di Luca et al., 1995a; Wilbom et al., 1995). Interestingly, 
HHV-7 prevalence was higher in blood than HHV-6 in the same population with only 33% 
positive for HHV-6 at Ifig pbDNA. Three individuals (13%) had relatively high HHV-7 
viral loads, since their pbDNA remained positive below 30ng. Thus, by reducing input 
DNA to this level, the majority of healthy individuals wiU be PCR negative for HHV-7 
DNA. As has been previously shown for HCMV (see Chapter 3; and Fox et al., 1995), 
these data have implications for the use of quahtative PCR in the investigation of the 
possible association of active HHV-7 rephcation and clinical disease, where a higher blood 
viral load would be predicted.

The majority of saliva samples were positive for HHV-7 and HHV-6 by qualitative analysis 
(95% and 84% respectively). Significantly, there were three individuals where HHV-7 
was detected in saliva but not in blood, even when 2|j,g pbDNA was analyzed. This may 
reflect either a lower viral load in blood or an absence of HHV-7, as the failure to amplify 
HHV-7 was not due to non-specific inhibition of the PCR. However, one individual was 
identified in whom HHV-7 sequences were neither detectable in sahva nor in blood, and in 
whom it was not possible to demonstrate HHV-7-specific antibodies. Therefore, it seems 
hkely that this individual was not infected with HHV-7. Since there were no individuals 
who were positive in blood but negative in sahva, PCR analysis of sahva provides an 
alternative method to serology to determine whether individuals have been infected with 
HHV-7.

Apphcation of quantitative PCR identified a relatively high HHV-7 viral load in sahva 
compared to blood. These data, in combination with the frequent isolation of HHV-7 from 
sahva, suggests that the oral cavity is a site of persistence of the virus, and further supports 
the likelihood that sahva is the main route of transmission of the virus between individuals 
(Wyatt a/., 1991).

The quantitative analysis of blood viral load also shows that females had a significantly 
higher median blood viral load compared to males, together with a higher variance (p = 
0.013). Elevated IgG antibody titres to HHV-7 have also been found in adult females 
compared to males (Dr. Duncan Clark - personal communication). Similarly, higher HHV- 
6 IgG antibody titres in females compared to males have been noted (Clark et al., 1990). 
The higher median HHV-7 blood viral load in females found in the work in this Chapter 
may be a consequence of haematological differences between sexes. Indeed, it has recently
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been demonstrated that significantly higher numbers of CD4+ T-lymphocytes, a known 
target for HHV-7 in vivo, are present in females compared to males (Amadori et a i, 1995). 
Thus it may be important to consider differences in normal HHV-7 load between males and 
females when assessing the significance of elevations in HHV-7 viral load in the setting of 
disease.

Quantitative analysis of sequential blood samples from five volunteers showed a sustained 
level of HHV-7 in the blood of each individual. Since all individuals remained healthy 
throughout the period of sampling, these data suggest that these levels reflect a normal state 
of HHV-7 persistence, and furthermore that individuals will have relatively stable levels of 
viral load. Disease due to herpesvirus rephcation is often preceded by a rise in blood viral 
load (Einsele et al., 1991b). By limiting the amount of DNA below a threshold where virus 
is detected in normal individuals by HHV-7 PCR, this quahtative methodology may 
provide an indication of active viral rephcation. However, longitudinal analyses using 
quantitative assays are hkely to be more informative for the detection of active viral 
rephcation, where an increase in viral load from a low level can be determined.

Quantitative analysis of sequential sahva samples showed a substantially higher and more 
variable viral load than blood. The fluctuations in viral load over time probably reflect the 
natural variations in salivary composition, making it unsuitable for monitoring changes in 
HHV-7 viral load in relation to disease. However, the amount of HHV-7 in saliva, in copy 
number terms, is several orders of magnitude higher than in blood, and together with data 
on frequent isolation of HHV-7 from sahva (Wyatt and Frenkel, 1992; Black et at., 1993; 
Hidaka et at., 1993) suggests chronic active viral rephcation. This is in contrast to the 
relatively lower copy numbers of the virus found in blood, which imphes a different state 
of persistence of HHV-7. In blood, this could be a low level of viral rephcation, or latency 
where rephcation of virus is absent. Another possibihty is that natural persistence in blood 
is a fluctuating state between low rephcation rate and latency, with the immune system 
providing the dynamic control.

In summary, the results presented here demonstrate the utihty of the ohgonucleotide primer 
sets described in Chapter 4 and a DNA control sequence for the detection and quantitation 
of HHV-7 DNA by PCR. Using these assays to analyse sahva and blood samples from 
healthy volunteers suggested two sites of persistence of HHV-7: the oral cavity and 
peripheral blood. Although sahva is a relatively easier specimen to obtain, the results 
presented in this Chapter suggest that the variation in viral load makes it suitable only for 
determination of the HHV-7 status of individuals. For the detection of active viral 
rephcation in association with disease, pbDNA is hkely to be a more satisfactory specimen, 
with the proviso that this is performed as a longitudinal analysis for each individual, and 
possibly, that account is taken of the apparent difference in viral load between males and 
females.
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Chapter 6 - DIAGNOSIS OF PRIMARY HUMAN 
HERPESVIRUS 6 AND 7 INFECTIONS IN FEBRILE INFANTS 

USING THE POLYMERASE CHAIN REACTION
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6.1. INTRODUCTION
Primary infection with HHV-6 and HHV-7 occurs most frequently in childhood (Wyatt et 
al., 1991; Clark gf a/., 1993; Tanaka-Taya gf a/., 1996). Manifestations of HHV-6 primary 
infection include febrile illness such as exanthem subitum (ES) (Hall et al., 1994; 
Yamanishi et al., 1988), with convulsive seizures recognized as a common complication 
(Hall et a i, 1994). The clinical features of primary HHV-7 infection are less well defined, 
although the virus has also been reported to cause ES (Tanaka et a i, 1994). Therefore, it is 
important to consider these two viruses in the differential diagnosis of febrile illness in 
young children. Laboratory diagnoses of active HHV-6 and HHV-7 infections have most 
commonly utilised virus isolation from peripheral blood and/or documented 
seroconversion/rise in antibody titre (Hall et a i, 1994; Yamanishi et al., 1988; Tanaka et 
a l, 1994; Torigoe etal., 1995; 1996); however, a major drawback to these approaches is 
the length of time required to obtain results. Additional problems may be encountered in 
acquiring reliable sources of umbilical cord blood mononuclear cells which are required for 
virus isolation. A drawback to serological diagnosis of infection is the necessity for the 
collection of both acute and convalescent serum samples.

The polymerase chain reaction (PCR) provides an alternative technique to identify viral 
infections. However, since HHV-6 and HHV-7 persist in the host following primary 
infection, PCR methods which can identify clinically relevant viral replication are required, 
and the detection of HHV-6 DNA in serum or plasma by PCR has been used as a marker 
for active infection (Huang eta l, 1992; Secchiero e ta l, 1995a). An alternative strategy to 
serum PCR may be adopted, based on the reported temporal delay in the detection of HHV- 
6 or HHV-7 DNA in the sahva of children with ES, as determined by PCR (Suga et a l, 
1995; Asano et a l, 1995). The work presented in this chapter shows that a presumptive 
diagnosis of primary infection may be made based on the detection by PCR of viral DNA in 
peripheral blood mononuclear ceUs (PBMCs), but not sahva. In addition, quantitative PCR 
(QPCR) was used to determine the number of viral genomes (viral load) in PBMCs. Such 
a measurement is hkely to vary between persistence in normal individuals and during 
primary infection or episodes of reactivation.
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6.2 RESULTS

6.2.1 Patient population and samples
A total of 48 children were entered into the investigation, 29 of whom had febrile 
convulsions, 12 had febrile episodes alone (41 cases), and 7 controls. The median ages in 
the 41 cases and 7 controls were similar (13 months (range 6-36) versus 11 months (range 
4-31) respectively). Among the cases, the mean time between onset of symptoms and 
presentation at hospital was 2.05 days, with a mean temperature of 38.6°C. Thirteen cases 
had additional respiratory tract symptoms, 7 had a rash, 8 had inflamed ear drums, and 7 
had gastrointestinal disturbances. Semm was obtained from all cases and controls. 
PBMCs were not available from 8 cases, whilst saliva was unavailable from 2 controls.

6.2.2. Prevalences of HHV-6 and HHV-7 In cases and controls

Analysis of blood and saliva by qualitative PCR, and serum for antibody status by 
immunofluorescence, showed there was no statistical difference in the prevalence of 
HHV-6 or HHV-7 between the cases and the controls (see table 6.1). However, for both 
HHV-6 and HHV-7, the median age of seropositive children was significantly greater than 
seronegatives (HHV-6, séropositives median 14.0 months versus seronegatives 7.0 
months, P < 0.0001; HHV-7, séropositives median 15.0 months versus 10.0 months, P <
0.001, Mann-Whitney U test).

The saliva and serology results were used to compare the prevalence of HHV-6 and HHV-7 
in the two age groups, 0-12 months (24 children) and 13-24 months (20 children). The 
prevalence of HHV-6 was significantly higher than that of HHV-7 in the younger group as 
determined by analysis of saliva (P = 0.03) and serostatus (P = 0.006), and in the older 
group by serology alone (P = 0.01; Chi squared test for all analyses).

6.2.3. HHV-6 viral loads In PBMCs
HHV-6 viral loads were measured in positive PBMCs and the results are shown in table 
6.2. Two children (1 case, 1 control) were below the threshold of accurate quantification. 
Three children (nos. 1, 15 and 25) were HHV-6 positive in blood, but PCR negative in 
saliva, suggesting primary HHV-6 infection. The viral loads in these 3 children were 
significantly higher (median 24,213 genomes/10^ PBMCs, range 20,816-320,839) 
compared to the other quantifiable DNAemic children (median 1,606 genomes/10^ PBMCs, 
range 318-8,756; P<0.01, Mann-Whitney ‘U’ test). A supplementary PCR analysis of 
sera from the primary infection group showed HHV-6 DNA was detectable in 2 of the 3 
children, and 1 child was weakly seropositive by immunofluorescence (data not shown).
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Table 6.1 Prevalence of (A) HHV-6 and (B) HHV-7 in febrile infants and 
controls*.

A

HHV-6
 Cases________ Controls______P

HHV-6 DNA by PCR:

PBMCs: 12/33 (36.4%) 2/7(28.6% ) 1.0

Saliva: 22/41 (53.7%) 2/5 (40.0%) 0.91

HHV-6 antibody:

Serum: 29/41 (70.7%) 4/7(57.1% ) 0.76

B

HHV-7
 Cases________ Controls

HHV-7 DNA by PCR:

6/33(18.2% ) 1/7(14.3% ) 1.0

14/41(34.1% ) 1/5(20.0% ) 0.94

PBMCs 

Saliva 

HHV-7 antibody:

Serum: 13/41 (31.7%) 3/7(42.9% ) 0.86

‘ Differences in the prevalence rates in cases and controls were compared by 
Fisher's exact test (P)
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Two of the 3 children with presumptive primary infection presented with fever and 
diarrhoea, whereas the third presented with a febrile fit and inflamed ear drum, with a non- 
bacterial pyuria. A CSF sample from this child did not contain white cells and was negative 
for HHV-6 DNA by PCR. No other pathogens were associated as a cause of symptoms in 
these 3 children and their temperatures at presentation were similar to those of the other 
cases.

6.2.4. HHV-7 viral loads In PBMCs
HHV-7 viral loads in children who were qualitatively DNAemic are shown in Table 6.3. 
Three children (nos. 12, 14, and 30) were PCR positive in blood, but negative in saliva. 
These 3 children with presumed primary HHV-7 infection had significantly elevated viral 
loads (median 6,040,000 genomes/10^ PBMCs, range 3,366,000-77,700,000) compared 
to the other HHV-7 DNAemic children (median 7,089 genomes/10^ PBMCs, range 1,668- 
17,609; P<0.05; Mann Whitney ‘U’ test). Two of the children with primary HHV-7 
infection were seronegative, the other was weakly seropositive. In addition child no. 14 
was also positive in serum for HHV-7 DNA. All 3 children with HHV-7 infection 
presented with febrile fits, 2 with respiratory tract symptoms and one with conjunctivitis. 
CSF samples were not available for analysis. No other pathogens were identified from 
urine or blood cultures, and the temperatures on presentation of these 3 children were 
similar to those of the other cases.

6.2.5. Blood cell counts In primary HHV-6 or HHV-7 Infection
The combined primary HHV-6 and HHV-7 cases (6 in total) had significantly lower mean 
white cell counts (7.9 versus 16.7 x 10^/L; P = .01; Student’s t-test) and neutrophil counts 
(4.0 versus 10.7 x 10^/L; P < .05) than non-primary infection cases. Although there was a 
trend for lower total white cell, lymphocyte, and neutrophil counts in the primary HHV-6 
or HHV-7 infection groups alone compared to the other cases, these differences did not 
reach statistical significance (data not shown).
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Table 6.2 HHV-6 PCR analysis: identification of primary infection.

Study 
No.(age)

HHV-6 viral load 
(genomes/10^ PBMCs)

Saliva
PCR

Serum
PCR

S ero
status

Case
status

*25 (9m) 320,839 - — — case

*15 (8m) 24,213 — + + case

*1 (7m) 20,816 — + — case

19 (13m) 8,756 + — + case

4 (7m) 3,704 + — + case

48 (15m) 2,365 ns^ — + control

7 (14m) 2,072 + — + case

35 (14m) 1,606 + — + case

27 (lOm) 1,430 + — + case

28 (15m) 1,267 + — + case

30 (21 m) 453 + — + case

42 (lOm) 318 + — + case

Primary infections; ^ns = no sample
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Table 6.3 HHV-7 PCR analysis: identification of primary infection.

Study No. HHV-7 viral load Saliva Serum Sero Case
(age) (genomes/10^ PBMCs) PCR PCR status status

*14 (9m) 77,700,000 — + — ca se

*30 (21m) 6,040,000 — — + case

*12 (13m) 3,366,000 — — — case

24 (16m) 17,609 + — + case

7 (14m) 5,825 + — + case

45 (3 1 m) 3,254 + — + control

8 (16m) 1,668 + — + case

Primary infections
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6.3. D ISCUSSION
This Chapter describes the use of both qualitative and quantitative PCR to identify primary 
HHV-6 and HHV-7 infections in febrile infants, based on the differential detection of viral 
DNA between PBMCs and saliva. This diagnostic rationale is based on the reported 
temporal delay in the detection of HHV-6 or HHV-7 in saliva in comparison to the 
viraemic/DNAemic phase following primary infection (Suga et al., 1995; Asano et al., 
1995). On this evidence, primary HHV-6 and HHV-7 infections were identified in 6 of 41 
febrile infants (3 HHV-6, 7.3%; 3 HHV-7, 7.3%), but not in 7 non-febrile controls.

Using QCPCR, the HHV-6 and HHV-7 viral loads in PBMCs were highest in children 
who were saliva PCR negative, most likely reflecting active replication in blood during the 
acute phase of disease and prior to excretion of virus in the oral cavity. It remains a 
possibility that slightly elevated viral loads, such as that found in child no. 19 (Table 6.2), 
which occur in the context of a PCR positive saliva, represent either reactivation, 
reinfection or a slightly later phase of primary infection. However, the association of high 
viral load in PBMCs and a PCR negative saliva suggests that the analysis of a combination 
of blood and saliva collected in the acute phase of disease could potentially identify children 
undergoing primary infection.

Viral DNA was detected by PCR in serum from 2 of the 3 children and 1 of the 3 children 
with putative primary HHV-6 and HHV-7 infections respectively. Serum or plasma PCR 
has been proposed as a suitable method to detect active HHV-6 replication (Huang et al., 
1992; Secchiero et al., 1995a). However, a potential drawback is the apparent delay of 
detectable HHV-6 DNA in serum from children with ES (Huang et al., 1992). A case 
report of a child with HHV-7-confirmed ES did not detect viral DNA iji plasma by nested 
HHV-7 PCR (Asano et al., 1995). In our study, 50% of the primary infections would 
have remained undetected based on serum PCR alone.

Serological analysis of a single serum/plasma sample is problematic in the diagnoses of 
HHV-6 and HHV-7 infections in young children at acute presentation. In this study, one 
child each with primary HHV-6 or HHV-7 infection was weakly seropositive. Given the 
young age of the children investigated, the potential confounding effect of maternally- 
derived antibodies has to be considered. One study utilised the presence of low avidity 
antibody to HHV-6 in febrile children as a marker for recent infection (Ward and Gray, 
1994). However, serum samples collected within the acute phase of suspected HHV-6 
infection were often seronegative. For demonstration of seroconversion, the collection of 
paired sera from young children is impractical. These difficulties highlight the advantages 
of PCR analysis where only samples taken in the acute phase of illness are available.
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Seroepidemiological studies have shown that HHV-6 infection occurs earlier in life 
compared to HHV-7 (Wyatt et al., 1991; Tanaka-Taya et a i, 1996), although not 
consistently so (Clark et a i, 1993). In our study, HHV-6 seroprevalences were 
significantly higher compared to HHV-7 in the age strata 0-12 months and 13-24 months. 
However, by saliva PCR status, the prevalence of HHV-6 was significantly greater in the 
younger group only. Detection of viral DNA in saliva presumably represents previous 
infection. In addition to the presence of maternal antibodies, the type of assay/antigen 
source or potential antigenic cross-reactivity between HHV-6 and HHV-7 could affect rates 
of seropositivity.

In summary, 3 infants were identified with febrile convulsions associated with primary 
HHV-7 infection. These findings, taken together with previous reports of febrile 
convulsions and acute hemiplegia in infants with HHV-7 infection (Torigoe et al., 1995; 
Torigoe et al., 1996), highlight the need to consider HHV-7 as well as HHV-6 in the 
differential diagnosis of febrile illness in infants. Definitive laboratory diagnoses of HHV- 
7 and particularly HHV-6 infections have relied previously on virus isolation or 
seroconversion. The results of this study suggest the potential of PCR, including QCPCR, 
to identify primary HHV-6 and HHV-7 infections using an appropriate combination of 
clinical specimens. In order to address the specificity and sensitivity of PCR diagnosis, 
larger numbers of febrile children and controls wiU need to be studied. The ability to 
diagnose infection by PCR during the acute phase of disease would facilitate clinical trials 
of antiviral agents with activity against either virus.
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Chapter 7 - A PROSPECTIVE STUDY OF THE 
PATHOGENESIS OF HUMAN CYTOMEGALOVIRUS, HUMAN 

HERPESVIRUS 6 AND HUMAN HERPESVIRUS 7 
FOLLOWING RENAL TRANSPLANTATION
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7.1 IN TR O DUC TIO N
Human herpesvirus 6 and human herpesvirus 7 are relatively recentiy-discovered, 
ubiquitous lymphotropic 6-herpesviruses (Salahuddin et al., 1986; Frenkel et at., 1990). 
Primary infection with these viruses has been shown to be responsible for pyrexial illness 
such as exanthem subitum and febrile fits (Yamanishi et a l, 1988; Hall et at., 1994; Clark 
et at., 1997; see Chapter 6 of this thesis). Both HHV-6 and HHV-7 are immunotropic, 
through their capacity to infect CD4 lymphocytes (Lusso et at., 1991b; Lusso et al., 1994) 
which are recognised as being critical to the function of immune surveillance and protection 
from herpesvirus infection. Human cytomegalovirus, whilst not demonstrated to be 
immunotropic, is recognised in the setting of immunosuppression to be an opportunist 
pathogen responsible for significant morbidity and mortality in solid organ and bone 
marrow transplantation (Griffiths, 1996).

Many case reports have purported to identify specific disease syndromes which are 
associated with HHV-6 infection in transplantation, such as pronounced febrihty (Jacobs et 
al., 1994), skin rash (Yoshikawa etal., 1991), bone marrow suppression (Drobyski et al., 
1993; Carrigan and Knox, 1994), hepatitis (Ward et a i,  1989), encephalitis (Drobyski et 
a i, 1994) and interstitial pneumonitis (Cone et al., 1993a; Carrigan et al., 1991). 
However, there is a paucity of studies conducted on larger groups of patients to provide 
more reliable associations between these viruses and disease (Wilbom et al., 1994; 
Yoshikawa etal., 1992b; Appleton et al., 1995; Herbein et al., 1996; Osman et al., 1996). 
In renal transplantation, a higher prevalence of HHV-6 and HHV-7 was found in patients 
and healthy age-matched controls using virus isolation, serology and PCR analysis of 
single DNA samples (Yalcin et al., 1994), but these were obtained at varying and 
unspecified times after transplant. Osman et al., (1996) carried out a prospective study of 
the appearance of HHV-6, HHV-7 and HCMV using serial serological and PCR analysis of 
semm and blood DNA samples respectively. A slightly elevated relative risk for HCMV 
disease was noted for patients with concurrent HHV-7 and HCMV infection, and HCMV 
disease was associated with rising titres to HHV-7.

Whilst these results might suggest a role for HHV-7 in the pathogenesis of HCMV disease 
following renal transplantation, it is probable that significant associations between 
betaherpesvimses and viral disease are more likely to be elucidated through a directed and 
detailed clinico-pathologic analysis of the effects of infection with these viruses. Such 
criteria should include the relative time of appearance of infection, the resultant comparative 
viral loads, and the physical, haematological, and biochemical changes taking place during 
the post-transplant period. Account should also be taken of the immunological response to 
engraftment, as infection with betaherpesvimses have been associated with these events 
(Bostrom et a i, 1989; van Willebrand et al., 1986; van Dorp et al., 1989).
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In Chapters 5 and 6 of this thesis I showed that the HHV-6 and HHV-7 persistent infection 
of peripheral blood mononuclear cells (PBMC) in healthy adults is of a stable low-level 
nature, which contrasts dramatically with the high viral loads experienced by children 
undergoing primary infection with these viruses (Clark et al., 1997; Carrigan et at., 1996). 
The methodology for distinguishing between persistence and active viral replication was 
based on the detection of higher numbers of viral genomes by nested-PCR analysis of a 
limited amount of PBMC DNA. Other methods, such as the detection of viral genomes in 
serum, proved to be potentially misleading as at least one primary infection would have 
been missed by this methodology, and therefore there are advantages in using the PCR 
analysis of a limited quantity of DNA. To elucidate the roles of HHV-6 and HHV-7 in 
renal transplantation, I used this methodology in a prospective study of 52 patients who 
received a kidney allograft, performing a detailed clinico-pathologic analysis over the first 
120 days after transplant.
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7.2 RESULTS

7.2.1 Patients and samples
Patients were followed prospectively between 1st August 1993 and 31st January 1995. 
Within this period, 63 ehgible patients received a kidney from either live or cadaveric 
donors. Nine patients were excluded as fewer than four samples were received in the 120- 
day post-transplant surveillance period. One patient had been previously transplanted, and 
one patient died within the 120-day post-transplant period. Therefore 52 patients were 
included in the study. Serum samples from organ donors were not available for testing. 
Pre-transplant seropositivity of recipients for HCMV, HHV-6 and HHV-7 was 72.2%, 
92.3% and 94.4% respectively. Five-hundred and ninety-five blood samples were received 
from the 52 patients, with a median of 10.5 samples being received on each (range 4 to 25 
samples).

7.2 .2  Qualitative PCR testing
The results of testing samples for the presence of HCMV, HHV-6 and HHV-7 are shown 
in Figure 7.1. Of the 52 patients, 43 (83%) had at least one virus detected during the 
surveillance period, and 20 (38%) had more than one detected. HCMV was detected in 
58% of patients, HHV-6 in 23% of patients, and HHV-7 in 46% of patients. Of the 595 
blood samples received, 169 (28%) were PCR positive for at least one virus and 11 (2%) 
positive for more than one virus, indicating that most patients infected with two or three 13- 
herpesviruses had sequential and not concurrent infection. On the basis of HCMV, HHV-6 
or HHV-7 detection by PCR in a seronegative recipient, there were 9 HCMV primary 
infections and one apparent dual primary infection with HHV-6 and HHV-7.

Table 7.1 (B) shows an analysis of the temporal detection of pairs of vimses in individual 
patients. HCMV and HHV-7 had a tendency to be detected before HHV-6 in the same 
patient, and in patients where both HCMV and HHV-7 were detected, there was no 
tendency for either virus to appear first. The time taken for individual patients to become 
positive for either HCMV, HHV-6 or HHV-7 was compared (Table 7.1 (A)). Patients 
became positive for HHV-7 significantly earlier than for HCMV (19 days vs 35.5 days; 
Mann-Whitney ‘U ’ p = 0.04). In contrast, no significant difference was observed in 
comparisons of time to first positive between HCMV and HHV-6, or between HHV-6 and 
HHV-7. Survival analysis was performed on the data, and Figure 7.2 (A) shows a 
Kaplan-Meier plot of the time taken to become positive for each virus. After 
transplantation, patients were more likely to become positive first for HHV-7, but after 
approximately 40 days the the likelihood of becoming HCMV-positive first was higher than 
that for HHV-7, and continued to be so.
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Figure 7.2 (B) provides an alternative view of the same information, but with the relative 
rates of increase in positivity expressed as the cumulative risk to patients of becoming 
positive for any virus after transplant. Initially, patients were more at risk of being positive 
for either HHV-6 or HHV-7, but by day 25 the risk of being HHV-7 positive had increased 
over that of HHV-6. At approximately the same time, the risk of becoming HCMV positive 
was also increasing, so that by day 30 the frequency of detection of both HCMV and HHV- 
7 was higher than that of HHV-6. From approximately day 40 onwards, the risk of 
patients becoming HCMV positive was greater than that of becoming positive for HHV-7.

To further examine the relationship between the time to detection of HCMV and HHV-7, a 
subset of patients having experienced infection with HCMV only, HCMV and HHV-7, or 
HHV-7 only, was analysed. Figure 7.3 (A) shows a comparison of risk to patients of 
becoming positive for HHV-7, with and without the presence of HCMV. The similarly- 
shaped plots indicated that HCMV appears to have little influence on the risk of becoming 
HHV-7 positive. Figure 7.3 (B) shows the association of HHV-7 on the risk of patients 
becoming positive for HCMV. The risk curves show similar progression up to about day 
35, after which there appears to be a divergence of risk to those patients in whom HHV-7 
was also detected. The effect of HHV-7 infection together with HCMV appears to be either 
to delay the time of appearance of HCMV, or to induce HCMV infection in those who 
would not otherwise experience it.

7.2 .3  Quantitative PCR
Samples which were positive for HCMV, HHV-6 or HHV-7 by qualitative PCR had viral 
loads determined by quantitative PCR. Figure 7.4 shows a scatter diagram comparing the 
respective viral loads, expressed as genome copies per ImL blood. The maximum viral 
load observed during surveillance of each patient was determined, and comparison of the 
median maximum viral load by the Mann-Whitney ‘U’ test showed that of HCMV (median 
9.8 X 10"̂ ; range 781 to 6.9 x 10̂  copies/mL blood) to be significantly greater than that for 
either HHV-6 (median 2000; range 2000 to 1.4 x 10̂  copies/mL blood) or HHV-7 (median 
2000; range 2000 to 2.3 x 10"̂  copies/mL blood; both p < 0.05). No significant difference 

was found between the maximum viral load of HHV-6 and HHV-7.

To identify possible differences in viral infection between primary and non-primary HCMV 
infection, HCMV and HHV-7 viral loads were compared in these patient groups. In the 
subset of 9 patients who had undergone a primary HCMV infection there was a trend 
towards a significantly higher HCMV viral load (Mann-Whitney ‘U’; p = 0.09), and in 
patients with non-primary HCMV infection there was a trend towards a significantly higher 
HHV-7 viral load (Mann-Whitney ‘U’; p = 0.07).
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Within the primary infection group, which was composed of 4 HCMV and 5 HCMV + 
HHV-7 infections, there was a significantly higher total HCMV viral load in the patients 
experiencing infection with both HCMV and HHV-7 (Mann-Whitney ‘U’; p < 0.05). 
However, there was no significant difference in either the maximum viral load or the 
number of days of PCR positivity between these groups within the primary HCMV 
infection subset. The analysis was repeated on the non-primary HCMV infection subset, 
and no significant difference for maximum or total viral load, nor for number of days of 
PCR positivity.

7.2.4 Clinico-pathologic correlations
Detailed examination of the clinical records of each of the 52 patients included in the study 
was performed. The appearance of defined clinico-pathologic parameters (Table 7.2) was 
recorded, and their association with HCMV, HHV-6, and HHV-7 infection analysed in two 
ways:

1. Firstly, an analysis was conducted on the association of either HCMV, HHV-6, or 
HHV-7 infection with the presence of clinico-pathological criteria, regardless of 
whether the other two viruses were detected in the same patient. It was anticipated 
that this would confirm the association between HCMV and post-transplant disease, 
and perhaps reveal hitherto unknown associations with either HHV-6 or HHV-7. 
The statistical analyses used were Fisher’s exact test performed on contingency tables 
(for example the association of either the presence or absence of HCMV with the 
presence or absence of rejection), and Mann-Whitney ‘U’ test on the mean rank of 
quantitative criteria (for example the association of either the presence or absence of 
HHV-6 on the length of hospital stay).

2. Secondly, a more complicated analysis was performed by allocating patients to 
defined groups based on the combination of viruses infecting them after transplant 
(Table 7.1 (C)). In order to identify associations between combinations of viruses 
and clinico-pathologic criteria, each of the groups in which one or more viruses were 
detected (groups A-C and E-H) was compared with the group in which no viruses 
were detected (group D). Statistical tests used were Fisher’s exact test performed on 
contingency tables (for example the association of either group E (HCMV and HHV- 
6) and group D (no viruses) with the presence or absence of rejection), and Mann- 
Whitney ‘U’ test on the mean rank of quantitative criteria (for example the association 
of the presence of either group F (HCMV and HHV-7) and group D (no viruses) on 
the length of hospital stay).

Table 7.3 summarises the results of the first type of analysis. Table 7.3 (A) shows the 
significant associations resulting from Fisher’s exact tests, and Table 7.3 (B) shows the
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significant associations from the Mann-Whitney analysis of quantitative criteria (detailed 
results are presented in Appendix 1). Analysis of the detection of a single virus, regardless 
of other viruses present, revealed significant associations with clinical pathology for 
HCMV and pyrexia between 37.6°C - 38°C, pyrexia greater than 38.5°C, raised serum 
creatinine, administration of ATG, administration of aciclovir, and appearance of defined 
HCMV disease. By Mann-Whitney analysis, detection of HCMV was significantly 
associated with total methyl prednisolone administration, more days of lymphopenia, fewer 
days of monocytosis, and greater length of initial and total period of hospitalisation. The 
detection of HHV-6 was significantly associated with non-elevated serum creatinine, and a 
shorter length of initial and total period of hospitalisation. The detection of HHV-7 was 
significantly associated with more episodes of cellular rejection and total episodes of 
rejection. In other non-virological comparisons, a significant association was found 
between HCMV disease and administration of ATG (p = .01), but not between disease and 
augmented methyl prednisolone (p = .24).

Table 7.4 summarises the results of the second type of analysis. Table 7.4 (A) shows the 
significant associations of virus combination groups A to F with clinico-pathological 
criteria, resulting from Fisher’s exact tests, and Table 7.4 (B) shows the significant 
associations from the Mann-Whitney analysis of virus combination groups and quantitative 
criteria (detailed results are presented in Appendix 2). In analysis of the combination of 
viruses detected, significant associations were observed between group A (HCMV only) 
and ATG administration, group B (HHV-6 only) and reduced graft rejection, and group F 
(HCMV and HHV-7) with HCMV disease. By Mann-Whitney analysis, significant 
associations were observed between group A (HCMV only) and the clinical parameters of 
more days of pyrexia between 37.6°C and 38°C and quantity of methyl prednisolone 
administered. Group B (HHV-6 only) detection was significantly associated with fewer 
days of leuocytosis and reduced total hospitalisation. Patients in group F (HCMV and 
HHV-7) were significantly associated with more frequent episodes of cellular rejection, and 
with a higher total of all types of rejection episodes.
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n = 52
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HHV-7
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Figure 7.1 Venn diagrams showing the distribution of PCR results for HCMV, 
HHV-6 and HHV-7 In (A) 52 patients and (B) 595 pbDNA sam ples from these  
patients. The number of samples negative by all three tests Is shown outside 
the circles.
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Table 7.1 (A) Time to first positive for HCMV, HHV-6 and HHV-7. (B)
Pairwise appearance of viruses in patients in whom more than one p- 
herpesvirus was detected. (0 ) Numbers of patients in defined virological 
combination groups.

Virus 1
Time to first 

positive (days)
Range
(days)

Compared Mann-Whitney 
with... p' value

HCMV
HHV-6
HHV-7

35.5 days
29.0 days
29.0 days

5-105
1-94
1-94

HHV-6 .236 
HHV-7 .893 
HCMV .039

B
No. First detected

Virus pair patients HCMV HHV-6 HHV-7 Both
HCMV + HHV-6 5 
HHV-6 + HHV-7 6 
HCMV + HHV-7 15

4

5

1 - 0 
1 4 1 

7 3

c
Virological group

A B 0  D E F G H
HCMV
HHV-6
HHV-7

+ -  
-  +

+ -

+ + -  + 
+ -  + + 
-  + + +

No. of Pts 13 4 6 9 2 12 3 3
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Figure 7.2 Survival analysis of the time taken for patients to become PCR- 
positive for HCMV, HHV-6 and HHV-7 in blood during the first 120 days after 
transplantation. (A) Kaplan-Meier plot showing the relative time to virus 
detection. (B) Hazard plot showing the cumulative risk to patients of becoming 
PGR-positive for any of the three viruses.
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Figure 7.3 Cumulative hazard analysis for the time taken to become PGR- 
positive for HHV-7 or HCMV, either individually or in combination. (A) The 
effect of CMV on the risk of becoming PCR-positive for HHV-7. (B) The effect of 
HHV-7 on the risk of becoming PCR-positive for CMV.
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Table 7.2 Clinico-pathologic parameters used to identify associations with 
detection of individual virus or combinations of viruses.

CLINICO-PATHOLOGIC CRITERIA 

Tem perature ran ges for pyrexia (°C):

37.1 to 37.5 
37.6 to 38.0
38.1 to 38.5 
>38.5

H aem atological abnorm ality

(cell type per litre of blood):
Leukopenia (< 4.5 x 10̂ )
Leukocytosis (>11.0 x 10̂ ) 
Lymphopenia (< 1.0 x 10®) 
Lymphocytosis(> 3.5 x 10®) 
Monocytosis (> 0.8 x 10®)

Renal Insufficiency (compared with 
best after transplantation):

Serum creatinine 2-4 times higher 
Serum creatinine >4 times higher 

A ugm ented  Im m unosu ppressive therapy: 

Methyl prednisolone 
Anti-lymphocyte therapy 

Antiviral therapy:

Aciclovir 
Ganciclovir 

E p iso d e s  of rejection:

Cellular
Vascular
Total

H osp ita lisation

Initial
Subsequent
Total
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Table 7.3 Associations between HCMV, HHV-6 or HHV-7 virus infection and 
recorded clinico-pathological changes. (A) Contingency analysis by Fisher’s 
exact test and (B) distribution analysis by Mann-Whitney ‘U’, in the first 120- 
days post-transplant.

Detection of
Fisher’s exact test 

(p value)

HCMV Pyrexia between 37.5 and 38'C 0 .04

Pyrexia greater than 38.5°C 0 .04

Paised serum creatinine 2-4x 0 .005

Administration of ATG 0 .005

Administration of aciclovir 0.01

Development of HCMV disease 0 .0002

B
Detection of Mann-Whitney

virus type Cllnlco-pathologic parameter U’ test (p)
HCMV More days of lymphopenia 0 .008

Fewer days of monocytosis 0 .04

Higher total methyl prednisolone administered 0 .00 5

Longer initial hospital stay 0 .00 8

Longer total hospital stay 0.01

HHV-6 Fewer days raised creatinine raised 2-4x 0 .04

Shorter subsequent hospital stay 0 .04

Shorter total hospital stay 0 .05

HHV-7 More episodes of cellular rejection 0 .02

Greater total of rejection episodes 0 .03
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Table 7.4 Associations between virus combinations and recorded clinico- 
pathological changes. (A) Contingency analysis by Fisher’s exact test and (B) 
distribution analysis by Mann-Whitney ‘U’, in the first 120-days post-transplant. 
The notation in brackets after the virological group describes the combination of 
viruses for that group, in the order HCMV; HHV-6; HHV-7 (eg ‘group F (+-+)’ 
means HCMV detected; HHV-6 not detected; HHV-7 detected).

Virus group
comparison Fisher’s exact test
with D (—) Ciinlco-pathoiogic parameter (p value)

A(+--) Administration of ATG 0 .02

B(-+-) Less frequent rejection 0 .02

F (+-+) Development of HCMV disease 0 .00 5

B
Virus group
comparison Mann-Whitney
with D (—) Cllnico-pathoiogic parameter ‘U’ test (p)

A {+~) More days of pyrexia between 37.5-38'G 0.01

Higher total methyl prednisolone administered 0.01

B (-+-) Shorter total hospital stay 0 .0 4

Fewer days of leukocytosis 0 .0 5

F(+-+) More episodes of cellular rejection 0 .05

Greater number of reiection episodes 0 .0 5
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7.3 DISCUSSION
This study was designed to investigate the clinical consequences of HHV-6 and HHV-7 
infection in the 120-day period following renal transplantation, and to compare the impact 
of these infections on the patient with that of HCMV. In particular, a detailed analysis was 
conducted on a wide range of clinico-pathologic criteria in order to reveal symptoms, signs 
or syndromes associated with HHV-6 and HHV-7 in this setting. The analyses were 
designed to identify any interactions between two or more viruses that may be relevant to 
disease in the patient, by comparing the incidence of disease in patients having a particular 
virus or combination of viruses, to the incidence in those patients where no viruses were 
detected in the time after transplant. Renal transplant patients at this institution do not 
receive antiviral prophylaxis, thus providing an opportunity to study the unhindered 
interactions of the three 6-herpesviruses.

The results of the analysis of the renal transplant population indicated that infection with 
HCMV, HHV-6 and HHV-7 in the post-transplant period is common. The frequencies of 
HCMV and HHV-7 infection were similar to other published prospective studies of renal 
transplantation using PCR (Osman et aL, 1996), but in my study the frequency of HHV-6 
infection is lower. The high incidence of pre-transplant seropositivity to HHV-6 and HHV- 
7, together with the relatively low respective viral loads, made it unlikely that primary 
infection with these viruses would occur. Previously, other investigations of sources of 
infection have shown that reactivation of recipient virus or reinfection with donor strains are 
likely to be the most common source of recurrent infection with these viruses (Yoshikawa 
et al., 1992a). However, one patient who was seronegative for both HHV-6 and HHV-7 
before transplant had both viruses detected in blood after transplantation, and therefore is 
likely to have undergone a dual primary infection. On examination of the patient records, 
there were no distinguishing clinical features which could be attributable to a supposed 
primary infection. Some relatively higher viral loads were seen in HHV-6 infection, 
although all samples were from one patient who was seropositive for HHV-6 prior to 
transplantation. This may be a case of high-level persistence of HHV-6 first identified by 
Torelli et aL, (1995), associated with integration of HHV-6 genome into the human 
chromosome. Such cases are uncommon, but have been encountered in investigations of 
healthy controls and other transplant groups carried out at this institution (Duncan Clark - 
personal communication).

The results of quantitative PCR showed that there was a trend for HCMV viral load to be 
higher in primary than in non-primary HCMV infection. In addition, within the HCMV 
primary infection subset, there was a significantly higher total viral load in those patients 
who had concurrent HCMV and HHV-7 infection, compared to those with HCMV 
infection alone. Although it has been previously shown that HCMV viral load is higher in
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primary infection, I believe that this is the first time that it has been associated with the 
presence of HHV-7. This is of special significance considering strong association of 
HCMV disease with concurrent HCMV and HHV-7 infection.

7.3.1 Clinico-pathologic analysis of individual virus infection
Of initial interest were the results of clinico-pathologic comparisons where individual 
viruses were detected, without consideration of other viruses present. The results showed 
the detection of HCMV in blood to be strongly associated with the development of HCMV 
disease, which is in agreement with previous studies in renal, liver and bone-marrow 
transplantation (Meyers et a l, 1990; Ljungman et al., 1996; Wang et al., 1996; Lao et a i, 
1997). The presence of HCMV in blood was also significantly associated with events 
surrounding rejection such as pyrexial illness, raised serum creatinine, and its treatment 
using augmented immunosuppression with methyl prednisolone or ATG. HCMV infection 
has been previously shown to be associated with rejection (van WiUebrand et al., 1986; van 
Dorp et al., 1989), and in hver transplantation, administration of augmented methyl 
prednisolone (Lao et al., 1997). Detection of HCMV in blood was also associated with the 
administration of aciclovir, which appears to be a new finding. In this study, aciclovir 
therapy was only used in response to the laboratory diagnosis of herpes simplex lesions in 
a patient, the finding of which may be an indirect indicator of the degree of 
immunosuppression.

The association of HCMV infection with an increased initial hospital stay has not been 
reported in prospective studies of renal transplantation, although a previous case/control 
study found that HCMV infection was associated with a significantly longer total yearly 
hospital stay (McCarthy et al., 1993). In my study, the respective median initial and total 
hospital stay was 21 and 51 days for those patients with HCMV infection, compared to 14 
and 30 days for patients not experiencing HCMV infection. These data support the 
evidence that HCMV infection significantly contributes to morbidity within this transplant 
group, and has a direct bearing on the cost of caring for renal transplant patients.

7.3 .2  Cilnico-pathoiogicai analysis of combinations of virus 
infections
In the analysis of clinico-pathologic correlations between virus groups, a notable finding 
was the association with HCMV disease in patients having experienced both HCMV and 
HHV-7 infection, and not with those patients in whom HCMV alone was detected. This is 
consistent with the results from the study by Osman et al., (1996), who calculated an 
increased relative risk of HCMV disease for patients with concurrent HHV-7 and HCMV 
infection. In my study, the delay in detection of HCMV, which is associated with detection 
of HHV-7 in the same patients, is also interesting; even more so when consideration is 
given to the strong association of this group with the development of HCMV disease.
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Together with the evidence of the increased HCMV viral load in primary infection 
associated with HHV-7, these findings imply that HHV-7 is an important co-factor in the 
development of HCMV disease in renal transplantation. Indeed, all four patients with 
primary HCMV infection in conjunction with HHV-7 infection developed HCMV disease, 
compared to 1 of 4 patients with primary HCMV infection in the absence of HHV-7.

In addition to the association of concurrent HCMV and HHV-7 infection with HCMV 
disease, this combination of virus infections was significantly associated with more 
episodes of biopsy-proven cellular rejection. It is possible that the iatrogenic treatment of 
rejection by augmented immunosuppression was indirectly responsible for the appearance 
of HCMV and HHV-7 in the blood, but significant associations between methyl 
prednisolone or ATG treatment were only observed with infection in which HCMV only 
was detected. This implies a direct effect of these viruses, perhaps localised to renal tissue, 
and suggests that one or both viruses may reactivate from the transplant.

Extension of these findings may also explain the significant association between the 
detection of HHV-6 alone and a generally improved prognosis for the patient, as measured 
by length of hospital stay after transplantation. The better outcome for the patient could 
merely reflect the absence of the two co-factors in disease - HHV-7 and HCMV. Also, the 
relative paucity of HHV-6 infection in the transplant group as a whole could be explained 
by HHV-7, which was detected significantly earlier than HHV-6, out-competing HHV-6 
for susceptible cells. The corollary to this argument is that HHV-6 alone is relatively less 
pathogenic in renal transplantation.

In summary, a prospective study was designed to investigate and compare the natural 
history of HCMV, HHV-6 and HHV-7 infection following renal transplantation. PCR was 
used to identify infections by, and quantitate virus load of, HCMV, HHV-6 and HHV-7 in 
peripheral blood samples. HHV-7 replication was detected significantly earlier than that of 
HCMV or HHV-6, and appeared to delay the appearance of HCMV active infection. 
HCMV viral load was higher in primary HCMV infections than non-primary, and within 
patients with primary infection HCMV viral load was significantly higher when HHV-7 
was detected with HCMV. Statistical comparisons between defined clinico-pathologic 
criteria also revealed that detection of HCMV and HHV-7 concurrent infection was 
significantly associated with HCMV disease, as well as more episodes of cellular rejection. 
The analysis showed that HCMV infection alone was significantly associated with higher 
augmented methyl prednisolone and ATG administration. No clear pathological role was 
observed for HHV-6.
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Chapter 8 - GENERAL DISCUSSION
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The aim of this chapter is to summarise the findings of the separate chapters and discuss the 
contribution this work has made to the understanding of HHV-6, HHV-7 and HCMV 
pathogenesis. Chapter 3 described the utihty of PCR to give prognostic information for the 
subsequent development of HCMV disease in immunocompromised patients. Following 
this demonstration, the same rationale was applied to the detection of HHV-6 and HHV-7 
in renal transplantation. Since the success of PCR depends on the choice of target (Chou, 
1992), chapter 4 described the construction of a genomic library from HHV-7 and the 
analysis of cloned fragments suitable for the design of PCR assay primers for the detection 
of HHV-7 in clinical samples. Chapter 5 investigated the persistent state of HHV-6 and 
HHV-7 in healthy individuals; an essential prelude to later studies of the role of HHV-6 and 
HHV-7 in febrile illness (Chapter 6), and the comparative role of HCMV, HHV-6, and 
HHV-7 following renal transplantation (Chapter 7).

8.1 PCR provides prognostic information
Chapter 3 described a long-term comparison between conventional cell-culture, DEAFF and 
PCR methodologies for the detection of active HCMV replication in different 
immunocompromised patient groups. The premise behind the study was that PCR was 
likely to be of more value in the virological surveillance of transplant patients for evidence 
of active HCMV replication. The key features of PCR which made it potentially suitable 
for this purpose were the combination of its sensitivity, specificity and rapidity, which are 
found separately in the methods of virus isolation and DEAFF. PCR therefore represented 
a unification of all the characteristics which are desirable in an assay. However, a caveat 
with using an assay of high sensitivity to screen for active replication of a virus which 
estabhshes a persistent infection is that of distinguishing between levels of virus associated 
with normal persistence and active replication. Therefore, a point of major strategic 
importance in the use of PCR to detect HCMV, was that of using a sufficiently small 
amount of DNA extracted from patients’ blood, which gave rise to infrequent PCR 
positivity in normal individuals, but in those experiencing primary or recurrent infection 
there was sufficient HCMV DNA in the analyte to give a positive signal.

Other important aspects of this comparison were that the three assays were performed on 
the same specimens, and that the assay was designed to be performed on a routine basis in 
real time, and in parallel with the current screening methodologies at this institution. The 
results in Chapter 3 show that PCR was more sensitive and predictive with respect to 
disease than either cell culture or DEAFF, demonstrated by the high relative risk for the 
development of disease for patients who were HCMV-positive in blood by PCR. In 
addition, use of PCR allowed the significantly earher detection of HCMV viraemia, thus 
potentially enabling the more effective intervention with antiviral therapy. Thus the use of 
PCR enables those patients who become viraemic after transplant to be treated earher on a
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pre-emptive basis, which is more likely to result in effective treatment. Since this work 
was carried out, other studies in specific transplant groups have shown that PCR is of value 
in the prediction of disease (Ljungman et al., 1996; Wang et at., 1996).

Recent attempts have been made to assess the standardisation of PCR for the detection of 
HCMV in blood, as multicentre trials may be needed to evaluate antiviral agents (Grundy et 
at., 1996). Three European bone-marrow transplant centres, each with different protocols 
for the screening of patients for HCMV in bloodby PCR, took part in a quality control trials 
involving the DNA extraction and PCR testing of 48 coded peripheral blood samples from 
bone marrow transplant recipients. Results showed that although there was good 
agreement (97%) between centres for negative samples, only 25% of positives were 
reported as such by all three centres. These discrepancies were found to be related to the 
smaller amounts of HCMV DNA which were present, and thus the number of cell 
equivalents processed in the respective protocols and tested by PCR was found to 
profoundly influence the results. Thus it may prove impractical in multicentre trials to 
perform the PCR assays in separate institutions and collate the results. A possible solution 
to this would be to ship whole samples to one laboratory and have the samples processed 
and tested under one protocol.

8.2 Strategy to investigate the roie of HHV-6 and HHV-7 in disease
The results obtained in chapter 3 showed that PCR on a limited quantity of peripheral blood 
DNA can be used to detect clinicaUy-relevant viral replication, which thus provided the 
basis for the examination of the role of HHV-6 and HHV-7 in similar settings. Since it was 
known that, like HCMV, these viruses exhibit long-term persistence in the host following 
primary infection, the rationale of identifying active viral replication by analysis of a limited 
amount of DNA using sensitive nested PCR assays seemed reasonable.

However, in the HCMV study, prior to the use of the gB^^g primers in PCR, the region 

amplified by these primers was assessed for variation amongst clinical strains (Darlington et 
at., 1991), and found to be relatively well-conserved. At the time the HHV-7 work was 
initiated, there was only one set of primers reported for the detection of HHV-7 (Bememan 
et at., 1992a). No published analysis was available concerning the region of the HHV-7 
genome amplified by these primers, and so a necessary pre-requisite for investigations into 
persistence of HHV-7 by PCR would be to choose primers that would amplify a region of 
the HHV-7 genome which was likely to be conserved between HHV-7 strains. 
Accordingly I constructed a genomic library of HHV-7 and screened it for fragments of 
likely conservation for use in the design of a nested PCR for the detection of HHV-7 in 
clinical samples.
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Two regions of interest were identified in the HHV-7 genomic library, only one of which 
proved suitable for use in PCR. This was the positional homologue of the HSV-1 UL54 
gene, which encodes the infected-cell-protein ICP27, and importantly, null mutants of 
HSV-1 do not replicate (Roizman and Sears, 1993). Thus, by inference, the HHV-7 
homologue was likely to be highly conserved as it is essential for replication, and based on 
the lack of nucleic acid homology with the other herpesvirus genomes, it formed a suitable 
target for the detection of HHV-7 genomes by PCR.

The second part of chapter 4 was concerned with development and optimisation of 
qualitative single, multiplex, and quantitative competitive PCR assays for the detection of 
HHV-7 (and for the multiplex assay, HHV-6) in clinical material. The sensitivity of the 
single and multiplex PCR assays was approximately the same, at 1 copy of target sequence. 
Importantly, there was no preferential amplification of either sequence at a 100-fold 
imbalance of mixtures. Thus the use of the multiplex assay was an efficient and cost- 
effective method of screening large numbers of samples.

At the time of performing these studies, no QCPCR for HHV-7 had been described. Thus 
for quantitative determinations of the number of HHV-7 genomes, the development of the 
quantitative competitive assay was necessary, and entailed the construction of a control 
sequence by site-directed mutagenesis. In the assay, this was co-amplified with wild-type 
sequences and differentiated from the wüd-type by later restriction digestion. The ratio of 
wild-type and control sequence signals was proportional to the quantity of both that were 
present in the original sample, and therefore by knowing the number of input control 
sequence copies, the number of wild-type copies was calculated. Calibration of the assay 
showed that reliable and accurate quantitation of wild-type copies was possible over a wide 
dynamic range (10 to 10  ̂ copies). To date one other QCPCR method has been described 
(Secciero et al., 1995).

8.3 HHV-6 and HHV-7 in healthy volunteers
The results of Chapter 4 enabled the remaining stages of this thesis, the first of which was 
an investigation of the persistence of HHV-6 and HHV-7 in healthy individuals. Saliva and 
blood samples from healthy volunteers were analysed on a cross-sectional basis, and 
regular sampling over several weeks from some of these volunteers enabled longitudinal 
studies to assess the dynamics of persistence. An important aim of this part of the study 
was the necessity of determining the optimal amount of pbDNA which was required for the 
majority of the population to be negative by qualitative analysis, and therefore larger 
amounts of peripheral blood DNA were prepared. Analysis of successively smaller 
amounts of pbDNA showed that the proportion of the population positive by PCR declined 
as less pbDNA from each person was tested. This indicated that if approximately BOng of 
pbDNA was analysed by PCR for HHV-6 and HHV-7, the proportion of individuals
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positive would be less than 15%. Importantly, the results of the longitudinal analysis 
showed that the level of HHV-7 persistence detected within healthy individuals was 
relatively constant over a period of several weeks. Therefore, when analysing pbDNA 
from other populations, significant differences in the proportion which were positive for 
HHV-7 would be indicative of active viral replication, which would be consistent with the 
occurrence of infection with these viruses.

The results of detection of HHV-7 in saliva showed that this type of sample was not 
suitable for the long-term monitoring for changes in HHV-7 viral load. Firstly, the viral 
load of HHV-7 in saliva was shown to be several orders of magnitude higher than that in 
blood, and probably represented chronic active persistence. Longitudinal analysis showed 
that there were relatively large fluctuations in viral genomes present, which would prove 
problematic in the determination of active infection elsewhere in the body. Nevertheless, 
since there were no individuals who were positive in blood and negative in saliva, the 
results show that PCR analysis of saliva may provide an alternative to serology for 
determining whether an individual has been previously infected with HHV-7. In 
experiments conducted after this study, but not presented here, there has been complete 
concordance between the analysis of serum by immunofluorescence and saliva by PCR for 
the determination of previous HHV-7 infection.

Other interesting findings were the significantly higher genome copy numbers in pbDNA 
from females compared to males, and that HHV-7 appeared to be persistent at a relatively 
higher level compared to HHV-6. Previously published reports have shown that female 
subjects have significantly higher numbers of CD4+ lymphocytes than males (Amadoii et 
al., 1995). HHV-7 is tropic for CD4+ cells, it is possible that this accounts for the higher 
genome copy numbers found in the blood of females in my study. The finding that the 
HHV-7 viral load associated with persistence is higher than that of HHV-6 is noteworthy, 
particularly as HHV-6 has a wider cell tropism in vitro than HHV-7. One explanation is 
that the virus is under stronger intrinsic repression of replication than is HHV-7, or else is 
under stricter control by the host immune system. Neither of these hypotheses is testable 
from the results generated in this study, but further work is warranted to determine the 
reasons for this difference.

8.4 HHV-6 and HHV-7 in infants with febriie iiiness
Results in chapter 5 demonstrated that in healthy adults the persistence of HHV-7 in blood 
is relatively low yet constant, and that saliva can be used to detect past infection with HHV- 
7. Chapter 6 describes a diagnostic rationale, based on the detection of HHV-7 in blood 
but not in saliva, to determine the levels of HHV-6 and HHV-7 replication occurring during 
primary infection of infants with febrile illness. Three infants were identified as having a 
primary infection with HHV-6, and another three with primary infection with HHV-7. One
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child with HHV-6 primary infection presented with fits, but all three with primary HHV-7 
infection had fits. Although the number of these patients is small, on the basis of these 
results HHV-7 appears to at least as frequently-associated with febrile illness as does HHV- 
6. It also seems that primary infection with HHV-7 is more likely to be associated with 
convulsions than that of HHV-6, but this observation requires confirmation in larger 
studies. The three children with putative HHV-6 primary infection, and the three with 
putative HHV-7 primary infection all had significantly higher viral loads than the other 
children whose viral loads could be quantified. In the HHV-6 primary infections, the 
HHV-6 viral loads were approximately one or two orders of magnitude higher than the 
other DNAaemic children, but in the cases of HHV-7 primary infection the HHV-7 viral 
loads were at least three orders of magnitude higher than other children who were positive 
in blood. It is interesting why HHV-7 viral loads associated with primary infection appear 
to be higher than those of HHV-6. Perhaps HHV-7 is able to replicate to a higher level 
because of the down-regulation of surface CD4 molecules (Lusso, 1994), thus 
compromising the immune system, or that there are mechanisms which HHV-7 uses to 
evade the immune system which HHV-6 does not employ.

Finally, previous reports concerning the in vitro propagation of HHV-6 and HHV-7 have 
shown that HHV-7 infection of lymphocytes latently infected with HHV-6 results in 
reactivation of HHV-6 and the disappearance of HHV-7 from the culture (Frenkel and 
Wyatt, 1992, Katsafanas etd ., 1996). The implication of this is that at least some clinical 
cases of HHV-7 febrile illness could be the result of reactivation of previous HHV-6 
infection by a current primary HHV-7 infection. However, the results of my study argue 
that this is not be true in all cases, as one of the three children with primary HHV-7 
infection and who exhibited convulsions had not been previously infected with HHV-6.

V

This study adds to the information already collected about the natural history of HHV-6 and 
HHV-7. The results of Chapters 5 and 6 have enabled the determination of the two likely 
extremes of viral load; that associated with persistence and that with primary infection. 
Following the observation that HHV-6 and HHV-7 are susceptible to antiviral compounds 
such as ganciclovir, cidofovir and foscamet (Takahashi et ah, 1997), there is the prospect 
of the use of these agents for antiviral therapy to alleviate the serious effects of primary 
infection, notwithstanding the adverse side-effects consequent from their use. There is 
clearly a need to extend this study by performing a larger prospective investigation, which 
would include rigorous follow-up and neurological assessment of affected children, 
ultimately leading to a placebo-controlled trial of antiviral therapy.
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8.5 HCMV, HHV-6 and HHV-7 and disease following renal 
transplantation
Chapter 7 presented the results of a prospective study designed to elucidate the role of 
HHV-6 and HHV-7 in the 120 day period following renal transplantation, when patients 
are most at risk of HCMV infection. Blood samples were collected weekly, pbDNA 
extracted and analysed for the presence of HHV-6 and HHV-7 by multiplex qualitative 
PCR. For comparison, all samples were analysed separately for the presence of HCMV. 
The viral load of HCMV, HHV-6 or HHV-7 positive samples was determined by 
quantitative-competitive PCR for the respective viruses.

The results show that HHV-6 and HHV-7, like HCMV, behave as classic opportunistic 
viruses; active infection was not apparent at the time of transplant, but later appeared as the 
patients became immunocompromised. Of initial interest were the results showing the 
prevalence of infection of the three viruses. Infection with HCMV and HHV-7 was 
common, occurring in approximately half of the patients, although HHV-6 was only 
detected in approximately one-quarter of the patients after transplantation. Nevertheless, 
the frequency of detection of HHV-6 and HHV-7 was substantially higher than those 
observed in the analysis of healthy volunteers (5% and 12% respectively), indicating that 
active infection with these viruses in the post-transplant period had probably occurred. 
Further analysis of the timing of infection showed that patients became positive for HHV-7 
significantly earlier than HCMV or HHV-6, and that in those patients who were positive for 
HCMV and HHV-7, there was a temporal delay in the appearance of HCMV. 
Alternatively, HHV-7 may have facilitated HCMV infection in those patients who were not 
otherwise at risk. However, in those patients having both HCMV and HHV-7 infection, 
there was no bias toward the detection of either virus first.

The second half of chapter 7 was concerned with the clinico-pathologic analysis of the 
patients. This was examined in two ways; firstly by association of individual viruses with 
symptoms and signs, regardless of other viruses detected, and secondly taking into 
consideration combinations of viruses in defined virological groups. The strongest 
association found in the first type of analysis was between detection of HCMV and the 
development of disease. Other significant associations were found between the detection of 
HCMV and lymphopenia, and with events surrounding graft rejection, such as pyrexial 
illness, raised serum creatinine level, and the administration of augmented 
immunosuppression such as methyl prednisolone and ATG. Thus the findings of this part 
of the analysis do not challenge previous reports of the role of HCMV in the association 
with disease, and support the previous findings that HCMV infection is associated with 
rejection episodes.
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Analysis of quantitative clinicopathologic parameters showed that HCMV infection was 
associated with a significantly longer hospital stay, with HHV-6 being associated with a 
shorter hospital stay. Although the apparently beneficial effect of HHV-6 infection on 
hospital stay has no explanation at this stage, a previous report has noted the association of 
HCMV infection and an increased hospital stay in the first year following renal 
transplantation (McCarthy etal., 1993). In this thesis, the detection of HHV-7 in patients 
was shown to be associated with those having significantly more episodes of cellular 
rejection. One possible explanation for this could be that HHV-7 infection occurs in the 
population of CD4+ cells involved in the immunological reaction of graft rejection, and 
becomes detectable in peripheral blood. Indeed, consistent with this hypothesis, a recent 
report has demonstrated the presence of HHV-7 active infection in CD68+ 
monocyte/macrophage cells surrounding Kaposi sarcoma lesions (Kempf et al., 1997).

The second part of the clinico-pathologic analysis was concerned with the elucidation of the 
role of individual viruses or combinations of viruses in disease. An important finding was 
that the association with HCMV disease was in the patients showing infection with HCMV 
and HHV-7, and not with those in whom HCMV alone was detected. Importantly, the total 
HCMV viral load was higher in those patients with primary HCMV together with HHV-7 
infection. This suggests that HHV-7 is capable of facilitating HCMV replication, either by 
direct up-regulation or through indirect means such as interference of the immune response. 
An hypothesis to explain these findings would be that the increased CD4 cell population 
associated with cellular rejection becomes infected by HHV-7, which interferes with and 
moderates the immune response, allowing HCMV to rephcate more extensively and cause 
localised disease. This would also explain the association of HHV-7 and with more 
episodes of cellular rejection. Infection of CD4 cells with HHV-7 has been previously 
demonstrated to down-regulate the surface expression of CD4 molecules, to cause a 
profound decrease in the in vitro antigen-specific and HLA-restricted cytotoxic activity of 
CD4 cells, and to interfere with CDS signal transduction (Furukawa et at., 1994a), all of 
which would be expected to affect the process of antigen-specific T-cell activation. Parallel 
support for the hypothesis comes from consideration of the strong association between 
HCMV disease and use of ATG, the administration of which aims to reduce the number of 
T-cells to overcome steroid-resistant rejection, and therefore would be expected to have the 
same kind of effect, possibly stronger, than that hypothesised for HHV-7. Other support 
for this being a specific mechanism by which HHV-7 influences HCMV disease, and not as 
a result of a general reduction in immune capacity, comes from the lack of association with 
HCMV disease between other augmented immunosuppression such as extra methyl 
prednisolone.
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8.6 Suggestions for further work
There are several ways to test the hypothesis that HHV-7 directly infects CD4 cells and 
further lowers the protection afforded by the immune system. An important step would be 
to prospectively sample peripheral blood from patients in the immediate post-transplant 
period, and to measure more detailed haematological changes which might occur, such as a 
fall in CD4 cell count. It would be important to continue to monitor patients by PCR for the 
appearance of HHV-7 and HCMV, and to correlate this with any changes in CD4 cell 
count. Secondly, the samples collected for differential haematology could be used to 
demonstrate active replication of HHV-7 in the CD4+ fraction of the peripheral blood 
mononuclear cells, either by observing the comparative viral loads present in these and 
other cells or perhaps by the detection of HHV-7 mRNA. Functional investigations could 
then be performed, such as the testing of purified cell fractions for impairment of 
intracellular calcium mobilisation or changes in cytotoxic functions by specific ^^Chromium 
release assays. These results could be used to compare groups of patients having HCMV 
infection alone, or in conjunction with HHV-7.

As biopsy samples are routinely taken from patients undergoing rejection episodes, this 
provides an opportunity to use the histopathological sections for analysis by in situ 
hybridisation or in situ PCR to detect HHV-7 replication in lymphocytic infiltrate. Such an 
analysis could be performed on a retrospective basis for biopsy samples stored from 
patients who were part of this study, or prospectively as part of a study which would seek 
to extend the findings presented here.
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Appendix - CLINICOPATHOLOGIC ANALYSIS OF PGR 
DETECTION OF VIRUSES IN RENAL TRANSPLANTATION
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(A) DETECTION OF VIRUS versus
CLINICO-PATHOLOGICAL PARAMETERS

HCMV
Detected 

Not detected 
HHV-6

Detected 
Not detected 

HHV-7
Detected 

Not detected

Mann-Whltney mean rank of number of days 
(observations) on whIch maxImum recorded temperature 
___________________ (°C) was:___________________

37.1-37.5 37.6-38.0 38.1-38.5

23.6 (n=22)

18.0 (n=19)

1 8.8 (n=8)

21.5 (n=33)

22.0 (n=19)

20.0 (n=22)

10yO
10.0 (n=9)

18.3 (n=4)

13.3 (n=23)

14.8 (n=15)

13.0 (n=12)

9.3 (n=10)

7.3 (n=6)

4.0 (n=1)

8 . 8  (n=15

7.4 (n=7) 

9.3 (n=9)

> 38.5

6.7 (n=9)

3.0 (n=2)

-  (n=0)

6 . 0  (n=11)

4.5 (n=6)

7.8 (n=5)

p = .053

Leukocytes Lymphocytes Monocytes
Low High Low High High

HCMV
Detected 9.0 (n-12) 14.0 (n-21) 1.0 (n-7)

Not detected 6 . 0  (n-4) 15.0 (n-20) 1 1 ^  ÿftâô) 6.0 (n-3) 8 #  m
HHV-6

Detected 6.5 (n-2) 13.0 (n-9) 17.0 (n-10) 6 . 0  (n-1) 4.0 (n-5)

Not detected 8.5 (n-14) 15.0 (n-32) 1 8.5 (n-34) 1 .0 (n-9) 4.0 (n-16)

HHV-7
Detected 6.0 (n=4) 19.0̂ 14.0 (n-19) 1 .0 (n-7) 2.5 (n-12)

Not detected 8.5 (n-12) 13,0̂ 25.0 (n-25) 1.0 (n-3) 5.0 (n-9)

* p = .008

 ̂p = .044 

’ p = .069
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HCMV
Detected 

Not detected 
HHV-6

Detected 
Not detected 

HHV-7
Detected 

Not detected

Median number of days (observations) 
 of renal insufficiency_____

Creatinine 2-4x Creatinine > 4x

10.0 (n=14) 

2.0 (n=3)

4.0*
10.5* (,«-«)

8.5 (n=4t

1 . 0  (n = l)  

-  (n=0

5.0 (n=5)

3.5 (n=2)

12.0 (n=3)

*p = .043
V  = .081

Methyl p redn iso lone A n tl-lym p h ocyte

HCMV

Detected n=19 sido n=14 1537.5 (10-6800)

Not detected n=14 n=3 1500 (1275-1586)

HHV-6

Detected n=7 4000 (900-7000) n=2 1425 (1275-1575)

Not detected n=26 4675 (1500-9000) n=15 1500 (10-6800)

HHV-7

Detected n=16 4500 (1000-9000) n=5 1330 (10-6800)

Not detected n=17 4500 (900-9000) n=12 1580 (900-6150)

* p  = .0054
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HCMV

HHV-6

HHV-7

Detected 
Not detected

Detected 
Not detected

Detected 
Not detected

Median (observations) quantity 
of antiviral therapy

Aciclovir

4200 (n=7)

- (n=0) 

16000 (n=l)
4000 (n=6)

3600 (n=2) 
7200 (n=5)

Ganciclovir

3310 (n=6) 
4515 (n=l)

- (n=0)
3420 (n=7)

4185 (n=2) 

3200 (n .5 )

HCMV

HHV-6

HHV-7

Detected 
Not detected

Detected 
Not detected

Detected 
Not detected

Mann-Whitney mean rank (observations) of 
biopsy-proven rejection episodes

Cellular

14.6 (n=16)

1 1 . 8  (n=10)

9.5 (n=2)

13.8 (n=24)

16.9*
iLO* imm

Vascular

4.2 (n=6) 

3.0 (n=l)

6.5 (n=l)

3.6 (n=6)

4.7 (n=2)

3.7 (n=5)

Total

15.5 (n=17) 

1 1.4 (n=10)

13.0 (n=3)

14.1 (n=24)

17.3^
1

* p  = .018 
 ̂p  =  .026
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HCMV

HHV-6

HHV-7

Initial Subsequent Total

Detected 
Not detected

2h(f 18.0 (n=28)

14.0 (n=21)
51x0  ̂

: 3 8 #

Detected 
Not detected

14.0 (n = ll)  

17.5 (n=40)

7*0’̂ i 30x0^ îÈwfïj

43*0 #«3^

Detected 
Not detected

16.0 (n=24)

17.0 (n=27)

12.0 (n=23)

23.0 (n=26)

31.0 (n=23)

45.0 (n=26)

*p = .0077 
V  = .oii 
 ̂p = .040

+ p = .049
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(B) DETECTION OF VIRUS COMBINATION GROUP versus
CLINICO-PATHOLOGICAL PARAMETERS

M ann-W hItney mean rank of num ber of days  

(observations) on whIch m axIm um  recorded tem perature

3 7 . 1 - 3 7 . 5 3 7 . 6 - 3 8 . 0 3 8 . 1 - 3 8 . 5 > 3 8 . 5

V iru s

A

g r o u p  

( + - - ) 11.0 (n=10) 6 .3 ^  <n-3) 3.5 (n=4)

D 7.6 (n=8) 3*2' 0 ^ 3 .4 ®  (n»5) 1 .0 (n=l)

B ( -  + - ) 6.0 (n=3) - (n=0) 2.0 (n=1) -  (n=1)

D 6.0 (n=8) 2.5 (n=4) 3.8 (n=5) 1 .0 (n=1)

C ( - - + ) 7.0 (n=5) 4.0 (n=2) - (n=0) 1 .5 (n=1)

D 7.0 (n=8) 3.3 (n=4) 3.0 (n=5) 1 .5 (n=1)

E ( + + - ) 2.0 (n=1) • (n=0) - (n=0) - (n=0)

D 5.4  (n=8) 2.5 (n=4) 3.0 (n=5) 1 .0 (n=1)

F ( + -  + ) 10.4 (n=10) 8*3  ̂ (r̂ a) 6.4 (n=7) 3.7 (n=5)

D 8.4 (n=8) 4.1 {n«4> 6.7 (n=5) 2.5 (n=1)

G ( -  + + ) 6 . 8  (n=3) 5.2 (n=3) ■ (n=0) - (n=0)

D 5.7 (n=8) 3.2 (n=4) 3.0 (n=5) 1 .0 (n=1)

H ( +  + + ) 8 .0  (n=1) 5.0 (n=1) - (n=0) - (n=0)

D 4.6 (n=8) 2.5 (n=4) 3.0 (n=5) 1 .0 (n=1)

* p =  .013 
§ p = .090 
p = .063
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Virus group

Median number of days (observations) of haematologlcal abnormality 

Leukocytes Lymphocytes Monocytes
Low High Low High High

A ( + - - ) 15,0^ 9.0  (n-9) 3 4 .0  (n-10) 4 .0  (n-2)

B ( -  + - ) 4 .0  (n-1) 1 5 .0  (n-4) - (n-0) 4 .0  (n-1)

C ( - - + ) - (n-0) 16.0  (n-5) 5 .5  (n-4) 11.0  (n-1) 11 .0  (n-2)

E (+  + - ) 9 .0  (n-1) 3 3 .0  (n-1) 31 .5 (n-2) - (n-0) 11 .0  (n-1)

F ( + - + ) 6. 0 (n-4) 21 .0 (n-10) 2 0 .0  (n-11) 1.0 (n-5) t  .0^ (n-&)

G ( -  + + ) - (n-0) 3 0 .0  (n-3) 14.0  (n-3) 6 .0  (n-1) 4 .0  (n-3)

H (+  + + ) - (n-0) 19.0 (n-1) 19.0 (n-1) - (n-0) - (n-0)

D ( - - - ) 8. 0 (n-3) 21 .0  (n-8) 1 1 .0 (n-9) 1 (n-1) 8 .0  (n-3)

" p = .079 
* p = .050 
' p = .074

p = .088

Virus group

Median number of days (observations) 
 of renal insufficiency_____

Creatinine 2-4x Creatinine > 4x

A ( + - - ) 25.0 (n-6) 1 7.5 (n-2)

B ( -  +  - ) -  (n-0) -  (n-0)

C ( - - + ) -  (n-0) -  (n-0)

E (+ +  - ) -  (n-0) -  (n-0)

F ( + - + ) 4.0 (n-7) 3.5 (n-2)

G ( -  +  + ) 2.0 (n-1) -  (n-0)

H ( +  +  +  ) 1 .0 (n-1) -  (n-0)

D { - - - ) 4.5 (n-2) 1 .0 (n-1)
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Median (o bserva tions) totBl auxiiiary immunosuppression

(mg)
Methyl prednisolone Anti-lymphocyte

Virus group
A ( +  - - ) 1 800 (n-8)

B ( -  +  - ) 1500 (n-3) 1275 (n-1)

C ( - -  +  ) 3500 (n-3) -  (n-0)

E ( +  + - ) 7000 (n-1) 1575 (n-1)

F ( + -  +  ) 4720 (n-10) 1330 (n-5)

G ( -  +  +) 3500 (n-2) -  (n-0)

H ( +  +  +  ) 4500 (n-1) -  (n-0)

D ( ----------) 2250 (n-6) 1543 (n-2)

* P = .012

Median (observations) quantity
of antiviral therapy

Aciclovir G anciclovir
Virus group

A ( + - - ) 5500 (n-4) 2650 (n-4)

B ( - + - ) ■ (n-0) - (n-0)

C ( - - + ) ■ (n-0) ■ (n-0)

E (++- ) 16000 (n-1) - (n-0)

F (+-+) 3600 (n-2) 4185 (n-2)

G ( -++) -  (n-0) ■ (n-0)

H (+++) -  (n-0) - (n-0)

D ( - - - ) -  (n-0) 4515 (n-1)
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Mann-Whitney mean rank (observations) of

Cellular Vascular Total

Virus
A

group 
( + - - ) 7 .5  (n=7) 3.1 (n=4) 8 .0  (n=7)

D 7 .5  (n=7) 2 .5  (n=1) 7 .0  (n=7)

B ( -  + - ) ■ (n=0) ■ (n=0) ■ (n=0)

D 4 .0  (n=7) ■ (n=1) 4 .0  (n=7)

C ( - - + ) 6 .3  (n=2) - (n=0) 6 .3  (n=2)

D 4 .6  (n=7) - (n=1) 4 .6  (n=7)

E (+  + - ) 4 .0  (n=1) ■ (n=0) 4 .0  (n=1)

D 4 .6  (n=7) - (n=l) 4 .6  (n=7)

F ( + - + ) 1 .5 (n=1)

D 1 .5 (n=1)

G ( -  + + ) 4 .0  (n=1) - (n=0) 4 .0  (n=1)

D 4 .6  (n=7) -  (n=1) 4 .6  (n=7)

H (+  + + ) - (n=0) 2 . 0  (n=1) 7x5 lih-i)

D 4 .0  (n=7) 1 . 0  (n=1) 4+1

* p = .048 
§p = .083

2 0 9



Virus group

* p = .044 
= .051

Median (observations) days hospitalisation 

Initial______ Subsequent______Total

A ( + - - ) 21 .0 (n.13) 3 0 .0  (n-12) 5 8 .5  (n-12)

B ( -  + - ) 1 4 .0  (n-4) 6 .5  (n-4) 27-0*
C ( - -  + ) 1 2 .5  (n«6) 1 2 .0  (n-5) 2 5 .0  (n-5)

E (+  + - ) 9 .0  (n-1) 4 4 .0  (n-1) 5 3 .0  (n-1)

F ( + -  + ) 2 3 .5  (n-12) 1 2 .5  (n-12) 4 1 .5  (n-12)

G ( -  + + ) 9 .0  (n-3) 2 .0  (n-3) 23.0*
H ( + + + ) 1 6 .0  (n-3) 2 9 .0  (n-3) 4 6 .0  (n-3)

D { ------ ) 1 5 .0  (n-9) 2 3 .0  (n-9) 3 7 .0  (n-9)
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