
2807711985

ANAL YS/S OF SEQUENCE VARIA TION OF HUMAN  

CYTOMEGALOVIRUS ENVELOPE GLYCOPROTEINS AND  

CONSEQUENCES FOR RECOGNITION BY NEUTRALISING

ANTIBODIES

by

D O N N A  M A R IE  M A N U E L

A  thesis subm itted  to The U niversity  o f London  

in fu iifilm ent o f the conditions for 

the degree o f D octor o f Philosphy

MEDICAL UBRARY 
ROYAL FREE HOSPITAL 
HAMPSTEAD

June 1 9 9 6

D epartm ents  o f V iro logy and Clinical Im m uno logy , 

Royal Free Hospital School of M ed ic ine , 

H am pstead , London N W 3  2PF

1



ProQuest Number: 10017491

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10017491

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



. i



ABSTRACT

HCMV is a virus which establishes lifelong persistence in its host. In the 

face of an immune response, reinfection and reactivation may still occur which 

may be due in part to sequence heterogeneity amongst different strains in 

proteins involved in viral inf activity. The objectives of this thesis were to 

perform a comprehensive sequence analysis of neutralising determinants of 

HCMV amongst clinical isolates, and to determine the biological consequences 

of virus strains having variant sequences.

The nucleotidesequences for regions containing neutralisingdeterminants 

within the envelope glycoproteins gB and gH were determined for a large 

number of clinical HCMV strains from AIDS patients and renal transplant 

recipients. A comprehensive phylogenetic analysis of sequence data for each 

region was performed and revealed that clinical HCMV strains segregated into 

a limited number of subtypes at each site. The segregation was also region 

dependent, with the suggestion of recombination events not only between the 

gH and gB loci, but also within the gB locus at two different genetic sites. 

Analogous results were obtained for the amino acid sequences translated from 

nucleotide sequence data. Thus, it may be necessary to include components 

from a number of prototype HCMV strains when formulating a subunit vaccine. 

Concatenation of sequence data, followed by phylogenetic analysis served to 

provide a unique identity for HCMV strains, and characterise relationships 

between subtypes. Such data might be useful where correlations are made 

between virus subtype and the pathogenesis of virus infection.

Functional analyses were performed with variant virus strains to 

determine the biological implications of mutations observed within neutralising 

determinants of HCMV. The reactivity of a panel of monoclonal antibodies and 

human sera was markedly altered against a number of the variant strains, and 

in one case neutralising activity of antibodies was enhanced by mutations. 

These findings suggest that strain specific differences may contribute to the 

pathogenicity of HCMV, and it is therefore important to consider sequence 

heterogeneity within neutralising determinants of the envelope glycoproteins of 

HCMV when designing subunit vaccines or therapeutic agents such as human 

monoclonal antibodies.
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1.1 Historical Background

Cytomegalovirus (CMV) infection in vivo is distinguished by the 

enlargement of the infected cell, a process known as cytomegaly. Infection is 

additionally characterised by the presence of intranuclear inclusions, first 

observed by Jesionek and Kiolemeoglou (1904), who observed large "protozoan 

like" cells in several organs of a newborn infant. Investigators had noticed a 

similarity between the cytomegalic cells in the parotid glands at autopsy of 

infants who had died from a range of diseases and giant, inclusion bearing cells 

observed in the parotid gland of guinea pigs. A viral aetiology for the causative 

agent of "cytomegalic inclusion disease" was demonstrated by Cole and Kuttner 

(1926) by the transmissibility of the salivary gland virus in the guinea pig. The 

culture of human cells in the early 1950's allowed for the isolation of human 

CMV (HCMV), which occurred independently by three groups (Smith 1956; 

Weller et a!., 1957; Rowe et a!., 1956), and produced the strain ADI 69, the 

commonly used laboratory adapted strain (Rowe et a!., 1956). Replication of 

human cytomegaloviruses in vitro was restricted to human fibroblastic tissue 

and was characterised by the appearance of foci of large refractile cells which 

were shown to contain intranuclear inclusions when stained. Weller thus 

designated the unifying term "cytomegaloviruses" to reflect the cellular changes 

produced by these viruses and cytomegaloviruses have now been isolated from 

a diverse range of animal species, including mammals, birds, amphibia, reptiles, 

and bony fishes (reviewed by Staczek, 1990).

Cytomegaloviruses belong to the family Herpesviridae, whose members 

share several properties including a double stranded DNA genome, a unique 

virion morphology, and the ability to establish a latent or persistent lifelong 

infection in the host (Roizman, 1993). There are three recognised subgroups 

of the Herpesviridae^ HCMV, a betaherpesvirus, is characterised by a

narrow host range, slow in vitro growth rate, and the ability to induce enlarged, 

ie. cytomegalic, cells.

1.2 Epidemiology and pathogenesis

HCMV is highly species specific, with humans believed to be the only 

reservoir. The virus is spread horizontally and vertically. Infection by HCMV 

in utero, by vertical transplacental transmission, has been estimated to occur 

in 0.2%  to 2.5%  of all live births (Pass, 1985). Symptomatic infection,
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predominantly associated with primary infection of the mother, occurs in 5-20%  

of infected infants and is responsible for significant mortality, intellectual 

handicap, blindness and deafness. Of those infants with asymptomatic 

congenital infection, 5-20% develop late manifestations of HCMV infection in 

early childhood, including neuromuscular disturbances, progressive auditory 

damage, and vision impairment (Conboy ef a/. 1987).

The virus is spread horizontally by close person-to-person contact and 

sources of virus include oropharyngeal secretions, urine, cervical and vaginal 

secretions, semen, and blood (Lang, 1975; Lang & Kummer, 1975; Reynolds 

et a/. 1973; Stagno et a/. 1980). In the perinatal period, 8-60%  of infants 

become infected with HCMV, usually acquired from maternal sources such as 

breast milk (Pass, 1985). Following the perinatal period, infection occurs from 

family contacts or in the day care setting (Hutto et a/. 1985). During this time, 

and into adulthood, the oral and respiratory routes appear to be the main routes 

of transmission. With the onset of puberty, an outbreak of infection in many 

populations may be a result of spread through venereal routes, with virus 

shedding from the genitourinary tract (Lang et a/., 1975; Reynolds et a/., 

1973), Infection rates amongst young male homosexuals are high, with genital 

shedding of virus elevated in both frequency and quantity of virus, in 

comparison to heterosexual young male populations (Drew et a/. 1981 ; Rinaldo 

et a/. 1992). An additional route of acquisition of HCMV in both infants and 

adults occurs via transfusion of blood or leukocyte-enriched blood products 

(Forbes, 1989). Primary infection may result in disease, especially in young 

infants (Ho, 1982a).

Seroprevalence for HCMV increases with age but patterns of acquisition 

of infection may differ widely in populations according to geographic, ethnic 

and socioeconomic backgrounds (Pass, 1985). Virus excretion may persist for 

years after congenitally, perinatally or early postnatally acquired infections 

(Kumar et a!. 1973). Prolonged shedding of virus following primary infection in 

older age groups occurs less frequently, with recurrences associated with 

intermittent excretion from a single or multiple sites (Klemola et a/. 1969; 

Stagno et a/. 1975). Thus prolonged communicability in infected populations 

enhances the spread of the virus in the larger population.
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HCMV infection in the immunocompetent individual is usually 

asymptomatic, but can be associated with a mild, mononucleosis-like 

syndrome. In individuals who are immunosuppressed however, such as those 

having undergone solid organ or bone marrow transplantation, HCMV can cause 

severe clinical disease as a result of either primary infection, reactivation of 

endogenous latent virus, or reinfection with new virus strains (Fiala et a/. 1975; 

Grundy, 1993). In addition to the natural route of virus acquisition, multiple 

blood transfusions can markedly increase exposure to infection, although the 

risk is reduced with screened blood products from HCMV seronegative donors 

(Adler, 1983). In all types of visceral transplantation which have been 

investigated (kidney, liver, heart, lung, bone marrow) the donor organ itself can 

be a source of virus infection (Ho, 1982b).

HCMV appears to be transmitted or reactivated during or shortly after the 

transplant operation. The onset of most HCMV infection occurs at a constant 

time after transplantation, typically between 4 to 8  weeks (Grundy, 1991 ). The 

type of infection is an important factor in the pathogenesis of infection and the 

presentation of symptomatic disease. For example, amongst renal transplant 

recipients, reinfection is more symptomatic than reactivation, although the most 

problematic disease follows primary infection (Spichtin, 1985). This pattern 

also emerges after other types of solid organ and bone marrow transplantation. 

The degree and type of immunosuppressive therapy following transplantation 

has been found to have a profound effect on infectious complications due to 

HCMV and particularly on morbidity from HCMV infection (Andreone et 

a/. 1986)).

Symptomatic disease in the transplant recipient is usually manifest as a 

variant of the HCMV mononucleosis syndrome. This syndrome is generally 

benign in outcome, but in some cases precedes disseminated infection and 

more severe systemic disease. The manifestations of disseminated HCMV 

disease involve infection of one or more visceral organs,land the most severe 

disease can destroy the function of the organ and threaten life. HCMV disease 

is predominately associated with the liver, gut and the lungs; although the 

spectrum of morbidity due to HCMV in each transplantation group varies, 

particularly with regard to the predominant organs affected (Grundy, 1993). 

For example, interstitial pneumonitis is a frequent complication in bone marrow
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transplantation and is associated with high mortality if untreated (Meyers, 

1982). The lung is also especially vulnerable after heart-lung transplantation 

(Dauber ef a/. 1990). Acute symptomatic hepatitis is a common complication 

of liver transplantation (Dummer, 1990). HCMV infection in the

transplant recipient has also been associated with graft versus host disease 

(Meyers eta!., 1986a) and graft rejection (Grundy, 1990). In addition, evidence 

suggests that virus infection produces indirect clinical effects, namely 

immunosuppression of both cellular and humoral immunity, which may 

predispose the patient to secondary bacterial and fungal infections (Ho, 1984).

In human immunodeficiency virus (HIV) infected individuals with Acquired 

Immunodeficiency Syndrome (AIDS), HCMV is an opportunistic pathogen which 

can cause a range of illnesses. In contrast to transplant recipients, individuals 

with HIV have important differences in the type of HCMV infection and patterns 

of virus shedding; which have significant consequences on the subsequent 

morbidity from HCMV in this patient group (Drew, 1988). A major difference 

between transplant recipients and HIV infected subjects is that most of the 

latter are already seropositive for HCMV prior to HIV infection. In addition, 

unlike transplant recipients, for whom virus infection occurs for a relatively 

defined period after transplantation, HIV infected individuals may shed virus for 

long periods of time. Male homosexuals, who comprise the majority of HIV- 

infected individuals at present in Europe and the United States, have been found 

to be almost universally seropositive for HCMV (Drew et a/. 1981). Thus, 

morbidity from HCMV in AIDS patients is predominately a result of secondary 

infection, ie. reactivation or reinfection. In individuals infected with HIV, 

multiple strains may often be shed, both simultaneously and serially; this is 

most likely due to reinfection with multiple new strains of HCMV (Spector at 

a/. 1984; Drew at a!. 1984). With the development of AIDS, up to 40-50%  of 

individuals develop HCMV disease, particularly when peripheral blood CD4-I- T- 

cell cells drop to less than 200 cells/mm^. At this stage of AIDS progression, 

HCMV associated symptoms become increasingly frequent, including 

chorioretinitis, eosophagitis, colitis, adrenalitis, hepatitis and occasionally 

pneumonitis (Armstrong at a/. 1985). Retinitis usually progresses to sight- 

threatening disease.
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HCMV has been under consideration as a "cofactor" in the progression 

of AIDS (Webster et a/. 1989), and a number of in vitro investigations have 

provided evidence for this suggestion. Studies at the molecular level examining 

interactions between HCMV and HIV have shown that the two viruses enhance 

transcription of viral genomes in a bidirectional manner (Skolnik et a/. 1988). 

Furthermore, HCMV infection induces the expression of FCk receptors in the 

host cell, and it has been proposed that HIV can infect cell types not normally 

susceptible to infection through uptake of immunoglobulin coated HIV virions 

(McKeating et a/. 1990).

1.3 Virion structure and genome organisation

The HCMV virion architecture is characteristic of the Herpesviridae family 

(Roizman, 1993) and is shown in the electron micrograph in Figure 1.1 The 

capsid is lOOnm in diameter and composed of 150 hexameric capsomeres 

which are 9.5 x 12.5 nm in longitudinal section and possess a 4nm diameter 

channel which runs from the surface down the long axis. In addition, the 

capsid contains 1 2  pentameric capsomeres at the vertices which have not been 

well characterised. The capsid encloses the core of viral DNA, which is present 

in a toroid form, and appears to be suspended by a proteinaceous spindle 

consisting of fibrils embedded in the underside of the capsid and passing 

through the hole of the torus. The tegument, an amorphous proteinaceous 

mass between the capsid and the envelope, is distributed asymmetrically, and 

its thickness may vary according to the location of the virion within the infected 

cell. The envelope is a lipid bilayer which carries numerous protruding spikes, 

which are virally encoded envelope glycoproteins. The mature virion is 150- 

200 nanometres in size and it is estimated that it contains 30-35 protein 

species.

Cytomegaloviruses have the largest genomes of all the herpesviruses, 

the human HCMV genome being 229,354 base pairs in length. The genome is 

a linear, double stranded DNA molecule with a high G + C content (57.2% ), 

although the G-l-C content varies considerably across the genome (Chee et 

a/. 1990). The HCMV genome, depicted in Figure 1.2, is divided into two 

regions: the unique short region Ug, flanked by two repeat sequences 

designated IRg and TRg: and the unique long region Û , bordered by the two
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Figure 1.1 Electron micrograph showing human cytomegalovirus virion, and 
delineated major structural components. (Prepared by D.M. Manuel)
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Figure 1.2 Genomic organisation of the human cytomegalovirus strain AD169. 
Filled vertical arrows indicate Hind\\\ restriction sites, which are named 
alphabetically according to size. Reading frames are shown as arrowed boxes 
pointing in the direction of translation. Putative or known functions of open 
reading frames are indicated. Abbreviations: TRL/S, long/ short terminal 
repeats; IRL/S, long/ short internal repeat; J1, junction frame 1; HLA, human 
leukocyte antigen homologue; pp, phosphoprotein; GCR, G protein-coupled 
receptor; IE, immediate early; ICR, infected cell protein. (Reprinted with 
permission from: Chee, M. (1991} "Sequence Analysis o f Herpesvirus 
Genomes. ” pp25-40, in Progress in Cytomegalovirus Research; Editor Landini, 
M.P.; Elsevier, AmesterdamJ
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repeats termed IR̂  and TR  ̂ (see Figure 1.2) (Weston & Barreil, 1986). At both 

genomic termini and at the L-S junction are short repeat sequences called the 

a sequences, which are present in variable numbers in different virus strains 

(Mocarski et al. 1987). Both the Ug and regions can be orientated in either 

direction, thus four isomeric forms of the virion DNA are present in equimolar 

amounts in HCMV infected cells (Oram at a/. 1982). The genome has been 

predicted to code for 208 open reading frames for genes, with a relatively large 

number of related gene families (Chee et ai. 1990). Approximately 30 or more 

genes which are present in the region appear to be conserved between the 

three Herpesviridae families, and these are likely to be essential (Chee et 

ai. 1990; Weston & Barreil, 1986). The large size of the HCMV genome can be 

accounted for by the existence of a large number of extra genes which have no 

counterparts in other herpesvirus genomes. Compared to the a- and y- 

herpesviruses the HCMV genome appears to code for a large number of 

glycoproteins, the genes encoding these being organised into nine gene families. 

These extensive multigene families account for just over one quarter of the 

open reading frames; however, the reasons for the evolution and maintenance 

of these families remains obscure.

Homologies to host genes of known function have been documented for 

HCMV. The first group of genes, encoded by UL33, US27 and US28, show 

homology to the G protein-coupled receptor family (Chee et a/. 1990). Other 

genes comprising the US12 gene family encode integral membrane proteins 

with multiple hydrophobic domains, which may code for receptors or membrane 

channels. Thus, HCMV might be capable of manipulating cellular metabolism. 

This idea may be extended to the immune system since HCMV has been found 

to encode a homologue (gpUL18) of the major histocompatibility chain (MHC) 

Class I a chain, which can bind to Rg- rnicroglobulin (Beck & Barreil, 1988). In 

addition, the UL20 open reading frame shows some homology to the human T- 

cell receptor gamma chain (Beck & Barreil, 1991). The US28 open reading 

frame encodes a functional calcium mobilising R-chemokine receptor (Gao & 

Murphy, 1994). The chemokine selectivity of the receptor is distinct from that 

of known mammalian R-chemokine receptors, therefore R-chemokines may have 

a role in the pathogenesis of HCMV infection via transmembrane signalling via 

the US28 product. Finally, another sequence homology exists between the
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HCMV IE region 2 and the HLA-DR S chain, which might influence cell mediated 

immunity and contribute to graft rejection after transplantation (Fujinami et 

a/. 1988). Thus, acquisition of genetic material may have contributed to the 

diversity of the HCMV genome and played a role in its evolution.

1.4 Viral gene expression

Expression of the HCMV genome occurs in a temporally regulated 

manner, with three sequentially expressed kinetic classes of genes: immediate 

early (IE, or a), early (E, or B) and late (L, or y) (McDonough & Spector, 1983; 

Wathen & Stinski, 1982). HCMV gene expression occurs in a "cascade" 

fashion, in which synthesis of each class permits the synthesis of the 

subsequent class. The IE genes are first to be transcribed, within 2 hours of 

entry of the virus into the host cell. Their transcription, from a limited region 

of the viral genome, is independent of de novo synthesis of viral proteins and 

occurs by the host cell RNA polymerase II (Thomsen ef a/. 1984). After the IE 

proteins have been synthesised, a switch from restricted to extensive 

transcription of the viral genome takes place with mRNA originating from 

virtually every region of the viral genome (Wathen et a/. 1981; DeMarchi et 

a/. 1980). The IE proteins are thought to mediate this switch and play a crucial 

role in regulating viral gene expression by acting in trans on cis-regulatory 

elements such as promoters or enhancers. Thus, a central theme to 

understanding the pathogenesis caused by HCMV is the elucidation of factors 

involved in the activation of the viral genome from a restrictive state to one of 

extensive replication.

The IE genes of HCMV encode a group of regulatory proteins with strong 

transactivating activities. Not only is IE gene expression needed to activate 

subsequent E gene expression, but IE products also transactivate the promoters 

of numerous important cellular genes associated with macromolecular 

synthesis. A model of IE protein function is presented in Figure 1.3. The major 

products of IE1 and IE2, IE72 and IE8 6  respectively, interact synergistically to 

activate HCMV early promoters, and the balance of IE proteins may be 

important to the regulation of virus gene expression (Stenberg et at. 1990). The 

two IE proteins are thought to complex with host cell proteins and activate 

early promoters by interaction with specific promoter sequences. In addition, 

the IE proteins are also capable of regulating the major immediate early gene
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promoter (MIEP) expression itself, and so control their own level in the cell. 

IE72 plays a role in the activation of both IE and E promoters, and also 

dominantly suppresses the repressive effect of IE8 6  on IE expression. It is 

evident that the differential effect of IE proteins on IE and E gene expression in 

various cell types must influence the outcome of infection.

Initial activation of the MIEP itself is dependent on host-cell factors and 

possibly at least one virion-associated tegument protein, ppUL83. Transcription 

of the HCMV IE genes has been examined in transgenic mice transfected with 

DNA containing the lacZ gene under the control of the HCMV major IE 

enhancer/promoter (Koedood et a/., 1995). Expression of the gene was 

restricted to sites in the transgenic mouse embryos that correlate with sites of 

congenital HCMV infection in the human fetus. These findings suggest that the 

IE enhancer/promoter is a major determinant of HCMV infection sites in 

humans, and that the principal factor controlling the initial expression of HCMV 

(and hence also reactivation) is likely to involve cell type specific transcription 

factors utilised by the virus.

The regulatory sequences of the MIEP is a complex spectrum of distinct 

control domains encompassing: an RNA polymerase II promoter, a promoter, 

proximal transcription control domain, a strong enhancer, a unique sequence 

region, nuclear factor 1 protein (NF1 )/ CCAAT binding transcription factor (CTF) 

binding sites, and a modulator sequence (Stenberg, 1993) . These control 

elements bind various nuclear cellular proteins, such as NF-x, SP-1, A P I, and 

LTFA/B (Ghazal & Nelson, 1993). Cellular repressor molecules may also 

interact with control elements and limit the expression of IE genes, therefore 

consideration of the cellular involvement with the complete MIEP region is 

important in understanding the mechanism of virus-host-cell transcriptional 

regulation.

The expression of IE genes differs under permissive and nonpermissive 

conditions. The difference is independent of viral proteins, rather it appears to 

be the availability of various nuclear factors which are necessary for MIEP 

activity. The accessibility of these nuclear factors may in turn be related either 

to the state of activation or differentiation of the cell. For example, in 

undifferentiated human teratocarcinoma cells (Tera-2), the major IE gene is 

inactive (Gonczol at a/. 1984). Differentiation of these cells results in the
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Figure 1.3 Diagram showing the regulatory activities of the immediate early 
proteins (IE86JE72) upon viral transcription from the major immediate early 
(MIEP) and early (EP) promoters, (after Stenberg, 1993)

presence of constitutive and inducible deoxyribonuclease I (DNAase I) 

hypersensitive sites and an active IE gene (Nelson & Groudine, 1986). The 

region containing these elements has been designated the "modulator" and 

negatively influences IE expression in undifferentiated cells but positively 

modulates expression in differentiated cells.

Thus, viral gene expression within the cell is dependent on the level of 

IE gene expression, with the corresponding viral genome regulatory cis-acting 

sequences and their respective cellular trans acting factors functionally 

dependent on the differentiation state of the cell (Ghazal & Nelson). In addition, 

antigenic or mitogenic stimulation of cells in which HCMV expression and 

replication is restricted can increase and enhance viral gene expression. For
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example, although there is no difference in the ability of HCMV to bind to 

either cell type (Nowlin et a!. 1991 ), HCMV IE expression and subsequent virus 

yield are retarded in human umbilical vein endothelial cells (HUVEC) in 

comparison to human foreskin fibroblasts (Ho et a/. 1984). Treatment of 

HUVEC with short chain fatty acids before or after virus inoculation can 

increase viral gene expression in a dose-dependent manner (Wu et a/., 1994). 

Likewise, HCMV expression and replication in peripheral blood mononuclear 

cells (PBMC) are restricted in immunocompetent individuals and either mitogenic 

or antigenic stimulation of the cells can increase viral expression (Dudding & 

Garnett, 1987; Braun & Reiser, 1986). Accordingly, the highly restricted host 

range of HCMV may be determined by either a total block to gene expression, 

or a block to replication occurring at the transcription of IE genes in non

permissive cells.

Following synthesis of the IE proteins, transcription of the genes 

encoding E proteins occurs. There are approximately 20 different E proteins 

(including the viral DNA polymerase) and they are required for DNA replication, 

which commences approximately 12 hours after infection. Both the E and L 

classes of gene expression may be divided into additional subclasses, defined 

by the complex regulatory cascade in which both transcriptional and post- 

transcriptional events regulate the course of HCMV gene expression (Mocarski,

1993). The first subclass of E genes, genes, are those whose transcription 

begins between 4-8 hours post-infection (p.i.), and is unaffected by inhibitors 

of viral DNA replication. Transcription of the second subclass of E genes, Rg 

genes, also independent of viral replication, occurs between 8-24 hours post 

infection, with production of Rg proteins lagging behind mRNA accumulation. 

While IE transcripts and proteins are synthesised immediately after infection, 

E transcripts and proteins and subsequent L transcripts and proteins accumulate 

very slowly. The prolonged early phase of gene expression, lasting at least 24 

hours, is characteristic of HCMV gene expression and is a major factor in its 

slow growth.

Once the early genes have been synthesised and replication has occurred, 

transcription of L genes ensues, such that L gene expression increases as viral 

DNA accumulates (Mocarski, 1993). The first subclass of L genes, Ŷ  genes, 

are first transcribed between 12-36 hours p.i. and are made even when
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infection is carried out in the presence of DNA replication inhibitors, although 

reduced levels of proteins are observed under these conditions. The second 

subclass of L genes, K2  genes, are transcribed between 24-48 hours p.i., and 

accumulation is strictly dependent on viral DNA replication. Post-transcriptional 

controls that affect the transport or translation of transcripts may effect 

significant delays in the temporal appearance of both subclasses of L gene 

transcripts. The majority of the L genes encode the structural proteins of the 

HCMV virion, for example the capsid and tegument proteins, and the envelope 

glycoproteins (Stinski, 1977).

1.5 Assembly of virions

Expression of the L proteins allows the assembly of mature virions to 

occur. Firstly, nucleocapsids accumulate in the nucleus between 48-72 hours 

p.i., forming the characteristically observed intranuclear inclusion in infected 

host cells. Nucleocapsid formation itself follows a distinct pathway, with the 

end result of genomes packaged into preformed nucleocapsids within the cell 

nucleus. The successive steps in which the capsid makes its way to the 

cytoplasm and subsequently the cell surface, acquiring the viral envelope in the 

process, are controversial but ultrastructural studies have indicated the 

following sequence of events (Severi ef a/. 1988; Tumilowicz & Powell, 1990). 

With DNA packaging, the nucleocapsid acquires tegument proteins at the 

nuclear membrane. It appears that the nucleocapsids escape the nucleus by 

becoming enveloped at the inner lamella of the nuclear envelope and de

enveloped at the outer lamella. Tegument coated nucleocapsids appear in the 

cytoplasm by 96 hours p.i. and make their way to the Golgi apparatus, where 

they push into membrane vacuoles; in this way, the capsids acquire an 

envelope and become structurally complete. The vesicles fuse with the plasma 

membrane, releasing the virions into the extracelluar medium by exocytosis by 

1 2 0  hours p.i.

In addition to structurally complete virions, defective particles are also 

produced and released by cells infected with the laboratory strain AD I 69. One 

group of HCMV defective particles are NIEPs (non-infectious particles), which 

are morphologically indistinguishable from virions but lack genetic material 

(Irmiere & Gibson, 1983). A second type is the dense body, a large enveloped 

mass of tegument protein which is distinguishable from NIEPs and virions by its

32



generally larger size, ranging from 250-600nm (Roby & Gibson, 1986). The 

lower matrix protein of HCMV (pp65, ppUL83) is the major tegument 

constituent; and the production of dense bodies, composed predominately of 

pp65, suggests that the protein may possess sequences which promote its 

envelopment. It is not clear if the production of defective particles during 

HCMV infection occurs in vivo with clinical virus strains. The laboratory HCMV 

strain ADI 69 has been shown to have a high level of expression of pp65 in 

comparison to recent clinical isolates (Klages ef a/. 1989), which suggests that 

the production of NIEPs and dense bodies may be an in vitro phenomenon.

1.6 Effect of HCMV Infection on cellular metabolism

After infection of the host cell, a whole series of metabolic and cellular 

effects of HCMV infection have been recognised. Unlike other herpesviruses, 

HCMV stimulates host cell DNA, RNA and protein synthesis at an early stage 

of infection; this effect is thought be due to immediate early gene expression 

and not to a virion constituent (Stinski, 1977). At the peak of protein 

synthesis 70-90%  is host specific, and after DNA replication, a second stage 

of protein synthesis is predominately viral but 40-50%  of protein synthesised 

is still of host origin (Stinski, 1978). Host cell stimulation appears to be 

essential for efficient replication due to the production of essential enzymes and 

other proteins. At an early stage of infection (5-24 hours p.i.), cytoskeletal 

changes occur, and the cell rounds and contracts, with increases in the 

intracellular levels of IP3 , DG, cAMP, cGMP and [Ca^^j, while the activity of the 

Na^ pump is depressed (Albrecht et a/. 1984). After DNA synthesis, by 48 

hours p.i., the cell starts to "relax" by partially flattening, and begins to enlarge. 

At the late stage of HCMV infection, the cell is enlarged to a cytomegalic state, 

with an increase in Na^/H^ exchange. Some of these metabolic and cellular 

changes may be involved in the pathogenesis of HCMV disease. For example, 

HCMV infection can induce genotoxic damage which perturbs the cell cycle 

(Albrecht ef a/. 1990). In addition, oncogenic potential has been attributed to 

HCMV. Infection can stimulate mitotic activity and increase levels of cellular 

proto-oncogenes, but transforming regions within the HCMV genome have also 

been identified (Rosenthal & Choudhury, 1991).

1.7 Viral infectivity
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The envelope of HCMV contains host lipids and at least eight different 

glycoprotein species. Three envelope glycoprotein complexes have been 

characterised which are of interest since they have been identified as the 

targets of neutralising antibodies. The first, glycoprotein B (gB, gp58/116, gCI, 

gpUL55) is the homologue of herpes simplex virus (HSV) gB and is a disulphide 

linked heterodimer of an Mx 116,000 amino fragment and an Mr 58,000  

carboxy fragment which arise from a common precursor by proteolytic cleavage 

(Britt, 1984; Gretch et a/. 1988). The gB molecules oligomerise into 

noncovalently linked homodimers within the endoplasmic reticulum, in which 

form gB is incorporated into the infected cell membrane and virion envelope 

(Britt & Vugler, 1992). The second complex glycoprotein H (gH, gp8 6 , gCIII, 

gpUL75) is the homologue of HSV glycoprotein H (gH) (Rasmussen at a/. 1984; 

Cranage, at aL, 1988) The gH complex includes the Mr 32 ,000 glycoprotein L 

(gL, gpUL115), which is required for the transport of HCMV gH to the infected 

cell surface (Kaye at a/., 1992). The third complex is glycoprotein complex II 

(gCII) which is a disulphide linked complex of two families of glycoproteins. 

Group 1 and Group 2 glycoproteins (Kari at a/. 1986; Kari at a/. 1990). The 

Group 1 glycoproteins, with an Mr 47-63,000, appear to be a minor component 

of the complex relative to Group 2 glycoproteins, and are encoded by the US6  

gene family (US6  through US11), formerly known as the HXLF family (Gretch 

at a/. 1988). Group 2 glycoproteins have an Mr 39-48,000 and 90 to 

> 200,000, and the gene encoding these proteins has been identified as ULl 00  

(Kari at a/., 1994).

In addition to the role of viral gene expression in the pathogenesis of 

HCMV infection (see section 1.4), the envelope glycoproteins also play a central 

role in the pathogenesis of the virus, since they are involved in the entry of 

virions into host cells. These molecules interact with specific receptors on host 

cells and are therefore involved in determining the species specificity and host 

cell range for each of the Herpesviruses. Only two families of envelope 

glycoproteins appear to be highly conserved amongst the Herpesviruses, these 

are gB and gH/gL (Manservigi & Cassai, 1991) and these may therefore be 

essential in performing a common role in virus entry into host cells.

Entry of HCMV occurs by pH independent direct fusion of the virion 

envelope with the host cell plasma membrane, which occurs directly at the cell
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surface rather than through an endocytic vesicle. This results in the penetration 

and disassembly of the virion and initiation of gene expression. Entry occurs 

by a cascade of virus-cell interactions (see Figure 1 A ), analogous to those 

described for HSV, in which the envelope glycoproteins play an important role 

(Compton et a/. 1992).

Attachment of HCMV to cells has been shown to be blocked by heparin 

sulphate, thus cell surface heparin sulphate is involved in the initial interaction 

between virion and cell (Neyts et a/. 1992). The gC-ll envelope glycoprotein 

complex has been shown to have a heparin binding capacity, particularly the 

group 2 glycoproteins (Kari & Gehrz, 1993; Kari & Gehrz, 1992). To a lesser 

extent, gB also exhibits heparin binding properties. Initial binding can be 

reversed by the addition of exogenous heparin, but viral entry is characterised 

by specific secondary binding, or adhesion strengthening, that is heparin 

resistant (Neyts et a/. 1992).

Specific receptors involved in the binding of HCMV to host cells have 

been identified. Radiolabelled HCMV virions were shown to bind to a 

glycoprotein receptor with Mr between 28,000 and 34,000, which was found 

on human lymphocytes, lymphoblastoid cells lines, monocytes and fibroblasts 

(Taylor & Cooper, 1989; Adlish ef a/. 1990; Taylor & Cooper, 1990). The level 

of viral attachment correlated with the distribution and relative abundance of 

this protein (Nowlin et a/. 1991). A recent report demonstrated that HCMV 

virions bound to a protein of Mr 36 ,000 on human umbilical vein endothelial 

cells and cultured fibroblasts, which was shown to be annexin II (Wright ef a/., 

1994; Wright ef a/., 1995). This molecule is a member of the annexin- 

lipocortin family of proteins, for which various functions related to calcium- 

dependent interaction with phospholipid membranes have been proposed. In 

particular, annexin II has been implicated in the bridging and fusion of biological 

membranes. On the basis of apparent molecular weight, proteolytic 

fragmentation pattern and partial sequence data, annexin II likely corresponds 

to the previously described receptor of Mr 28 to 34,000. The viral envelope 

glycoprotein which binds to annexin II may be gB, since immunoaffinity purified 

gB incubated with western blots of infected cell extracts reacted with an HCMV 

protein of Mr 31,000 (Rasmussen ef a/. 1991).
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Attachment Adhesion
Strengthening

Fusion Penetration

Figure 1.4 Diagram showing entry cascade for the penetration of human 
cytomegalovirus into a host cell. In the initial attachment of the virion, the gcll 
envelope glycoprotein complexes within the virus envelope bind to heparin 
sulphate displayed on the target cell surface. This is followed by adhesion 
strengthening, where the viral envelope glycoproteins gB and gH bind to their 
specific receptor molecules present on the target cell. The fusion of the viral 
envelope and the target cell membrane rapidly ensues, resulting in a fusion pore 
which enlarges to allow the penetration of the virus capsid into the host cell 
cytoplasm. Uncoating of the capsid releases viral DNA, which can then be 
translocated to the cell nucleus to commence the viral replicative cycle.
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Another specific receptor involved in HCMV binding has been identified 

as human aminopeptidase N (G D I3) which is also found on cells which are 

permissive to HCMV infection (Soderberg et a!., 1993a). Transfection of CD 13 

into cells non-permissive for HCMV increased the binding of virions to these 

cells, although the catalytic domain of CD13 was not necessary for infection 

(Soderberg etsL , 1993b).

Secondary binding of the virion to the host cell surface is required for 

penetration and fusion, and appears to rapidly follow initial attachment,although 

the level of virus penetration has been shown to be distinct from that of virus 

attachment. The use of anti-idiotypic antibodies demonstrated that gH was 

involved in viral fusion but not attachment (Keay & Baldwin, 1991). A specific 

phosphorylated glycoprotein receptor for gH has been identified on fibroblasts, 

which has an Mx of 92,500 and may be a kinase (Keay et a/. 1989; Keay & 

Baldwin, 1992). It has been suggested that the gH-receptor interaction may 

promote virus fusion by inducing a conformational change in gH (Compton et 

a/. 1992). Studies characterising the mechanism of neutralisation of anti-gB 

antibodies have shown that this glycoprotein also plays a role in virion 

penetration into host cells, as well as in the cell to cell spread of virus (Navarro 

et a/., 1993). In the latter situation envelope glycoproteins are thought to 

mediate fusion between the cell membrane of an infected cell and that of an 

adjacent uninfected cell, allowing the infection of the uninfected cell via 

passage of virus through the resulting fusion bridge.

A recent hypothesis for herpesvirus membrane fusion, based on the 

models of influenza and HIV fusion and the fusion of cellular secretory vesicles, 

has put forward the notion that formation of a fusion pore is required (Pereira,

1994). In principal, several proteins would form a multisubunit complex with 

gB, which has been proposed to play a central role in mediating the fusion 

reaction. Other members of the multisubunit complex could modulate fusion 

by interacting sequentially with specific cell surface ligands in the attachment 

and entry pathway, as has been described above. Conformational changes in 

the proteins would be triggered by these interactions, causing several of the 

multisubunit complexes to aggregate in the viral membrane into a tertiary 

structure forming a localised hydrophobic pore. Further aggregation of the
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complexes would dilate the pore and promote contact with the lipid bilayer of 

the cellular plasma membrane, initiating its fusion with the virion envelope.

It has been shown that exposure of cells to either virus or crosslinked gH 

anti-idiotype monoclonal antibody resulted in inositol phosphate metabolism and 

the subsequent release of Ca^  ̂ from intracellular stores (Keay et a!., 1995). A 

similar increase in intracellular [Ca^^] was also seen with UV-inactivated but not 

formalin fixed virus, suggesting that this response results from virus-cell 

interactions but does not require virus replication. Furthermore, these 

interactions resulted in receptor patching, with subsequent translocation of the 

receptor from the cell membrane to the nucleus (Keay & Baldwin, 1995). Thus, 

it is possible that the interaction of HCMV with target cells may have other 

fuctions in addition to membrane fusion events, which are necessary for 

productive infection by the virus.

1 . 8  Dissemination of virus and latency

A large variety of differentiated cell types have been identified as targets 

for virus replication during acute HCMV infection, including epithelial, 

endothelial and fibroblast cells (Myerson et a!. 1984). Epithelial cells in a range 

of tissues, including salivary gland and kidney, are prominent targets of HCMV 

infection. In addition, HCMV can be isolated from the peripheral blood 

leukocytes of acutely infected individuals (Fiala et aL 1975; Howell et aL 1979) 

although rarely has virus been isolated from the blood of healthy convalescent 

donors (Diosi et aL, 1969). The periphal blood cell types from which HCMV 

has been isolated in acute infection included the mononuclear and 

polymorphonuclear cell fractions. Studies in vitro have demonstrated the 

expression of IE antigen in the lymphocyte and monocyte fractions of separated 

peripheral blood of infected individuals, although productive virus infection did 

not occur (Einhorn & Ost, 1984; Rice ef a/. 1984). Productive HCMV infection 

has however, been demonstrated for primary differentiated macrophages 

(Taylor-Wiedman et ai., 1994) and mitogen-stimulated T-cells (Braun & Reiser, 

1986).

The presence of HCMV in peripheral blood cell types during acute 

infection in vivo has been a contentious issue. HCMV IE antigen and pp65 

were detected in monocytes and polymorphonuclear cells obtained from 

individuals with acute HCMV infection, although only IE mRNA was detected,
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but not mRNA encoding pp65 (Grefte et a!., 1994). Thus, the presence of the 

pp65 in the absence of its corresponding mRNA indicated that these cells may 

have obtained the viral antigen by phagocytosis rather than by de novo 

synthesis. It was suggested that in vivo, peripheral blood leukocytes may have 

acquired pp65 by phagocytic uptake at sites where it is abundantly available. 

In addition, a subset of cells may have also acquired viral DNA.

A separate study investigated the in vivo importance of haemopoitic cells 

in acute HCMV infection by examining tissue sections obtained from the organs 

of individuals with acute HCMV infection with immunohistochemical double 

labelling (Sinzger efa/., 1996). Macrophages and polymorphonuclear cells were 

identified as targets for HCMV infection in vivo, with no infected lymphocytes 

observed. Furthermore, while late viral proteins were detected in macrophages, 

indicating the completion of the full viral replicative cycle, viral expression in the 

polymorphonuclear cells was restricted to the IE proteins, implying that these 

cells are abortively infected. Interestingly, marked disparity was found in the 

distribution and level of HCMV infection between macrophages and 

polymorphonucleocytes amongst individual patient samples, suggesting 

differences of HCMV tropism in separate individuals.

Circulating cytomegalic cells have been shown to be present in the 

peripheral blood of acutely infected individuals; these were identified to be of 

endothelial origin and were thought to be released into the periphery by 

endothelial damage (Grefte ef a/. 1993). Evidence of productive infection was 

found in the cells, thus they may act as vectors for the dissemination of viral 

infection through the body (Grefte ef ai., 1993b). It has also been 

demonstrated in vitro that peripheral blood mononuclear cells and vascular 

endothelial cells can transmit HCMV in a bidirectional fashion, indicating an 

interactive role between these two cell types in the dissemination of HCMV 

(Waldman ef a/., 1995). In additon, the HCMV infected endothelium may 

represent the site where circulating polymorphonuclear cells acquire the viral 

antigen pp65 as described above, via cell to cell contact. Since the 

endothelium represents the interface between the circulating blood components 

and the underlying tissues, it thus appears to play a central role in the 

dissemination of HCMV during acute virus infection.
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HCMV establishes a lifelong infection in the host after primary infection. 

It is not clear which cells or tissues are latently infected by HCMV. Blood 

transfusion and visceral transplants have been shown to be capable of 

transmitting virus (Adler, 1983; Ho, 1982b). In the case of organ 

transplantation however, whether reactivation of latent donor virus was due to 

either latent virus in the blood cells or, if multiple tissue sites of latency exist, 

has not been resolved. Evidence to show that the monocyte is a major source 

of virus persistence of human cytomegalovirus in peripheral blood mononuclear 

cells, has come from the detection of viral DNA by in situ hybridisation 

(Dankner et ai. 1990) or by the amplification of viral DNA from fractionated cell 

populations (Taylor-Wiedeman ef a/. 1991). Although infection of monocytes 

is semipermissive (Einhorn & Ost, 1984; Rice ef a/. 1984), full permissiveness 

of these cells was found to be dependent on cell-induced stimulation of the 

monocyte, with subsequent differentiation into macrophages (Ibanez ef 

ai. 1991 ; Maciejewski ef ai. 1993). Polymorphonuclear cells were not found to 

be sites of latent HCMV (Taylor-Wiedeman ef a/. 1993).

Studies in vitro investigating the interaction of HCMV with monocytes 

have utilised the monocytic cell line THP1, which is nonpermissive for HCMV, 

but differentiation of these cells with phorbol myristic acid into macrophages 

leads to productive infection (Weinshenker ef a/. 1988). The absence of 

productive infection in undifferentiated THP1 has been shown to be due to a 

block of expression of the HCMV MIE promoter (Sinclair ef a/. 1992). 

Repression was found to correlate with the presence of a specific cellular factor 

MBF1 which binds to sites of negative regulation in the MIE enhancer region. 

This factor has also been shown to act as a differentiation-specific negative 

regulator of IE1 expression in undifferentiated teratocarcinoma cells (see section 

1.4). The release from repression, which permits expression from the MIE 

promoter, is thought to be due to either a decrease of MBF1 in the 

differentiated cell or to the deletion of the binding site (Sinclair ef a/. 1992).

It has been suggested that the interaction of HCMV with monocytes, 

macrophages and tissue histiocytes may be key to viral persistence and latency. 

In the bone marrow, multipotent progenitor cells can harbour virus relatively 

early in differentiation (Maciejewski ef a/. 1992; Minton et ai., 1994; Preiksaitis 

& Janowska-Wieczorek, 1991 ). The persistence of virus in these cells through
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several steps of differentiation in cell culture suggests that in vivo, these cells 

may serve as a reservoir of latent virus. HCMV has been shown to 

predominately infect myelomonocytic progenitors, which in the absence of lytic 

gene expression, could migrate into the peripheral circulation until they undergo 

differentiation in tissues, with consequent productive virus infection.

A recent in vitro study has demonstrated that the viral replicative cycle 

of HCMV monocycte-derived macrophages is delayed relative to fibroblasts and 

that, at late stages of virus replication, virus appeared to be sequestered within 

vacuoles which were frequently seen at cellular contact points (Fish et ai., 

1995). It was demonstrated that various structural features of the infected cell 

were disrupted, including the Golgi apparatus and the microtubule network (Fish 

et si., 1996). The delayed growth and compartmentalization of HCMV which 

were observed in macrophages was thought to accommodate the viral 

replication cycle without cell lysis, and allow the macrophage to function as a 

vehicle for cell-to-cell transmission of HCMV. Thus, the monocyte may not only 

serve as a carrier of HCMV infection and viral amplification but may also act as 

a vector for viral dissemination during acute infection.

Other types of tissue cells may be latently infected with HCMV besides 

blood and bone marrow cells. In situ hybridisation studies of tissues from bone 

marrow transplant patients has detected HCMV DNA in epithelial, endothelial, 

stromal and interstitial cells (Myerson et ai. 1984). In a study of autopsy tissues 

from normal subjects who had died from trauma, IE antigen expression was 

detected in brain, kidney, spleen, lung and liver, although virus could not be 

cultured in vitro (Toorkey & Carrigan, 1989). These abortively infected cells 

may act as a reservoir of latent virus and a source of viral transmission.

It has been demonstrated that the main HCMV infected cells in the 

kidneys of renal transplant recipients undergoing primary infection were 

infiltrating I inflammatoty cells (Gnann et a/. 1988). It was hypothesised that 

latent virus within cells of the donor kidney was reactivated by allogenic 

stimulation or immunosuppression or both, and began to replicate. 

Subsequently, the infected cells could infect incoming host effector cells which 

would disseminate. Alternatively, cells with reactivated infection would leave 

the graft site and enter the circulation to infect host cells directly. It seems
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likely that the monocyte and/ or other cell types would be involved in these 

roles.

Since the HCMV genome can persist in cells with absent or limited gene 

expression, latency is proposed to be associated with nonproductive infection 

of cells, although no evidence exists for integration of the HCMV genome in any 

cell type. Two classes of novel latency associated transcripts have been 

detected in bone marrow derived haemopoitic cells from HCMV seropositive 

individuals (Kondo & Mocarski, 1995), and are likely to be involved in controling 

virus latency. These were found to originate from the IE locus and included an 

antisense transcript to IE1 regions. It is probable that host cell protein(s) may 

be required for efficient and complete viral gene expression, thus it follows that 

the cell type influences nonproductive, semiproductive, or persistent infection, 

or latency. It follows that other factors, such as the differentiation or metabolic 

state of the cell, or hormonal influences could also be involved in regulating 

latency of HCMV. Thus, the restriction on virus gene expression may explain 

the highly limited host range of HCMV and may contribute to the establishment 

and maintenance of a persistent or latent infection.

In the murine model, murine cytomegalovirus (MCMV) remains latent in 

a wide variety of tissues, including spleen, salivary gland, blood, skin, prostate 

and testes (Mocarski, 1993). MCMV latency in the spleen and kidney have 

been shown to exist in the absence of low level persistent infection, 

distinguishing a state of true molecular latency (Pollock and Virgin, 1995). The 

lung has been identified as a major site of MCMV latency and recurrence 

(Balthesen et a!., 1993). The characterisation of the lung as a high risk organ 

for MCMV recurrence may explain in part why interstitial pneumonitis is a 

frequent manifestation of recurrent HCMV infection.

An elegant study by Reddehase et aL (1994) compared the risk for 

recurrence of MCMV infection from latency which had been established after 

primary infection either at adult or neonatal age. Primary infection in the adult 

mouse is characterised by a limited virus replication in the salivary gland, while 

neonatal primary infection is associated with high mortality and extensive virus 

replication in multiple organs. The risk for MCMV recurrence was high only 

after neonatal infection when latent viral genomes were detected in various 

tissues, particularly the lung and salivary glands, compared to adult infection,
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when viral genomes were detected at high copy number only in the lung. The 

copy number of latent viral genomes in tissues was identified as the key 

parameter that determined the overall and organ specific risks of occurrence of 

reactivation, so that latent MCMV burden and risk of recurrence were related 

to the extent of virus replication during primary infection.

1.9 Immune response against HCMV

The ability of HCMV to establish lifelong infection in the host and to 

reactivate or cause reinfection in the face of an immune response suggests that 

the virus has a complex immunological relationship with its host. Natural 

defence mechanisms, including natural killer (NK) cells, macrophages, and 

interferon, are the first available facets of the host immune system to respond 

to infection and do not require prior exposure to foreign antigen to be operative 

(Lopez et a!., 1993). These mechanisms act to contain the primary infection 

before dissemination occurs, whilst in secondary infection they suppress 

reactivated infection and may act to sequester latent infection. Macrophages 

may take up virions and sequester virus replication, or act as antigen 

presenting cells for the adaptive immune response. Natural killer cells also act 

as antigen presenting cells but more importantly lyse virus infected cells in an 

MHC unrestricted fashion. The importance of NK responses against HCMV 

infection is exemplified in bone marrow transplantation, where generation of 

natural killer cell activity correlates with recovery from HCMV infection 

(Rosenberg et a/. 1981).

The killing of HCMV infected targets by natural killer cells is enhanced by 

a- or R- (but not y ) interferons, and also by interleukin-2 (Bandyopadhyay et 

el. 1987). In addition, interferons act directly on uninfected cells, making them 

resistant to virus infection, although the mechanism of action is unknown. In 

the murine model, interferon-a was shown to inhibit murine cytomegalovirus IE 

gene enhancer activity by mechanisms that decrease the availability of virus 

induced NF-/r transcriptionally active in the nuclei of infected cells (Gribaudo et 

aL, 1995).

The development of cell-mediated immunity, particularly that involving 

CD8  4- MHC restricted HCMV specific cytotoxic T-lymphocytes represents an 

essential host factor in the control of persistent infection and the recovery from 

HCMV disease (Quinnan et a/. 1984). The paramount importance of cellular
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immunity in controlling HCMV infection is apparent in those groups which have 

been immunosuppressed. Congenitally infected infants have a prolonged failure 

to generate HCMV specific T-cell responses and exhibit diminished lymphokine 

production, these defects being related to low frequencies of virus specific 

helper T-cells (Hayward et a/. 1984). Detection of a vigorous HCMV specific 

cytotoxic T-cell response was found to correlate with acquisition and outcome 

of HCMV infection after bone marrow transplantation (Reusser et a/. 1991). 

While HCMV infection in the normal host is usually asymptomatic, 

mononucleosis is thought to be the result of an abnormal host response against 

the virus, characterised by deficient HCMV specific T-cell proliferative (Levin et 

a/. 1979; Rinaldo et a/. 1977; Rinaldo et a/. 1980) and cytotoxic responses 

(Carney et a/. 1983). In the normal subject virus specific responses develop 

soon after the onset of symptoms; while in infected individuals who develop 

mononucleosis, such responses may not occur for several months.

Virus specific T-cell proliferative and cytotoxic responses have been 

found to be elicited by both structural and nonstructural HCMV antigens 

(Borysiewicz et aL 1988a). Interestingly, a higher frequency of Class-1 restricted 

CD8-I- cytotoxic T-lymphocytes (CTL) specific for the major IE protein (UL82) 

have been detected in comparison to those specific for gB (Borysiewicz ef a/. 1988b). 

In addition, pp65 (ppUL83) was identified as a significant target for CD8-I- 

Class I restricted CTL, and recognition occurred in the absence of endogenous 

pp65 synthesis in the target cell (Mclaughlin-Taylor ef a/., 1994). This finding 

indicates that this structural virion protein can efficiently sensitise infected 

target cells for CTL lysis following viral penetration and uncoating and prior to 

the onset of viral gene expression and replication. These findings may be of 

benefit to the host by enablingeffective recognition of infected cells prior to the 

initiation of the viral replicative cycle.

Although cellular immunity is undoubtedly the major mechanism for 

clearance of HCMV infection in immunocompetent individuals, it is highly likely 

that the humoral immune response plays a protective role against the virus in 

some patient populations. Pre-existing immunity has been shown to limit the 

severity of disease associated with HCMV infection in transplant recipients; this 

has been attributed to antibody mediated protection, since cellular responses 

in these individuals are depressed (Singh ef aL 1988; Smyth ef aL 1991 ; Smiley
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et al. 1985). With congenital infection, the presence of symptomatic infection 

and the severity of perinatal disease may be lessened due to the protective 

effects of transplacentally transmitted maternal antibody (Tanaka era/. 1991; 

Fowler ef a/. 1992). In AIDS patients, those with the highest rates of 

neutralising antibody titers demonstrated the lowest rates of progression of 

HCMV retinitis (Boppana ef a/., 1992). The effective mechanism of antibody 

mediated immunity may be in part neutralisation of virions in the blood during 

systemic dissemination, thus limiting the spread of infection to multiple organs 

(Rundell & Betts, 1981), since cell-free virus has been detected in the plasma 

and serum of immunocompromised individuals (Spector ef a/. 1992; Ishigaki ef 

a/. 1991). In a mouse model mimicking immunocompromised individuals, 

administration of polyclonal anti-MCMV antibody prior to and after the virus 

infection prevented systemic and ocular virus dissemination (Hayashi at.a!.,

1995). A pertinent finding of this study was that free virus, not macrophage- 

bound virus, disseminated via the bloodstream. Antibodies may also mediate 

protection against HCMV infection by their roles in the opsonisation of virus, 

antibody dependent cellular toxicity (ADCC) and complement dependent 

antibody-mediated cytolysis (Kirmani at a/. 1981 ; Betts & Schmidt, 1981; 

Middeldorp at ai. 1986).

The importance of humoral immunity against HCMV infection was 

explicitly demonstrated in the murine model using immunoglobulin deficient 

mice (Jonjic at a!., 1994). These mice cleared virus infection and established 

viral latency with kinetics that were indistinguishable from normal mice. The 

reactivation from latency was the only stage of virus infection which was 

altered in the absence of antibodies. Virus recurrence resulted in higher virus 

titers, which could be limited by the adoptive transfer of immune serum. Thus, 

while antibody was nonessential for the resolution of primary MCMV infection, 

it was important in restricting virus dissemination following virus reactivation. 

These would support the view that the main protective role of antibody against 

human CMV infection may be to prevent the generalised spread of virus in 

active infection.

After primary infection, the antibody response in immunocompetent 

individuals is characterised by the initial transitory appearance of IgM, followed 

by lasting levels of IgG (Porath at a/. 1987). In primary infections, IgGI and
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lgG3 are the main IgG subclasses produced against HCMV, with lgG4 produced 

in 30% of cases (Linde et a/. 1983). The main subclass responding to 

secondary infection is IgGI, which is not necessarily accompanied by an IgM 

response (Rasmussen et aL 1982). In addition, IgA antibodies are produced in 

50%  of recurrent infections, and usually persist longer than IgM but not much 

less than IgG (Engelhard et a/. 1991). Neutralising activity was apparent for 

both HCMV specific IgGI and lgG3, although lgG3 had a 10-fold higher 

neutralising activity than IgGI when related to neutralising titer (Gilljam & 

Wahren, 1989).

Evaluation of the occurrence of immunoglobulins A, G and M to HCMV 

during secondary infection in recipients of allogeneic bone marrow 

transplantation demonstrated a significant association between the absence of 

an IgG response and mortality rate (Wahren et aL 1984). In patients developing 

HCMV disease, those with reduced or absent serological responses developed 

pneumonia, and died while the surviving patients produced all three isotypes, 

particularly IgG. These data support the proposition that humoral immunity may 

modify the course of recurrent infection.

Immunoprécipitation and immunoblot studies with sera from patients 

infected with HCMV have identified between 20 and 25 viral proteins from 

HCMV cells which are recognised by human antibodies; these include both 

structural and non-structural viral proteins (Reviews by Landini, 1992; Landini 

& Michelson, 1988; Spaete et aL, 1994). The nonstructural intracellular 

proteins (ICP) of HCMV which induce antibodies include MIE protein (pp68-72, 

ppUL123), the DNA polymerase (ppUL54), the major DNA binding protein 

(ppUL57), ICP22 (p76, US22) and ICP36 (pp52, ppUL44). The latter protein 

is highly abundant and immunogenic, and both IgG and IgM antibodies to ICP36 

are markers for acutej infection.

Structural proteins of HCMV recognised by human antibodies include the 

basic phosphoprotein (ppl 50, ppUL8 6 ), the upper matrix protein (pp71, 

ppUL82), and the lower matrix protein (pp65, ppUL83) of the tegument, and 

the major capsid protein (pi 50, UL8 6 ), assembly protein (pp38, ppUL80), pp28 

(UL46) and pi 2 (UL99) of the capsid. Envelope glycoproteins which induce 

human antibodies include the gH/gL complex (gCIII, gp86/145, 

gpUL75/gpUL115), gB (gCI, gp58/116, gpUL55), gCII (gp47-52, gpUS6 ), the
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integral membrane protein (gp45, gpULlOO), and the early glycoprotein (gp48, 

gpUL4). The basic phosphoprotein of the tegument is the most immunogenic 

HCMV protein, eliciting high titre, long lasting antibodies in nearly 100% of 

HCMV infected subjects. Antibodies of the IgM class to this protein and the 

MIE protein are markers for primary infections. The antibody response to the 

lower matrix protein pp65 is intense during the acute pase of infection, as well 

as during the early phase of convalescence, but decreases rapidly thereafter. 

Serological markers for the convalescent phase, in patients with both primary 

and recurrent infections, include antibodies to this pp65, as well as ppl 50, 

pp28, gB and gH.

1.10 Interaction with the immune system

HCMV has clearly evolved mechanisms to assure its survival and 

ultimately its permanent residence in the human host. Virus transmission and 

persistent productive infection does occur even in the face of substantial 

specific immunity. Specific immune surveillance mechanisms play a role in 

clearing virus infection, but this is a complex process since HCMV is itself 

immunosuppressive and can interact with the immune system. HCMV can 

infect mononuclear cells and profoundly alter their function (Stinski efa/. 1982). 

Cells of the myeloid and lymphoid lineages are infected by HCMV which results 

in a variety of immune defects including decreased lymphocyte blastogénie 

responses (Carney et a/. 1983), depressed interferon production (Levin et 

a/. 1979), decreased natural killer cell (Schrier et a/. 1986) and cytotoxic T- 

lymphocyte activities (Schrier & Oldstone, 1986), abnormal 

monocyte/macrophage functions (Kapasi & Rice, 1988) and suppression of 

myelopoiesis (Simmons et at. 1990). The immunosuppressive effects of HCMV 

may be mediated by infection of the monocyte/macrophage cells, via alterations 

in their T-cell accessory functions. It is not clear whether HCMV can directly 

suppress the functions of T lymphocytes, although this is a possibility, since the 

abortive infection of T-cells in vivo has been reported (Einhorn & Ost, 1984; 

Rice et si. 1984).

The immunosuppressive activities of HCMV could contribute to the 

persistence of virus infection by dampening host defenses. Persistent HCMV 

infection also results in part from the evolution of a number of mechanisms
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which lead to "escape" of the virus from normal immune surveillance. First, 

HCMV infection causes the unstable assembly of HLA Class I complexes, 

resulting in a downregulation of Class I antigens on the surface of infected 

cells, rendering them resistant to lysis by cytotoxic T-lymphocytes (Warren 

et.aL, 1994). The action of y-interferon and a-tumour necrosis factor was 

demonstrated to lift the HCMV induced block of class I complex formation by 

stimulating the synthesis, assembly and stability of HLA class I molecules 

(Hengel et.aL, 1995). This resulted in the restoration of antigen presentation, 

provided that the cells were exposed to the cytokines prior to HCMV infection. 

HCMV infection also inhibits the y-interferon inducible expression of MHC Class 

II antigen on infected endothelial cells, blocking antigen presentation by these 

cells and thus may shield them from anti-viral immune surveillance (Sedmak

1994).

In common with other Herpesviruses, HCMV induces the expression of 

an Fey receptor on the surface of infected cells, which may be incorporated into 

the virion (Westmoreland et aL, 1976). The biological significance of the 

development of Fc receptors is unknown, but it has been proposed that the 

binding of HCMV immune and nonimmune immunoglobulin and/or immune 

complexes coats the infected cells, protecting them from antibody recognition 

and ADCC or complement mediated lysis. Protection from ADCC, mediated by 

the expression of Fc receptors induced by HCMV has been demonstrated in 

vitro (Murayama et ai. 1987). Herpes simplex type 1 infected cells were shown 

to be protected from ADCC by the bipolar bridging of antiviral IgG, where the 

Fab domain of an IgG molecule binds to its antigenic target and the Fc domain 

binds to the viral Fck receptor (Dubin et ai., 1991 ). It has also been suggested 

that bipolar bridging is involved in the suppression of the viral genome during 

latency; with the cell remaining undamaged, since the Fc domain is unavailable 

for complement, or Fey receptor bearing killer cells (Lehner et ai., 1975).

1.11 Justification for HCMV vaccine development

Congenital HCMV infection represents the principal justification for a safe 

and effective vaccine. In developed nations, HCMV is the most common cause 

of mental retardation and nonhereditary sensoneural deafness in children 

(Fowler ef ai., 1992). The most severe congenital infection is the result of
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primary maternal infection, when fetal damage is incurred during 

embryogenesis. As described in Section 1.2, it has been shown that the rate 

of HCMV transmission and the incidence of symptomatic infection at birth is 

substantially reduced if maternal antibody is present during gestation. In 

addition, for the infant not born with congenital HCMV infection, maternal 

antibody may offer passive protective immunity since perinatal infection results 

in less severe disease if the mother was seropositive (Adler et al. 1986). Thus, 

immunisation of women at (or before) child bearing age would minimise the 

public health impact of HCMV by offering significant protection against 

symptomatic congenital infection.

The other patient group for whom immunisation may be of great benefit 

is the immunocompromised subject, such as the transplant recipient. Because 

T-cell mediated immunity is suppressed in these subjects, it is unlikely that 

therapeutic measures aimed at boosting T-cell responses in these 

immunocompromised patients are plausible given the nature of the clinical 

situation. It has been proposed however, that the selective reconstitution of 

specific T-cell immunity in bone marrow transplant recipients with CDS -I- T-cell 

clones generated from their respective marrow donors may be a potential 

therapy to protect against life threatening HCMV disease (Greenberg at 

si. 1991). On the other hand, it may be possible to boost humoral immunity in 

the transplant recipient by pretransplant vaccination, and this may suppress the 

viral burden for a sufficient time to enable the cellular immune response to 

regenerate as the need for immunosuppressive therapy declines.

Allograft recipients are at risk from both primary and secondary infection, 

but severe disease most often results from primary infection (see Section 1.2). 

Several studies have indicated that, after transplantation, pre-existing humoral 

immunity plays a role in ameliorating the severity of disease due to HCMV 

infection. In addition, passive humoral immunity has been shown to be of some 

beneficial use against HCMV disease after transplantation, where hyperimmune 

gammaglobulin has been used both prophylactically to prevent secondary 

infection, and therapeutically to treat disease resulting from infection (Snydman, 

1990).
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Another immunocompromised group which may benefit from 

immunisation against HCMV encompasses individuals infected with human 

immunodeficiency virus (HIV). In these subjects, boosting humoral immunity 

to suppress infection may not reveal clinical benefits until the later stages of 

AIDS, when de novo antibody stimulation may be deficient. For example, in 

AIDS patients, high levels of neutralising antibodies have been associated with 

a reduced rate of progression of HCMV retinitis (Boppana et.aL, 1992). 

Presumably, the antibody may be preventing cell to cell spread of virus within 

the retinal tissue.

In addition to the use of hyperimmune gammaglobulin preparations, 

chemotherapy has been used in attempts to control HCMV infection in 

transplant patients and AIDS patients with HCMV disease. A number of 

antiviral agents have been utilised clinically, although with limited success 

(reviewed in Serody & van der Horst, 1993). The use of combination therapy 

with both agents is presently advocated for the treatment of HCMV disease. 

Other than the lack of efficacy against HCMV infection, further drawbacks to 

chemotherapeutic} regimes have included toxicity and a rebound effect of 

virus replication after therapy. Most significant however, is the finding that the 

appearance of resistance mutants in vivo has been common, and has been 

observed in some cases of treatment failure. For example, after several months 

of therapy with the nucleoside analog ganciclovir, 10 to 15% of AIDS patients 

with HCMV retinitis develop ganciclovir resistant HCMV strains (Biron, 1991). 

Such mutants can also been generated in vitro by exposure of ADI 69 to 

increasing amounts of ganciclovir (Biron et a/. 1986). A range of mutations 

which confer resistance to antiviral agents have been mapped to different sites 

on not only the HCMV phosphotransferase, UL97 (Lurain etal., 1994), but also 

the viral DNA polymerase, UL54 (Lurain ef a/. 1992). An emerging problem is 

represented by the finding of, in AIDS patients not responding to treatment with 

the two antivirals ganciclovir and foscarnet, single HCMV strains which were 

found to be responsible for the dual resistance (Sarasini et ai., 1995). Thus, 

in the absence of consistent and effective antiviral therapy for HCMV infection, 

the case for the development of an HCMV vaccine is understandably 

strengthened.
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1.12 Live HCMV vaccines

Human trials with live HCMV vaccines, using strains which had been 

attenuated by extensive propagation in cell culture, were conducted in the early 

1970's. Initial trials with the strain ADI 69 demonstrated safety and 

immunogenicity (Elek & Stern, 1974; Stern, 1984), while more extensive trials 

proceeded with the Towne strain of HCMV. Immunisation of renal transplant 

recipients was able to reduce the severity of disease due to post-transplant 

HCMV infection (Plotkin et a/. 1990). Protection was most apparent for 

seronegative recipients of seropositive donor kidneys, ie. those undergoing 

primary infection and most at risk of severe disease. The Towne vaccine was 

shown to induce long term cellular and humoral immunity with no major side 

effects and did not induce immunosuppression, unlike natural infection. 

Protection was similar to that shown for natural immunity although, like natural 

immunity, vaccination was not able to prevent reinfection with new strains 

(Glazer et a/. 1979).

The drawbacks of a live attenuated vaccine lie with the theoretical 

concerns of potential oncogenicity and the ability of the virus to establish 

latency, with the consequent risk of subsequent reactivation which may be 

associated with acute or chronic disease. Thus ethical considerations have 

prompted the development of a noninfectious subunit vaccine lacking viral DNA, 

which would be immunogenic and protective but not have the liabilities 

described above.

1.13 Subunit HCMV vaccines

As has been detailed in Section 1.7, the envelope glycoproteins of HCMV 

mediate the entry of the nucleocapsid into the cell, thereby initiating infection. 

Since these envelope glycoproteins are recognised by neutralising antibodies, 

they may serve to elicit protective immune responses. Hence, these molecules 

have been acknowledged as prime candidates for subunit vaccine immunogens. 

Most attention has focused on the envelope glycoproteins gB and gH since they 

exhibit a high degree of sequence homology with envelope glycoproteins of 

others herpesviruses, suggesting important functional roles in viral infectivity. 

It has also been shown that neutralising activity in human, sera correlates with
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antibody reactivity against gB and gH in immunoblotting (Leogrande et al., 

1992).

Since antibodies against gB have been found present to be present in 

nearly all convalescent human sera, it has been regarded as the most promising 

candidate for inclusion in an HCMV subunit vaccine. This envelope glycoprotein 

is the target of both murine and human neutralising antibodies. Purified (Tyler 

at si. 1986) and recombinant (Marshall at ai. 1990; Britt at ai. 1988) preparations 

of gB have been shown to induce humoral immunity in experimental animals. 

Cells infected with recombinant vaccinia viruses expressing gB have been 

utilised to assess humoral immunity against this target in convalescent human 

sera and sera obtained from individuals immunised with the Towne vaccine 

strain of HCMV (Britt at a/. 1990; Gonczol at a/. 1991). These studies, which 

used the vaccinia-gB infected cells to absorb anti-gB antibodies from sera, 

demonstrated that between 40 to 8 8 % of total serum neutralising activity in 

either naturally immune or vaccinated individuals was directed against the single 

envelope glycoprotein gB. Furthermore, it has been shown that antibodies to 

a recombinant adenovirus-gB protein in naturally immune individuals correlated 

significantly with serum neutralising activity (Marshall at a/. 1992).

In a more recent study, the Towne vaccine failed to prevent infection of 

immunised women exposed to young children, whilst natural immunity was 

completley protective (Adler at a!., 1995). It is significant that protective 

immunity correlated with the production of virus-neutralsiing antibodies, rather 

than HCMV specific lymphoproliferative responses. Furthermore, neutralising 

antibody titers were shown to correlate with anti-gB antibodies in saliva (Adler,

1995). Thus it was conlcuded that a vaccine which induces neutralsing 

antibody titers equal to those by wild type infection will protect healthy 

immunocompetent women from secondary infection.

Taken together, these data indicate that gB specific antibody appears to 

be the major component of the neutralising antibody response against HCMV. 

The first human immunisations with immunoaffinity purified gB have been 

reported. In seronegative human volunteers, the preparation induced both 

neutralising antibodies and lymphoproliferative responses, including primed 

memory cells, and in naturally immune individuals booster antibody responses

52



were generated (Gonczol ef a/. 1990). In a guinea pig model, the induction of 

preconception immunity with a guinea pig gB vaccine was able to | limit the 

extent of organ involvement of congentital infection in litters of pups (Harrison 

et a!., 1995). Thus, vaccination with a single HCMV envelope glycoprotein 

may benefit both seronegative individuals, by developing long term protective 

immunity, and seropositive subjects, by raising specific neutralising antibody 

titers.

Another potential candidate for a subunit vaccine is the envelope 

glycoprotein gH. Antibodies specific for gH occur with low frequency in human 

convalescent sera, although anti-gH antibodies have been demonstrated 

following primary and recurrent infection and during symptomatic HCMV 

disease. The relative absence of gH specific antibodies in convalescent sera 

has therefore suggested that the production of anti-gH antibody is an acute 

phase response to HCMV infection of importance in the subsequent 

containment of virus infection (Rasmussen ef a/. 1991; Rassmussen, 1994). 

Thus anti-gH antibodies may play a crucial role in the control of HCMV 

dissemination during acute infection, and the inclusion of this envelope 

glycoprotein in an HCMV subunit vaccine must be seriously considered.

Antibodies specific for gH have been shown to be lacking in the majority 

HIV 4- ve/HCMV + ve individuals with newly diagnosed CMV retinitis (Rasmussen 

ef a/. 1991). In a further study, antibody levels to gH, while elevated in most 

HIV4-ve individuals with > 1 0 0  CD4 cells/mm^, were depressed in HIV4-ve 

individuals with CD4 T-cell counts of < 1 0 0  CD4 cells/mm^, which is known to 

be a time of high risk for HCMV retinitis (Rassmussen, 1994). In both these 

studies, high levels of anti-gB antibodies were detected, thus the lack of anti-gH 

antibodies did not reflect an overall decrease in CMV specific antibody. It has 

been suggested that a loss of gH specific antibody predisposed individuals to 

more extensive virus replication and hence symptomatic disease (Rasmussen 

ef a/. 1991). It may therefore be particularly beneficial to immunise HIV4-ve 

individuals with low CD44- T-cell with a gH subunit vaccine at an earlier stage 

in HIV + ve infection, since the deficiency in gH specific antibody may reflect 

the general incapacity of a de novo antibody response later.
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1.14 Antigenic regions of HCMV envelope glycoproteins

The immunobiology of gB has been characterised by its expression in 

Escherichia coli, or in mammalian cells using recombinant vaccinia viruses. 

Interestingly the mature fully glycosylated protein induced almost exclusively 

complement-dependent neutralising antibodies, while complement-independent 

neutralising antibodies were predominantly generated by the nonglycosylated 

prokaryotic protein product (Britt et a/. 1988). A diagram showing the major 

antibody binding regions of gB which have been mapped to date is shown in 

Figure 1.5.
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Figure 1.5 Diagram showing the antibody binding regions of the HCMV gB 
molecule. Dis/Lin indicate discontinuous or linear epitopes; NT/NNT indicates 
neutralising or non-neutralising antibody binding sites; TM indicates 
transmembrane region.

At least two continuous neutralising epitopes have been identified on the 

gB molecule. The first of these is a discrete region in the gp58 component of 

the disulphide linked gB complex between amino acids 552 and 635, termed 

antigenic determinant-1 (AD-1) (Wagner et a/. 1992). The human anti-gB 

antibody response has been found to predominately recognise AD-1, and this 

restricted antibody response against human gB is also observed in mice (Kniess
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ef a/. 1991; Britt, 1991). A second linear epitope, designated AD-2, has been 

mapped to the gpl 16 component of the gB complex, in the amino terminus of 

the gB molecule (Meyer et a!. 1990). Antibodies against AD-2 were determined 

to consitute a minor part of the HCMV specific neutralising activity of human 

serum (Silvestri et a/., 1993). Accordingly, the neutralising activity of human 

sera was observed to correlate strongly with antibodies to the AD-1 region, and 

to a lesser extent, the AD-2 epitope (Kropff et a/. 1993).

In addition to linear neutralising epitopes, a large panel of monoclonal 

antibodies has been used to map four conformational neutralising domains on 

the gB molecule of ADI 69 (Qadri et al. 1992). The domain D1 is assembled by 

the folding of amino acid residues 411 to 447 in the amino-terminal half of the 

molecule. Domain D2a is assembled in the midregion of the molecule at amino 

acids 447-476, spanning the gB cleavage site between residues 460-461. The 

domain D2b is also in the midregion and is assembled by residues 476 to 618. 

Domain D3 spans amino acids 619 to 645 in the amino terminal half of the gB 

molecule. The domains D2b and D3 domains partially overlap AD-1, thus the 

region encompassed by amino acids 476-645 is immunodominant on the gB 

molecule.

Although the AD-1 has been mapped as a linear determinant, evidence 

has indicated that the structure of the > 8 0  amino acid region may be 

morecomplex than first thought. Because of the length of the domain, it was 

proposed that the determinant might be composed of overlapping, different core 

sequences within the region which are capable of inducing antibodies (Wagner 

et a!., 1992). The specific recognition patterns of AD-1 mutants by a panel of 

AD-1 specific human monoclonal antibodies (generated from peripheral blood 

lymphocytes obtained from a healthy carrier) and murine monoclonal antibodies 

confirmed that a number of AD-1 substructures may exist to which the 

antibodies bind (Ohiin et a/. 1993; Schoppel et a/., 1996). These studies 

demonstrated that residues remote in the primary AD-1 sequence (mainly 570- 

579 and 606-619) were important for the binding of AD-1 specific monoclonal 

antibodies, although the antibodies were able to bind to both reduced and 

denatured native antigen. In addition, the removal of carbohydrate significantly 

reduced the binding of some monoclonal antibodies. Thus, the
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immunodominant neutralising determinant of gB AD-1 may possess a degree of 

higher order structure which is highly stable and resistant to denaturing.

Neutralising determinants on the gH molecule have been less well 

documented than for gB. It is interesting that in the whole of the gH molecule 

only a single linear neutralising epitope has been mapped, residing in the amino 

terminus (Urban et al., 1992). In a separate study using neutralising 

monoclonal antibodies, two non-overlapping antigenic sites bridged by a third 

antigenic site were distinguished, although the precise location of these 

neutralising regions within the gH sequence has not been determined (Simpson 

ef a/. 1993). To date, neutralising antibodies have not been identified against 

the gL component of the disulphide liked gH complex; its role so far appears to 

be confined to that of a chaperone for the transport of gH to the surface of the 

infected cell (see Section 1.7).

No antigenic regions have yet been identified on the least characterised 

target of HCMV specific neutralising antibodies, the gcll glycoprotein complex 

family.

1.15 Immune intervention in HCMV infection

Since gB and gH are two promising targets for inclusion in a potential 

HCMV subunit vaccine, the characterisation of these targets may also help in 

designing immunotherapeutic agents for treating HCMV infection.

The use of hyperimmune gammaglobulin (HIVIG) preparations, when used 

either prophylactically or therapeutically in renal transplant recipients has been 

successful in ammeliorating severe HCMV disease. In other trials however, the 

results of using HIVIG in bone marrow transplant recipients, or with other solid 

organ transplants (such as heart or liver), have been less conclusive (reviewed 

in Snydman, 1990; Sullivan, 1987).

A more recent strategy therefore has been to use specific monoclonal 

antibodies against HCMV, which are highly standardised reagents with defined 

functional and pharmacokinetic properties. For example, the absence of anti-gH 

antibodies in HIV 4- ve subjects with low CD4 -i- T cell counts (see section 1.13) 

makes these individuals prime candidates for passive immunotherapy with anti- 

gH antibodies. The clinical application of murine monoclonal antibodies is limited 

by several obstacles. One of the most important is their lack of immune
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effector function, such as their ability to fix complement or be bound by human 

cellular Fey receptors. Murine antibodies also rapidly induce the development 

of a xenogeneic immune response, which effectively neutralises the clinical 

effects of therapy. Human monoclonal antibodies may be less immunogenic 

in humans, and clinical trials with anti-HCMV human monoclonal in renal 

transplant recipients (Skarp-Orberg et a/. 1990) and bone marrow transplant 

recipients (Aulitzky ef a/. 1991) have been undertaken.

The production of human monoclonal antibodies is not as straightforward 

as murine antibodies however, and the resulting antibodies may not be of the 

appropriate isotype or possess the desired specificity. For therapeutic 

purposes, it is possible to fully humanise a murine monoclonal antibody by 

reshaping both the variable and the constant domains to make it human-like, 

whilst retaining the binding affinities and biological properties of the murine 

antibody. This involves genetic manipulation to transfer the antigen binding 

complementarity determining regions (CDR) of the murine antibody onto a 

human antibody framework.

1.16 Variation amongst HCMV strains

An important consideration in the selection of an immunogen for the 

development of a HCMV subunit vaccine or immunotherapeutic agent, such as 

a humanised monoclonal antibody, is the degree of sequence heterogeneity for 

that target protein present in wild type virus strains. For example, a monoclonal 

antibody exhibited strain specific reactivity against a neutralising epitope within 

gH, and the presence of strain-specific antibodies in human sera against this 

epitope were also documented (Urban et.aL, 1992). The issue of sequence 

heterogeneity within neutralising viral determinants has been aptly highlighted 

by the difficulties in developing subunit vaccines against HIV which would 

protect against multiple HIV strains (Kurth ef a/., 1991; Dolin, 1995). The viral 

genome, and especially the envelope gene [env) of HIV, is characterised by a 

high level of natural variation without loss of functionality (reviewed by Leigh 

Brown, 1991). The third variable domain (V3) of gpl 20 encoded by the env 

gene is immunodominant on the molecule, and is the principal neutralising 

epitope of gpl 20 (reviewed by McKeating, 1992). The V3 loop appears to 

have an important role in viral infectivity, as it has been shown to be involved
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in cell trophism and cytopathicity. Both inter- and intra-patient variation within 

the V3 sequence has been demonstrated in the course of the AIDS epidemic, 

leading to the existence of a broad range of quasispecies within the wild type 

virus population (Kuiken etal., 1993; Wain Hobson, 1992). The result of this 

high natural rate of variation is the emergence of neutralisation escape mutants 

over time within an individual, and the appearance of more pathogenic virus 

strains, leading to disease progression. Thus, the high level of natural variation 

within the V3 loop predicts the existence of an extensive group of neutralisation 

serotypes both population wide, and within an individual. A vaccine effective 

against multiple HIV isolates will therefore almost certainly require more 

antigens than the V3 loop region alone.

HCMV was first shown to possess antigenic variation when differences 

were observed in the neutralising activity of human sera against homologous 

and heterologous virus strains (Anderson, 1970). Subsequently, genetic 

heterogeneity amongst HCMV strains was observed by direct analysis of viral 

DNA. In initial studies, DNA was extracted from infected cell cultures of HCMV 

and subjected to restriction endonuclease (RE) digestion, followed by Southern 

blot with specific HCMV probes (Huang ef a/. 1976; Kilpatrick ef a/. 1976; Collier 

ef a/., 1989; Spector ef a/., 1984). Other groups used the "Hirt extraction" 

method to isolate viral DNA from chromosomal DNA, for RE digestion and direct 

visualisation of products by agarose gel electrophoresis (Eizuru ef a/. 1984; 

Kanesaki ef a/. 1989; Grillner & Blomberg, 1984). The sum of the data from 

these and other studies showed that epidemiologically unrelated strains 

exhibited singular RE patterns, a finding indicating variability in restriction sites. 

The RE profiles amongst different HCMV strains appear to remain relatively 

constant during passage in cell culture (Chou, 1989a) and over long periods of 

excretion by the same patient (Plotkin ef a/. 1987). Such restriction fragment 

length polymorphism (RFLP) analyses have been extremely useful in 

epidemiological studies to distinguish individual HCMV strains (and the presence 

of multiple strains) in different patient groups, in sequentially isolated samples, 

and in strains isolated from different body sites. Analysis of RFLP profiles 

amongst strains has revealed HCMV genomes to be collinear, with an estimated 

minimum 80% sequence homology (Colimon et a/. 1985).
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Although RFLP has been useful in providing information on strain 

heterogeneity, it is limited in its ability to detect major DNA rearrangements or 

single base mutations, since heterogeneity in restriction enzyme fragment 

length patterns amongst various strains is largely related to the absence or gain 

of restriction enzyme sites. For example, the examination of DNA from a 

large number of clinical HCMV isolates by RE revealed a unique RE profile 

(Darlington et a!., 1991). This analysis did not however,reveal the biologically 

relevant mutations within a neutralising epitope amongst a number of these 

strains, which was subsequently revealed by sequence analysis of the same 

strains. Although RFLP analyses confirm the existence of variability within the 

HCMV genome, they also do not indicate that variations are great enough or 

uniform enough to assign different prototype strains. Most notably however, 

restriction endonuclease site diversity has not been linked to biological 

differences amongst strains. For instance, a clinical strain of HCMV which 

contained an amino acid deletion in the basic phosphoprotein, ppl 50, (ppUL32) 

of the virion matrix which rendered it growth defective, possessed an identical 

RE profile to the wild type virus when the digested DNA was probed with 

subgenomic fragments spanning nearly the entire region of the HCMV 

genome (Zipeto et sL, 1993).

The development of the polymerase chain reaction (PCR) has allowed the 

amplification of specific viral genome regions. At the junction of the and Ug 

regions of the HCMV genome, the L-S junction, strains differ between the 

location and number of inverted repeat sequences (see section 1.3). To analyse 

sequence diversity between strains, PCR amplification of these "a" sequences 

has been followed by RE digestion (Sokol et a/. 1992; Zaia et a/. 1990). In 

addition, less variable regions have been subject to such analysis by stepwise 

analysis of PCR products of four HCMV genes (Major IE protein, DNA 

polymerase, gB and gH) digested with restriction endonucleases (Chou, 1990). 

These analyses showed sufficient diversity to differentiate individual HCMV 

strains, although they were not able to distinguish subtypes.

Most recent studies have utilised PCR technology to provide a more 

detailed analysis of HCMV sequence variation by the amplification of different 

HCMV genomic regions followed by sequencing, either via cloning of PCR
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products in bacterial plasmids, or by direct sequencing of PCR amplicons. 

Sequencing of the major IE region exon amongst 6 clinical isolates found only 

sporadic variation in this region (Brytting et a!., 1992; Chou, 1992c) Another 

study found the integral membrane protein (IMP, UL100) and the IE-1/2 

enhancer/promoter sequences were also remarkably stable amongst 5 clinical 

strains (Lehner et a/., 1991). No groupings of strains into subtypes at these 

genomic regions were apparent in either of these studies.

These findings contrast with regions encoding the envelope glycoproteins 

gB and gH. For between 10-12 clinical CMV isolates, sequence variation in the 

whole of gH (Chou 1992b), and the gpl 16 (Chou 1992a) and gp58 (Chou & 

Dennison, 1991) portions of the gB envelope glycoprotein complex was such 

that four subtype strains were distinguished for gB while two subtypes were 

apparent for gH. However subtypes could only be assigned based on 

heterogeneity observed in the most variable regions, ie the cleavage site of gB 

and the amino termini of both gB and gH, based on similarities observed 

amongst multiple sequence alignments. These findings were confirmed by 

another study sequencing the AD-1 and AD-2 regions of gB for 5 clinical 

isolates, which was also only able to classify sequences into a limited number 

of subtypes within regions of high variability, based on the resemblance of 

sequences within multiple sequence alignments (Lehner et aL, 1991). In 

another study examining the AD-2 region in 15 clinical HCMV strains, 

sequences were divided into two groups based on the resemblance of 

sequences within multiple sequence alignments (Shiu et.aL, 1994).

Overall, these studies have combined to give some indication of the 

existence of prototype wild type HCMV strains. However, these analyses may 

be of only limited use in generalising about the presence of definite subtype 

groups amongst clinical HCMV strains in attempting to investigate relationships 

to biological function. Indeed, sequences from only a small number of strains 

have been analysed, and subtypes have been assigned based on sequence 

information for only one genetic loci per strain. Furthermore, no attempt was 

made to link sequence heterogeneity observed amongst different genetic loci 

for individual strains. This is significant, since recombination has been shown 

to occur for HCMV genomes (Chou, 1989). Finally and perhaps most
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importantly, the subtype classifications were assigned generally, by subjective 

observation of multiple sequence alignments, with no statistical analysis of 

findings to lend weight to the assignments.

1.17 Phylogenetic analysis of sequence heterogeneity

Over the past few decades, phylogenetic analyses have been used in 

many biological fields, including the virological discipline, to interpret variation 

in biological systems (Kew & Nathanson, 1995). Firstly, the evolutionary 

history of species have been inferred from the evolution of molecules. 

Examples include sequence analysis of the neuraminidase (HN) of parainfluenza 

type 1 over 26 years (Henrickson & Savatski, 1992) and the env protein of HIV 

in the course of the AIDS epidemic from 1980 to 1991 (Kuiken et aL, 1993). 

In addition, phylogenetic analyses of nucleotide sequence data have been used 

to examine the genetic relatedness of clinical isolates of Hepatitis B (HBsAg, 

surface antigen) (Norder ef a/., 1993), HIV-1 (env, gag genes) (Moore et.aL, 

1994) and HIV-2 (gag, pol and env genes) (Gao et.aL, 1994). In the case of 

the hepatitis C virus, the diversity of the virus is such that has led to a two-tier 

classification of "genotypes" that differ substantially in nucleotide sequence 

(Simmonds et.aL, 1993). Virus "types", corresponding to the major branches 

of a phylogenetic tree of sequences from genomic or subgenomic regions, are 

distinguished from "subtypes", corresponding to the more closely related 

sequences within the major groups. The application of phylogenetic analyses 

to interpret biological variation has been greatly aided by the development of 

objective criteria and algorithms for discriminating potential phylogenies, more 

powerful computational support to implement phylogenetic algorithms, and the 

rapid increase in data obtained for inferring phylogenies, especially from 

molecular data and, in particular utilising PCR techniques to amplify specific 

sequences.

The central model of molecular evolution is one of random changes, 

occurring at a stochastically constant rate. Phylogenetic analysis use the 

statistical point of view to infer phylogenies; that is, it is seen simply as making 

an estimate of an unknown quantity in the presence of uncertainty and using 

a probabilistic model of the evolutionary process (reviewed by Felsenstein, 

1988; Bishop ef a/., 1987; Hillis ef a/., 1994a). It is important to consider that
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the construction of phylogenetic trees I should be based on true evolutionary 

relationships as opposed to groupings according to overall similarities; since 

similarities may represent homoplasies (ie. convergences, parallelisms and 

reversals), which are due to coinciding changes which have occurred 

independently along different lineages (Stewart, 1993). Thus, the application 

of phylogenetic analysis to genetic sequence data may be more appropriate 

than protein sequence data to derive true genealogical relationships amongst 

individuals, since molecular convergence generally presents itself at the protein, 

not DNA, sequence level. Two major families of methods for inferring 

phylogenies have become most popular in recent years, the parsimony method 

and the distance matrix methods.

Parsimony analysis is a character based method of inferring phylogeny 

(Felsenstein, 1988; Stewart, 1993; Hillis et aL, 1994a). The method requires 

homologous (related) and aligned nucleotide sequences, with each nucleotide 

in the sequence considered a 'character' that can have five states (G, A, T, C 

or gap). The parsimony method is then a purely logical one that partitions 

similarities on a character by character basis, with a series of phylogenetic trees 

resulting from the minimum number of base substitutions (ie. evolutionary 

changes) that are required for each proposed tree. The optimal or best tree by 

the parsimony criterion is then the one which requires the minimum number of 

base substitutions.

Distance methods for inferring phylogeny fit a tree to a matrix of pairwise 

distances (Felsenstein, 1988; Hillis at sL, 1994a). For nucleotide sequence 

data, the distances are computed from the fraction of sites different between 

a pair of sequences. The phylogeny then estimates the distance for each pair 

as the sum of branch lengths in the path from one species to another through 

the tree. A measure of goodness of fit of the observed distances to the 

expected distances is used, and the phylogeny which minimises the discrepancy 

between them as evaluated by this measure is preferred. Distance methods 

have been improved by the incorporation of character weighting, such as the 

Kimura 2 parameter method, in which transitions being more common than 

transversions are weighted more heavily as a result.
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For the estimation of the phylogeny of proteins, amino acid sequences 

may be analysed with a protein parsimony method such as DNAPARS. This 

algorithm utilises aligned amino acid sequences as the input to estimate 

phylogenies using the parsimony method. A variant counts as only those 

nucleotide changes which change the amino acid, and the assumption is made 

that silent changes are more easily accomplished.

1.18 Validation of phylogenetic analyses

To assess the reliability of phylogenies, a variety of methods have 

become available (Reviewed by Felsenstein, 1988). Resampling methods, such 

as bootstrapping, have become popular in statistics in recent years. These 

involve resampling of an individual data set to find out empirically the variability 

in the estimator. Operationally the data set is randomly resampled by drawing 

points from it with replacement, with some points sampled several times and 

others left out, although the data sets are always of the same size as the 

original. The phylogeny estimate for each resampled data set is then deduced 

by the method of choice, and a majority rule consensus phylogenetic tree 

produced. The method assumes that characters evolve independently. 

Analogous to the analysis of nucleotide sequences, the data from a set of 

amino acid sequences may also be resampled by bootstrap resampling to 

determine the reliability of the phylogeny estimate.

When inferring phylogenies by any method, in order to justify the results 

it is important to consider the consistency of the estimates (Stewart, 1993; 

Hillis et a!., 1994b). A statistical estimation is consistent if it approaches the 

true value of the quantity as larger and larger amounts of data are accumulated. 

For example, the mean of a sample from a normal distribution gets closer and 

closer to the quantity it estimates, the true population mean, as the number of 

data points increases. Although phylogeny analysis is a powerful tool to 

evaluate data objectively, the limitations of the methods must be recognised. 

Each method dictates a number of assumptions, deviation from which may 

reduce the probability of the correct estimation of phylogeny. Parsimony 

methods can be inconsistent when for example, unequal rates of evolution 

occur along two lineages, as the sites are assumed to change independently. 

When the internal branches of the trees are short, they contain
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'phylogenetically informative' characters and many equally parsimonious trees 

may be found. The main criticism of the distance methods is that in highly 

divergent data sets generating long paths through trees, the branch lengths will 

not be additive, and more and more occurrences exist where one substitution 

will overlay or reverse another. Importantly, all phylogenetic analysis cannot 

take into account the complexities of real evolution. This concept is 

exemplified by the evolution of HIV where immune pressure, the stage or 

duration of disease, or antiviral therapy could all influence the rate of evolution 

of a nucleotide sequence.

Phylogenetic analysis has been applied to experimental data sets whose 

phylogeny is known (Hillis et aL, 1994a). These models indicate that many 

methods may be fairly robust to violations of the underlying assumption, such 

as non-independence among nucleotide sites or deviations from simple models 

of evolution. In general the parsimony methods perform well especially at 

higher levels of divergence, when the distance matrix methods are less 

efficient. However, the two methods of sequence analysis may be more 

appropriate in different sets of circumstances, and thus may be viewed as 

complementary, rather than exclusionary. The use of both should serve to yield 

insights about evolution at the molecular level.

1.19 Secondary structure analysis of protein sequences

To understand the biological activity of proteins, it may be useful to have 

knowledge of their three-dimensional (tertiary) structure. The basic hypothesis 

exists that the tertiary structure of a protein is uniquely determined by its 

sequence of amino acids (primary structure). A simple reduction of the 

prediction of three-dimensional structure is its projection into one dimension ie. 

onto a string of secondary structure assignments for each residue.

The first prediction of protein structure was made by Pauling in 1951, 

who deduced that owing to the steric restraints implied by the peptide bond, 

protein chains would naturally adopt one of two regular compact structures: 

either a helix, or the alignment of strands of protein chains to form a sheet. 

Although various methods have been used for secondary structure predictions, 

those using an empirical approach of studying known protein structures and 

predicting by inference have been shown to be the most reliable and have
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therefore been the most popular (Reviewed by Taylor, 1987). Such methods 

use a database of protein sequences whose tertiary structures have been 

determined experimentally by X-ray crystallography. The elements of secondary 

structure within these proteins have been defined as or-helix, B-sheet, turn and 

random coil. Prediction methods assign these secondary structure 

conformations to individual amino acids within a test protein sequence. 

Although many methods are available for the analysis of globular water soluble 

proteins, the Chou and Fasman; the Gamier, Osguthorpe and Robson; and the 

PHD algorithms will be detailed here, since these have been used in Chapter 4  

to predict the secondary structure of variant HCMV sequences in an attempt to 

relate the structure-function aspects of amino acid sequence heterogeneity in 

biologically relevant regions.

Statistically significant correlations are readily apparent between the 

amino acid composition of a local sequence and the secondary structure it 

adopts. The analysis of such correlations has provided the basis for many 

statistical methods for the prediction of secondary structure. The Chou and 

Fasman algorithm is a statistical method for secondary structure analysis, based 

on a database of proteins of known X-ray structure (Chou & Fasman, 1978; 

Nishikawa, 1983). The method calculates a moving average of values that 

indicate the probability or propensity of a residue to adopt a-helix or B-sheet 

conformation, with the coil element assumed by default. The propensities are 

simply the frequencies of a given residue type to be observed in a particular 

secondary structure, normalised by the frequency expected by chance. From 

this, the method requires the application of several heuristic rules that attempt 

to determine the exact ends of secondary structure elements.

The Gamier, Osguthorpe and Robson (Robson) algorithm is another 

statistical method for secondary structure prediction which considers what 

effect residues within the region from eight residues N-terminal to eight residues 

C-terminal of a given position would have on the structure of that position 

(Gamier et aL, 1978). Thus at each amino acid position, there exists a 17 

residue profile that quantifies the contribution the residue type makes towards 

the probability of one of four states: a-helix, B-sheet (referred to as extended), 

turn and coil.
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For the last decade, the majority of secondary structure prediction 

methods have remained around 60-64%  in overall three state (or-helix, B-sheet, 

and coil) accuracy. The recent use of multi-layered (or neural) networks to 

derive structural information from a multiple sequence alignment has made it 

possible to predict secondary structure above 70% . The improvement in per 

residue accuracy is particularly significant for B-strands, with 65.4%  of the 

observed residues correctly predicted compared to 46%  for the Robson method. 

The method, known as the Profile Network from HeiDelberg (or PHD algorithm), 

consists of a 3 level system of networks: 2 network layers and 1 layer 

averaging over independently trained networks (Rost & Sander, 1993). The 

first, described as a 'sequence to structure net', is trained to classify the central 

residue of a sequence of 13 amino acids along a test sequence into one of three 

secondary structure classes : a-helix, B-strand or loop. The output of the first 

level is used as the input for the second level, described as the 'structure to 

structure net'. This level is trained to predict the state of a single central 

residue in mutually independent segments of 17 residues. This ensures that the 

length distribution of predicted secondary structure elements are consistent 

with those observed in proteins, for example that helices span at least 4 

residues. The final level of the network, is described as the 'jury decision'. 

This calculates the average of 12 different network predictions which place a 

higher weight on positions which are particularly well conserved within the 

multiple sequence alignment.
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1.20 AIMS OF THE PROJECT

The major aim of the project was to examine sequence heterogeneity in 

neutralising determinants of envelope glycoproteins amongst wild type virus 

populations of HCMV, and to assess the effects of such variation for antibody 

recognition. There exists some epidemiological data of sequence variation 

amongst HCMV strains, and attempts have been made to associate specific 

HCMV subtypes with HCMV disease. There are,however, shortcomings in 

these previous studies; most notably the limited numbers of strains examined, 

the number and location of the genetic loci examined, and the methods of 

subtype classification. The presence of sequence variation within 

immunologically protective regions and the existence of subtypes related to 

these regions has significant implications not only in terms of vaccine 

development, but also the development of therapeutic reagents designed for in 

vivo use. Thus in this thesis an analysis of sequence heterogeneity in biologically 

relevant regions amongst clinical HCMV strains has been undertaken, using a 

comprehensive phylogenetic analysis to sensitively distinguish genetic 

relatedness in these regions amongst the strains. Most importantly, the 

phylogenetic analysis has been validated with statistical methods to indicate the 

accuracy of the predictions.

Sequence variation within functional regions of HCMV envelope 

glycoproteins is thought to have consequences for immune recognition by the 

existing immune repertoire of the host. Antigenic differences amongst HCMV 

strains have been documented in vitro with human and animal sera and with 

monoclonal antibodies. In this thesis, the consequences of sequence variation 

within neutralising determinants has been evaluated in detail, particularly the 

immunodominant target for HCMV specific neutralising antibodies.

A novel strategy has been to "humanise" monoclonal antibodies for 

utilisation as specific and effective therapeutic agents. To assess the potential 

benefit of such reagents it is essential to fully characterise them in vitro, prior 

to use in vivo. Thus, in this study, a humanised monoclonal antibody directed 

against a neutralising determinant on the envelope glycoprotein gH of HCMV 

was assessed for its reactivity with clinical HCMV isolates, and its mode of 

neutralisation determined.
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Chapter 2:
Optimisation o f Poiymerase Chain Reactions and Vaiidation o f

Sequencing Data
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2.1 INTRODUCTION

The polymerase chain reaction (PCR), originally developed by Saiki and 

collègues (1985, 1986), is an in vitro method for primer directed enzymic 

amplification of specific target DNA. Two oligonucleotides which flank the 

DNA sequence of interest are used in conjunction with repeated cycles of heat 

dénaturation, primer annealing, and the extension of the annealed primers by 

a DNA polymerase enzyme. The target DNA between the two primers is 

amplified, and because the primers are complementary to the newly 

synthesised DNA, each successive cycle potentially doubles the amount of 

DNA present from the previous cycle, with an exponential increase (2", 

n = number of cycles) of specific target sequence achievable. After repeated 

thermal cycling however, the reaction reaches a plateau and produces a linear 

increase in DNA; this is due to larger quantities of template having been 

synthesised, which exceeds the amount that the polymerase can use as 

substrate for further amplification.

The original description of the PCR used the Klenow fragment of DNA 

polymerase I for primer extension, but dénaturation at temperatures above 

90°C  destroys the enzymic activity of Klenow, necessitating the addition of 

more enzyme every cycle. The utilisation of thermostable DNA polymerases, 

such as that from the bacterium Thermus aquaticus (Taq), which can survive 

high temperatures, has been crucial in the simplification of the PCR 

methodology (Saiki et ai., 1988). Commercially available Taq polymerase is 

most often a recombinant form of the enzyme, which lacks its endonuclease 

and 3' to 5' exonuclease activities. The Taq polymerase is active at 72°C , a 

temperature which has the additional benefit of improving the specificity of the 

PCR by dissociating nonspecific binding of primers, leaving only primers bound 

to the correct sites intact for the extension reaction.

The conditions of the PCR are vital to the success of the PCR and thus 

the system must be fully optimised to enable the maximum specific 

amplification to occur, with the prevention of nonspecific product formation. 

In this chapter, the optimisation of the PCR systems for the amplification of 

two regions of the HCMV envelope glycoprotein gB, the extracelluar carboxy 

terminus (gBC) and the amino terminus (gBN), and one region of gH, the amino
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terminus (gHN), are described and discussed. In addition, the optimisation of 

the protocols for sequencing the PCR products by a direct sequencing method 

are also described and discussed.
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METHODS

2.2 HCMV Hind\\\ 'F' fragment template DNA

Template DNA for the optimisation of the gB PCRs was prepared by 

digestion of the vector pBR322 containing the Hind\\\ T '  fragment of the 

ADI 69 genome which contains the gene for gB. A 10//g aliquot of plasmid 

DNA was digested with 10 unit of Hind\\\ in MSK (medium salt Klenow) buffer 

[6.6mM Tris-HCI pH7.4, B.SmM MgClj, 150mM NaCI, Im M  dithiothrietol 

(DDT)] for 2 hours at 37°C . Restriction enzyme digestion of the plasmid was 

confirmed by electrophoresis in an 0.8%  agarose gel. The Hind\\\ 'F' fragment 

was purified by electrophoresis in a low melting point gel, followed by phenol 

extraction and ethanol precipitation (see Sections 2.4 and 2.5).

2.3 Agarose gel electrophoresis

The agarose gel was prepared by dissolving the required amount of 

powdered agarose in IX  TBE buffer (89mM Tris, 89mM boric acid, 2mM 

EDTA) in a microwave oven. After cooling the agarose solution to 

approximately 50°C , ethidium bromide was added to a final concentration of 

0 .1/yg/ml, and the agarose was poured into a gel frame with a well forming 

comb and allowed to set. The comb was removed and the gel placed in an 

electrophoresis tank and covered with IX  TBE buffer. Load buffer (30%  

glycerol, 0.1 % bromophenol blue in distilled water) was added to each sample, 

the samples were placed into the gel wells, and the gel was then 

electrophoresed with constant voltage (50-100 volts) for 30-60 minutes. The 

DNA was visualised using a UV transilluminator and photographed with 

Polaroid film.

2.4 Purification of DNA by recovery from a low melting point agarose gel.

DNA was separated in an agarose gel prepared with low melting point 

agarose. The required DNA fragment was visualised by UV light, excised from 

the gel and heated to 6 5 °C in 500//I TE buffer (lOmM Tris-HCI pHB.O, O .Im M  

EDTA) in a 1.5ml eppendorf tube for 10 minutes. The DNA was recovered 

from the solution by phenol extraction and ethanol precipitation.

2.5 Recovery of DNA from solution by phenol extraction and ethanol 

precipitation
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The DNA was extracted by extraction with one half volume of buffered 

phenol (75% phenol, 10% m-cresol, 15% chloroform, 0 .05%  8-

hydroxyquinoline, equilibrated against lOOmM NaCI, lOOmM Tris-HCI pHS.O). 

The mixture was microcentrifuged for 5 minutes at 13,000g and the 

supernatant extracted with an equal volume of phenol mix: 50% buffered 

phenol/ 50% chloroformiisoamylalcohol (24:1). The mixture was 

microcentrifuged as before, and the supernatant extracted with an equal 

volume of chloroform: isoamyl alcohol (24:1). The mixture was 

microcentrifuged as before and DNA was precipitated by the addition of 1/10  

volume of 3M NaAc and 2 volumes of 100% ethanol, followed by incubation 

at -70°C  for a minimum of 1 hour. The DNA was pelleted by 

microcentrifugation at 13,000g for 20 minutes, and was washed with 70%  

ethanol, followed by microcentrifugation at 13,000g for 10 minutes. The pellet 

was vacuum dried, then resuspended in 15//I of TE buffer and stored at -70°C .

2.6 'Hirt extraction' of viral DNA

Template DNA for PCRs was extracted from infected cells by the 'Hirt 

extraction' method (Hirt, 1967). Briefly, the clinical HCMV strains isolated in 

cell culture, or the laboratory strains of HCMV, ADI 69, Towne or Davis 

(ATCC), including an extensively passaged (> 50x ) strain of A D I69, were 

grown in a 25cm^ tissue culture flask of human embryo lung fibroblasts until 

100% CPE was observed (5-7 days) (see Section 3.2). The cells were washed 

twice with phosphate buffered saline (PBS), and 0.5ml of lysis buffer [1%  

sodium dodecol sulphate (SDS), lOOmM Tris-HCI pH7.5, lOmM EDTA] was 

added to the cell monolayer, which was then incubated at room temperature 

for 5 minutes. The cell monolayer was gently dislodged from the tissue culture 

flask and the lysate carefully transferred to an eppendorf tube to prevent 

shearing of the DNA. Chromosomal DNA was precipitated by the addition of 

100//I 5M NaCI (final concentration of 1M NaCI), followed by overnight 

incubation at -i-4°C. Chromosomal DNA was pelleted by microcentrifugation 

at 13,000g for 30 minutes, and the supernatant was treated with Proteinase 

K (to 0.2mg/ml final concentration) for 2 hours at 37°C . Viral DNA was 

extracted from the supernatant by phenol extraction and ethanol precipitation 

as described in Section 2.5. The purified viral DNA was resuspended in 100//I
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TE buffer and stored at -70°C . The absorbence (A) of the DNA was measured 

at 260nm using a UV spectrophotometer and the DNA concentration calculated 

using the standard equation of: Aggo = 1 = 50//g/ml of double stranded DNA. 

For PCRs, 1//g of 'Hirt' extracted viral DNA was used per reaction.

2.7 Oligonucleotide primers used for the gBC region PCR

The primers used for the gBC PCR were: primer 1, 5'

AC  A A C  A A A C C G  A T T G C C G C G C G T  a n d  p r i m e r  2 ,  5 '

AGGGCGGTAGCGGGTCGACTACC; corresponding to nucleotides 81374- 

SI 397 and 81876-81899 of the HCMV strain ADI 69 genomic sequence (Chee 

et al. 1990). The oligonucleotides were synthesised commercially (British Bio

technology) and supplied as purified preparations in solution.

2.8 Optimisation of the PCR for the amplification of the gBC region

The optimal MgClg concentration for the gBC PCR was determined as 

follows. Reaction mixtures were prepared to contain 25mM Tris pH8.4, 17mM 

(NH^IgSO^, lOmM 2-mercaptoethanol, 0.002%  gelatin, dNTP mix (200//M each 

of dATP, dCTP, dGTP, dTTP), 1U Taq Polymerase (Amplitaq, Perkin-Elmer 

Cetus), lOOng each primer and either 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, or 6mM 

MgClg per individual reaction tube. Each reaction mixture was overlaid with 

mineral oil and lOng of template DNA (Hind/// 'F' fragment of HCMV genome, 

containing the gB gene) was added to each reaction mixture. Temperature 

cycling with an annealing temperature of 60°C , was performed in a 

programmable thermal cycler (Hybaid), consisted of 94°C  for 6 minutes, 60°C  

for 2 minutes, 72°C  for 2 minutes, 1 cycle; 94°C  for 1 minute 15 seconds, 

60°C  for 1 minute 15 seconds, 72°C  for 2 minute, 32 cycles; 94°C  for 1 

minute 15 seconds, 60°C  for 1 minute 15 seconds, 72°C  for 10 minutes, 2 

cycles. To determine the optimal primer concentration for the gBC PCR, 

reaction mixtures were prepared as detailed in above but with 1 mM MgClg and 

either 100, 75, 50, 37.5, 25, 18.75, 12.25, 9.38 or 6.13ng of each primer per 

individual reaction tube. Thermal cycling was performed as described above. 

The amplicons were analysed by electrophoresis in a 1.2% agarose gel as 

described in Section 2.3.

2.9 Oligonucleotide primers used for the gBN region PCR
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The oligonucleotide primers gBN PCR were; primer 3, 5'

C T G G A T T T G G C C G C G A C G A A C a n d  p r i m e r  4 ,  5 '

GCCATAGAACACACGCGATAGG,correspondingto nucleotides 83203-83224  

and 83493-83514, of the HCMV strain A D I69 genomic sequence (Chee et 

a/. 1990). The oligonucleotides were synthesised by the Department of 

Histopathology, St. Thomas' Hospital, London and were supplied as purified 

preparations in a lyophilised state.

2.10 Optimisation of the PCR for amplifying the gBN region

The optimal IVIgClg concentration for the use of the gBN primers in PCR 

was determined using Bioline Taq polymerase and reaction buffers. Reaction 

mixtures were prepared containing 16mM (NH ĵgSO ,̂ 67mM Tris-HCI pH8.8, 

0.01 % Tween-20), 200/yM dNTP mix, ID  Taq polymerase, lOOng each primer 

and either 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, or 5mM IVIgClg per individual reaction 

tube. Reaction mixtures were overlaid with light mineral oil (Sigma) and lOng 

of template DNA (Hind/// 'F' fragment of HCMV genome, containing the gB 

gene) was added to each reaction tube through the oil. To determine the 

optimal primer concentration for the gBN PCR, reaction mixtures were prepared 

as described in above but with Im M  MgClg and either 100, 75, 50, 37.5, 25, 

18.75, 12.25, 9.38 or 6.13ng of each primer per individual reaction tube. 

Thermal cycling was performed as detailed in Section 2.8, with an annealing 

temperature of 60°C . The amplicons were analysed by electrophoresis in a 

1.4% agarose gel as described in Section 2.3.

2.11 Oligonucleotide primers used in the PCR for DNA amplification of the gHN 

region

T h e  g H N  P C R  p r i m e r s  w e r e :  p r i m e r  5 ,  5 '

T T C A C C G T C T A C C T C C T C A G T C  a n d  p r i m e r  6 ,  

5'ACTGCTCCGCCAGAGGACCCGC, corresponding to nucleotides 109817- 

109838 and 110078-110099 of the HCMV strain ADI 69 genomic sequence 

(Chee etal. 1990). The oligonucleotides were synthesised commercially (British 

Bio technology) and supplied as purified preparations in solution.

2.12 Optimisation of the PCR for amplifying the gHN region

The optimal MgClg concentration for the PCR with the gHN primers 

reaction was determined as follows. Reaction mixtures were prepared to

74



contain 25mM Tris pH 8.4, 17mM (NH^jgSO^, lOmM 2-mercapcoethanol, 

0.002%  gelatin, 200 mM dNTPs, 1U Taq Polymerase (Amplitaq, Perkin-Elmer 

Cetus), 100 ng each primer and either 0.25, 0.5, 0 .75, 1, 2, 3, 4, or 5 mM 

MgClg per individual reaction tube. Each reaction mixture was overlaid with 

mineral oil and 1//g of template DNA ('Hirt' extracted ADI 69 viral DNA) was 

added to each reaction mixture. Temperature cycling was performed as 

described in Section 2.8, with an annealing temperature of 60°C , 45°C  or 

37°C . The amplicons were analysed by electrophoresis in a 1.4% agarose gel 

as described in Section 2.3. To determine the optimal primer concentration for 

the gHN PCR, reaction mixtures were prepared as detailed in the previous 

section but with Im M  MgClg and either 100, 75, 50, 37.5, 25, 18.75, 12.25, 

9.38ng of each primer per individual reaction tube. Thermal cycling was 

performed as described in Section 2.8 at an annealing temperature of 4 5 °C. 

The amplicons were analysed by electrophoresis in a 1.4% agarose gel as 

described in Section 2.3.

2.13 Titration of viral DNA in distilled water versus urine in the gBC PCR

To determine the sensitivity of the gBC PCR for target DNA in urine, the 

Hind\\\ T '  fragment of ADI 69 was titrated in either distilled water or urine 

obtained from an HCMV seronegative healthy normal donor. A 1//I aliquot of 

the target DNA sample containing a dilution series of 10® to 10® copies of the 

Hind\\\ T '  fragment was added to PCR mixtures prepared for the gBC PCR as 

described in Section 2.8, using Im M  MgClg and lOOng of each primer. 

Alternatively, the PCRs were prepared using Bioline reagents, as described in 

Section 2.10, with 1.5mM MgClg, lOOng of each primer and either a 60°C  or 

37°C  annealing temperature. Amplicons were analysed by electrophoresis in 

a 1.2% gel as described in Section 2.3

2.14 PCR for amplification of the gBC region in clinical urine samples

Urine samples (which had been stored at -20°C) obtained from renal 

transplant recipients, and previously found to be positive for HCMV DNA by 

PCR (Kidd et a!., 1993), were subject to PCR amplification of the gBC region. 

The PCR conditions and thermal cycling described in section 2.8 were used, 

with Im M  MgClg, lOOng of each primer, and the addition of 5/yl of each urine
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sample. Amplicons were analysed by electrophoresis in a 1.2% gel as

described in Section 2.3

2.15 Direct Sequencing of DNA

PCR amplicons were purified by excision from an 0.8%  low melting point 

agarose gel followed by recovery using the Geneclean II kit (Bio 101 ) according 

to the manufacturer's instructions. The purified PCR amplification products 

were directly sequenced by adoption of the dideoxy chain termination 

procedure (Sanger et al., 1977), using dimethylsulphoxide (DMSO) (Winship, 

1989) and the Sequenase 2.0 sequencing kit (United States Biochemicals). A 

5/j\ aliquot of template DNA (60-200ng) was mixed with 1.4//I primer (at 

100ng/)t/l) and 1/yl dimethylsulphoxide (DMSO). The gBN and gHN sequencing 

was performed using the primers as for the initial PCR, while the gBC 

sequencing was achieved using internal oligonucleotide primers: primer 7, 5' 

G AG G  A C A A C G  A A A T C C T G T T G G G C  A and p r i me r  8 ,  5 '

GTCGACGGTGGAGATACTGCTGAGG; corresponding to nucleotides 81683- 

81708 and 81558-81583 of the HCMV strain ADI 69 DNA sequence (Chee at 

a/. 1990). The template/primer mixture was boiled for 3 minutes, then snap 

cooled on dry ice, followed by the immediate addition of 2/yl 5X Sequenase 

reaction buffer (200mM Tris-HCI pH7.5, lOOmM MgClj, 250mM NaCI), 2//I 

labelling nucleotide mixture (1.5/yM each dGTP, dCTP, dTTP) diluted 1/5 with 

distilled water, 1//I DDT (0.1M solution), 0.5//I [a-̂ ®S] dATP (5//Ci), 0.5//I 

DMSO, and 2jj\ Sequenase enzyme (3U) diluted 1/9 with TE. The labelling 

reaction was allowed to proceed for 10 minutes at room temperature, followed 

by the transfer of 3.5//I of the reaction mixture into each of four prewarmed 

tubes containing 0.6//I DMSO, and 2/yl of dideoxy-nucleotide termination 

nucleotide mixtures (80//M each of dNTP and 50mM NaCI; in addition the 

individual 'A ', 'G', T ' ,  and 'C' mixture each contained 8//M of the respective 

ddNTP). Termination was allowed to proceed at 37°C  for 5 minutes, followed 

by the addition of 1//I nucleotide chase mixture (625/yM dNTPs) to each tube 

with a further 5 minutes, incubation at 37°C . To stop the sequencing 

reaction, 4//I of stop solution (95% formamide, 20mM EDTA, 0 .05%  

bromophenol blue, 0.05%  xylene cyanol FF) was added to each tube and the 

samples were heated to 8 5 °C for 5min.
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2.16 Polyacrylamide-urea gel electrophoresis for the separation of sequencing 

products

Completed sequencing reactions were stored at -20°C , until they were 

analysed by polyacrylamide urea gel electrophoresis. A 6% polyacrylamide 

sequencing wedge gel was prepared by the addition of the crosslinkers 1/100  

volume of ammonium persulphate (10% in distilled water) and 1/500 volume 

of N,N,N%N%-tetramethylethylenediamine (TEMED) to a gel mix containing 

5.4%  acrylamide, 0 .29%  N,N' bisacrylamide, 50% urea, in TBE buffer. For the 

'long' sequencing run, sequencing samples were applied to one half of the gel 

electrophoresed through the sequencing gel in IX  TBE buffer at 40-80 watts 

(depending on gel width) for 2 hours. For the 'short' sequencing run, the 

sequencing samples were reloaded in empty wells in the second half of the gel 

and electrophoresis of the whole gel continued for a further 2 hours. The gel 

was fixed in 10% acetic acid for 30 minutes, with occasional shaking, then 

dried onto 3MM filter paper using a slab drier and vacuum pump, at 80°C  for 

2 hours. The radiolabelled DNA products of sequencing reactions were 

visualised by autoradiography with Hyperfilm-MP (Amersham) and DNA 

sequences read manually. The use of 'long' and 'short' sequencing runs 

allowed reading along the length of the entire sequence. The 'short' 

sequencing run resolved information close to the primer; while in the 'long' 

sequencing run, these shorter sequencing products are allowed to run off 

bottom of the gel, permitting resolution of the longer length sequencing 

products.

2.17 Validation of direct sequencing data

For the gBC and gBN regions, each virus strain was sequenced two or 

three times, from different PCRs. To evaluate the effect of errors by the Taq 

DNA polymerase on the sequencing data obtained by the methods described, 

the sequences obtained for the gBC and gBN regions for the laboratory strains 

ADI 69 and Towne were compared to previously published sequencing data for 

gB for each strain (Cranage ef a/. 1986; and Spaete ef a/. 1988; respectively).

2.18 Phosphorylation of primers

Direct sequencing of the gHN PCR products encountered technical 

difficulties; thus as an alternative, the amplicons were cloned in E. Coli, and the
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plasmid DNA subject to sequencing by conventional methods. To prepare the 

gHN PCR products for cloning, the primers were phosphorylated at their 5' 

ends prior to use in the PCR as described above in Section 2.12. A 10//g 

sample of oligonucleotide primer DNA, 1/10 volume 10X Kinase buffer (0.5M  

Tris-HCI pH7.6, lOOmM MgClj/ 50mM DDT, Im M  spermidine, Im M  EDTA) 5//I 

10mM ATP, 1 DU T4 polynucleotide kinase, and distilled water to a final volume 

of 30-50//I, were incubated at 37°C  for 30 minutes. After addition of 2//I 

0.5M  EDTA, the mixture was extracted once with an equal volume of 50%  

phenol/ 50%  chloroform:isoamyl alcohol (24:1) mix. The DNA was passed 

down a 1ml Sephadex G-25 syringe column to remove unincorporated ATP.

2.19 Preparation of vector DNA for cloning gHN

A 10/yg sample of pUC18 was digested with Sma\ in a final volume of 

10//I One-Phor-AII buffer PlC/S (1 OmM Tris-acetate, lOmM magnesium acetate, 

50mM potassium acetate) (Pharmacia) at 37°C  overnight. Digestion of the 

plasmid was confirmed by visualisation of Sma\ digested and undigested vector 

in an 0.8%  agarose gel after electrophoresis as described in Section 2.3. To 

prevent recirculisation of the digested vector, it was deophosphorylated at the 

3 ' ends by addition of 0.1 unit calf intestine alkaline phosphatase (Boeringher) 

and incubation at 37°C  for 30 minutes. The enzyme was inactivated by 

raising the temperature to 8 5 °C for 15 minutes, and the vector DNA was 

purified by phenol extraction, followed by resuspension in 10)tyl distilled water 

as detailed in Section 2.5.

2 .20 Blunt ended ligation of gHN PCR products into pUC18

PCR amplicons from the gHN PCR using phosphorylated primers were 

purified using PrimeErase Quik Push columns (Stratagene), according to the 

manufacturer's instructions, and the DNA resuspended in 10//I of distilled 

water. The recessed 3' termini of the PCR products were filled in by the 

addition of 1 .5jj\ 10X MSK buffer, 4//I 2mM dNTPs, and 2 units of the Klenow 

fragment of DNA polymerase I, in a final volume of 10//I, and incubated at 

room temperature for 30 minutes. To each of the filled-in gHN amplicons was 

added 1//I lOmM ATP, 1//I dephosphorylated Sma\ digested pUC18 (see 

Section 2.14), and 1.5 jj\ 10X ligation buffer (0.5M Tris-HCI pH7.5, lOOmM 

IVIgClg/ lOOmM DDT, 500//g/ml bovine serum albumin). A control ligation was
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prepared with vector DNA and ligation reagents, but no insert DNA. All ligation 

reactions were incubated at 15°C for 24 hours.

2.21 Preparation of transformation competent E.co//cells

A 10//I aliquot of a glycerol stock of|E. coli cells was inoculated into 5ml 

of Luria Broth (LB) (0.5%  NaCI, 0.5%  yeast extract, 1.0% tryptone w/v), 

without ampicillin, and incubated at 37°C  for 24 hours, with aeration. A 500//I 

aliquot of the culture was inoculated into 400ml of LB, without ampicillin, and 

incubated with aeration for 3-4 hours until the absorbance at BOOnm reached 

0.2. The cells were harvested by centrifugation at 1700g for 15 minutes. 

The cells were resuspended in ice cold TFN buffer (50mM CaClg, lOmM PIPES, 

15% glycerol pH6.6) to a total volume of 200ml and left on ice for 20 minutes. 

The cells were harvested as before and resuspended in 20ml ice cold TFN and 

kept on ice. 400//I aliquots were dispensed and snap frozen in a dry ice and 

methanol bath. The^cells were stored at -70°C .

2.22 Transformation of E.coU cells with ligation products

Competent cells were thawed on ice, 100//I were added to each 

completed ligation reaction and the sample incubated on ice for 15 minutes. 

As a control for transformation, 0.1 ng of undigested vector was used to 

transform cells in a separate reaction. The samples were transferred to 37°C  

for 5 minutes, then 400//I prewarmed LB (without ampicillin) was added to 

each tube and the samples incubated at 37°C  for a further 30 minutes. A 

100//I aliquot of each transformation reaction was plated onto agar containing 

50)wg/ml ampicillin, 40//g/ml 5-bromo 4-chIoro 3-indolyl-R-D-galactoside (X-gal) 

and 46//g/ml isopropyl-S-D-thiogalactopyranoside (IPTG). The plates were 

incubated at 37°C  for 24 hours and white colonies (those with plasmid bearing 

insert) were selected against blue colonies (which contain the vector alone).

2.23 Mlnlpreparatlon of plasmid DNA

Selected colonies of transformed cells were inoculated into 5ml of LB 

containing 50//g/ml ampicillin and incubated at 37°C  for 24 hours, with 

aeration (the selected colonies were also streaked onto agar plates with 

50//g/ml ampicillin, incubated overnight, then sealed with Parafilm and stored 

at -i-4°C). The cells were pelleted by centrifugation at 1700g for 20 minutes, 

and the pellets each resuspended in 200//I of solution I (50mM glucose, lOmM
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EDTA, 25mM Tris-HCI pH8.0). To lyse the bacterial cell walls, 50//I of solution 

I containing 5mg/ml lysozyme was added to each tube and the mixtures 

incubated at room temperature for 5 minutes. The cells were lysed by the 

addition of 500;[/l of freshly prepared solution II (0.2M NaOH, 1.0% SDS), 

followed by incubation on ice for 5 minutes. To precipitate bacterial DNA, 

375//I of solution lll(60%  5M potassium acetate, 11.5%  glacial acetic acid) 

was added, mixed vigorously and incubated on ice for a further 5 minutes. Cell 

debris was removed by microcentrifugation at 13,000g for 5 minutes. The 

supernatant was extracted with phenol and the plasmid DNA precipitated with 

0.6 volume of isopropanol at room temperature for 20 minutes. DNA was 

pelleted by microcentrifugation at 13,000g for 20 minutes. The pellet was 

dried in air, resuspended in 20//I of distilled water, and 2//I of RNase A 

(lOmg/ml) was added to each sample, followed by incubation at 37°C  for 30 

minutes. The DNA sample was extracted with phenol, precipitated in ethanol, 

then vacuum dried and resuspended in 15//I of distilled water.

To confirm the presence of insert DNA in the plasmids, 5//I plasmid DNA 

was digested with 1U each of Hind\\\ and £coRI in MSK buffer to a final volume 

of 10/yl, at 37°C  for 1 hour. The digestion reactions were analysed by 

electrophoresis in a 1.4% agarose gel as described in Section 2.3.

2 .24 Plasmid sequencing

Sequencing of the clones was accomplished with the Sequenase 2.0  

sequencing kit (United States Biochemicals), using the M l3 universal forward 

and reverse universal primers. Plasmid DNA (5-10//g in 20//I) was denatured 

by the addition of 5//I of freshly prepared denaturing solution (1M NaOH, 1 mM 

EDTA), followed by incubation at room temperature for 5 minutes. Denatured 

template DNA was purified using a Sepharose CL-6B column prepared as 

follows: The base of an 0.5ml microcentrifuge tube was pierced and the tube 

was lined with 450-600//m glass beads (Sigma), then filled with Sepharose CL- 

6B (equilibrated with TE). This column was supported in a 1.5ml 

microcentrifuge tube which had been pierced. After centrifugation at 1700g, 

the denatured plasmid sample was applied to the column and collected in an 

intact microcentrifuge tube by centrifugation as before. To 8.5//I of the 

template DNA, 1/yl of 5X Sequenase reaction buffer and 2//I of primer
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(1 Ong/ml) were added and annealing allowed to proceed at 6 5 °C for 15 

minutes, followed by the addition of ^̂ J\ DDT solution, 2/yl labelling nucleotide 

mixture diluted 1//5, 0.5//I [a-^®S] dATP {5jjC\),  and 2jj \  sequenase enzyme 

diluted to 1/9 dilution buffer (lOmM Tris-HCI pH7.5, 5mM DDT, 0.5mg/ml 

bovine serum albumin). Labelling was allowed to proceed at room temperature 

for 5 minutes, and the termination and stop reaction carried out as described 

for direct sequencing of DNA in Section 2.15. A chase reaction, as described 

for the direct sequencing of DNA (Section 2.15), was not included in the 

plasmid sequencing procedure. Completed sequencing reactions were stored 

at -20°C  until they were analysed by polyacrylamide urea gel electrophoresis 

as described in section 2.16.

2.25 Validation of sequencing data obtained by cloning

Plasmid DNA extracted from either two or three colonies of transformed 

cells were sequenced for the gHN region for each virus strain. To evaluate the 

effect of errors by the Taq DNA polymerase on the sequencing data obtained 

by the methods described, the sequences obtained for the gHN region for the 

laboratory strains ADI 69 and Towne were compared to previously published 

sequencing data for gH for each strain (Cranage et a!., 1988; and PachI at al., 

1989; respectively).
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RESULTS

2.26 Restriction enzyme digestion of plasmid carrying the Hind\\\ 'F' fragment 

of HCMV strain AD 169

To furnish template DNA in PCRs amplifying regions of gB, the Hind\\\ 

'F' fragment of ADI 69, which contains the gB sequence of HCMV, was 

recovered from the plasmid vector carrying it. The pBR322 T '  plasmid DNA 

was incubated with Hind\\\ and the digestion products are shown in Figure 2.1. 

The Hind\\\ fragment was the expected size of 20.7kb, in comparison to the 

4.67kb vector PBR322. The Hind\\\ T '  fragment was purified by 

electrophoresis of the RE digestion products in a low melting point agarose gel.

2.27 Optimisation of the PCR for the amplification of the gBC region

Conditions for the PCR amplifying the gBC region of HCMV were first 

optimised, prior to the amplification of DNA from clinical HCMV isolates. The 

optimal magnesium chloride concentration for PCR amplification was 

determined for the gBC primer set, and the results are shown in Figure 2.2. 

The gBC PCR amplified DNA when the magnesium chloride concentration was 

between 0.75 and 6mM, thereafter a magnesium chloride concentration of 

Im M  was used in all future experiments. The optimal oligonucleotide primer 

concentration for the gBC PCR was determined and the results are shown in 

Figure 2.3. Amplification of target DNA occurred at between 100 and 37.5ng 

of each primer per PCR. The optimal amplification occurred at a primer 

concentration of lOOng per reaction, hence this concentration was used in all 

future gBC experiments.

2.28 Amplification of the gBC region using DNA extracted from clinical HCMV 

strains.

Viral DNA extracted from clinical HCMV strains isolated in cell culture 

was amplified using the fully optimised gBC PCR system, in order to provide 

template DNA for subsequent nucleotide sequence determination. Results of 

the PCRs using DNA extracted from eight clinical HCMV isolates, and ADI 69, 

as template are shown in Figure 2.4. Each reaction exhibited a single DNA 

fragment of 525bp, which was the expected size of the PCR product, as 

calculated from the locations of the primer sites.
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Figure 2.1. Digestion of the plasmid vector containing the sequence for the 
HCMV gB gene with the restriction enzyme Hind\\\. After digestion, the 
4670bp vector PBR322 is distinguished from the 20,700bp Hind\\\ 'F' 
fragment. D = digested plasmid, M = size marker of lambda DNA digested 
with /-//ndlll. Fragment sizes are shown in base pairs.
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Figure 2.2. Determination of the optimum magnesium ion concentration for the 
PCR amplifying the gBC region of HCMV DNA. The PCR buffer contained 
increasing quantities of magnesium chloride from 0.25mM to 6mM. M = Size 
markers of PBR322 digested with AvaW. Fragment sizes are shown in base 
pairs.

1 2 3 4 5 6  7 8 9  10

-5 2 5

Figure 2.3. Determination of the optimal primer concentration for the PCR 
amplifying the gBC region of HCMV DNA. The PCR buffers contained 
decreasing quantities of each primer from 100 to 6.25ng per reaction. Lane 
10 was a negative control reaction containing 50ng of each primer. Fragment 
size is shown in base pairs.

4 - 5 6 7 8  -*‘ -M

525- -564

Figure 2.4. PCR amplification of DNA from 'Hirt' extracts of clinical HCMV 
isolates for the gBC region of the gB gene of HCMV. DNA from eight isolates 
was amplified, with a 525 base pair product. Positive ( + ) and negative (-) 
controls were included in the analysis. M = Size markers of lambda DNA 
digested with H/nd\\\, fragment sizes are shown in base pairs.
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2.29 Optimisation of the PCR for the ampiification of the gBN region

Before the amplification of DNA from clinical HCMV strains, conditions 

for the PCR amplifying the gBN region of HCMV were first optimised. The 

optimal magnesium chloride concentration for PCR amplification was 

determined for the gBN primer set and the results are shown in Figure 2.5. The 

gBN PCR amplified DNA when the magnesium chloride concentration was 

between 1 and 5mM, although nonspecific amplification was observed at 

concentrations of magnesium chloride at or above 1.5mM; therefore a 

magnesium chloride concentration of Im M  was used in all future experiments. 

The optimal oligonucleotide primer concentration for the gBC PCR was 

determined and the results are shown in Figure 2.6. Amplification of target 

DNA occurred at between 100 and 6.25ng of each primer per PCR. An 

equivalent amount of amplification occurred between 100 and 50ng primer per 

reaction, thus a primer concentration of lOOng per reaction was used in all 

subsequent gBN experiments.

2.30 Amplification of the gBN region using DNA extracted from clinical HCMV 

strains.

Viral DNA extracted from clinical HCMV strains isolated in cell culture 

was amplified using the fully optimised gBN PCR system, to supply DNA which 

could subsequently be used as sequencing template. Results of PCRs utilising 

as template, DNA extracted from four clinical HCMV strains and ADI 69, are 

shown in Figure 2.7. Each PCR revealed a single DNA fragment of 311 bp, 

which was the expected size of the PCR product, as calculated from the 

locations of the primer sites.

2.31 Optimisation of the PCR for the amplification of the gHN region

Conditions for the PCR amplifying the gHN region of HCMV were 

optimised, prior to the amplification of DNA from clinical HCMV isolates. The 

PCRs to determine the optimal magnesium chloride concentration for the gHN 

primer set were prepared as described in the methods, and the thermal cycling 

was performed with an annealing temperature of 60°C . The gHN PCR system 

did not amplify DNA at this annealing temperature, thus two identical PCRs 

were prepared but thermal cycling was performed with a lower annealing 

temperature, at either 45°C  or 37°C . The results are shown in Figure 2.8 and
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Figure 2.5. Determination of the optimum magnesium ion concentration for the 
PCR amplifying the gBN region of HCMV DNA. The PCR buffer contained 
increasing quantities of magnesium chloride from ImM to 5mM. M = Size 
markers of DNA fragments. Fragment sizes are shown in base pairs.

1 2 3 4 5 6 7 8  910M

311- -5 2 5
-2 6 0

Figure 2.6. Determination of the optimal primer concentration for the PCR 
amplifying the gBN region of HCMV DNA. The PCR buffers contained 
decreasing quantities of each primer from 100 to 6.25ng per reaction. Lane 
10 is a negative control reaction containing 50ng of each primer. Fragment 
size is shown in base pairs.

1 2 3 4 5 + -

-311

Figure 2.7. PCR amplification of DNA from 'Hirt' extracts of clinical HCMV 
isolates for the gBN region of the gB gene of HCMV. DNA from five isolates 
was amplified, with a 311 base pair product. Positive ( + ) and negative (-) 
controls were included in the analysis.
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Figure 2.8. Determination of the optimum magnesium ion concentration for the 
PCR amplifying the gHN region of HCMV DNA. The PCR buffer contained 
increasing quantities of magnesium chloride from 0.5mM to 5mM, and the PCR 
was performed with an annealing temperature of either a) 4 5 °C or b) 37°C. 
M = Size markers of DNA fragments. Fragment sizes are shown in base pairs.

1 2 3 4 5 6 7 8 910
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Figure 2.9. Determination of the optimal primer concentration for the PCR 
amplifying the gHN region of HCMV DNA. The PCR buffers contained 
decreasing quantities of each primer from 100 to 6.25ng per reaction. Lane 
10 is a negative control reaction containing 50ng of each primer. Fragment 
size is shown in base pairs.

1 2 3 4 5 6 7 + -

-2 8 2

Figure 2.10. PCR amplification of DNA from 'Hirt' extracts of clinical HCMV 
isolates for the gHN region of the gH gene of HCMV. DNA from seven isolates 
was amplified, with a 282 base pair product. Positive ( + ) and negative (-) 
controls were included in the analysis.
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demonstrate amplification of DNA occurred at both these annealing 

temperatures, at magnesium chloride concentrations of 0.75 to 4mM at 45°C , 

and 0.5 to 5mM at 37°C . The optimal magnesium for the gHN primer set was 

1mM at 45°C , thus this concentration of magnesium chloride and annealing 

temperature were used in all future experiments. The optimal oligonucleotide 

primer concentration for the gHN PCR was determined and the results are 

shown in Figure 2.9. Amplification of target DNA occurred at between 100 

and 12.5ng of each primer per PCR. An equivalent amount of amplification 

occurred between 100 and 50ng primer per reaction, thus a primer 

concentration of lOOng per reaction was used in all future gHN PCR 

amplifications.

2.32 Amplification of the gHN region using DNA extracted from clinical HCMV 

strains.

Viral DNA extracted from clinical HCMV strains isolated in cell culture 

was amplified using the fully optimised gHN PCR system, to furnish template 

DNA for subsequent sequencing reactions. The PCR amplification of DNA 

extracted from four clinical isolates and ADI 69 yielded results which are 

shown in Figure 2.10. A single DNA fragment of 282bp was seen for each 

PCR, which was the expected size of the PCR product, as calculated from the 

locations of the primer sites.

2.33 PCR amplification of viral DNA from clinical urine samples using the gBC 

system.

PCR amplification of viral DNA directly from clinical samples was 

attempted, in order to compare the viral nucleotide sequences subsequently 

obtained from these amplicons, with sequences data derived from the 

corresponding HCMV strains passaged in cell culture. PCR amplification using 

the optimised gBC PCR system was performed using nine urine samples, 

known to contain viral DNA (see Section 2.14), as template. No positive 

reactions amongst the clinical samples were observed with an annealing 

temperature of 60°C , or when the annealing temperature was reducedto 37°C  

in an attempt to increase sensitivity. A control reaction using Hind\\\ T '  

fragment was positive at both annealing temperatures^however, generating a 

product of the expected size. The PCR was repeated with the gBC primer set
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Figure 2.11. PCR amplification, using the gBC PCR system, of HCMV Hind\\\ 
'F' fragment DNA titrated from 10  ̂to 10° in either a) distilled water or b) urine 
(from an HCMV seronegative donor). Perkin-Elmer Taq DNA polymerase was 
used. Positive { + ) and negative controls (-) are included. Fragment sizes are 
shown in base pairs.

A
a b
1(^7654 3 2 10__1Q7654 3 2 1 0__

-5 2 5

B
a b
1Q7654 3 2 1 0 __ ^ ^ 5 4  3 2  1 0 _ _  +

Figure 2.12. PCR amplification, using the gBC PCR system, of HCMV HindlW 
'F' fragment DNA titrated from 10  ̂to 10° in either a) distilled water or b) urine 
(from an HCMV seronegative donor). Bioline Taq DNA polymerase and buffers 
were used, and thermal cycling was performed with an annealing temperature 
of either A) 60°C or B) 37°C. Positive (-I-) and negative controls (-) are 
included. Fragment sizes are shown in base pairs.
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for 19 urines, known to contain viral DNA, except using commercially obtained 

PCR reagents, and an annealing temperature of 37°C . No positive reactions 

with the clinical samples were seen whilst a control reaction, with the Hind\\\ 

T '  fragment as target, was positive.

2.34 Determination of the sensitivity of the gBC PCR system.

The failure of the gBC PCR to amplify DNA from urine samples known 

to contain viral DNA could have been due to a lack of sensitivity in the PCR 

system; particularly since these samples might have a low viral genome copy 

number, especially after storage. Thus, the sensitivity of the gBC PCR was 

determined with Hind III T '  fragment target DNA titrated in either distilled 

water or urine, and the results are shown in Figure 2.11. With target DNA 

titrated in either diluent, the gBC PCR was sensitive to 10® copies. The 

titrations were repeated using commercially obtained PCR reagents, with an 

annealing temperature of either 60®C or 37°C  and results are shown in Figure 

2.12. At an annealing temperature of 60°C , the gBC PCR was sensitive to 10^ 

copies of the target DNA diluted in either distilled water or urine. At an 

annealing temperature of 37°C , the gBC PCR was not appreciably more 

sensitive, with the detection of 10^ copies of the target DNA diluted in distilled 

water and 1 0  ̂ copies of the target diluted in urine.

2.35 Direct sequencing of gBC PCR products

The gBC amplicons were directly sequenced with internal primers which 

were complementary to central sites on each of the respective single strands 

of DNA. The regions extended by each internal primer spanned approximately 

250 bases, and overlapped at the 5' end; hence sequence information for the 

entire PCR product could be obtained. An example of sequencing data for DNA 

derived from a clinical HCMV strain, visualised in an autoradiograph, is shown 

in Figure 2.13.

To ascertain if errors by the Taq DNA polymerase were manifest in the 

results of gBC sequencing data derived from clinical HCMV strains, viral DNA 

from laboratory HCMV strains was amplified, and the nucleotide sequences 

determined and compared to published gB sequence data. The sequencing 

information obtained for the laboratory strains ADI 69, and an extensively
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Figure 2.13. Autoradiograph showing results of direct sequencing of the gBC 
PCR product for a clinical HCMV isolate.
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Figure 2.14. Autoradiograph showing results of direct sequencing of the gBN 
PCR product for a clinical HCMV isolate.
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passaged (> 50 x ) strain of ADI 69, and Towne were identical to previously 

published sequences for these strains. Furthermore, data acquired by 

sequencing of primary PCR amplification of virus strain (clinical or laboratory) 

was in all cases confirmed by sequencing of amplicons from additional PCR 

amplifications of DNA from these strains.

2.36 Direct sequencing of gBN PCR products

The products of the gBN PCR were directly sequenced with the primers 

used for the original gBN PCR amplification. An example of the results 

obtained from the sequencing reaction for DNA originating from a clinical 

HCMV isolate, as visualised in an autoradiograph, are shown in Figure 2.14.

To validate the gBN sequence data generated for clinical HCMV strains, 

DNA from laboratory HCMV strains, for which the gB sequences are known, 

was analysed. The sequences obtained for the laboratory strains A D I 69, and 

an extensively passaged strain of ADI 69, and Towne were identical to 

previously published sequences for these strains. In addition, data obtained by 

sequencing of the initial PCR for each virus strain (clinical or laboratory) was 

always verified by sequencing the products of subsequent PCRs using the DNA 

of these strains as template.

2.37 Direct sequencing of gHN PCR products

An attempt was made to directly sequence the amplicons generated by 

the gHN PCR utilising the primers which were used in the original gHN PCR 

amplification. For the sequencing data resulting from the 'forward' primer, the 

sequence was read for a length of approximately 1 0 0  bases from the primer, 

whereupon an overlapping sequence appeared and as a result the sequencing 

could not be interpreted. Further into the sequence data however, a single 

unique sequence again became apparent. This sequence was shown to be 

DNA sequencing data in the reverse direction to that originating from the 

'forward' primer. Sequencing of the gHN amplicons with the 'reverse' primer 

produced analogous results. Additional attempts to directly sequence gHN PCR 

products yielded similar results.

2.38 Cloning of gHN PCR products

As a consequence of the failure to directly sequence the gHN region, the 

gHN PCR products were cloned in pUCIB for plasmid sequencing. Prior to
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ligation of purified gHN amplicons, pUC18 vector DNA was prepared by 

digestion with the restriction enzyme Sma\ and dephosphorylation. The 

digestion reaction was analysed by agarose gel electrophoresis in comparison 

to undigested vector, and the results shown in Figure 2.15. A single DNA 

fragment can be seen with the restriction enzyme digested vector, of the 

expected size of 2.68kb. Two DNA fragments can be seen with the 

undigested vector DNA, representing the circular (top fragment) and 

supercoiled circular (lower fragment) forms of the native vector, which possess 

migratory characteristics differing from the linear DNA form of the vector.

The gHN PCR was performed using phosphorylated primers, and the 

amplicons were cloned into pUC18. Plasmid DNA from insert bearing clones 

was extracted and subjected to restriction enzyme digestion with £coRI and 

Hind\\\ to confirm the presence and size of the insert DNA. The results for 

clones from four clinical and one laboratory HCMV strain are shown in Figure

2.16. Two clones (4b and 5b) were negative for the insert, whilst one clone 

(4a) possessed an insert smaller than the expected size of 282bp. All other 

clones possessed an insert of the expected size.

2.39 Plasmid sequencing of the gHN region

Plasmid DNA from clones containing the gHN region insert DNA of the 

correct size were sequenced using universal primers. An example of an 

autoradiograph of such a gel is shown in Figure 2.17, and demonstrates that 

the problems associated with the direct sequencing of the PCR amplicons for 

this region are not manifest with plasmid sequencing.

To validate the sequencing data obtained for clinical HCMV isolates, viral 

DNA from laboratory HCMV strains, for which sequencing information has been 

published, was subject to gHN PCR amplification and sequencing via cloning 

in pUCI 8 . The sequencing data obtained for the laboratory strains A D I 69, and 

an extensively passaged strain of ADI 69, and Towne were identical to 

previously published sequences for these strains. In addition, data obtained by 

sequencing of one clone for individual virus strains (clinical or laboratory) was 

corroborated by sequencing data obtained for other clones for the same strain 

in every case.
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Figure 2.15. Plasmid vector pUCIS undigested (UD) or digested (D) with the 
restriction enzymes Hind\\\ or £coR1. The digested linearised vector is shown 
as 2686 base pairs in size.
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Figure 2.16. Digestion of plasmid DNA with the restriction enzymes Hind\\\ and 
£coR1. DNA was prepared from colonies of bacteria transformed with the 
products of ligation reactions using prepared pUCIB vector and the PCR 
products from the gHN PCR with four clinical isolates (1,2,3,5) and the 
laboratory strain Towne (4). Fragment size is shown in base pairs.
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Figure 2.17. Autoradiograph showing results of plasmid sequencing of miniprep 
DNA containing the gHN PCR product from a clinical HCMV isolate.
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2.36 DISCUSSION

The development of the PCR has proved an invaluable technique for the 

amplification of specific target DNA sequences of various genes prior to 

sequencing reactions in diverse biological fields, even when the quantity of 

target DNA available is very small. The amplification of a specific target may 

be up to 1,000,000 fold in 25-45 cycles; however, a number of factors may 

influence on the success of the PCR. These include the primer design, the 

composition of the PCR buffer and the conditions of thermal cycling. 

Therefore, any PCR using a defined set of primers must be fully optimised to 

yield the maximum amount of DNA amplification with the minimum of 

nonspecific product formation. This chapter has described the development of 

PCRs for three different regions of HCMV envelope glycoproteins.

The relevant sequences of the laboratory HCMV strains A D I 69 and 

Towne were compared to locate regions of complete homology, and the 

information used to design the three sets of oligonucleotide primers. These 

were located in regions of high G-i-C content in order to provide efficient 

binding to template DNA at 72°C , when the Taq polymerase is active. The 

sizes of the PCR products for each set of primers, in comparison to molecular 

weight markers of known size, corresponded to the expected sizes designated 

by the primer binding sites.

The composition of the PCR buffer is vital for the effective binding of 

oligonucleotide primer to target and the functioning of the Taq polymerase, and 

hence the success of the PCR. The magnesium chloride concentration of the 

reaction buffer for each set of primers was titrated in small increments to 

locate the magnesium concentration giving the highest yield of a specific 

product. Too little free magnesium will result in no PCR product, while too 

much free magnesium may produce a variety of unwanted nonspecific 

products. In addition, the optimal primer concentration for each set of primers 

was determined empirically with a series of Taq buffers containing the optimal 

magnesium chloride concentration and decreasing amounts of the two primers.

The temperature at which primer annealing is performed during thermal 

cycling may influence the specificity of the products. The gBC and gBN PCRs
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yielded a single amplification product under optimised conditions at an 

annealing temperature of 60°C . The gHN PCR produced no product at this 

temperature, thus the annealing temperature of the thermal cycling was 

reduced to either 37°C  or 4 5 °C; this was a bid to reduce the stringency of the 

annealing reaction, hence increase sensitivity. DNA amplification was observed 

at both these temperatures, although 4 5 ®C was chosen for subsequent 

experiments as lower temperatures may be less stringent for primer annealing, 

leading to the formation of unwanted nonspecific products.

The exquisite sensitivity of the PCR is such that contaminating DNA can 

be nonspecifically amplified to detectable levels. Recommended methods for 

the prevention of contamination in PCR systems have been adhered to in the 

present study, such as the strict physical separation of PCR work from all other 

DNA manipulation and the use of aerosol resistant pipette tips. The preparation 

of PCR tubes was achieved by aliquoting a 'master mix' PCR buffer, prior to 

the addition of target DNA through mineral oil, at a site remote from the PCR 

preparation area. Finally negative controls, containing all the PCR components, 

but with the addition of distilled water instead of target DNA, were included in 

all PCRs. In the case of DNA amplification in a negative control tube, the entire 

set of PCR samples was discarded and the reaction set prepared again.

PCR amplification was used here to supply template DNA for use in 

subsequent DNA sequencing reactions. The conventional plasmid sequencing 

of DNA requires laborious cloning in plasmid vectors, therefore a method for 

the direct DNA sequencing method was utilised for the sequencing of the gBC 

and gBN PCR products. This involved the use of DMSO to prevent reannealing 

of the single stranded template DNA, which would otherwise disrupt DNA 

polymerisation by premature termination. The method proved to be a useful 

for sequencing bet wen 200 to 300 bases, beginning at approximately 20 bases 

from the primer annealing site. For the gBN PCR amplicon, the original PCR 

primers were used in the sequencing reaction, while the direct sequencing of 

the larger gBC region was achieved by the use of internal primers.

Direct sequencing of the gHN sequence was unsuccessful. When 

reading the sequencing data from the gHN direct sequencing reaction, initial 

single sequence information was later overlapped by a region of additional
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sequence(s), followed by a single sequence which was revealed as the reverse 

sequence to that of the primer employed in the particular reaction. This can 

be explained by the single stranded DNA looping back on itself halfway through 

the extension reaction to form a hairpin; the ultimate result was to cause 

premature termination of the forward sequencing polymerisation, with self 

priming of the template DNA such that the sequence was extended in the 

reverse direction. Examination of the region of the gH sequence amplified by 

the gHN PCR exposed the presence of stretches of adenosine and thymidine 

bases which may serve to complement each other and cause the hairpin 

formation of the single stranded DNA as described. One possible means to 

eliminate this problem would be to use internal sequencing primers. The PCR 

product was only 311 bp however, and this approach might not have eliminated 

the problem, hence the product was cloned in a plasmid vector instead. This 

strategy proved successful in obtaining sequence data for the gHN region, but 

the labour intensive procedure only served to confirm the time saving ease of 

direct DNA sequencing.

It is important to consider the validity of the DNA sequence data 

obtained from PCR amplifications, given the estimates on error frequency of the 

Taq polymerase, ranging from 10'^ to 10 ® per nucleotide per cycle (Eckert et 

al., 1990). The error frequency was unlikely to be a major confounding 

variable in the sequence analysis however, for the following reasons: (i) the 

sequences obtained for the laboratory strains ADI 69 and Towne were in 

complete agreement with published data for gB and gH for these strains and 

(ii) no differences were noted between the sequencing of the primary PCR 

products (for clinical or laboratory strains) and sequencing of products from 

subsequent PCRs for the gBC and gHN regions or, for the gHN region, between 

clones for the same virus strain. Errors by the Taq polymerase may be more 

relevant when sequence data is obtained by cloning since each clone 

represents a single PCR product, which may have incorporated an error(s). For 

the gHN sequence data, which was obtained via cloning, no differences were 

observed in sequence data amongst multiple clones of the laboratory strains 

ADI 69 and Towne from their published sequence, or amongst multiple clones
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of clinical strains. This affirms the importance of sequencing multiple clones 

of individual HCMV strains.

The question arises as to the relevance of using template DNA extracted 

from virus passaged in vitro, since previous studies have demonstrated the 

presence of multiple strains of HCMV in AIDS patients (Spector et ai. 1984) and 

renal transplant recipients (Chou, 1989a), and propagation in culture may 

preferentially select single strains. In a recent study a portion of the matrix 

phosphoprotein pp150 (pUL32) was amplified in a clinical sample and directly 

sequenced, distinguishing the presence of two co-existing HCMV strains in the 

sample (Zipeto at ai., 1993). The two nucleotide bases at the variant position 

were clearly visible on the autoradiograph of the sequencing data, although 

propagation in cell culture decreased the amount of variant sequence relative 

to the prototype sequence.

As described this thesis, sequence data from multiple PCR amplifications 

of DNA extracted from clinical isolates was performed and was in accord in 

every case. In addition, it is important to note that the careful examination of 

the autoradiographs of the sequencing data never revealed multiple bases at 

specific nucleotides for any virus strains. Where this may have occurred due 

to background interference, the presence of a single sequence was confirmed 

by the sequence information furnished by sequencing the opposite strand of 

the DNA. Thus it appeared that only one HCMV strain emerged in every 

clinical sample examined; this seems unlikely however, particularly in the case 

of AIDS patients, where the simultaneous co-existence of multiple HCMV 

strains is a common occurrence. Cloning of PCR products to determine 

sequence information would potentially be more likely to expose the existence 

of multiple HCMV strains. In the case of the gHN region however, sequencing 

multiple clones for each strains did not produce conflicting sequence data. It 

is therefore likely that particular HCMV strains may predominate in vivo, and 

the identification of multiple virus strains may depend on the minor genomes 

being represented at a certain 'threshold' level within the total virus population 

before sufficient DNA is present so that it can be detected.

The possibility also exists that propagation of HCMV in cell culture might 

itself produce or select variant strains. To assess potential differences between
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clinical virus and culture grown virus, it was proposed to amplify and sequence 

viral DNA from clinical samples of HCMV, and then compare the sequence data 

obtained to the sequence information derived for virus from that same sample 

isolated in cell culture. Employing the gBC PCR, the amplification of viral DNA 

from urine samples which had previously been found to contain viral DNA was, 

unfortunately, unsuccessful. When the sensitivity of the PCR was determined 

by the titration of a known copy number of target DNA, in either distilled water 

or urine from a confirmed HCMV seronegative individual, the gBC PCR proved 

to be comparatively insensitive. The reduction of the thermal cycling annealing 

temperature to 37°C  did not increase the sensitivity of the gBC PCR. It was 

thus concluded that urine was not inhibitory to this PCR system; but rather that 

the PCR system used with this set of oligonucleotide primers was relatively 

insensitive.

The urine samples had been previously assayed with a different PCR 

system (Kidd et a!., 1993) amplifying a 149bp product in the central region of 

the 525 base pair site amplified by the gBC primer set used here. The former 

PCR was much more sensitive than the gBC PCR, detecting down to 10 copies 

of target DNA. Thus, to amplify DNA from urinary isolates of HCMV in the 

gBC region, it may be necessary to design a new primer set or use a nested 

PCR system in order develop a more sensitive PCR. Alternatively a step to 

enrich viral DNA in clinical urine samples could be utilised, for example 

concentration of virus particles present in the urine. It should be noted that, 

as used in this thesis for the purpose of amplifying DNA extracted from clinical 

HCMV strains propagated in cell culture, the gBC PCR was sensitive enough 

to amplify the amount of template DNA added to each reaction.

Although the attempt to amplify DNA directly from clinical samples 

failed, the strategy of PCR and sequencing of culture grown virus can be 

justified. Available data suggest that sequences obtained for regions of the 

MIE gene, DNA polymerase, and the gB and gH genes, via PCR amplification 

of DNA directly from clinical material, are maintained when compared with 

sequence data obtained for the strains isolated from the same material in 

culture (Chou, 1990; Brytting et al. 1992). For the clinical HCMV strains used 

in this study, propagation of clinical isolates was minimal (less than five
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passages) to limit the opportunity for artefactual mutations to arise. To assess 

the in vitro genetic stability of regions encoding neutralising determinants of 

HCMV, DNA was extracted from an extensively passaged strain of the 

prototype laboratory virus A D I69 and subject to PCR amplification and 

sequencing of the gBC, gBN and gHN regions under study. This virus strain 

had been used to prepare ADI 69 virus stocks in this laboratory over a number 

of years, and it is estimated to have been passaged greater than 50 times. 

Significantly, the resulting sequence data demonstrated that this strain still 

showed complete identity with the parental strain at all three genomic regions. 

Thus it appears that, at least in the gB and gH regions analysed here, in vitro 

propagation does not appear to generate artefactual nucleotide substitutions.

In the study mentioned earlier describing the PCR amplification of a 

portion of the matrix phosphoprotein pp150 (pUL32) of HCMV direct from 

clinical material, followed by direct sequencing (Zipeto et a!., 1993). The 

variant identified possessed an in-frame three nucleotide deletion which caused 

the absence of an aspartic acid in the corresponding protein. Attempts to 

plaque purify the virus were unsuccessful. Serial passage of the mixed culture, 

containing wild type and mutant virus, caused a reduction of the mutant virus 

population, suggesting that the mutant strain was growth-defective. The 

defective genome could inhibit the proliferation of the wild type virus itself 

however; indeed in mixed culture, the CPE occurred much later in comparison 

to cultures of exclusively wild type virus. This example illustrates that 

amplification of DNA directly from clinical samples may lead to the 

identification of mutants, which may survive in vivo due to complementation 

and/or recombination, and which lack infectivity in an in vitro assay system. 

Although such virus strains undoubtedly do exist in vivo, their significance in 

the pathogenesis of HCMV is unclear.

In conclusion, this chapter described the development, optimisation and 

validation of the polymerase chain reaction and sequencing protocols which 

were subsequently used in Chapter 3 to analyse sequence heterogeneity clinical 

isolates of HCMV by phylogenetic methods.
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Chapter 3:
Phylogenetic Relationships Amongst Ciinicai isolates o f Human 

Cytomegalovirus Based on Sequence analysis o f Regions in 

Glycoproteins B and H  Containing Neutralising Epitopes.
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3.1 INTRODUCTION

Differences in the antigenicity of wild type HCMV strains were first 

observed by cross neutralisation tests using heterologous human sera or 

monospecific animal sera, although these studies gave no indications to 

warrant the designations of different types of HCMV. Studies examining the 

immunological significance of antigenic viral peptides have also not supported 

the existence of HCMV types.

More recent studies have utilised powerful molecular biology techniques 

to analyse diversity amongst clinical HCMV strains by directly examining the 

genetic material of these strains, the results of which are described in Section

1.16. Such analyses have been useful to glean some indication as to the 

relationships between virus strains. The implications of these findings 

however, have been limited for several reasons (reviewed in Section 1.16). In 

particular, the assignment of HCMV strains into subtypes has been based on 

the subjective analysis of sequence similarities between a small number of virus 

isolates, with no measure of the reliability of such classifications.

These shortcomings have been redressed in the present investigation by 

the employment of puissant phylogenetic techniques which are now available 

with the aid of computers to perform extensive calculations. These methods 

are valuable in determining relationships amongst variable sequences, and in 

addition provide important information as to the credibility of such data. For 

example, in the analysis of sequence heterogeneity amongst clinical stains of 

HIV-1, isolates from throughout the world have been confidently assigned into 

several clades of HIV-1 genotypes (Louwagie ef a/., 1993; Sharper a/., 1994). 

The existence of distinct virus subtypes has analogously been demonstrated 

for HIV-2 (Gao et a!., 1994).

Such delineation of particular subtype groups may be useful in helping 

to understand the pathogenicity of viruses. In the case of HIV-1, the virulence 

of virus strains is known to vary significantly, ranging from relatively 

attenuated strains in certain individuals to highly pathogenic strains in others 

(reviewed by Levy, 1993). Furthermore, sequence data may impart information 

relating to antigenicity. For example, results from a study using monoclonal 

antibodies against HIV-1 strains from different clades suggested that there may
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be antigenic subtypes related, but not identical, to the genetic subtypes (Moore 

et a!., 1994).

The present investigation has been undertaken to survey the sequence 

heterogeneity amongst clinical strains of HCMV within the HCMV genome 

encoding regions of the envelope glycoproteins containing neutralising 

epitopes. The regions subjected to sequence analysis included the amino 

terminus of gB (gBN), containing AD-2; the extracelluar carboxy terminus of gB 

(gBC), encompassing AD-1 (see Figure 1.5); and the amino terminus of gH, 

containing a linear neutralising epitope. A comprehensive phylogenetic analysis 

of the sequence data has been performed in order to investigate the 

relationships between clinical isolates and more fully understand the molecular 

epidemiology of HCMV. In particular, the existence of subtypes of HCMV in 

the wild type virus population has been assessed in the anticipation that such 

information could be valuable in understanding the pathogenesis of HCMV.
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METHODS

3.2  Cell culture

Fresh human embryo lung tissue was obtained from the Medical 

Research Council Tissue Bank, and primary human embryo lung (HEL) 

fibroblasts prepared from these by trypsinisation at 37°C  using trypsin-EDTA 

solution (Gibco-BRL) for 30 minutes. Fibroblasts cells were recovered by 

centrifugation at 500g for 5 minutes, then grown in plastic tissue culture flasks 

(NUNC) at 37°C  in growth medium consisting of: minimum essential medium 

(with Earle's salts) (Gibco-BRL) supplemented with 10% foetal calf serum 

(Advanced Protein Products), and antibiotic/antimycotic solution (Gibco-BRL). 

The fibroblasts were passaged by detachment of the cell monolayers with 

trypsin-EDTA solution for 5 minutes at 37°C , followed by resuspension of the 

cells in growth medium and distribution into new tissue culture flasks at a 

ration of 1:2. Fibroblasts were used between passages 9 to 16.

3.3  Virus isolates

Clinical strains of HCMV were obtained from the Royal Free Hospital 

Department of Virology, Hampstead, London, and were collected over the 

period 1989 to 1992, from HIV infected individuals classified as having AIDS 

(according to CDC criteria) and renal transplant recipients. The median 

peripheral blood absolute CD4+ T-cell level for the AIDS patient group was 37 

X 10 /̂1 (range 1x 10® to 208 x10®/l). Virus strains were isolated from a variety 

of sources including urine, saliva, blood and bronchoalveolar lavage. Table 3.1 

gives details of the twenty six isolates from 25 AIDS patients (A1-A26). Two 

virus strains were isolated from clinical specimens obtained from the same 

individual from two different anatomical sites (A2 = saliva, A9 = urine) at the 

same time. Details of the twenty eight isolates from 25 renal transplant 

recipients (R1-R28) are given in Table 3.2. These included three patients from 

whom two virus strains isolated from urine samples obtained one month apart 

(R2 and R28, R25 and R26), or after a second transplant (RIO and R12). The 

laboratory HCMV strains A D I69, Towne and Davis were obtained from the 

American Type Culture Collection (ATCC) and propagated for two passages 

before DNA extraction. The laboratory HCMV strains were analysed in parallel
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Table 3.1: CLINICAL HCMV STRAINS ISOLATED FROM INDIVIDUALS WITH 
AIDS (ACCORDING TO CDC CRITERIA).

isolate Site PB. CD4 isolate Site PB. CD4

A1 BAL 172 A14 urine 24

M * saliva 1 A15 urine 17

A3 saliva 3 A16 urine 44

A4 urine 6 A17 urine 29

A5 saliva 1 A18 saliva 50

A 6 BAL 208 A19 urine 8

A7 urine 1 2 0 A20 urine 55

A 8 urine 70 A21 urine 39

A9* urine 1 A22 urine 113

A ID saliva 30 A23 saliva 40

A l l urine 70 A24 saliva 24

A12 urine 35 A25 urine NA

A13 urine 79 A26 BAL NA

BAL= bronchoalveolar lavage.
* clinical specimens obtained from different anatomical sites from a single 

patient.
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Table 3.2: CLINICAL HCMV ISOLATES FROM RENAL 
TRANSPLANT RECIPIENTS.

Isolate Site Isolate Site

R1 saliva R15 urine

R2* urine R16 urine

R3 urine R17 blood

R4 urine R18 urine

R5 saliva R19 urine

R6 urine R20 urine

R7 urine R21 blood

R8 urine R22 urine

R9 urine R23 urine

R io t urine R24 urine

R11 urine R25t urine

R12t urine R26t urine

R13 urine R27 urine

R14 urine R28* urine
î ,  t  pairs of isolates from ciinicai specimens obtained 

from the same patient at different times.
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with the clinical isolates, and included a high passage strain of ADI 69 

(hpADI69), which had been extensively passaged (> 5 0 X ) in this laboratory.

The original virus isolates were passaged by mechanically scraping the 

cell monolayers in the culture vessels into their medium. The infected cell 

suspension was innoculated onto fibroblast monolayers for 1  hour at 37°C , 

followed by washing in maintenance medium, which had the same composition 

as growth medium, except that the foetal calf serum concentration was 

reduced to 4% . The virus cultures were incubated at 37°C  and the medium 

replenished with fresh maintenance medium every 2-3 days. After 2-3 weeks 

growth, the virus strains were passaged as follows. Intracellular virus was 

released by alternatively freeze-thawing (at -20°C  and 3 7 °C) and cell debris 

removed by centrifugation at 1500g for 10 minutes. Fresh fibroblast 

monolayers were infected with the resulting supernatants as described above. 

DNA for subsequent PCR amplification was extracted by the 'Hirt' method 

described in Section 2.6.

In the case of two clinical isolates, A1 and A 8 , virus isolated in cell 

culture was plaque purified. Virus supernatant was serially diluted (in 

maintenance medium) in half log dilutions and, at each dilution, was transferred 

to eight replicate wells of a 48 well tissue culture plate (Costar). After 

incubation for 1  hour at 37°C  in 5 %C 0 2 , the cell monolayers were washed and 

overlayed with fresh medium. Cell monolayers were replenished with fresh 

medium every 2-3 days. At day 10, virus from wells exhibiting only one focus 

of infection was harvested by scraping the cells. The plaque purified virus 

strains were propagated as described in Section 3.2, and the DNA extracted 

for further analysis as described in section 2 .6 .

3.3 PCR amplification and sequencing of viral DNA

Methods for the PCR amplification of the extracellular carboxy terminus 

(gBC) and amino terminus (gBN) of gB and the amino terminus of gH (gHN), 

and the subsequent sequencing of the PCR products have been described in the 

Methods section of Chapter 2.

3 .4  Comparative analysis of gBC, gBN, gHN and concatenated sequence data

For each region examined, values for nucleotide sequence variation were 

determined by dividing the sum total of nucleotide base changes (in comparison
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to the prototype laboratory strain ADI 69), amongst all the virus strains, by the 

sum total of nucleotides analysed for all the strains. Variability at the amino 

acid level was similarly determined by comparing the amino acid sequences 

(translated from the nucleotide sequence data) to the ADI 69 sequences. Note 

that each missing or additional nucleotide or amino acid in comparison to the 

prototype sequence was counted as one difference. Variation between 

different regions, at either the nucleotide or protein level, was subsequently 

compared using the test, with values given for 1  degree of freedom.

The flow diagram in Figure 3.1 outlines the analysis of sequence data. 

The Sequence Analysis Software Package (Version 7) by Genetic Computers 

Group (GCG package) from the University of Wisconsin's Department of 

Genetics (Devereux, 1984) was used for all sequence analysis. Multiple 

sequence alignments were generated using the Clustal V Software (Higgins & 

Sharp, 1989) and alignments produced as PHYLIP compatible files. The 

PHYLIP package (Version 3.5) (Felsenstein, 1989) was used in all subsequent 

phylogenetic analyses. Bootstrap resampling of the multiple sequence 

alignments was performed using SEQBOOT, to generate 100 data sets. 

Maximum parsimony phylogeny trees were generated using DNAPARS for 

nucleotide sequences, or PROTPARS for translated amino acid sequences, and 

consensus trees determined using the CONSENSE programme. Unrooted 

consensus trees were produced using DRAWTREE. As an alternative 

phylogenetic approach, the genetic pairwise distance between each variant was 

calculated from the bootstrapped multiple sequences alignments using Kimura's 

two-parameter method, available within DNADIST, with the sum of the 

matches between each sequence divided by the length of the shorter sequence 

including gaps. Trees were fitted to the distance matrices by the Fitch- 

Margolish least squares method using FITCH. Consensus trees were determined 

using the CONSENSE programme and unrooted trees produced using 

DRAWTREE.

For those virus strains on which sequence data from all three regions 

(gBC, gBN, gHN) were available, nucleotide sequences were concatenated by 

inserting a "spacer" of ten guanosine residues between the three segments to 

ensure correct multiple alignment of the respective sequences. The resulting
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concatenated sequences were subjected to phylogenetic analysis as described 

above. Likewise, the amino acid sequences of the three regions for these 

strains were concatenated by inserting a "spacer" of ten alanine residues 

between respective regions to ensure correct alignment.

The output of PHYLIP DNADIST was used to calculate median sequence 

divergence between strains. The Mann-Whitney U-test was used to compare 

the median sequence divergence between the AIDS patient and renal transplant 

recipient groups.

For the gBC region, nucleotide sequence variation in the gBC region of 

HCMV (in comparison to the prototype laboratory HCMV strain ADI 69) was 

compared between groups of clinical HCMV strains isolated from respectively, 

AIDS patients and renal transplant recipients. In addition, the number of base 

substitutions (in comparison to the prototype ADI 69) for a number of isolates 

obtained from AIDS patients was compared to the peripheral blood C D 4+ T- 

cell count for each patient, at the time of virus isolation, using linear regression 

analysis.
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MANUAL DATA ENTRY

I
REFORMAT TO GCG FORMAT 

I  TOPIR 

FIR FORMAT Data Set

(Clustal V)

MULTIPLE SEQUENCE ALIGNMENT (MSA)

I
SEQ BOOT 

(100 REPLICAS)

DISTANCE MATRIX 
FOR EACH MSA

FITCH METHODS 
(least squares)

DNA PARSIMONY

(SEQBOOT)

100 TREES

(CONSENSE)

CONSENSUS TREE

(DRAW TREE)

DISPLAY UNROOTED CONSENSUS TREE

Figure 3.1 Flow diagram of analysis of sequence data. Details 
are given Section 3 .4  of the Methods section.

109



RESULTS

3.5 Sequence analysis of the carboxy terminus of the extracellular portion of 

gB (gBC)

The multiple sequence alignment of the carboxy terminus of the 

extracellular portion of gB (gBC) of 26 clinical HCMV isolates from AIDS 

patients, 28 clinical isolates from renal transplant recipients, and 4  laboratory 

strains is shown in Figure 3.2a. Clinical HCMV strains exhibited 92.2-100%  

homology with the prototype laboratory strain ADI 69. A limited amount of 

sequence heterogeneity was evident in this 525bp region of the HCMV genome 

and consisted mainly of sporadic nucleotide substitutions. The variation for the 

nucleotide sequence encoding the AD-1 neutralising determinant was 0.49% , 

which was similar to the level of 0 .39%  (X  ̂= 1.493; P >0 .5 ) for the sequences 

flanking the AD-1 determinant.

The majority of clinical HCMV strains (and the laboratory strain Davis) 

resembled the laboratory strain ADI 69, with a smaller number of strains 

demonstrating sequence homology with the laboratory strain Towne within the 

first 100 nucleotides. A virus strain of ADI 69 which had undergone extensive 

passage in culture (hpADI 69) displayed complete homology with the parent 

strain. Interestingly, gBC sequences were identical in isolates from patients 

when strains were cultured either from different anatomical sites at the same 

time (A2-saliva, A9-urine), or the same anatomical site within one month apart 

(R25, R26 and R2, R28), whereas differences were noted between the strains 

RIO and R12, cultured from the same patient more than two years apart 

following a second transplant. In addition, plaque purified virus strains from 

the clinical isolates A1 (two strains) and A 8  (five strains) exhibited complete 

sequence homology with the parental strains.

Nucleotide sequence data were then used as the basis to produce the 

maximum parsimony phylogenetic tree shown in Figure 3.2b. For the gBC 

region of the HCMV genome, HCMV isolates polarised into two clusters of 

related strains. The first cluster contained the laboratory strain ADI 69 and 30  

strains identical to it (§ in Figure 3.1a). Sub-branches included a group of 11 

isolates (R25-A19 in Figure 3.2b) with a single A->G base change ( || in Figure 

3.2a), and the remaining strains R2-I-R28, R11, R4, A14, R12,
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Figure 3.2 (a) Multiple nucleotide sequence alignment for the region encoding 
the gB extracellular carboxy terminus (gBC). *Towne, R13; tA5, A12; tR2, 
R28; §AD169, Davis, R1, R3, R5-10, R14-24, R27, A 6 , A7, A10, A16, A20, 
A21, A26, hpAD169 (high passage AD169); jj R25, R26, A2-A4, A9, A l l ,  
A1 5, A17-19. The shadowed region delineates the neutralising domain AD-1. 
(b) The maximum parsimony phylogenetic tree generated from sequence data 
for the gBC region, (c) The phylogenetic tree for the gBC region generated by 
the Fitch-Margolish least squares method. Numerical values given on the 
phylogenetic trees indicate the number o f times a branch appeared in bootstrap 
resampling o f multiple (100) data sets

TTCATCCCTC ATCTCTTCCC CCTGCCCACC TCCCTCACCA TCAACCAAAC CACCCTCAAC CTCCTCCCTC ATATCAACGT CAAOGAATC3 CCAGCACCCT

CCTACTCACC ACCCGTOGT: ATCTTTAATT TCCCCAACAC CTCCTACCTC CACTACOCTC AACTCGCCCA CCACAACGAA ATCCTCtTCC CCAACCACCG

CACTCACCAA TCTCAOCTTC CCAOCCTCAA OATCTTCATC CCCOOOAACT COOCCTACCA OTACCTOCAC TACCTCTTCA AACCCATCAT TCACCTCACC

ACTATCTCCA CCCTCCACAG CATCATCCCC CTCCATATCC ACCCGCTCCA AAATACCGAC T7CAGCCTAC TGCAACTTTA CTCCCACAAA GACCTCCGTT

CCACCAACCT TTTTCACCTC CAAGACATCA TGCCCCAATT CAACTCCTAC AACCACCOCC TAAACTACGT CCACCACAA

(3.2a)
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and A l 3 with 1-3 bases differing from the ADI 69 sequence at 8 positions. 

This branch of ADI 69-like HCMV strains appeared in 82.8%  of bootstrap 

resamplings. Note that the strains RIO and R12, isolated from the same 

patient after consecutive transplants two years apart segregated on different 

sub-branches of the ADI 69-like cluster.

The second cluster of related strains of the phylogenetic tree contained 

the laboratory isolate Towne (with the identical strain R13), which differed 

from the ADI 69 sequence at 13 base positions, and the strains A22, A24, 

A25, A5 4-A12, A23, and A8 which differed from the ADI 69 sequence by 

between 3-17 bases at 13 positions. This group of Towne-like HCMV strains 

emerged in 77.7%  of bootstrap resamplings. The strain A1, which was 

distinguished as a unique strain in 100% of bootstrap resamplings, was related 

to Towne and possessed 21 nucleotide substitutions relative to ADI 69, which 

were scattered along the length of the sequence.

An alternative phylogenetic analysis of the sequence data by the Fitch- 

Margolish least squares distance matrix method was performed. The resulting 

consensus tree is presented in Figure 3.2c, and revealed a similar overall 

topology to the tree generated through phylogenetic analysis by the maximum 

parsimony method, with comparable bootstrap values delineating the branches.

The multiple sequence alignment of the amino acid sequences derived 

from the DNA sequence of the gBC region (Figure 3.3) revealed that the 

majority of nucleotide sequence heterogeneity observed was silent. Five of the 

54 clinical isolates exhibited codon changes which resulted in alterations of the 

amino acid sequence of gBC, however no pattern suggestive of subtypes was 

apparent in the AD-1 major neutralising determinant. In particular, at the amino 

acid level, the remaining clinical isolates and the Towne strain were completely 

homologous to ADI 69 along the entire gBC region sequenced here. Amino 

acid variability specifically within the AD-1 determinant was 0.24% .

Clinical strains with codon changes in the gBC region included two 

strains from the AIDS patient group (A1 and A8) and 3 strains from renal 

transplant recipients (R2, R28, R12). The strain A1 exhibited 3 amino acid 

changes. Two of these substitutions, at positions 584 (A->V) and 612 (L^F),
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Figure 3.3 Multiple sequence alignment for amino acid sequences translated 
from nucleotide sequence data for the gBC region. Potential N-llnked 
glycosylation sites are underlined. The shadowed region defines the AD-1 
neutralising determinant.
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are within AD-1, and a third substitution was position 642 (S->Y). The virus 

isolate A 8 , from a second AIDS patient, demonstrated a cluster of 6  amino acid 

substitutions within the amino terminal half of AD-1, between amino acids 560  

and 590. These changes were at positions 565 (N-*T), 566 (V->l), 568 (E^D), 

570 (P-»T), 582 (N-»T), and 588 (Y^D). The strains R2 and R28, isolated from 

two urine samples obtained from a renal transplant recipient at different times, 

both possessed one amino acid substitution within AD-1, at position 584  

(A^V). Finally the strain R12 exhibited one amino acid change, at position 568 

(E-*D), which was not apparent in an isolate from the same patient (RIO) 

obtained 2 years earlier, after an earlier transplant operation. Note that none 

of the amino acid substitutions altered two of the potential N-linked 

glycosylation sites (at positions 554 and 586) within the gBC region.

A phylogenetic tree was not produced from the amino acid sequence 

data in the gBC region because of the restricted amount of sequence diversity 

present.

3 .6  Sequence analysis of the amino terminus of gB (gBN)

The nucleotide sequences for the amino terminus of gB were determined 

for a subset of the clinical isolates analysed at the gBC region, comprising 

HCMV isolates from 11 AIDS patients and 13 renal transplant recipients. The 

multiple sequence alignment for these 24 clinical strains and 4 laboratory 

strains is shown in Figure 3.4a. It is apparent that the 311 bp gBN region 

analysed here displayed a greater amount of sequence heterogeneity amongst 

clinical HCMV strains than that observed for the gBC region. Also in contrast I to 

the gBC region, nucleotide sequences of the gBN region appeared to have 

subtype specific relationships, with sequence similarities amongst strains 

obvious within the midregion of the gBN sequence. Note that a high passage 

strain of ADI 69 (hpADI 69) exhibited complete sequence heterogeneity with 

the parental strain.

A limited amount of nucleotide sequence heterogeneity was present 

within the sequence encoding the neutralising epitope, AD-2 (1.07% ); whereas 

the flanking regions were significantly more variable than AD-2, at 4.26%

(X  ̂= 20.262; p < 0.001 ). Even higher nucleotide sequence variability was seen 

in the stretch of nucleotides encoding the epitope binding non-neutralising
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Figure 3.4 (a) Multiple nucleotide sequence alignment for the region encoding 
the gB amino terminus (gBN). *AD169, Davis, R1, R3, R5-10, A10, hpAD169 
(high passage ADI 69); tA2, A3, A9; tR4, R1 1 . The shadowed regions 
indicate the epitope AD-2 (Site I) which binds neutralising antibodies and Site 
U, which binds non-neutralising antibodies, (b) The maximum parsimony 
phylogenetic tree generated from sequence data for the gBN region, (c) The 
phylogenetic tree for this region generated by the Fitch-Margolish least squares 
method. Numerical values given on the phylogenetic trees indicate the number 
o f times a branch appeared in bootstrap resampling o f multiple (100) data sets.
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antibodies, Site II, with 12.2% variability, which was significantly more 

variable than both the flanking regions (X  ̂= 46.266; p <0 .001 ) and the AD-2 

epitope (X  ̂= 73.04; p < 0.001). The relatively limited nucleotide sequence 

heterogeneity observed in the AD-2 epitope was analogous to the high 

conservation of the AD-1 determinant (variability = 0.49% ; X^ = 5.128; 

p > 0 .05 ).

The maximum parsimony phylogeny tree derived from sequence data for 

the gBN region is shown in Figure 3.4b. Phylogenetic analysis supports the 

existence of a number of distinctive HCMV subtypes at the nucleotide 

sequence level within the gBN region. The uniqueness of these HCMV 

subtypes was statistically justified by the high bootstrap values (> 8 0 % )  

accorded the branches containing these strains.

A major branch (88.4%  of bootstrap resamplings) of the phylogenetic 

tree was comprised of ADI 69, 11 identical clinical isolates and the strain A 6 . 

Sub-branches (74.7-100%  of bootstrap resamplings) contained the isolates A4, 

A1, and R2, which exhibited divergence of between 4-7 bases at 9 positions 

in comparison to ADI 69. The other main cluster (100%) of HCMV strains 

consisted of Towne and the Towne-like strains A l l ,  A 8 , R4-I-R11, and R12; 

these strains shared a number of common polymorphisms which were not 

present in ADI 69. A sub-branch of the Towne-like cluster (100%  of 

bootstrap resamplings) included the strains A7 and A2 4-A3 4-A9, which 

possessed individual sequence features homologous to either A D I 69 or the 

Towne strain, but were more closely related to the latter strain. Finally, the 

strains A5 and R13 segregated into a separate branch of the tree (96.7%  of 

bootstrap resamplings). These two strains were also characterised by the 

possession of sequence features in common with members of the two main 

clusters, but they also had unique sequence features, including base 

substitutions and deletions, which distinguished them into individual sub

branches (82.9%  of bootstrap resamplings). It is interesting to note that, in 

contrast to the gBN region, the strain R13 was completely identical to Towne 

in the gBC analysis shown in Figure 3.2b.

The phylogenetic tree generated by the alternative distance matrix 

method is presented in Figure 3.4c, and revealed a similar overall topology to
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the tree generated through phylogenetic analysis by the maximum parsimony 

method. In addition, the bootstrap values for the alternative phylogenetic tree 

were comparable to the corresponding maximum parsimony phylogenetic tree.

The multiple sequence alignment of the amino acid sequences derived 

from the DNA sequences of the gBN region (Figure 3.5a) shows that, unlike the 

gBC region, much of the heterogeneity observed at the nucleotide sequence 

level for gBN translated into coding changes. Thus, it is apparent that this 

region was markedly more variable at the amino acid level than the gBC region. 

Within the gBN site, the HCMV strains analysed appeared to share sequence 

polymorphisms with the laboratory strains ADI 69 and Towne; however, many 

strains also exhibited unique amino acid sequence features. The amino acid 

sequence of the antibody binding site for non-neutralising antibodies. Site II, 

was significantly more variable (23.8%) than the neutralising epitope AD-2 

(1.3%; = 49.632; p <0 .001) or the AD-1 determinant (0.24%;

X  ̂= 859.911; p<0 .001).

Two virus strains from AIDS patients possessed amino acid changes 

specifically within the AD-2 region. Isolate A 11 had one substitution of a polar 

for a hydrophobic residue (T->S), at position 70 of the A 11 gBN sequence. The 

strain A 8  exhibited two amino acid changes. The first of these (T-»A) was at 

residue 70 of the A 8  sequence, at the same position as the substitution for 

strain A l l ,  whilst a second amino acid substitution was observed at residue 

75 of the A 8  gBN sequence (E^V). Both mutations resulted in the substitution 

of nonpolar residues for polar and acidic residues, respectively. Both mutations 

were in the central residue of two potential N-linked glycosylation signals ("N- 

X-T/S") present within this neutralising epitope.

The maximum parsimony phylogenetic tree produced from the amino 

acid sequence data (Figure 3.5b) delineated HCMV strains into a limited 

number of subtype specific groups. In addition to the main ADI 69-like and 

Towne-like strain clusters, the strains A2-I-A3 + A9 and, A5 and R13, 

segregated into independent branches, characterised by high bootstrap values 

(> 90 % ). The topology of the tree was consistent with the phylogenetic 

relationships observed at the DNA level.
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Figure 3.5 (a) Multiple sequence alignment for amino acid sequences translated 
from nucleotide sequence data for the gB amino terminus (gBN). Potential N- 
Hked glycosylation sites are underlined. The shadowed regions show epitopes 
binding neutralising (AD-2, Site I) and non-neutraiising (Site II) antibodies, (b) 
The maximum parsimony phylogenetic tree generated from sequence data for 
the gBN region. Numerical values indicate the number o f times a branch 
appeared in bootstrap resampling o f multiple (100) data sets.
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3.7 Sequence analysis of the amino terminus of gH (gHN)

A subset of 14 of the 23 clinical HCMV isolates analysed at the gBN 

site, comprising isolates from 8  renal transplant recipients and 6  AIDS patients, 

were subsequently subjected to PCR amplification of DNA encoding the amino 

terminus of gH. In these analyses the PCR products were cloned prior to 

plasmid sequencing.

The multiple sequence alignment of this region is shown in Figure 3.6a 

and revealed that, like the gBN site, the gHN nucleotide sequence amongst 

clinical HCMV strains was also more diverse than the gBC region. In addition 

to sporadic point mutations, a number of subtype specific sequence 

polymorphisms were observed amongst strains. Sequence heterogeneity was 

most obvious in first 100 nucleotides of the 282bp gHN region sequenced. A 

high passage strain of ADI 69 (hpADI 69) was completely homologous to the 

parental strain at this site.

The nucleotide sequence encoding the linear neutralising epitope within 

the amino terminus of gH exhibited variation at a level of 6 .3% , and was 

significantly more variable than the flanking regions at 1.27%  (X  ̂= 69.681; 

p < 0.001). The gH amino terminus neutralising epitope was also significantly 

more variable than the AD-2 epitope (variability = 1.07%; X^ = 29.724, 

p < 0 .001 ) and the AD-1 determinant (variability = 0.24% ; X^ = 250.126; 

p <  0.001) at the DNA level; although in contrast to AD-1 and AD-2, the 

majority of the nucleotide sequence heterogeneity in the gH epitope appeared 

to be subtype specific, representing either ADI 69 or Towne sequences.

The maximum parsimony phylogenetic tree derived from the nucleotide 

sequence data is shown in Figure 3.6b, and indicated that HCMV strains 

segregated into a restricted number of subtypes at the gHN region, 

substantiated by bootstrap values of nearly 70% and greater. Thus, a major 

branch of the tree encompassed an ADI 69-like group, together with the strains 

R13, R7, R2, A3, which differed from the ADI 69 sequence by between 1-4 

bases at 6  positions. A separate branch contained the related strains R12 and 

A1-I-R4, which both differed from ADI 69 by 5 bases at 7 positions. The other 

major branch of the tree was composed of the laboratory strain Towne and a 

related cluster of isolates A7, R11, and A 11.
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Figure 3.6 (a) Multiple nucleotide sequence alignment for the region encoding 
the gH amino terminus (gHN). *A 1, R4; tAD169, Davis, R5, RIO, A5, A 8 , 
hpADI69 (high passage ADI 69). The shadowed region delineates a linear 
epitope which binds neutralising antibodies, (b) The maximum parsimony 
phylogenetic tree generated from sequence data for the region, (c) The 
phylogenetic tree for this region generated by the Fitch-Margolish least squares 
method. Numerical values indicate the number o f times a branch appeared in 
bootstrap resampling o f multiple (100) data sets.
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The phylogenetic tree generated by the alternative distance matrix 

method for the gHN region is presented in Figure 3.6c, and revealed a similar 

overall topology and analogous bootstrap values with the phylogenetic tree 

generated by the maximum parsimony method.

The existence of HCMV subtypes evident in the gHN region at the DNA 

level was more readily observed at the amino acid level, as shown in the 

multiple sequence alignment in Figure 3.7a. Most diversity was apparent at the 

amino terminus of the sequenced region. Amino acid variability within the 

linear neutralising epitope in the amino terminus of gH was 4.4% , which was 

significantly greater than AD-1 (variability = 0.49% ; = 77.790; p <0 .001)

or AD-2 (variability =X^ = 35.96; p < 0.001). Unlike ADI and AD-2 however, 

heterogeneity in the gH linear epitope was exclusively attributed to subtype 

specific polymorphisms. The gH epitope of the ADI 69-like strains contained 

an amino acid addition (the P residue at position 37) and an amino acid change 

(K-»H at residue 38) which differentiate them from the Towne-related strains. 

Three clinical strains possessed amino acid substitutions within glycosylation 

sites of the gHN region. Strain A7 exhibited a T^A change within the central 

'X ' residues of the potential N-linked glycosylation sites at position 56 of the 

A7 sequence. Strain R13 possessed an S-*N change at the 'X ' residue of the 

glycosylation site at residue 64 of the R13 sequence, whilst for strain R12, an 

S^G substitution at position 6 6  of the R12 sequence which abolished this 

glycosylation site.

The topology of the phylogenetic tree derived from amino acid sequence 

data shown in Figure 3.7b coincides with that of the phylogenetic tree 

produced for nucleotide sequence data, with similar high bootstrap values 

assigned. In addition to the ADI 69-like and Towne-like clusters, the related 

strains A1 -f R4 and R12 (which shared common polymorphisms at positions 

22 and 24 of the gHN sequence) segregated in an independent branch of the 

phylogenetic tree.

3.8 Phylogenetic analysis of concatenated sequences

In order to distinguish and characterise a unique identity for individual 

clinical strains, the nucleotide sequences for 14 clinical isolates ( 6  AIDS 

patients and 8  renal transplant recipients), for whom the gBC, gBN and gHN
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Figure 3.7 (a) Multiple sequence alignment for amino acid sequences translated 
from nucleotide sequence data for the gH terminus (gHN). Potential N-Hnked 
glycosylation sites are underlined. The shado wed region shows a linear epitope 
binding neutralising antibodies, (b) The maximum parsimony phylogenetic tree 
generated from sequence data for this region. Numerical values indicate the 
number o f times a branch appeared in bootstrap resampling o f multiple (100) 
data sets.
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sites had all been sequenced, were concatenated and subjected to maximum 

parsimony phylogenetic analysis (Figure 3.8a). The resulting phylogenetic 

relationships observed amongst the clinical strains reflected the findings at the 

individual sites. In addition to ADI 69-like and Towne-like groups of strains, 

other distinctive HCMV subtypes. These subtype clades were associated with 

high bootstrap values (> 8 5% ), indicating their uniqueness. The phylogenetic 

tree generated by the alternative distance matrix method is presented in Figure 

3.8b, and reveals similar overall topology and high bootstrap values (> 7 0 % ) 

to the tree generated through phylogenetic analysis by the maximum parsimony 

method.

An important finding was that a number of strains segregated differently 

in the phylogenetic analysis of the concatenated sequences in comparison to 

individual regions. For example, the strain R12, which clustered with Towne 

when concatenated sequence data was phylogenetically analysed, segregated 

with ADI 69 at the gBC site, Towne at the gBN region and was more closely 

related to ADI 69 in the gHN site. Furthermore, the strains A5 and A13, which 

were discerned as highly unique individual strains when concatenated sequence 

data were analysed, clustered with Towne at the AD-1 region, ADI 69 at the 

gH site and were phylogenetically unique at the gBN region.

Both clinical HCMV strains RIO and R12 were isolated from the same 

renal transplant recipient, who was excreting R12 two years after the initial 

isolation of the strain RIO, during which time the patient had undergone a 

second renal transplant. Interestingly, the strain R12 was phylogenetically 

unique from the original isolate, and polarised into a separate clade distant from 

strain RIO in the phylogenetic tree. The earlier isolate RIO was completely 

homologous to ADI 69, whilst the later isolate R12 was more closely related 

to Towne.

The amino acid sequences translated from the three regions of the 

HCMV genome sequenced were similarly concatenated, and the resulting 

maximum parsimony phylogenetic tree is shown in Figure 3.9. The 

phylogenetic relationships delineated at the amino acid level are a reflection of 

those seen at the nucleotide level. Importantly, it is again evident that a 

number of individual strains segregated differently at particular genetic sites.
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Figure 3.8  The phylogenetic trees derived from concatenated sequence data for 
the gBC, gBN and gHN regions, generated by (a) the maximum parsimony 
method and (b) the Fitch-Margolish least squares method. Numerical values 
Indicate the number of times a branch appeared In bootstrap resampling of 
multiple (100) data sets.

R12
R4

A5 A3
56.7

R13 A3

96.9

100
A753.695.1

84.9
68.7

53.7AD169,R5,R10
68.5

\  \ ^ R 1 1

TOWNE
R7 100

A t

R2

(3.8a)

AS R13

A3
R12

A3100
AD169,R5,R10

R4R7

A1 A7
R2 A11

(3.8b)

127



R12A3
A7

A5 R4

R13 551 0 0

85.8

TOWNE94.6

A l l
88.5 A 8

AD169,R5,R10 96.5
100

R7

A l

R2

Figure 3.9  Maximum parsimony phylogenetic tree for amino acid sequences 
translated from concatenated nucleotide sequence data for the gBC, gBN and 
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in bootstrap resampling of muitipie (100) data sets.
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Thus, the strains A5 and R13 were identified as highly unique HCMV strains 

when concatenated sequence data were analysed (bootstrap values nearly 

95% ), were completely homologous to ADI 69 at the gBC region, closely 

related or identical to ADI 69 at the gH site, but unique at the gBN region.

3 .9  Comparison of nucleotide sequence divergence in the gBC, gBN and gHN 

regions of HCMV envelope glycoproteins

The output of the pairwise genetic distances which were calculated 

between strains were used to compare nucleotide sequence divergence at each 

region sequenced, between the isolates from AIDS patients and those from 

renal transplant recipients. The results, presented in Table 3.3, demonstrated 

that the gBC region, containing AD-1, exhibited the least overall sequence 

diversity of the three regions analysed. However, the limited sequence 

diversity at this site appeared to be predominately exhibited by HCMV strains 

isolated from AIDS patients, compared to those strains isolated from renal 

transplant recipients (p < 0.0001). In contrast, although the gBN and gHN 

regions showed more overall nucleotide diversity than the gBC regions, there 

was no significant difference in diversity between isolates from either AIDS 

patients or the renal transplant recipients. When the divergence between the 

two patient groups was compared for the concatenated sequences, the HCMV 

strains isolated from AIDS patient demonstrated significantly more diversity 

than strains from renal transplant recipients (p = 0 .0 2 ); presumably due to the 

contribution of increased heterogeneity within the gBC region.

3 .10  Comparison of nucleotide sequence variation in the gBC region between 

AIDS patients and renal transplant recipients

To directly compare the presence of base substitutions in the gBC region 

between the AIDS patient and renal transplant recipient groups, the number of 

nucleotide substitutions (in relation to the prototype ADI 69) was plotted for 

each patient group at each position of the 525 base PCR product. Figure 3.10  

shows that base substitution occurred more frequently amongst strains isolated 

from the AIDS patients along the entire length of the region sequenced, but 

particularly within the first 150 base pairs of the nucleotide sequence.
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TABLE 3.3: COMPARISON OF NUCLEOTIDE SEQUENCE DIVERGENCE 
GLYCOPROTEINS CONTAINING NEUTRALISING EPITOPES

IN DIFFERENT REGIONS OF HCMV ENVELOPE

Region Patient
Group

Number of 
Isoiates

Median
Divergence

Difference 
in Median 

Divergence
95%  Confidence 

Intervai

gB carboxy terminus 
extracellular (gBC)

AIDS 26 0.00420
0 .0 0 2 1 0 * 0.00210, 0 .00420

Renal Tx 28 < 0 . 0 0 0 0 1

gB amino terminus (gBN)
AIDS 1 1 0.08590

0 .018 6 0 Î -0 .00080, 0.04239
Renal Tx 13 0.06990

gH amino terminus 
(gHN)

AIDS 6 0.04440
0.007101 -0.00350, 0.02679

Renal Tx 8 0.01770

concatamer
AIDS 6 0.04220

0.01150$ 0.00140, 0.02229
Renal Tx 8 0.02825

*p < 0 .0 0 0 1 ; ^p >0 .05 ; tp  = 0.021
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3.11 Relationship between nucleotide base substitution and peripheral blood 

CD4^ T-cell count in AIDS patients

To examine if the degree of immune dysfunction seen in AIDS patients 

influenced the amount of nucleotide base sequence divergence demonstrated 

by strains of HCMV isolated from these individuals, the number of base 

substitutions observed in clinical HCMV strains were compared to the 

prototype strain ADI 69. These values were correlated with the peripheral 

blood absolute CD 4+ T-cell count at the time of virus isolation for a number 

of AIDS patients, and this data is plotted in Figure 3.11. There was no 

correlation between these two parameters (r = 0.33, P > 0 .1 ).
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Figure 3 .10  Nucleotide sequence variation In the gBC region of HCMV. Map 
of the gBC PCR product spanning nucleotides corresponding to nucleotides 
81374-81899 of the HCMV strain ADI 69 genomic sequence showing 
frequencies of base substitutions, In comparison to ADI 69, In clinical HCMV 
Isolates from (A) AIDS patients and (B) renal transplant recipients.
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Figure 3.11 Relationship between nucleotide substitution and peripheral blood 
CD4-I- T-cell level In AIDS patients. The numbers of base substitutions (In 
comparison to ADI 69) In the gBC region of HCMV observed amongst HCMV 
strains from AIDS patients In relation to peripheral blood CD44- T-cell levels at 
the time of virus Isolation was compared. There was no correlation between 
these two parameters (r = 0.33, p > 0 .1 ).
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3.12 DISCUSSION

The extent of sequence heterogeneity present in the envelope 

glycoproteins of wild type HCMV strains must be taken into consideration 

when designing subunit vaccines or producing therapeutic clinical agents such 

as humanised monoclonal antibodies. Sequence data may also be valuable in 

characterising particular HCMV subtypes and consequently, providing insight 

as to their role in the pathogenesis of infection with the virus. Molecular 

epidemiologic analysis of clinical HCMV isolates has been carried out 

previously, producing interesting results about variation amongst strains, but 

these studies have limitations as to the usefulness of their information and the 

reliability of subtype classification (see Section 1.16). In this chapter, 

sequence heterogeneity within regions of gB and gH containing neutralising 

determinants has been assessed amongst a large number of clinical isolates. 

Regions encoding neutralising determinants have been examined specifically in 

an attempt to subsequently explore relationships with biological function. 

Furthermore a comprehensive phylogenetic analysis of the clinical isolates of 

HCMV has been undertaken, utilising a parsimony method and a distance 

matrix method to infer phylogenies, and bootstrapping methods to analyse the 

reliability of the relationships.

At the DNA level, the extracelluar carboxy terminus of gB (gBC), 

containing the immunodominant AD-1 epitope, was the most highly conserved 

region when compared to the amino terminus of gB (gBN) or the amino 

terminus of gH (gHN). Clinical HCMV isolates exhibited a limited number of 

point mutations throughout the length of the gBC sequence. The gBN and gHN 

regions contained greater sequence heterogeneity at the DNA level, with point 

mutations and deletions observed amongst variant clinical strains. In addition, 

the gBN and gHN regions contained common polymorphisms amongst strains, 

which characterised closely related groups of clinical isolates which may 

represent specific HCMV subtypes.

Nucleotide sequence variation specifically within the neutralising 

determinant AD-1 corresponded to the level of variation exhibited by flanking 

sequences, reflecting the high conservation of the region as a whole. The AD- 

2 and the gHN linear neutralising epitope however, differed significantly from
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their surrounding sequences. The gHN neutralising epitope possessed a greater 

amount of nucleotide sequence variation than its flanking regions, although the 

majority of this variation was due to subtype specific sequence heterogeneity. 

Nucleotide variation in the AD-2 epitope was significantly less than the flanking 

sequences. In contrast to neutralising determinants, the gBN epitope which 

binds non-neutralising antibodies. Site II, was distinguished by a relatively high 

degree of nucleotide sequence variation in comparison to any of the 

neutralising determinants or flanking sequences.

At the protein level, translation of the DNA sequence data for the gBC 

region indicated that the majority of base substitutions were silent, with clinical 

isolates demonstrating a very limited number of point mutations. In contrast 

to the gBC region, the extensive sequence heterogeneity observed at the DNA 

level for the gBN and gHN regions was also apparent at the protein level. 

Much of this variability could be attributed to common polymorphisms which 

appeared to delineate specific subtypes. Within each of the gBN and gHN 

regions, a number of clinical strains were homologous to or closely related to 

the laboratory strains AD 169 and Towne. Other HCMV strains had elements 

of either or both laboratory strains, along with other unique sequence features. 

One clinical HCMV strain (R12) possessed an amino acid change within the 

gHN region, which abolished one of the potential N-linked glycosylation sites 

within this region. The in vivo usage of the 6  glycosylation sites of the gH 

molecule are unknown. The diversity amongst clinical HCMV strains indicates 

the fluidity of DNA sequences and amino acid sequences present in the wild 

type virus population.

When sequence variability specifically within neutralising determinants^ 

was examined, only 5 of the 54 clinical HCMV isolates analysed possessed 

point mutations within the AD-1 site. Only two clinical HCMV strains exhibited 

amino acid mutations in the AD-2 regions, one of these strains also possessed 

variation at AD-1. Interestingly, the changes in the AD-2 region occurred at 

the 'X ' positions of the two potential N-linked glycosylation sites within the 

AD-2 epitope. In the linear neutralising epitope present in gHN, diversity was 

limited exclusively to subtype specific variation, with strains possessing either 

ADI 69 or Towne-like sequences. This epitope has been reported to bind both
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a murine monoclonal antibody, and human sera, in a subtype specific manner 

(Urban et a!., 1992).

Thus, it appears that regions of the HCMV envelope glycoproteins which 

bind neutralising antibodies are relatively conserved in the wild type virus 

population. Note that a strain of ADI 69 which had been highly passaged in 

culture (hpADI 69) retained complete nucleotide and amino acid sequence 

identity with the parental strain, demonstrating the stability of the gB and gH 

regions examined here during propagation in vitro. Site II of gB, which binds 

non-neutralising antibodies, exhibited up to nearly 1 0 0  fold greater sequence 

variability in comparison to sequences binding neutralising antibodies. These 

results are consistent with the hypothesis that regions which bind neutralising 

antibodies have important functional roles in viral infectivity, which constrains 

the diversity of mutations that can be sustained. The documentation of clinical 

HCMV strains with codon changes within neutralising epitopes, however, 

highlights the importance of taking into consideration the presence of these 

variants amongst wild type strains when developing subunit vaccines or 

therapeutic monoclonal antibodies.

Phylogenetic analysis for each of the three genetic sites examined 

substantiated the cursory strain relationships which were derived by subjective 

observation of the multiple sequence alignments. The application of 

phylogenetic methods to either the DNA or amino acid sequence data 

demonstrated that, with the exception of the gBC region which was highly 

conserved at the amino acid level, wild type HCMV strains appeared to 

segregate generally into at least three or more subtype groups. Two of these 

clusters of strains were either ADI 69-like or Towne-like. A third group(s) of 

clinical HCMV strains however, did not exclusively segregate with either of the 

prototype strains and were distinguished as phylogenetically unique virus 

strains. Most importantly, the phylogenetic analysis of sequence data 

confirmed the classification of virus strains as unique HCMV subtypes by the 

high bootstrap values which were produced.

Segregation of strains into subtypes was highly region dependent. A 

number of clinical isolates clustered into different subtype groups, depending 

on the location within the genome which was analysed. For example, strain
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R13 clearly segregated with Towne in the gBC site, whilst it clustered with 

ADI 69 in the gHN region. Furthermore, even within a single genetic locus 

(gB), the strains R4 and R12 were closely related to the ADI 69 prototype 

strain at one site (gBC), but nearly homologous to the Towne strain in a second 

region (gBN). These HCMV strains may have evolved through recombination 

events between strains in vivo. Previous studies investigating a limited number 

of the same strains at different regions of the HCMV genome (Chou, 1992b) 

have suggested that recombination between HCMV strains may occur. The 

data presented here may represent the first demonstration of recombination 

occurring specifically within a single HCMV genetic locus. These findings have 

critical implications where correlations might be sought between virus subtype 

and HCMV disease. Obviously, the virus subtype must be identified according 

to those genomic regions of the virus important in disease pathogenesis. 

Furthermore, the particular genetic loci must be characterised in the relevant 

manner.

To clarify the unique identity of individual HCMV strains, the approach 

of concatenating the sequences of the three regions studied for each HCMV 

strain was employed. The strain R2 for example, was different but related to 

ADI 69 in each of the sites analysed. The nucleotide sequence heterogeneity 

observed in comparison to ADI 69 was however, large enough for strain R2 to 

be identified as a unique strain by phylogenetic analysis of concatenated 

sequence data, a finding substantiated by a significantly high bootstrap value 

(88.5%) These analyses highlight the importance of utilising sequence data 

from more than one region of the HCMV genome when attempting to classify 

HCMV strains into subtypes.

Using the approach of concatenating sequence data, the existence of a 

distinct strain (R12) in a renal transplant recipient after a second transplant was 

identified, which was clearly distinct to the strain (RIO) that this patient was 

excreting following their first transplant. It is likely that this patient had a 

HCMV reinfection, since it has been shown that in seropositive renal transplant 

recipients, the source of HCMV infection is frequently the donor kidney 

(Grundy ef a/., 1987).
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The application of this phylogenetic methodology to the sequence data 

generated by this study must be supported in light of the typical application of 

these methods to analyse more heterogeneous RNA viruses such as HIV; 

although they have also been applied to DNA viruses, for example Hepatitis B 

virus and papillomavirus. The resolving power of phylogenetic reconstructions 

to produce accurate and reliable phylogenetic reconstructions is determined by 

three factors (Kew & Nathanson, 1995). The first and most fundamental 

assumption underlying the use of these methods is that evolution proceeds 

solely by divergence of sequences. There are clearly identifiable circumstances 

when phylogenetic methods fail to find the correct tree (Felsenstein, 1978). 

These are when evolution is both rapid and variable in rate, exactly the 

circumstances which prevail in most HIV sequence comparisons. Clearly this 

is not the case with HCMV, for which much lower variation across the genome 

is a reflection of its slower rate of evolution in comparison to a rapidly virus 

such as HIV. Secondly is the capacity of the molecular tools to detect 

differences between virus strains. There is no doubt that the use of DNA 

sequence analysis to examine variability is the method of choice as a sensitive 

means to determine differences amongst different virus strains.

The last factor determining the resolving power of phylogenetic methods 

is the location and size of the genomic intervals selected for analysis. It is true 

that there will be a low amount of variation in the sequence data from closely 

related virus strains, which may not be phylogenetically informative. In 

particular, the gBC region exhibited relatively low heterogeneity in comparison 

to the gBN and gHN regions. To overcome this limitation, the phylogenetic 

analyses of the nucleotide sequence data were performed by both the 

maximum parsimony method and an appropriately weighted distance matrix 

methods. Distance methods may perform better than parsimony for data sets 

having few phylogenetically informative sites, because all variable sites are 

used in the distance calculations (Stewart, 1993). In all cases however, both 

methods yielded phylogenetic trees with similar topologies. Most importantly, 

the phylogenetic analyses were supported by bootstrapping to measure the 

certainty to the phylogenetic reconstructions. The presence of too few  

phylogenetically informative sites was reflected in the low bootstrap values
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representing a number of the branches in some of the trees. It is important to 

note however, that only those branches with high bootstrap values (> 7 5 % )  

have been considered in drawing conclusions from these data. The most 

phylogenetically informative analysis may have been that for the concatenated 

sequence data; which also took into account an important source of variation 

itself, genetic recombination. Although the main scope of this thesis was to 

examine neutralisation-relevant regions of the HCMV genome, further studies 

might conduct a wider genomic survey of HCMV strains; particularly the whole 

of the gB and gH genes in combination with other functionally important 

molecules.

Clinical isolates of HCMV from AIDS patients possessed a significantly 

greater degree of nucleotide sequence divergence in the gBC region than those 

from renal transplant recipients. In contrast, there was no statistically 

significant difference in nucleotide sequence divergence between HCMV strains 

from AIDS patients and renal transplant recipients in the gBN and gHN regions. 

Significantly greater sequence divergence of isolates from AIDS patients was 

also observed when the concatenated sequences were analysed; presumably 

reflecting the dominant contribution of variation within the gBC region. Thus, 

it appears that increased nucleotide variation across the HCMV genome is not 

a common feature of isolates from AIDS patients. Again, this finding confirms 

the requirement for careful selection of the genomic regions on which to 

perform such analysis in order that meaningful conclusions can be drawn.

Why the gBC region should be more divergent in strains from AIDS 

patients is not immediately apparent. There are a number of possibilities which 

may have consequences for the pathogenesis of the HCMV in this clinical 

group. It is possible that in the face of the declining ability of AIDS patients 

to mount an effective response by cellular immunity, an increase in the HCMV 

load leads to greater opportunity for mutational events to occur during virus 

replication. However, the numbers of base substitutions demonstrated by 

strains of HCMV isolated from those individuals did not correlate (r = 0.33, 

P >0 .1 ) with an indicator of immune function, ie. peripheral blood absolute 

CD4^ T-cell count at the time of virus isolation. Thus the degree of immune
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dysfunction seen in AIDS patients did not appear to influence the amount of 

nucleotide sequence diversity.

As gB is involved in virus uptake by cells (see Section 1.7), amino acid 

variation may reflect differences in the tissue tropism of HCMV in AIDS 

patients ie., the predominant involvement of the virus in chorioretinitis and 

gastrointestinal infection. A recent study supports this supposition, by 

documenting variations amongst HCMV clinical isolates in their tropism for 

different cell lineages after infection long term marrow cultures (Torok-Storb 

et a!., 1993). By analogy, insertion of a DNA sequence encoding gB derived 

from a strain of peripherally apathogenic herpes simplex type 1  conferred 

apathogenicity to a pathogenic strain (Weise at aL, 1987).

Host factors such as immune status, underlying B and T-cell immunity, 

probably play a role in the generation of diversity in the biologically significant 

gBC region. Within the this region, heterogeneity was not randomly 

distributed. The majority of nucleotide and amino acid variation observed in 

both of the clinical groups was located in the first third of this region (amino 

acids 532-590). In comparison to the gBN and gHN regions, the gBC region 

is not only distinguished by the presence of the immunodominant AD-1 domain 

(Wagner at a/., 1992), but also by discontinuous neutralising domains (Qadri 

at a/., 1992), and at least one cytotoxic T-cell epitope has been mapped 

between amino acids 629 to 628 (Utz at a/., 1992). Whilst individuals from 

both groups of patients possessed high HCMV specific neutralising antibody 

titres (see Chapter 4), the possibility exists that qualitative differences in the 

antibody repertoire against these neutralising domains occurs within each of 

the patient groups, leading to differences in selective immune pressures against 

the gBC region.

Since the majority of nucleotide sequence heterogeneity observed in the 

gBC site amongst all clinical HCMV isolates did not translate into coding 

changes, it is perhaps more likely that biological factors were not involved in 

the greater amount of sequence divergence exhibited by virus strains from 

AIDS patients in this region. It would seem probable that factors acting at the 

genetic level might predominate. The majority of patients with AIDS, especially 

homosexual men, are seropositive for HCMV before becoming infected with
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human immunodeficiency virus (HIV) (Drew et aL, 1981) and are more likely 

to shed multiple strains of HCMV (Spector at aL, 1984; Collier at aL, 1989), 

thus variation may be a consequence of recombination between different virus 

strains in vivo. Studies in vitro have shown that new strains of HCMV can 

arise readily through recombination between existing strains (Chou, 1989), and 

therefore one possibility is that the gBC region is more prone to recombination 

between different strains than the other two regions examined. In contrast to 

transplant recipients, in whom virus shedding may be confined to a fixed post

transplant window, long term replication of different HCMV strains in HIV 

infected individuals may provide ample opportunity for such recombination 

events between strains to occur. Why the gBC region would be more prone 

to recombination, however, is not clear.

In summary, phylogenetic analysis of HCMV sequence variation, 

especially using concatenated sequence data, facilitates epidemiological studies 

such that individual virus strains can be distinguished and characterised with 

sensitivity. The results presented in this chapter support the existence of 

subtypes of HCMV strains amongst clinical isolates. They also show however, 

that specific HCMV neutralising determinants appear to be relatively conserved 

in the wild type virus population.
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Chapter 4:
Consequences o f Variation in Neutraiising Epitopes o f Human 

Cytomegaiovirus Enveiope Giycoproteins for immune

Recognition
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4.1 INTRODUCTION

The protective role of the humoral immune response against HCMV 

infection has been reviewed in Section 1.9. In the renal transplant recipient for 

example, although pre-existing antibodies to HCMV have been shown to reduce 

the severity of disease due to HCMV infection, reinfection or reactivation still 

occur (Smiley et a/. 1985; Grundy et a/. 1988). Since the HCMV specific 

humoral immune response is not completely protective, a number of questions 

need to be addressed in order to understand why this is so. In particular, how 

much cross immunity exists in terms of resistance to other strains of HCMV 

following initial infection remains unresolved, in addition, it is not known what 

influence sequence heterogeneity might have on the neutralising antibody 

response against reinfecting HCMV strains. The answers to these questions 

will greatly assist in the planning of strategies to prevent and treat HCMV 

infection.

Antigenic variation in biologically important regions amongst human 

cytomegaloviruses was first described by Weller et a!. (1960) in cross 

neutralisation tests, where homologous HCMV strains were better neutralised 

than heterologous strains by human sera. A number of studies demonstrated 

differences in the neutralising reactivity of human sera against heterologous 

strains of HCMV (Anderson, 1970; Waner ef a/. 1973; Zablotney ef a/. 1978). 

In addition, the preparation of monospecific animal sera by immunisation with 

laboratory or clinical isolates of HCMV demonstrated that different HCMV 

isolates had the ability to induce variable neutralising titers in vivo (Anderson, 

1972; Weller et a/. 1978). The heterogeneity of responses of different 

individuals against heterologous virus strains has also been shown by 

differences in the reactivity of human sera against viral antigens by 

immunoblotting (Gold ef a/. 1988) or, more recently against recombinant viral 

antigens in an ELISA system (Ayata ef a/., 1994).

With the development of monoclonal antibodies with defined 

specificities, a number of investigations have revealed a reduced or lack of 

reactivity by neutralising monoclonal antibodies against some clinical isolates 

of HCMV or against other laboratory strains, in comparison to the immunising 

laboratory strain (ADI 69 or Towne) (Rassmussen ef a/., 1984; Kari ef a/. 1986;
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Baboonian et a/. 1989; Simpson et a/. 1993). Additional evidence for

dissimilarities in the reactivities of monoclonal antibodies against various 

laboratory or clinical HCMV isolates has also been provided by 

immunofluorescence staining, immunoblotting, immunoprécipitation and ELISA 

(Rodgers ef a/. 1985; Volpi & Britt, 1985; James & Cloonan, 1990).

The use of the polymerase chain reaction has facilitated DNA sequence 

analysis of clinical isolates of HCMV, although there remains a paucity of data 

regarding the functional relevance of sequence heterogeneity identified in this 

way. In a limited number of cases, molecular techniques have been able to 

show that the differences in monoclonal antibody reactivity were related to 

sequence variation within the epitopes of the variant strains. For example, a 

monoclonal antibody which was raised against a fusion protein encoding a 

linear neutralising epitope in the amino terminus of the envelope glycoprotein 

gH of ADI 69 failed to react with the Towne strain, due to an amino acid 

deletion and a substitution within the epitope present in the Towne strain 

which differentiated it from the ADI 69 strain (Urban et a!. 1992). Similar data 

has been obtained for a human monoclonal antibody directed against a non

neutralising epitope in the amino terminus of the envelope glycoprotein gB, 

which reacted with ADI 69 but not the Towne strain (Meyer et a!. 1992). It is 

significant that both these studies also demonstrated the presence of strain 

specific antibodies in human sera. Thus in these two instances, the application 

of DNA sequence analysis has enabled the molecular basis of strain specific 

reactivities of individual antibodies to be elucidated.

Chapter 3 described a comprehensive sequence analysis of multiple loci 

for a large number of clinical HCMV strains utilising phylogenetic techniques. 

This Chapter aims to dissect a part of the humoral immune response against 

HCMV in an attempt to analyse the biological consequences of the sequence 

heterogeneity which was observed within regions of the genome encoding 

epitopes recognised by neutralising antibodies on envelope glycoproteins. A 

particular focus of the investigation has been the effect of mutations within the 

AD-1 determinant of gB, since it has been shown to be the immunodominant 

target for HCMV specific neutralising antibodies in human serum (see Section 

1.14).
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METHODS

4.2  Antibodies, antisera and virus strains

Patient sera were collected at the same time as the clinical samples 

obtained for virus culture and were stored at -20°C . Sera were heated to 

55 °C for 30 minutes to eliminate endogenous complement activity prior to use 

In a plaque reduction assay.

Commercially available Hyperimmune Intravenous gammaglobulin 

preparations (HIVIG) Included Venoglobulln-Tx (Alpha Therapeutic Corporation, 

UK), BPL CMV hIgh-tlterIG (The Scottish Blood Transfusion Service, UK) and 

Cytotect (Blotest, Germany). The complement Independent neutralising murine 

monoclonal antibody 7-17 was kindly provided by W. Britt at the University of 

Alabama at Birmingham, Birmingham, Alabama, USA, and used as ascitic fluid 

(Utz ef a/. 1989). The Irrelevant murine monoclonal antibody PAB100 (against 

the carboxy terminus of the SV40 large T viral antigen) was obtained as the 

hybrldoma cell line from the ATCC, and used as ascitic fluid. A purified 

preparation of the complement Independent neutralising human monoclonal 

antibody C23 was kindly provided by Y. Matsumoto at the Tejin institute for 

Biomedical Research, Tokyo, Japan (Masuho et a/., 1987). Purified 

preparations of the human antibodies ITC8 8 , AD-2 specific; ITC33, ITC39, 

ITC48, ITC52 and ITC63B, AD-1 specific; M 058 and M 061, antl-pp65; and 

LuNm03, an Irrelevant human antibody (against N. meninigitis), were very 

kindly provided by M. Ohiln at the Lund University, Lund, Sweden (Ohiln et 

a/. 1993).

Laboratory and clinical HCMV strains were subject to sequence analysis 

In Chapter 3. The HCMV strains which were also subject to functional assays 

Included the laboratory HCMV strains A D I69 and Towne and the clinical 

HCMV strain R7 (homologous to ADI 69 In the genomic regions analysed), the 

clinical HCMV virus strains A1 and R2 (which possessed mutations within the 

AD-1 neutralising determinant), the clinical strain A 8  (which possessed 

mutations within AD-1 and the AD-2 epitope). The clinical strain A l l  also 

possessed mutations within the AD-2 epitope, although this strain could not 

be recovered from storage. The AD-1 variant strain R28 was Isolated from the 

same anatomical site from the same patient as strain R2, although at a different time. Note
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that since the AD-1 mutation in this strain was identical to that for R2, only R2 

was subject to further analysis. The origins and propagation of HCMV strains 

was described in Sections 3.2 and 3.3. Each virus strain was propagated to 

between 3 to 5 passages of primary isolation, and the titers of the virus 

suspensions were determined by plaque reduction assays.

4 .3  Plaque assay for the determination of virus titer

In the plaque assay, virus replicates in monolayer cell cultures that have 

been overlaid with methyl cellulose; this overlay keeps the initial infection 

localised, giving rise to virus plaques, which can be quantified. One plaque is 

produced by each infectious unit or, plaque forming unit (PFU), in the virus 

suspension.

Virus was titrated from neat to 10'^ ®, in half log dilutions, in MEM/2: 

Minimal Essential Medium (MEM) supplemented with 2% heat inactivated fetal 

calf serum, HEPES, L-glutamine and an antibiotic/antimycotic mixture (all 

reagents from Gibco-BRL). At each dilution of virus 100//I was transferred to 

replicate wells of a 48 well tissue culture plate containing HEL fibroblasts, and 

the plate incubated for 1 hour at 37°C  in 5% COg in air. After washing twice 

with MEM/2, the cells were overlayed with 0.5 ml MCQ: 1% methylcellulose 

(Sigma) in MEM supplemented with 30%  Lebovitz's L-15 medium (Gibco), 5%  

heat inactivated fetal calf serum, sodium bicarbonate, L-glutamine, and the 

antibiotic/antimycotic mixture. After 10 days incubation at 37°C  in 5% CO2 , 

0.5ml of 4% formal saline was added to each well and the plates left at room 

temperature for a minimum of 30 minutes, then washed ten times with tap 

water. Methylene blue (Sigma) (0.3% in distilled water) was added to each 

well and the plates left at room temperature for 30 minutes, after which they 

were washed ten times with tap water and dried in air. The number of plaques 

per well was counted and the titer of the virus expressed as plaque forming 

units (PFU)/ml.

4 .4  Plaque reduction assay for the measurement of neutralising antibody titers

Neutralisation of a virus is defined as the loss of infectivity through the 

reaction of the virus with specific antibody. The virus and antibody are mixed 

under the appropriate conditions, then inoculated into monolayer cell cultures 

overlayed with methyl cellulose. The presence of non-neutralised virus can
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then be detected by plaque formation in the cell cultures. The prevention of 

plaque forming units with specific antibodies in the neutralisation test is called 

"plaque reduction".

Neutralisation assays against virus strains were performed in 48 well 

plates (Costar) seeded with HEL fibroblasts. Antibodies were first serially 

diluted in MEM/2. Virus was diluted in MEM/2 to 10^ PFU/ml, and was added 

to the diluted antibody in an equal volume of medium to yield the final antibody 

dilutions and the final virus concentration of isxio^ PFU/ml. In the experiments 

requiring complement in the neutralisation reaction, guinea pig complement 

(Don Whitley, UK) was added to a final concentration of 6 %. After incubation 

of the antibody/ virus mixture for 1  hour at 37°C  in 5% COg, 100//I of the 

mixture was added to each well containing confluent fibroblast monolayers, in 

triplicate at each dilution, and the plates incubated for 1  hour at 37°C  in 5%  

CO2 , with occasional shaking. Each well was then washed twice with MEM/2 

and overlayed with 0.5ml MCO. Plates were incubated then fixed and stained 

as described in the previous section. The number of plaques per well were 

counted, and the mean number of PFU/well was calculated for each dilution of 

antibody.

4.5 Calculation of the 50% endpoint for neutralisation of virus in the plaque 

reduction assay

The ED5 0  (the amount of antibody required for 50% neutralisation of 

virus) was calculated by the Reed-Muench method (Reed & Muench, 1938). 

The method uses the total number of plaque numbers for the range of antibody 

dilutions tested, to cover a wide range of possible variations in the 50%  

endpoint titer. The effect is that of using, at the two critical dilutions of 

antibody at which the endpoint lies, a larger number of virus plaques than were 

actually included at these dilutions. By inclining to equalize chance variations, 

the method tends to define the 50% endpoint more nearly than would be 

possible if it were simply interpolated between the two bracketing results.

For each dilution of antibody, the mean number of surviving plaques 

were obtained from the experimental data. These values are subtracted from 

the mean number of plaques observed in absence of antibody, to obtain the 

number of plaques which have been neutralised at each antibody dilution. Ife
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accumulated values for the total number of plaques which have survived or 

died at each antibody dilution can subsequently be calculated. For the 

surviving virus, the plaque numbers are cumulatively added from the lowest 

antibody dilution to the highest antibody dilution. For the virus which has 

died, the plaque numbers are cumulatively added in the opposite direction 

however, from the highest antibody dilution to the lowest antibody dilution. 

At each antibody dilution, a mortality ratio can then be calculated; which is the 

accumulated value for the number of virus plaques which have died, divided by 

the sum total of the accumulated values of virus plaques which have survived 

and died at that dilution.

The mortality ratio yields the percentage of plaque reduction at each 

antibody dilution. The 50% endpoint can subsequently be calculated from the 

values for the percentage plaque reduction above and below 50% . The 

necessary proportionate distance of the 50% plaque reduction point, which lies 

between these two dilutions, is obtained by the following formula:

Proportionate distance =

% plaque reduction at dilution next above 50%  - 50%

% plaque reduction at dilution next above 50%  - % plaque reduction at

dilution next below 50%

Since logarithmically the distance between any two dilutions is a 

function of the incremental steps used, it is necessary to correct the 

proportionate distance by multiplying by the dilution factor; eg. if doubling 

dilutions of antibody were used, the factor is the loĝ o of 2 (-0.301). The 

negative log for the antibody titer of the ED5 0  can be calculated by the formula:

Negative logarithm of ED5 0  =

Negative logarithm of the antibody dilution 

next above the 50% plaque reduction -1- 

the proportionate distance factor (corrected)
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The end result of these calculations is the ED5 0  antibody titer, ie. the titer 

of antibody that resulted in the neutralisation of 50% of the input virus in the 

plaque reduction assay.

4 .6  Amino acid sequence data and secondary structure analysis

Determination of nucleotide sequences and their translation into amino 

acid sequences has been described in Chapter 3. Secondary structure analysis 

was performed utilising the method of either Chou & Fasman (1978) or Gamier 

et a!. (1978), with the Sequence Analysis Software Package (Version 7) by 

Genetic Computers Group (GCG package) from the University of Winsconsin's 

Department of Genetics (Devereux et aL, 1984). The secondary structure was 

plotted using PLOTSTRUCTURE,which is available within the GCG software 

package. As an alternative, secondary structure prediction was also performed 

with PHD: a Profile fed neural network system available from Heidelberg 

(Burkhard & Sander, 1993).

4 .7  Indirect immunofluorescence of virally infected cells

Subconfluent HEL lung fibroblasts in 8 -well chamber slides (Titertek) 

were infected with 100/yl/well ADI 69, or AD-1 variant clinical HCMV strains, 

diluted to 2.5x10® PFU/ml in MEM/2. Slides were incubated for 1 hour at 

37°C  in 5 %C0 2  in air, followed by washing and replenishment with MEM/2. 

At 5 days post-infection, the cells were washed twice with PBS, dried in air, 

then fixed in acetone for 5 min at -20°C . Prior to application of the primary 

antibody, nonspecific HCMV induced Fey receptors (Westmoreland et aL, 

1976) in the infected cells were blocked by incubation of the cells with 20%  

normal rabbit serum (NRS) in PBS, for 1 hour at 37°C  in a humid chamber. 

The primary antibodies were diluted in 20% NRS/PBS, and applied to the slides 

for 1 hour at 37°C  in a humid chamber, followed by washing twice in PBS. 

A goat F(ab ' ) 2  anti-human IgGy chain FITC conjugated antibody (Sigma), or a 

goat anti-mouse F(ab) 2  FITC conjugated antibody (Sigma), diluted 1/80 in 2%  

NRS/PBS, was added to wells of the slides as appropriate. The slides were 

incubated for 1 hour at 37°C  for 1 hour in a humid chamber, washed three 

times in PBS, then dried in air and mounted for fluorescence microscopy with 

Citifuor. 'Immunofluorescent staining was examined with the aid of an 

Olympus OM-2 epi-fluorescent microscope, and photomicrography was
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performed with Kodak 400 ASA black and white film, with a fixed 

exposure time of 5 minutes for each photograph.

End-point dilutions in the indirect immunofluorescent assay for antibodies 

were determined against the laboratory strain ADI 69, and tested against 

clinical HCMV strains at 0.5-0.065//g/m l for ITC48; 2 .5 -0 .315//g/ml for ITC33, 

ITC39, ITC52, C23, and irrelevant LuNm03; 5-0.625//g/ml for ITC63B; and 

1/100 to 1/800 for 7-17 (used as ascitic fluid). The anti-pp65 antibodies 

M058 and M061 were also tested against each virus strain, at a single 

concentration of 1 0 //g/ml.

4 .8  Generation of antibody escape mutants

The generation of antibody escape mutants was carried out in vitro using 

the neutralising monoclonal antibodies 7-17 and C23 against the laboratory 

strain of HCMV ADI 69, for three cycles of neutralisation and propagation as 

follows. For each antibody, neutralisation of virus with an antibody 

concentration to give 90% neutralisation (as previously determined in plaque 

reduction assays, see Sections 4 .4  and 4.5) was performed, followed by the 

propagation of surviving virus under the selective pressure of 1 / 1 0 0 th the 

concentration of antibody. For each cycle of neutralisation, virus diluted to 

5x10® pfu/ml in MEM/2 was added to the appropriate dilution of antibody and 

incubated for 1 hour at 3 7 °C. The virus/antibody mixture was added to MEL 

fibroblast monolayers in 25cnf tissue culture flasks and incubated for 1 hour 

at 37°C . After washing twice with MEM/2, the monolayers were overlaid with 

maintenance medium containing 1 / 1 0 0 th of the antibody concentration used 

for the neutralisation. The flasks were incubated for 14 days at 37°C , with 

replenishment of the medium (containing antibody) every 2-3 days. Virus was 

then harvested by freeze thawing the cells, followed by centrifugation at 

1700g to remove cell debris. Virus supernatant was aliquoted and stored at - 

20°C . An aliquot of virus was removed and titrated in a plaque assay (in the 

absence of antibody) to determine its plaque forming activity. The cycle of 

neutralisation/ propagation/ harvest/ titration was performed twice more, 

except that in the last cycle, neutralised virus was seeded into a 48 well plate 

containing fibroblasts. After 14 days incubation, wells containing only one 

focus of infection were harvested by manual scraping of the cells with a
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pastette tip and virus was propagated in the absence of antibody. Virus was 

harvested, aliquoted and stored at -20°C , with an aliquot subsequently 

removed for titration by plaque assay.

The virus was then subjected to neutralisation in plaque reduction assays 

with the respective monoclonal antibody (see Sections 4 .4  and 4.5), to 

determine the neutralising activity of the antibody against the respective virus 

strains, using the parental strain ADI 69 for comparison. In addition, viral DNA 

was extracted from infected cells and subjected to PCR and direct DNA 

sequencing (as described in Chapter 2), using the appropriate PCR 

system/sequencing primers for the regions containing the neutralising 

determinants recognised by the respective antibodies.
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RESULTS

4.9  Sequence alignment and secondary structure analysis of the AD-1 region 

for variant clinical HCMV strains

Figure 4.1 compares amino acid sequences for the region of the 

extracelluar carboxy terminus of gB, containing the AD-1 determinant, for the 

laboratory HCMV strains ADI 69 and Towne, and the variant clinical HCMV 

strains A1, A 8 , R2 and R28. Within the AD-1 region, strain A1 contains a 

conservative substitution of A-»V (aa584), and the substitution of a nonpolar 

leucine residue with an aromatic nonpolar phenylalanine at position 612. The 

strains R2 and R28 possessed the conservative A ^V change seen in the 

sequence of the strain A 1. The strain A 8  possessed 6  mutations within the 

AD-1 determinant, between residues 565 and 590. Four of these changes are 

between aa565 and aa570, which changes from the ADI 69 sequence NVKESP 

for AD I 69 to TIKDST for the strain A 8 . Three of these changes are 

conservative, while at position 570, a nonpolar proline was replace by a polar 

threonine. In addition, A 8  possessed a conservative N-*T change at position 

582, and the replacement of the uncharged polar tyrosine residue at aa588 

with an acidic aspartate residue. The strain R12 possessed the conservative 

E->D change at position 568 also seen in the A 8  sequence.

Prior to functional assays with AD-1 variant HCMV strains, secondary 

structure analysis was performed to analyse the impact mutations might havejon 

the structure of the determinant and hence, subsequent antibody recognition. 

Secondary structure content of the region, using the method of

Gamier, Osguthorpe & Robson, consists of predominately S-sheet, random coil 

and turn motifs, coupled with a single region of a-helix between residues 630 

to 640, as shown for ADI 69 in Figure 4.2a. The Chou & Fasman method of 

secondary structure analysis produced similar results for each strain. In 

comparison to the predicted secondary structure of ADI 69, the strain A1 

(Figure 4.2b) was also predicted to possess an extra turn in the AD-1 region, 

with the substitution of L^F (aa612). The secondary structure of the AD-1 

region for the strain A 8  (Figure 4.2c) was predicted to be perturbed by three 

extra turns within the region. Two of these extra turns are present in the 5 

residue sequence of aa565 to aa570, which changes from NVKESP for ADI 69
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Figure 4.1 Multiple sequence alignment of the extracelluar carboxy terminus of the gB molecule for the variant clinical 
^boratory HCMV strains ADI 69 and Towne, and clinical HCMV strains A 1 , A8 , R2, R28 and R12. The shadowed region 
delineates the AD-1 determinant, while the sequence in bold indicates the 7-17 epitope.
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Figure 4.2 Secondary structure predictions for the extracelluar carboxy 
terminus of gB, according to the method of Gamier, Osguthorpe & Robson, for
(a) the laboratory HCMV strain ADI 69, and the variant clinical HCMV strains
(b) A1 and (c) A 8 . Residues 6 to 88 o f this representation o f the gB molecule 
define the AD-1 determinant, and the 7-17 epitope is contained within 
positions 62 to 79.
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to TIKDST for the strain A 8 . A third extra turn resulted from the Y-»D 

substitution at position 582. The conservative changes observed for the 

strains R2 (and R28) and R12 did not alter the predicted structures of the AD-1 

determinant for these strains.

4.10 Neutralising activity of the AD-1 specific monoclonal antibody ITC63B 

against AD-1 variant clinical HCMV strains

To analyse the effect of variations within the AD-1 determinant in 

greater detail, a plaque reduction assay was performed with the human 

neutralising AD-1 specific antibody ITC63B against AD-1 variant clinical strains. 

ITC63B, or the irrelevant control antibody LuNm03, were tested at doubling 

dilutions from 25 to 0 .1 95/yg/ml (final), against the AD-1 variant clinical HCMV 

isolates A 8 , A1 and R12, and the laboratory strain ADI 69. Note that the 

resulting plaque numbers for the strain R2 were insufficient to analyse 

neutralisation of this strain. In addition, a serum pool from HCMV seropositive 

donors was also tested against ADI 69, as a positive control.

The irrelevant control antibody LuNm03 was non-neutralising against all 

four virus strains. The human HCMV seropositive pool neutralised ADI 69 with 

an EDgo of 1/134. Figure 4.3 shows the results of the plaque reduction assay 

for the antibody against ADI 69 and the AD-1 variant clinical HCMV strains. 

ADI 69 was neutralised with an ED5 0  of 6.13/yg/ml, while the strain R12 was 

neutralised with a comparable ED5 0  of 10.9/yg/ml, thus the conservative change 

of E->D at position 568in the AD-1 epitope of the clinical HCMV strain R12 did 

not affect the neutralising activity ITC63B against this strain.

Non-conservative changes in the AD-1 determinant of the strains A1 and 

A 8  however, appeared to alter neutralisation of these strains by the antibody. 

For the strain A1, the substitution of L^F at residue 612 resulted in an extra 

turn within the determinant; and as a consequence, dramatically reduced the 

reactivity of the antibody with this strain, with the resulting ED5 0  greater than 

25//g/ml. The strain A1 appeared resistant to neutralisation by ITC63B, with 

minimal neutralisation of the virus strain seen at the highest concentrations of 

antibody tested.

For the strain A 8 , AD-1 mutations resulted in three extra turns within the 

determinant, two between the sequence aa565-570 and one at position 582.
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Figure 4.3 Neutralisation of the laboratory HCMV strain ADI 69, and the AD-1 variant clinical HCMV strains A1, A 8 , and 
R12 in the presence of increasing amounts of the AD-1 specific human monoclonal antibody ITC63B, determined by plaque 
reduction assay.
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In contrast to the strain A1, it is interesting that these changes resulted in the 

enhancement the neutralising activity of ITC63B against the strain by greater 

than fourfold in comparison ADI 69, with an ED5 0  value for the antibody 

against A 8  of 1.39/yg/ml.

4.11 Neutralising activity of the monoclonal antibody 7-17 against an AD-1 

variant clinical HCMV strains

To extend the analysis of the effect of variations within the AD-1 

determinant, a plaque reduction assay was performed with the murine 

monoclonal antibody 7-17, which recognises a linear epitope within AD-1 

encompassing amino acids 608-626. The L-»F substitution at residue 612 

observed for strain A1 is within the 7-17 neutralising epitope, and thus disrupts 

the architecture of this neutralising epitope, in addition to AD-1, (see Figure 

4.2b). The antibody 7-17, or the irrelevant control PAB100 were tested at 

doubling dilutions from 1/10 to 1 /320, against the variant clinical strain A1, the 

laboratory strain ADI 69, the clinical strain R7 (identical to ADI 69 at AD-1), 

and the clinical isolate A 8  (which possesses amino acid variation within AD-1, 

but outside the 7-17 epitope).

The irrelevant murine monoclonal antibody PAB100 was non-neutralising 

against all strains tested. Results for the plaque reduction assay with the 

monoclonal antibody 7-17 are shown in Figure 4.4. The disruption to the 7-17 

epitope caused by the L^F substitution at residue 612 in strain A1 reduced the 

capacity of the antibody 7-17 to neutralise this virus strain. The ED5 0  for strain 

A1 was 1/160, in comparison to 1/228 for the laboratory strain ADI 69 and 

1/218 for the AD-1 nonvariant strain R7. For the strain A 8 , the AD-1 

variations outside the 7-17 epitope did not appear to affect the neutralising 

activity of 7-17 against this strain, with an ED5 0  of 1/273 against strain A 8 .

4 .12  Reactivity of the AD-1 specific antibodies ITC33, ITC39, ITC48, and 

ITC52 with AD-1 variant clinical HCMV strains by indirect immunofluorescence

To complete the investigation of the biological consequences of 

mutations within the AD-1 determinant, the reactivity of AD-1 specific non

neutralising human monoclonal antibodies for variant clinical HCMV strains was 

examined by end-point titration in an indirect immunofluorescence assay. The 

strains tested were the laboratory prototype strain ADI 69 and the AD-1 variant
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Figure 4 .4  Neutralisation of the laboratory HCMV strain ADI 69, the non-variant clinical strain R7, the variant clinical strain 
A1, and the clinical A 8  (with AD-1 variations which lie outside the 7-17 epitope) in the presence of increasing dilutions (of 
ascitic fluid) of the murine monoclonal antibody 7-17 (specific for a linear epitope within AD-1), determined by plaque 
reduction assay.
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clinical HCMV strains A1, A 8 , R2 and R12. The panel of AD-1 specific non

neutralising antibodies comprised ITC33, ITC39, ITC48 and ITC52. Control 

antibodies included the irrelevant human monoclonal antibody LuNm03, and the 

anti-pp65 antibodies M058 and M 061. In addition, the neutralising antibodies 

7-17, ITC63B and C23 were tested to confirm the expression of the gB 

molecule amongst the virus strains.

Results are summarised in Tables 4.1 to Table 4.5 . As shown in Table 

4.1, the anti-pp65 antibodies M058 and M061 were equally reactive against 

ail strains, while the irrelevant antibody was nonreactive with any strain.

To determine if the altered reactivity of an AD-1 specific antibody can 

be demonstrated by indirect immunofluorescence assay, the antibody ITC63B 

was tested against the AD-1 variant strain A1 in parallel with ADI 69, as 

shown in Table 4.2. Photomicrography of immunofluorescence with the 

antibody against strain A1 and ADI 69 (with an identical exposure time) is 

shown in Figure 4.5. These results confirm that the diminished neutralising 

activity of the antibody ITC63B detected in a plaque reduction assay against 

strain A1 can also be observed by the reduced reactivity of this antibody 

against strain A1 in the indirect immunofluorescent assay.

Table 4.3 shows the reactivity of the monoclonal antibodies 7-17 and 

C23 (AD-2 specific) against HCMV virus strains in the indirect

immunofluorescent assay, to confirm the expression of gB amongst the various 

HCMV strains. The AD-2 epitope for the clinical strains A1, R2 and R12 was 

conserved, and since the reactivity of the antibody C23 against these strains 

was equivalent to ADI 69, the expression of gB in cells infected by these AD-1 

variant strains was therefore assumed to be similar amongst the strains. The 

reactivity of C23 for the strain A 8  was greater in the indirect 

immunofluorescent assay, coinciding with its enhanced reactivity in the 

neutraiisation assay (see Section 4.15). Photomicrography of the 

immunofluorescent reactivity of C23 with the strain A 8  and ADI 69 is shown 

in Figure 4.6. The 7-17 epitope of strain A 8  was conserved however, and the 

reactivity of the antibody 7-17 for this strain was equivalent to ADI 69, thus 

the expression of gB in cells infected with A 8  was also assumed to be 

comparable to the other HCMV strains. The 7-17 epitope for the strains R2
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TABLE 4.1: REACTIVITY OF AN IRRELEVANT CONTROL ANTIBODY AND
ANTI-PP65 ANTIBODIES WITH AD-1 VARIANT CLINICAL HCMV STRAINS

[antibody] irrei: LuNm03 (pg/mi) M 058 M061

Virus 0 . 5 0 . 2 5 0 . 1 2 5 0 . 0 6 3 1 0 1 0

ADI 6 9 - - - - -K -k 4-

Al - - - - 4- -k 4-

A 8 - - - - 4- 4- 4-

R2 - - - - 4- 4- 4-

R 1 2 - - - - 4- 4- 4-

TABLE 4.2: REACTIVITY OF ITC63B WITH AN AD-1 
VARIANT CLINICAL HCMV STRAIN

[antibody]

Virus

AD169

A1

ITC63B (jjg/ml)

0.5

-I- +

+

0.25

-I-

-I-

0.125

4-

4-  / -

0.063

4- /-

ITC63B
AD169

Figure 4.5 Immunofluorescent reactivity of the AD-1 specific human 
monoclonal antibody ITC63B, at the primary antibody concentrations of (a) 
1.25//g/ml and (b) 0.625/yg/ml, against the laboratory HCMV strain ADI 69 and 
the AD-1 variant strain A l. Photomicrography was performed at identical 
exposure times.

160



TABLE 4.3: REACTIVITY OF C23 AND 7-17 WITH AD-1 VARIANT CLINICAL HCMV STRAINS

[antibody] C23 (tjg/ml) 7 -/7  (reciprocai dilution)

Virus 2 .5 1.25 0.625 0.315 100 200 400 800

ADI 69 + + +  /- - +  + 4- 4- +  / -

A l 4- + /- - -f- 4- 4- 4- / - 4 - /-

A 8 -1- +  / - +  / - 4- 4- 4- 4- 4 - /-

R2 + + +  / - - 4- 4- 4- 4- 4- / -

R12 -f- + +  / - - 4- 4- 4- 4-/-
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C23 7-17

Figure 4.6 Immunofluorescent reactivity of the AD-2 specific human 
monoclonal antibody C23, at the primary antibody concentrations of (a) 
0.625/yg/ml, against the laboratory HCMV strain ADI 69 and the AD-2 variant 
strain A8 ; and the murine monoclonal antibody 7-17, at the primary antibody 
dilutions of (b) 1 /400 and (c) 1 /800, against ADI 69 and the variant strain A l . 
Photomicrography was performed at identical exposure times.
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TABLE 4.4: REACTIVITY OF ITC33 AND ITC39 WITH AD-1 VARIANT CLINICAL HCMV STRAINS

[antibody] ITC33 (tjg/mi) 1TC39 (gg/mi)

Virus 2. 5 1.25 0.625 0.315 2.5 1.25 0.625 0.315

A DI 69 + + + + + /- + 4- 4- / - -

A l + + + + + /- + 4- 4- /- -

A 8 + 4- + + + /- + 4- 4- /- -

R2 + + + + + /- 4- 4- 4- / - -

R12 + + + + + /- 4- 4- 4- / - -

TABLE 4.5: REACTIVITY OF ITC48 AND ITC52 WITH AD-1 VARIANT CLINICAL HCMV STRAINS

[antibody] ITC48 (gg/mi) iTC52(gg/mi}

Virus 0.5 0.25 0.125 0.063 2.5 1.25 0.625 0.315

ADI 69 4- 4- - - 4- 4- 4- - -

A l + 4- - - 4- 4- 4- - -

A 8 4- / - - - - 4- 4- 4- - -

R2 4- 4- - - 4- 4- 4- - -

R12 4- 4- - - 4- 4- 4- - -
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Figure 4.7 Immunofluorescent reactivity of the AD-1 specific human 
monoclonal antibody ITC48, at the primary antibody concentrations of (a) 
0.5/vg/ml and (b) 0.25/yg/ml, against the laboratory HCMV strain ADI 69 and 
the AD-1 variant strain A 8 . Photomicrography was performed at identical 
exposure times.
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and RI 2 was conserved, and the reactivity of the antibody for these strains 

was equal to ADI 69. The strain A1, which possessed a mutation within the 

7-17 epitope which reduced its sensitivity to neutralisation by 7-17, also 

demonstrated reduced reactivity for the antibody by indirect 

immunofluorescence. Photomicrography of the immunofluorescent reactivity 

of 7-17 with the strain A l and ADI 69 is also shown in Figure 4.6.

The immunofluorescent reactivities of the non-neutralising AD-1 specific 

antibodies ITC33, ITC39, ITC48 and ITC52 against AD I 69 and the AD-1 

variant clinical HCMV strains A l , A3, R2 and R12 are shown in Tables 4 .4  and 

4.5. These results show that the reactivities of the antibodies ITC33, ITC39 

and ITC52 were comparable with reactivities of the respective antibodies 

against ADI 69. Thus, mutations in the AD-1 determinant amongst the clinical 

HCMV strains did not appear to affect the reactivities of these antibodies 

against these strains. In addition, substitutions within the AD-1 determinant 

of the variant clinical HCMV strains A l , R2 and R12 did not apparently affect 

the reactivity of ITC48, since it demonstrated equivalent reactivities against 

these strains in comparison to ADI 69.

In contrast, mutations within the AD-1 determinant of the clinical strain 

A 8  however, markedly reduced the reactivity of ITC48 against this strain in an 

immunofluorescence assay. Photomicrography of immunofluorescence with 

ITC48 against strain A 8  and ADI 69 (with an identical exposure time) is shown 

in Figure 4.7, and shows only a minimal amount of immunofluorescent 

reactivity for A 8  at the highest antibody concentration tested.

4.13 Neutralising activity of hyperimmune intravenous gammaglobulin 

preparations against AD-1 variant clinical HCMV strains

A plaque reduction assay with three HIVIG preparations was performed 

against AD-1 variant clinical HCMV strains and laboratory HCMV strains to 

determine if variations within the major neutralising target of HCMV, AD-1, 

affected the ability of clinical HCMV strains to be neutralised by these 

preparations. The HIVIG preparations were tested at doubling dilutions from 

1/20 to 1/2560 (final), or at 1/50 to 1/6400 (final) in the presence of 

complement, against the AD-1 variant strains A l,  A 8 , and R2; the nonvariant 

strain R7 (identical to ADI 69 at the three sites sequenced, see Chapter 3); and
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TABLE 4.6: RECIPROCAL NEUTRALISING ANTIBODY TITERS (ED5 0 ) OF 
HYPERIMMUNE GAMMAGLOBULIN PREPARATIONS AGAINST CLINICAL 
HCMV ISOLATES AND ADI 69, DETERMINED BY PLAQUE REDUCTION ASSAY

Virus
strain c '

Hyperimmune gammagiobuiin preparation

1* 2 t 3 t

ADI 69
- 429 372 208

4- 2047 1251 1088

Towne
- 213 8 6 90

+ 665 501 505

A l
- 128 76 58

+ 386 264 192

AS
- 134 132 8 6

+ 1090 586 487

R7
- 384 316 195

+ 2619 1439 1327

R2
- 299 145 117

+ 1116 401 662

*Venoglobulin-Tx (Alpha Therapeutic Corporation)
^Cytotect (Biotest)
XBPL CMV high-titer iG (Scottish National Blood Transfusion Service)
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TABLE 4.7: SUMMARY OF NEUTRALISING ANTIBODY REACTIVITY AGAINST CLINICAL ISOLATES AND ADI 69 
BY HYPERIMMUNE GAMMAGLOBULIN PREPARATIONS. DETERMINED BY PLAQUE REDUCTION ASSAY

-c'

+ c'

HIVIG1: ADI 69 R7 R2 Towne > A 8 A l
HIVIG1: ADI 69 R7 > > R2 A 8 > Towne A l
HIVIG3: ADI 69 R7 > R2 Towne A 8 > A l

HIVIG1: R7 ADI 69 > R2 A 8 > Towne > > A l
HIVIG2: R7 ADI 69 > > A 8 Towne R2 > A l
HIVIG3: R7 ADI 69 > R2 Towne A 8 > >  > A l

- /+ c '=  in the absence or presence of complement 
> 1.5X, >  > 2 X , >  >  > 2 .5 X  greater ED so than for the virus strain below
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the laboratory strains ADI 69 and Towne. The results are shown in Table 4.6  

and summarised in Table 4.7.

All three HIVIG preparations demonstrated the highest neutralising 

activity against the laboratory strain ADI 69 and the AD-1 nonvariant clinical 

strain R7. The strain R2 was neutralised by all three HIVIG products at an 

intermediate level, while the laboratory strain Towne and the clinical strains A l 

and A 8  were least well neutralised by all the HIVIG preparations.

When complement was added to the neutralisation reactions, R7 and 

ADI 69 were still neutralised by all HIVIG products with the highest neutralising 

antibody titers. The strains A 8  and Towne were somewhat better neutralised 

in the presence of complement by the HIVIG preparations 1 and 2 respectively. 

Interestingly, the strain A l was poorly neutralised by all three HIVIG 

preparations with or without complement.

4 .14  Sequence alignment and secondary structure analysis of the AD-2 epitope

To further investigate the biological consequences of HCMV sequence 

variation amongst clinical isolates, the effects of mutations observed within the 

AD-2 linear neutralising epitope in the amino terminus of gB were also 

analysed. The sequence comparison in Figure 4.8 shows the alignment of the 

amino terminus of gB for the laboratory strains ADI 69 and Towne, and variant 

clinical HCMV isolates A 8  and A l l .  Overall, the clinical strain A 8  exhibited 

greater homology with the laboratory strain Towne within this region; however, 

whilst ADI 69 and Towne were identical at the AD-2 epitope itself, the variant 

strain A 8  was found to possess substitutions at two positions within the 

epitope. Interestingly, both positions were the central 'X ' amino acid residues 

of the two potential N-linked glycosylation sites ("NXT") found within this 

epitope, which leave the glycosylation signals intact. Both of the amino acid 

changes observed in A 8  (E-»V and T-*A), resulted in the substitution of a 

nonpolar residue for an acidic and polar residue, respectively. The clinical 

strain A l l  contained a single amino acid change in the AD-2 epitope, a 

conservative T-^S substitution which was also at the central amino acid residue 

of one of the two potential N-linked glycosylation sites found within this 

epitope.
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Figure 4.8 Multiple sequence alignment of the amino terminus of the gB molecule for the laboratory HCMV strains ADI 69 
and Towne, and the variant clinical HCMV strains A 8  and A l l .  The shadowed regions indicates the AD-2 epitope, and Site 
a, which binds non-neutralising antibodies.
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Figure 4.9 Secondary structure predictions for the amino terminus of gB, 
according to the method of Gamier, Osguthorpe & Robson, for (a) the 
laboratory HCMV strain ADI 69, and (b) the variant clinical HCMV strain A 8 . 
The AD-2 epitope is delineated by residues 68 to 77 for the AD 169 strain, and 
residues 69 to 78 for strain A8.
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A comparison of the secondary structure between the wild type and 

mutant A 8  AD-2 sequence was undertaken prior to functional studies. 

Unfortunately, the strain A l 1 could not be recovered from storage for 

functional analysis.

The sequence for the amino terminus of gB for the laboratory strains 

A D I 69 and Towne and A 8  were subject to secondary structure analysis by the 

by the methods of Gamier, Osguthorpe & Robson, Chou & Fasman, or the 

alternative neural network based algorithm. All three algorithms gave 

comparable results for the three virus strains. Results obtained using the 

Gamier, Osguthorpe & Robson algorithm for ADI 69 and strain A 8  are shown 

in Figure 4.9 . The AD-2 epitope was present in a region of predicted B-sheet 

secondary structure. The substitutions observed for the strain A 8  in the AD-2 

epitope were not predicted to perturb the local structure of the epitope, 

although alterations were predicted outside the epitope.

4 .15  Neutralisation of an AD-2 variant clinical HCMV strain with the AD-2 

specific monoclonal antibodies 023 and ITC8 8

A plaque reduction assay was performed with the human AD-2 specific 

monoclonal antibodies ITC8 8  and C23 against the AD-2 variant clinical strain 

A 8  and the laboratory strains ADI 69 and Towne, to determine the effect of 

the non-conservative mutations within the AD-2 epitope for the strain A 8 . The 

monoclonal antibody ITC8 8 , or the irrelevant control antibody LuNmOS, were 

tested at doubling dilutions from 25 to 0.195//g/ml (final). 023 was tested at 

doubling dilutions from 10 to 0.078/yg/ml (final).

The irrelevant control antibody LuNm03 was non-neutralising against all 

three HCMV strains. Results of the plaque reduction assay with ITC8 8  are 

shown in Figure 4.10. Although the two amino acid substitutions mutations 

within the AD-2 epitope did not appear to disrupt the architecture of the 

epitope for strain A 8 , the mutations did appear to have an effect on the 

sensitivity of the virus strain to neutralisation by ITC8 8 . The variations within 

the AD-2 epitope resulted in 4 to 5 fold enhanced neutralisation by ITC8 8 , in 

comparison to ADI 69 or the more closely related Towne strain. The EDgo 

values of the antibody were 0.40//g/ml for A 8 , 2.14/yg/ml for A D I 69 and 

1.67//g/ml for Towne.
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Figure 4.10 Neutralisation of the laboratory HCMV strains ADI 69 and Towne, and the AD-2 variant clinical HCMV strain 
A8 , In the presence of Increasing concentrations of the AD-2 specific human monoclonal antibody ITC8 8 , determined by 
plaque reduction assay.
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Figure 4.11 Neutralisation of the laboratory HCMV strains ADI 69 and Towne, and the AD-2 variant clinical HCMV strain 
A 8 , in the presence of the AD-2 specific human monoclonal antibody C23, determined by plaque reduction assay.
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The results of the plaque reduction assay against the virus strains with 

the monoclonal antibody C23, specific for AD-2, are shown in Figure 4.11. 

Analogous to the results observed for ITC8 8 , the mutations within the AD-2 

epitope of A 8  appeared to render this strain more sensitive to neutralisation by 

C23 in comparison to the laboratory HCMV strains A D I 69 and Towne. The 

ED5 0  of C23 for the variant strain A 8  was 0.15//g/ml, which was approximately 

three fold less than the neutralising activity of the antibody for the laboratory 

strains ADI 69 and Towne, with ED5 0  values of 0.48//g/ml and 0.47/yg/ml, 

respectively.

4 .16 Cross neutralisation of homologous and heterologous virus strains by 

acute phase patient sera

Mutations within neutralising determinants of HCMV might have the 

potential to influence the repertoire of the humoral immune response induced 

in the individuals infected with the variant virus strains. To investigate this 

possibility, a cross neutralisation was performed by a plaque reduction assay 

with clinical HCMV and human sera from the respective patients obtained at 

the time of virus isolation. The clinical isolates tested included the AD-1 

variant strain A1, and the AD-1 /AD-2 variant strain A 8 . Both A1 and A 8  were 

homologous to ADI 69 at the linear epitope in the amino terminus of gH, 

although the strain A1 possessed two non-conservative changes outside the 

epitope. The clinical strain R7 was also tested, this strain was completely 

homologous to ADI 69 in all regions analysed. Sera from patients with acute 

HCMV infections, from whom the clinical strains A 8 , A1 and R7 were isolated, 

were tested against heterologous and homologous virus strains, at doubling 

dilutions of 1 /20 to 1 /2560 (final), or 1 /50 to 1 /6400 (final) in the presence of 

complement. In addition, the serum pool from HCMV seropositive donors 

(HCMV-kve pool) was also tested against each virus strain at the same 

dilutions.

The results of the cross neutralisation plaque reduction assay are shown 

in Table 4.8. The pattern of neutralising activity of the HCMV -1- ve pool against 

these strains reflected that seen with HIVIG, with lower reactivity observed 

against the variant strains A 8  and A1 compared to the strain R7. In general, 

all three acute sera demonstrated higher neutralising antibody titers than the
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TABLE 4.8: RECIPROCAL NEUTRALISING ANTIBODY TITRES (ED5 0 ) OF SERA 
AGAINST HETEROLOGOUS AND HOMOLOGOUS VIRUS STRAINS, 
DETERMINED BY PLAQUE REDUCTION ASSAY

Serum of 
patient with 

isoiate:
c '

Virus strain

R7 A 8 A1

R7
- 395 6 8 8 232

+ 489 933 564

A 8

- 729 2815 480

+ 781 3213 857

A1
- 128 962 191

+ 375 1 2 0 1 914

HCMV + ve 
pool

- 2 0 2 82 54

4- 306 119 1 1 2
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convalescent serum pool; up to 34 fold higher for the A 8  serum, in the absence 

of complement, against the homologous virus strain.

The A 8  serum exhibited the highest neutralising antibody titers of the 

three sera, either with or without complement, against either heterologous or 

homologous virus. It is interesting that the addition of complement did not 

greatly increase the neutralising activity of the serum A 8  against the 

homologous strain and the heterologous strain R7. The most significant 

increases in neutralising antibody titers resulting from addition of complement 

were against the strain A1, with the lowest neutralising antibody titers seen 

against this strain by all sera in the absence of complement.

The highest neutralising titers observe for all three acute phase sera were 

against the clinical strain A 8 , including the heterologous sera. Contrast this 

finding to the convalescent serum pool, for which the highest neutralising titers 

were against the non-variant clinical strain R7.

4 .17  Generation of monoclonal antibody resistant (MAR) mutants

To evaluate the stability of neutralising determinants of HCMV envelope 

glycoproteins under selective antibody pressure, the laboratory strain ADI 69 

was subject to cycles of neutralisation with either monoclonal antibody 7-17 

or C23, followed by propagation of surviving virus in the presence of antibody. 

These experiments were an attempt to induce antibody resistant escape 

mutants in vitro.

When DNA extracted from the strains recovered from the 7-17 

experiments was subjected to PCR amplification of the gBC region, and the 

sequence determined, none of the strains recovered from the 7-17 experiments 

exhibited amino acid substitutions.

For the C23 experiments, the gBN sequence derived for extracted DNA 

for one of the strains recovered appeared to show a mixed culture of two virus 

strains, as shown in Figure 4.12. One strain exhibited the parental ADI 69 

sequence, while the second strain possessed a single nucleotide base 

substitution of a cytosine for a thymidine within the AD-2 epitope, which 

resulted in a conservative codon change of I^T, at position 72. Note that this 

mutation is a different position to the naturally occurring mutations which were 

observed for strains A 8  and A 11. The variant gB amino terminus sequence
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was subjected to secondary structure analysis by the methods of

Gamier, Osguthorpe & Robson, Chou & Fasman, or the an alternative neural 

network based algorithm. The I^T mutation was not predicted to alter the 

secondary structure of the AD-2 epitope of the variant virus strain. All three 

algorithms yielded equivalent results for the three virus strains. Note that the 

variant strain was not recovered for use in functional assays.

®AD169 "^escape

ac*

ag t c
IJ

Figure 4.12 Autoradiographs showing DNA sequencing of the AD-2 epitope for 
(a) the laboratory strain A D I69 and (b) a mixed virus culture generated by 
selective antibody pressure with C23 against ADI 69. The alternative t-c 
variation, which gives rise to the mixed amino acids !/T  for the mixed culture, 
is indicated.

1 7 7



TABLE 4.9: SUMMARY OF RELATIVE ANTIBODY REACTIVITIES OF HIVIG, HUMAN SERA, AND AD-1 AND AD-2 SPECIFIC
MONOCLONAL ANTIBODIES AGAINST LABORATORY AND CLINICAL HCMV STRAINS

Mutations*

Antibodies Neutralising activity t Immunofluorescent reactivity#

NA^ N A \ AD-1 AD-1 AD-2 AD-2 AD-1 AD-1 AD-1 AD-1

Virus
strain AD-1 AD-2 HIVIG

Acute
sera ITC63B 7-17 ITC88 C23 ITC33 ITC39 ITC48 ITC52

ADI 69 - - + + + ND + + + + + + + + + + 4-4-4- 4-4-4- 4-4-4-

Towne - - + + ND ND ND + + + + + 4-4-4- 4-4-4- 4-4-4-

A1 + m - + + + /- + + ND ND + + + 4-4-4- 4-4-4- 4-4-4-

A8 + m + NC + + + + + + + + + + + + + + + + + + + + 4-4-4- + 1- -K 4- -k

R2 +c - + + ND ND ND ND ND 4-4-4- 4-4-4- 4-4-4- 4-4-4-

R7 - - + + + + + ND + + + ND ND 4-4-4- 4-4-4- 4-4-4- 4-4-4-

R12 +c - ND ND + + ND ND ND 4-4-4- 4-4-4- 4-4-4- 4-4-4-

t/VA = neutralising activity, determined by plaque reduction assay 
tneutralising activity, determined by plaque reduction assay 
#reactivity by indirect immunofluorescence 
ND=not tested
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4.18  DISCUSSION

The envelope glycoproteins of HCMV are involved in the binding and 

penetration events of viral infectivity, and have been defined as targets for 

neutralising antibodies. As described in Chapter 3, a relatively high degree of 

conservation was demonstrated at the amino acid level within neutralising 

determinants of HCMV envelope glycoproteins amongst clinical isolates. A 

small number of clinical HCMV isolates however, were found to possess amino 

acid mutations within neutralising determinants of viral envelope glycoproteins. 

The presence of these variants circulating within the wild type population must 

therefore be considered in the development of subunit vaccines or therapeutic 

agents such as humanised monoclonal antibodies. This may be especially true 

for clinical strains with mutations within the immunodominant target for HCMV 

specific neutralising antibodies in human serum, AD-1. This chapter describes 

the investigation of the functional relevance of amino acid changes observed 

within neutralising determinants, by analysing the reactivity of human sera and 

monoclonal antibodies against the variant clinical HCMV strains. A summary 

of antibody reactivities against laboratory and clinical HCMV strains is given in 

Table 4.9. In particular, the development of monoclonal antibodies has 

provided a powerful tool enabling the neutralising antibody repertoire of human 

serum to be dissected to examine the effect of sequence variation on individual 

components in great detail.

The immunodominant AD-1 determinant of the clinical HCMV strain A1 

contained an L-»F substitution at amino acid position 612, which was predicted 

to disrupt the secondary structure, resulting in an extra turn within the local 

architecture of the site. This mutation also occurred within the linear epitope 

recognised by the neutralising murine monoclonal antibody 7-17. The 

neutralising activities of both the AD-1 specific neutralising human monoclonal 

antibody ITC63B and 7-17 against strain A1 were affected by this mutation. 

The antibody 7-17 exhibited a 1.5 fold reduced capacity to neutralise the strain 

A1, in comparison to ADI 69 (to which the antibody was raised). The mutation 

within the AD-1 determinant of strain A-1 appeared to significantly disrupt the 

substructure(s) recognised by ITC63B, rendering the strain A1 resistant to 

neutralisation by the antibody.
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End-point titration in an indirect immunofluorescent assay was performed 

to analyse the reactivity of non-neutralising anti-gB antibodies against AD-1 

variant clinical HCMV strains and ADI 69. The sum of the results of indirect 

immunofluorescence with the monoclonal antibodies 7-17 and 023  against AD- 

1  variant strains, confirmed that the mutations did not appear to affect the 

level of the expression of the gB molecule in cells infected with the mutant 

strains. The antibody ITC63B demonstrated reduced reactivity against the 

strain A1, which was resistant to neutralisation by the antibody; thus 

decreased antibody binding could be detected in an indirect immunofluorescent 

assay. The non-neutralising AD-1 specific antibodies ITC33, ITC39 and ITC52 

reacted comparably with all AD-1 mutant strains. Either the substructure(s) 

recognised by ITC33, ITC39 and ITC52 were unaltered by the mutations, or 

the structural changes induced by mutations were more subtle, and insufficient 

to affect binding of these antibodies as detected by this type of assay.

In contrast, mutations in the AD-1 determinant of the strain A 8  resulted 

in a profound decrease in the binding of the non-neutralising AD-1 specific 

antibody ITC48; since reactivity with this antibody by indirect 

immunofluorescence against A 8  was almost negligible. The AD-1 determinant 

of this strain contained 6  amino acid changes, which were predicted to cause 

a number of perturbations within the structure of AD-1. Of particular 

importance was the substitution of nonpolar proline at position 570 with a 

polar threonine. An investigation of the binding of AD-1 specific antibodies to 

bacterial AD-1 fusion proteins in which various mutations had been introduced, 

demonstrated that the substitution of P-»A, at the position corresponding to 

aa570 of AD-1, abolished the reactivity of ITC48 with the peptide by 

immunoblotting (Schoppel et at., 1996). Thus, this proline residue appears to 

be critical in maintaining the integrity of the substructure(s) recognised by this 

antibody. Note that while mutation of proline 570 abrogated the reactivity of 

ITC48 against a synthetic peptide by immunoblotting, minimal reactivity of the 

antibody against strain A 8  was evident at the highest antibody concentration 

tested in the indirect immunofluorescence assay. This may be due to 

differences in the structure of the AD-1 site, as presented in the context of the 

gB molecule compared to a denatured peptide.
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While the disruptions to the structure of the AD-1 determinant of the 

strain A 8  had an adverse effect on the reactivity of the antibody ITC48 with 

the virus, the changes caused quite different effects on the reactivity of the 

AD-1 specific neutralising antibody ITC63B with this strain. The antibody 

ITC63B demonstrated significantly enhanced neutralising activity against strain 

A 8 , by greater than 4 fold in comparison to ADI 69. The AD-1 mutations of 

the strain A 8  were predicted to result in three extra turns within the 

determinant, two between the sequence aa565-570 and one at position 582. 

As a consequence of these changes, it appeared that the substructure(s) 

recognised by ITC63B were altered so that more favourable binding of the 

antibody occurred.

The data for the reactivities of the AD-1 specific antibodies ITC48 and 

ITC63B against variant HCMV strains suggest that binding by each of the two 

antibodies is dependent on specific and distinctive substructural requirements 

within AD-1. Thus these findings confirm the idea that the AD-1 determinant 

is composed of multiple, sometimes overlapping substructure to which AD-1 

specific antibodies may bind (see Section 1.14).

The strain A 8  was also shown to possess two amino acid substitutions 

within the linear neutralising epitope in the amino terminus of gB, AD-2. 

Interestingly, both positions were the central 'X ' amino acid residues of two 

potential N-linked glycosylation sites ("NXT") found within this epitope. 

Although the mutations would leave the glycosylation signals intact, and were 

not predicted to perturb the secondary structure of the epitope, both the E^V 

and T-*A changes resulted in the substitution of nonpolar residues for acidic 

and polar residues, respectively. Interestingly, the mutations within the AD-2 

epitope of the strain A 8  rendered the virus more sensitive to neutralisation by 

two monoclonal antibodies specific for AD-2. The antibody ITC8 8  

demonstrated 4-5 fold greater neutralising activity against the variant strain A 8 , 

compared with the laboratory strains ADI 69 and Towne; whilst the antibody 

C23 neutralised the strain A 8  greater than 3 fold better than the laboratory 

strains.

The possibility exists that the altered sensitivities of the variant clinical 

strains neutralisation by AD-1 and AD-2 specific antibodies could be an artefact
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due to a reduced growth characteristic of this strain. This is unlikely however, 

since the neutralisation of virus by antibody in the plaque assay was always 

compared directly to the growth of the same virus strain in the absence of 

antibody. For example, if the growth characteristics of the virus strain A 8  

were retarded, this would influence the results of the plaque assay and 

consequently every experiment with this strain should yield enhanced 

neutralising titers against the virus. This was clearly not the case. The virus 

strain was conserved at the 7-17 epitope and was neutralised to a comparable 

extent as ADI 69 by this antibody. In addition, data in Chapter 6  with the 

humanised monoclonal antibody huHCMV16-2 against gH will also show that 

the neutralisation of strain A 8  by this antibody was equivalent to laboratory 

HCMV strains and other clinical strains of HCMV. Furthermore, in 

neutralisation assays with HIVIG, lower neutralisation titers were exhibited 

against this strain in comparison to laboratory strains and other clinical HCMV 

isolates. Thus, the enhanced sensitivity of this strain to neutralisation by the 

monoclonal antibodies ITC63B, ITC8 8  and C23 was likely to beaconsequence 

of changes within the specific neutralising determinants of strain A 8 .

The majority of descriptions concerning the functional consequences of 

strain amino acid substitutions within neutralising determinants of viral proteins 

have described either the abolished or reduced capacity of antibodies to react 

with the variant strains. The enhanced sensitivity of a neutralising antibodies 

for specific virus strains, as a result of amino acid substitutions within the 

determinants recognised by the antibodies, is however a documented 

phenomenon (Cook et a!. 1995). The strain A 8  was found to possess two 

changes within the AD-2 neutralising epitope, both of which were the central 

'X ' position of the two potential glycosylation sites within the epitope. 

Although their usage in vivo is unknown, the mutations would have left the 

glycosylation sites intact. The two antibodies C23 and ITC 8 8  however, 

recognise the primary amino acid sequence of the epitope, since binding occurs 

with nonglycosylated peptides of this region (Meyer et a!., 1992; Sijvestri et 

ai. 1993). The two mutations within the AD-2 sequence of strain A 8  did affect 

the polarity of the epitope for this strain, by the replacement of nonpolar 

residues for a charged or polar residue. These changes in themselves may
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therefore cause the increased binding of the AD-2 specific antibodies with the 

variant viral AD-2 sequence.

Secondary structure analysis of the gB amino terminus of the strain A 8  

did not predict changes in the architecture of the AD-2 sequence for this strain. 

The strain A 8  did however, exhibit sequence heterogeneity outside the AD-2 

epitope, in comparison to the prototype strains ADI 69 and Towne. The 

possibility exists therefore, that structural alterations linearly distant to the AD- 

2 epitope of the strain A 8  may influence its recognition by antibodies directed 

against it. It has been previously documented that amino acid substitutions at 

remote sites can have profound effects on the antigenicity and function of 

proteins from different viruses, for example HIV-1 (Wilson et al., 1990) and 

foot and mouth disease (Bolweli eta!., 1992). One obvious outcome of linearly 

distant mutations may be to modify the tertiary structure of a protein and 

consequently, the surface accessibility of an epitope within that protein 

sequence to antibodies.

It is possible that the isolate A 8  may be more potently neutralised by gB 

specific antibodies for reasons which are not related to the binding of the 

antibodies to the epitope. As described in Section 1.7, gBisoneofa number of 

virus encoded molecules involved in the binding and penetration of the 

virion into host cells. If, for example, the levels of other surface molecules 

required for viral binding and/ or penetration were reduced in this clinical HCMV 

strain, the virus may be more dependent on efficient binding which is mediated 

through gB. This is unlikely however, since the strain was neutralised by the 

monoclonal antibody 7-17 to a comparable extent as Adi 69. The gH molecule 

on the virions of the virus strain A 8  are likely to be expressed and functional 

to an equivalent level as other HCMV strains, since data in Chapter 6  will show 

that strain A 8  was neutralised to an equivalent extent as prototype and other 

clinical HCMV strains, by an anti-gH monoclonal antibody. To examine the 

effect of the gB mutations of the strain A 8  in finer detail, site-directed 

mutagenesis of the mutations into a prototype virus background (eg. ADI 69) 

might be undertaken. Neutralisation assays with such a virus strain would 

potentially provide conclusive evidence as to the influence of each and/ or 

combination of mutations. There are other molecules involved in the entry
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cascade of HCMV, some of which are yet to be identified. Future studies with 

the variant clinical strain A 8  might include more detailed analysis of the 

expression and/ or function of these molecules, and their effect on the 

neutralisation of this HCMV strain with anti-gB antibodies.

The investigation of the functional consequences of sequence 

heterogeneity was extended by an analysis of the neutralising activity of 

human sera against the variant clinical HCMV strains. Three HIVIG 

preparations were tested against ADI 69 and clinical HCMV strains to 

determine their neutralising antibody titers. The clinical strains selected for 

analysis were those which possessed mutations within the immunodominant 

AD-1 determinant of HCMV. Similar patterns of neutralising antibody 

reactivities amongst the HIVIG preparations were observed against the isolates, 

although the perturbations predicted within the immunodominant HCMV 

neutralising determinant of the AD-1 variant clinical HCMV strains did not 

appear to influence the recognition of these virus isolates by neutralising 

antibodies in the HIVIG products. Significantly higher neutralising titers were 

observed against the laboratory strain ADI 69 and the AD-1 non-variant clinical 

strain R7, in comparison to not only the AD-1 variant clinical strains A1 and 

A 8 , but also the AD-1 non-variant laboratory strain Towne and the clinical 

strain R2, which possessed a conservative amino acid substitution within AD- 

1. Note that in a separate experiment, a pool of human HCMV seropositive 

convalescent phase sera exhibited a similar pattern of reactivity. These 

reactivities were unlikely to be due to differences in the growth characteristics 

of the variant clinical HCMV strains, since similar neutralisation titers of single 

monoclonal antibodies against the variant virus strains were observed as 

against the prototype laboratory HCMV strains. Thus, although the AD-1 

determinant of HCMV has been identified as the major target for neutralising 

antibodies in convalescent phase human sera, the findings here suggest that 

other strain and/or subtype specificities may be responsible for the 

neutralisation of HCMV by human sera.

A cross-neutralisation plaque reduction assay was performed with AD-1 

and AD-2 variant clinical HCMV strains and acute phase sera obtained from the 

patients excreting the respective variant virus strains, which had been taken

184



at the time of virus isolation. Markedly higher neutralising antibody titers were 

evident in the acute phase sera in comparison to an HCMV convalescent phase 

seropositive serum pool or the HIVIG preparations, which are produced from 

convalescent phase human sera. It is significant that the highest neutralising 

titers observed for the sera were against the variant clinical HCMV strain A 8 . 

Furthermore, the lowest neutralising titers were seen against the variant clinical 

HCMV strain A1, although reactivity against this strain was increased by the 

addition of complement. Thus, unlike the HIVIG preparations, these results 

appear to parallel the findings exhibited at the level of single monoclonal 

antibodies against a single neutralising determinant.

Finally, the laboratory strain ADI 69 was propagated under selective 

pressure from the neutralising monoclonal antibodies 7-17 and C23. The 

experiments with 7-17 did not yield variant strains. Previous attempts to 

generate mutants by selective antibody pressure from C23 have also not been 

successful (Toniyama & Masuho, 1990). For C23 however, sequencing of the 

DNA from a culture containing a single viral plaque revealed what appeared to 

be a mixed culture of strains, with one strain exhibiting an I^T substitution 

within the AD-2 epitope. It was shown in Chapter 3 that the AD-2 epitope 

appeared to be stable during in vitro propagation; nonetheless, this amino acid 

change may represent a spontaneous mutation rather than an escape mutant 

because of its conservative nature. Alternatively, the mutant strain may signify 

a growth defective virus, which was propagated through help from the wild 

type virus. This is unlikely .since the mutation was conservative in nature 

and was not predicted to alter the local structure of the epitope. Future studies 

might attempt to isolate the variant strain and subject it to functional studies 

with AD-2 monoclonal antibodies.

In conclusion, data in this chapter provide evidence that differences in 

the neutralising antibody responses in human sera against HCMV may be 

accounted for by variance in individual antibody-antigen interactions of the 

neutralising antibody repertoire against HCMV infection, with sequence 

heterogeneity of neutralising determinants of clinical isolates contributing to 

this variance. These subtle individual interactions may be responsible

for qualitative and quantitative differences in the reactivities of human sera

185



against HCMV strains, reflected in the protective capacity of the cross reactive 

human serum neutralising antibody response against HCMV, including acute 

infection, reactivation and reinfection.

186



Chapter 5:
Expression o f the A D -1 Neutralising Determinant in a

Prokaryotic System
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5.1 INTRODUCTION

Chapter 4 described the functional analysis of the amino acid sequence 

variation present within neutralising determinants of envelope glycoproteins of 

clinical HCMV strains. The reactivities of variant strains were analysed with 

human sera and in greater detail, with monoclonal antibodies. It is desirable to 

further study the changes in these variant strains by the isolation of the 

mutated sequences, since variation which exists outside the antigenic site 

could potentially influence antibody recognition of the region. In particular, the 

study of human sera against mutated sequences is complicated by the 

presence of a wide repertoire of antibody specificities against different 

neutralising determinants and different envelope glycoproteins carrying such 

determinants.

Fragments of envelope glycoproteins have been expressed in E. co//and 

utilised to map neutralising determinants (gB, gH) on these molecules. Fusion 

proteins have been used to study immune responses against AD-1 by the 

immunisation of mice (Schoppel et al., 1996). In addition, site directed 

mutagenesis of AD-1, with the expression of the mutated sequence in a fusion 

protein, has been employed to study the reactivity of both monoclonal 

antibodies against the region (Schoppel et a!., 1993). Prokaryotically 

expressed proteins have also been useful in the analysis of antibody reactivity 

in human sera against individual envelope glycoproteins, eg. gH (Urban et 

a/. 1992) or particular epitopes on these molecules, eg. AD-2 on gB (Meyer et 

a/. 1992; Ayata et a!., 1994).

Prokaryotic, eukaryotic and yeast systems have been exploited to 

express proteins. Eukaryotic and yeast expression systems are most suitable 

for folded and glycosylated protein molecules, while the more easily 

manipulated bacterial expression systems are sufficient for smaller linear 

polypeptides such as some neutralising epitopes. Numerous vectors are 

available that simplify the expression of foreign polypeptides as fusion proteins 

in E. coli In some instances however, it is worthwhile to express the unfused 

protein. In this case, a bacterial ribosomal binding site (RBS) has to be placed 

at the appropriate distance from the start codon of the gene. The expression 

vector pKK233-2 has been utilised to successfully express a truncated form of
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the cl gene from bacteriophage lambda and portions of the Herpes Simplex 

virus type I glycoprotein D (Amann & Brosius, 1985). This vector has been 

constructed with the lacZ RBS, and an ATG start codon eight nucleotides 

downstream. The start codon is located within a unique Nco\ restriction 

enzyme (RE) site, which facilitates the insertion of foreign DNA in the correct 

reading frame.

Several vectors are available which facilitate the purification of foreign 

polypeptides expressed as fusion proteins in E.Coli. For example, fusion 

proteins may be purified from crude cell lysates by substrate-affinity or 

immuno-affinity chromatography (Germino et al., 1983; Ullman, 1984). 

Alternatively if the expression product is insoluble, such as trpEfusion proteins, 

they can be purified from the insoluble fraction of lysed bacteria (Marston, 

1986). It is disadvantageous however, that the denaturing reagents employed 

during purification can be expected to alter the antigenicity and functional 

activity of the purified product. The glutathione S-transferase gene fusion 

system (Smith & Johnson, 1988) consists of three vectors that potentially 

overcome the difficulties of harsh purification conditions. Foreign polypeptides 

are expressed as fusions with the Schistosoma japonicum glutathione 8 - 

transferase, which can be purified by affinity chromatography on immobilised 

glutathione. The release of fusion proteins from the affinity matrix by 

competitive-elution with excess reduced glutathione is achieved under very mild 

non-denaturing conditions, which minimises effects on antigenicity and 

functional activity. In addition, the vectors possess amino acid sequencess 

which allow the proteolytic cleavage of the desired polypeptide from the fusion 

product, for example Factor X in the pGEX-3X expression vector.

This chapter describes the expression of variant neutralising 

determinants in 'E. coli, in order to study the functional impact of mutations 

within the isolated sequences more fully.
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METHODS

5.2 Description of the 'ATG expression' vector pKK233-2

Figure 5.1 shows a plasmid map for the expression vector pKK233-2 

(Amann & Brosius, 1985)(Pharmacia LKB), which contains the trc (trp-lac 

fusion) promoter and the lacZ ribosome binding site, followed by an ATG 

initiation codon at an appropriate distance from the RBS. The ATG codon is 

located within a unique Nco\ restriction enzyme site (CCATGG). In addition to 

Nco\, the polycloning site of the vector also contains restriction sites for Pst\ 

and Hind\\\. This expression vector is designed to give high-level expression of 

proteins in E.Coli, in an unfused state.

IaGGaKa CAGACCATG GOT GCA GCC AAQ CTT

Hind IIINco I

Xmn I

Xmn I 
' -Pvu I

EcoR I 
BamHI ,

pBR322

SphI

Sail

pKK233*2
4593 bp

PBR322

Xmn I Pvu II

Figure 5.1 Map of the expression vector pKK233-2, showing the polycloning 
site containing a ribosome binding site (boxed), and the ATG start codon 
(underlined) within a Nco\ restriction enzyme site. Reproduced from the 
Pharmacia LKB product iriformation.
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5.3 Primer design for PCR product inserted into pKK233-2

To express the HCMV gB linear neutralising epitope recognised by the 

monoclonal antibody 7-17 in the pKK233-2 expression system, oligonucleotide 

primers were designed with slightly modified sequences to the viral DNA 

sequences. Figure 5.2 shows the location of the forward and reverse 

oligonucleotide in relation to the 7-17 epitope. The forward oligonucleotide 

primer, EX1: (5' CACCp||pGGCAACCACCGCACTGAG) carries a Nco\ 

restriction enzyme site (underlined), which contains the ATG start codon 

(shadowed). The reverse oligonucleotide primer, EX2: (S'

CAA A G C iiiiGAAGAGGTAGTCCACG) contains a Hind\\\ restriction enzyme 

site (underlined) and a stop codon (shadowed). Digestion of the EX1/2 

PCR amplicons with Nco\ and Hind\\\ should reveal sticky ends which are 

complementary to sticky ends of the vector after digestion with the same two 

restriction enzymes. The primer design thus allows for the PCR product to be 

inserted into the plasmid vector in the correct orientation and in frame, with 

both translational stop and start codons intact.

5’CCTGTTGGGCAACCACCGCACTGAG------------------- AGGGTACTGGAACTTTACAGCGTCT3'
5'CCCCâISÜGCAACCACCGCACTGAG TCCCATGACAIICQMTGAGCGTGT5'

PRIMER EX2PRIMER EX1

Figure 5.2 Primers designed for the EX1/2 PCR. The HCMV gB sequence is 
shown above, while the altered primer sequences are shown below. Primer 
EX1 contains an ATG start codon (bold) within a Nco\ restriction enzyme site 
(underlined). Primer EX2 contains a UAA (ATT) stop codon (bold) and a Hind\\\ 
restriction enzyme site (underlined).
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5.4 Optimisation of conditions for the EX1/2 PCR
The optimised magnesium chloride and primer concentrations for the 

EX1/2 PCR were determined as described in Section 2.8, using the Hind\\\ ’F  

fragment of ADI 69 (see Section 2.2) as the target DNA.

5.5 EX1/2 PCR amplification of virai DNA
ADI 69 viral DNA was extracted from infected fibroblasts by the 'Hirt' 

extraction method (see Section 2.6). The PCR was performed under optimised 

conditions, with a primer annealing temperature of 37°C , with buffer which 

included 0.75mM MgClj concentration and lOOng of each primer. The 

amplicons were analysed by electrophoresis in a 1 .6 % agarose gel as described 

in Section 2.3.

5.6 Preparation of vector DNA for ligation
Plasmid vector DNA (5//g) was digested with 1 unit each of Nco\ and 

Hind\\\ in 30)[/l /Vcol/MV7 £/lll digestion buffer (lOmM Tris-HCI pH7.5, lOmM  

IVIgClg, 100/yg/ml bovine serum albumin, lOOmM NaCI) at 37°C  overnight, 

followed by the addition of 1.5//I 0.5M  EDTA to stop the digestion reaction. 

Control reactions of digestion with either of the restriction enzymes alone were 

included. The digestion products were visualised by electrophoresislnaO.6 % 

agarose gel (see Section 2.3), in comparison to undigested plasmid.

5.7 Ligation of EX1/2 PCR products into pKK233-2
After PCR amplification, the EX 1/2 PCR product was recovered by 

phenol extraction and ethanol precipitation (Section 2.5), and was resuspended 

in 10/yl /Vcol//y/>7 c/lll digestion buffer. One unit each of Nco\ and Hind\\\ were 

added and the digestion reaction allowed to proceed overnight at 37°C . The 

DNA was then purified by electrophoresis in an 0.8%  low melting point 

agarose gel as described in Section 2.4. After phenol extraction and ethanol 

precipitation (Section 2.5), the| DNA was . resuspended in 20/71 of ligation buffer 

(50mM Tris-HCI pH7.6, 50mM IVIgClg). The ligation reaction was performed 

using an Amersham ligation kit according to the manufacturer's instructions. 

A control ligation was prepared with vector DNA and ligation reagents, but no 

insert DNA. All ligation reactions were incubated for 24 hours at +  15°C.

Competent |e. coli cells (Section 2.21) were transformed with ligation 

products as described in section 2.22, and plasmid DNA isolated by
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minipreparation (section 2.18). To confirm the presence of insert DNA in the 

plasmids, 5/yl of plasmid DNA (including untreated vector) was digested with 

1U each of Nco\ and Hind\\\ in NcoMHindXW digestion buffer at 37°C  for 24  

hours. The digestion reactions were analysed by electrophoresis in a 1.6%  

agarose gel as described in Section 2.3.

5.8 Induction of the EX1/2 expression product

Bacterial colonies with the pKK233-2 expression vector bearing insert 

DNA were inoculated into 5ml of LB containing 50/yg/ml ampicillin and 

incubated at 37°C  with aeration for 24 hours. A culture containing the 

pKK233-2 vector alone was included as a control. A 50jj\ aliquot of the 

overnight cultures was inoculated into 5ml of LB containing 100/yg/ml ampicillin 

and 1 ml was removed into a 1.5ml microcentrifuge tube and kept aside. The 

inducer of expression, isopropyl-B-D-thiogalactopyranoside (IPTG), was added 

to the remaining cultures to a final concentration of Im M . These were 

incubated for a further 4 hours at 37°C  with aeration, with a 1ml aliquot 

removed from the culture every hour. The samples were microcentrifuged at 

13,000g for 1 minute and the supernatants discarded. The cell pellets were 

resuspended in 50//I protein sample reducing buffer (62.5mM Tris-HCI pHB.B, 

0.02%  w/v bromophenol blue, 5% SDS, 10% v/v glycerol, 5% v/v 2- 

mercaptoethanol) and heated to 100°C for 3 minutes, followed by 

microcentrifugation at 13,000g for 1 minute, and the pellets discarded. Low 

molecular weight rainbow markers [Mr (xIO^) = 46, 30, 21.5, 14.3, 6.5, 3.4, 

2.35] (Amersham) were also prepared in a similar way. Protein expression was 

analysed sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS- 

PAGE). ,

5.9 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE, using a discontinuous buffer system with a tricine running 

buffer, was performed as follows. A 12% 'stiff' acrylamide separating gel 

solution (containing 12% acrylamide, 0.63%  /V,/V'-methylenebisacrylamide 

(bisacrylamide) (19:1 acrylamide: bisacrylamide), 375mM Tris-HCI pHB.B, 

0.1 % SDS) was polymerised by the addition of 100//I 10% ammonium 

persulphate and 6 //I N,N,N',N, -tetramethylethylenediamine (TEMED), and 

overlaying the gel with distilled water. When set, the water was removed, the
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gel washed with distilled water, and excess water blotted with filter paper. A 

stacking gel, with a teflon comb to form the wells, was polymerised on top of 

the separating gel by the addition of 5 0 jj\ 10% APS and 5//I TEMED to a 's tiff  

stacking gel solution (containing 4.8%  acrylamide, 0 .25%  bisacrylamide, 

62.5mM Tris pH6 .8 , 0.02%  SDS). A 15//I aliquot of each sample (including 

molecular weight markers) was applied to the gel and electrophoresed in 

electrode run buffer (lOOmM tricine, 25mM Tris, 0.1 % SDS) at 30mA constant 

current for approximately 2 hours. The gel was fixed and stained in staining 

solution (0.002%  Coomassie Brilliant Blue 250, 50% methanol, 10% glacial 

acetic acid; filtered through Whatman No.1 filter paper) for a minimum of two 

hours, then destained in destaining solution (25% methanol, 10% glacial acetic 

acid, 30%  glycerol).

5.10 Metabolic radiolabelling of bacterial proteins with ^̂ S methionine

Analysis of total bacterial protein expression after induction was 

performed by metabolic radiolabelling, according to the method of Amann et 

a!. (1984). Bacterial colonies, with the pKK233-2 expression vector bearing 

insert DNA, were inoculated into 5ml of M-9 medium containing 50//g/ml 

ampicillin and incubated at 37°C  with aeration for 24 hours. A culture 

containing the pKK233-2 vector alone was included as a control. The cultures 

were centrifuged at 1700g for 1 0  minutes, cell pellets resuspended in 1 ml of 

M-9 medium containing 50//g/ml ampicillin, and the bacterial cells grown for 1 

hour at 37°C . IPTG was added to the cultures to a final concentration of 4mM 

and after 15 minutes incubation, 50/vCi of Trans-S methionine (ICN) was 

added to each culture. After a further 5 minutes incubation, a 1ml aliquot 

removed from each culture for analysis. The samples were microcentrifuged 

at 13,000g for 1 minute and the supernatants discarded. The cell pellets were 

resuspended in 50 //I protein sample reducing buffer and prepared as described 

in Section 5.8, and the proteins separated by SDS-PAGE as detailed in Section 

5.9. After staining and fixing, the SDS-PAGE gel was dried under vacuum at 

80°C . Radiolabelled protein expression was visualised by exposing the dried 

gel to Hyperfilm-MP autoradiographic film (Amersham) at -70°C .

5.11 Cloning of the EX1/2 PCR product into pUC18
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The EX 1/2 primers were phosphorylated at the 5' termini (see Section 

2.18) prior to the EX 1/2 PCR. The PCR amplicons were purified by 

electrophoresis in an 0.8%  agarose gel (Section 2.3), the recessed 3 ' termini 

Klenow filled (Section 2.20), then blunt-end ligated into Sma\ digested, 

dephosphorylated, pUC18 (Section 2.19), using an Amersham ligation kit 

according to the manufacturer's instructions. Insert bearing colonies were 

chosen by blue/white selection, and plasmid DNA obtained by minipreparation 

(section 2.18). To confirm the presence of insert DNA in the plasmids, 5//I of 

plasmid DNA was digested with ID  each of Hind\\\ and £coRI in MSK buffer at 

37°C  for 1 hour. In addition, the plasmid DNA was also digested with 1U each 

of Nco\ and Hind\\\ in /Vcol//y/A7 c/lll digestion buffer at 3 7 °C for 24 hours. All 

digestion products were analysed by electrophoresis in a 1 .6 % agarose gel, as 

described in Section 2.3).

5.12 Sequencing of the EX1/2 insert DNA

Plasmids bearing insert DNA were sequenced using M l3 universal 

primers as described in Section 2.24.

5.13 Description of the expression vector pGEX-3X

Figure 5.3 depicts a plasmid map for the expression vector pGEX-3X 

(Smith & Johnson, 1988)(Pharmacia LKB), which has been constructed to 

direct the synthesis of foreign polypeptides in E. Coli as soluble fusions with the 

carboxy terminus of S]26, the 26kD glutathione S-transferase of Schistosoma 

japonicum. The vector has been engineered so that the GST carrier can be 

cleaved from the fusion proteins by digestion with the site specific protease 

blood coagulation factor X, following which, the carrier can be removed by 

absorption on glutathione-agarose. The polycloning site of the vector contains 

restriction enzyme sites for BamHI, Sma\ and Hind\\\.

5.14 Primer design for PCR product to be expressed in pGEX 3X

Oligonucleotide primers were designed to express the AD-1 determinant 

in the pGEX-3X expression system. The forward primer EX3: 5' 

GCCGCGCGTTTCATGGGTGATGTC was identical to the viral DNA sequence. 

The reverse primer, EX4: 5' AGGGTACTGGAAGCTTACTCGCAG was slightly 

modified from the viral DNA sequence to contain a Hind\\\ restriction enzyme 

site (underlined). The primer design allowed for the PCR product to be blunt
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pG E X -U T *
Thftxnbln

l ie u  Vel Tio Ajg * OJy 8*71 Pto OKi Pb* IK V *l m  Aip
CTO on cco cor o q a  t c c  c o o  q a a  t t c  a t c  o t o  a c t  o a c  t q a  c o a

J 1 1 Slop codon*
B am H  I EcoR I

pGEX-2T*

l i e u  V a l P io  A /g  1 Gly S e fI Pro Gly IK  His A /g  Asp '
C T G  G T T  C C G  C G T  G G A  TC C  C C G  G G A  A TT C A T C G T  G A C  TG A  C T G  A C G

Slop codons

Stna I

pGEX-3X*

H ie  g Iu  G ly * Gly He P io  Gly Asn S et S «  '
A T C  G A A  G G T  C G T  G G G  A TC  C C C  G G G  AA T TC A  T C G  TG A  C TG  A C T  G A C

Slop codons
EcoR  IB am H  I S m a I

T i h l l l  1(1 1 1 1 4 .2  1115, 3 1 1 1 9 )  

A al 11(1 1219, 2 1220, 3 1224)

B a l I (463)

P lac  

BspM  I (63)

pSjlO A Bam TSlop?
Psi I (1 1696

2 1897,
3 1901)

pG E X
U T  49 47 op 
2T 49 48 op 
3X  49 52 bp

N a , I ( I  42 85 ,
2 4 2 86 . 3 4 2 90 )

EcoR  V ( 1  40 94 ,
2 4 0 95 , 3 40 99 )

BssH II (1 40 57 ,
2 4 0 5 8 , 3 4062 )

A pa I ( I  3 8 5 3  2 3854 3 38 58 )

BslE II (1 3 8 2 7 , 2 38 28 , 3 38 32 )

AJwM I ( I  26 18 ,
2 26 17 ,
3 2621 )

M l u l ( l  36 46 .
2  36 47 , 3 36 51 )

•F o f f«» lrlc tion  ell#« ilt le d  In  10# body o l Ih #  pl»»m«J m ap, 10* d a ilg n a llo n #  o M , 2, 3 p<#c*d ing  
10*  la s ln c llo n  sila localion  ( * l * i  10 p G E X  11.T, p G E X  2T  a ix l p Q E X  3X . la tp e c liv e ly

Figure 5.3 Map of the expression vector pGEX series. The polycloning site for 
the vector pGEX-3X, as used here, is shown to contain a Sma\ restriction 
enzyme site, and stop codons (underlined) in three different frame orientations. 
The site for proteolytic cleavage of the fusion protein from its fusion partner 
with Factor X is also indicated. Reproduced from the Pharmacia LKB product 
information.
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end ligated into the plasmid vector in frame, with the Hind\\\ site aiding in the 

determination of the orientation of the insert in the vector.

5.15 Optimisation of conditions for the EX3/4 PCR

The magnesium chloride and primer conditions for the EX3/4 PCR were 

determined as described in Section 2.8, using ADI 69 Hind\\\ T '  fragment DNA 

(see Section 2.2) as target. The amplicons were analysed by electrophoresis 

in a 1.4% agarose gel.

5.16 EX3/4 PCR amplification of viral DNA

Viral DNA extracted from fibroblasts infected with A D I 69, or the AD-1 

variant (see Chapters 3 and 4) clinical isolates A1, R2 or AS, by the 'Hirt' 

extraction method (see Section 2.6) was amplified under optimised conditions 

with the EX3/4 PCR. The PCR was performed with a primer annealing 

temperature of 60°C , with buffer which included 3mM MgClj concentration 

and 15ng of each primer.

5.17 Preparation of pGEX-3X vector DNA for ligation

An aliquot (10/yg) of pGEX-3X was digested with Sma\ and 5' 

dephosphorylated as described in Section 2.19. Digestion of the plasmid was 

confirmed by visualisation of RE digested and undigested vector in an 1 % 

agarose gel after electrophoresis.

5.18 Ligation of EX3/4 PCR products into pGEX-3X

After PCR amplification using 5' phosphorylated primers (see section 

2.13), the EX3/4 PCR product was purified by excision from an 0.8%  low 

melting point agarose gel followed by recovery using the Geneclean II kit (Bio 

101 ) according to the manufacture's instructions. The DNA was resuspended 

in 10//I of distilled water, and the recessed 3' termini Klenow filled (section 

2.15), the DNA recovered by phenol extraction and ethanol precipitation 

(section 2.2) and was resuspended in 10//I ligation buffer. The ligation reaction 

was performed using an Amersham ligation kit according to the manufacturer's 

instructions. A control ligation was prepared with vector DNA and ligation 

reagents, but no insert DNA. All ligation reactions were incubated for 24 hours 

at +^5°C .

Competent E.CoH cells were transformed with ligation products as 

described in section 2.17. Plasmid DNA was isolated from all colonies by
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minipreparation (section 2.18). To confirm the presence of insert DNA in the 

plasmids, colonies were inoculated into 5ml of LB and incubated overnight at 

37°C  with aeration. To determine the presence of insert DNA, a 5//I aliquot 

of each culture was subject to the EX3/4 PCR, with the remaining culture 

stored at + 4 °C . For those colonies positive by the EX 3 /4  PCR, plasmid DNA 

was extracted. The presence and orientation of the insert were determined by 

digestion of plasmid DNA (including untreated vector) with either BamHI and 

fcoRI, or BamHI and Hind\\\. A 5//I aliquot of plasmid DNA was digested with 

ID  each of BamHI and EcoRI in React digestion buffer #3 (Gibco-BRL), or ID  

each of BamHI and Hind\\\ in React digestion buffer #2 (Gibco-BRL), at 3 7 °C 

for 24 hours. The digestion reactions were analysed by electrophoresis in a 

1.6% agarose gel.

5.19 Sequencing of the EX3/4 insert DNA

Plasmid DNA bearing insert was sequenced as described in section 2.19, 

using the gBC internal primers 7 and 8 (see section 2.12).

5.20 Induction of the EX3/4 expression product

Colonies with the pGEX-3X expression vector bearing ADI 69 EX3/4 

insert were inoculated into 5ml of LB containing 50/yg/ml ampicillin and 

incubated at 37°C  with aeration for 24 hours. A culture containing the pGEX- 

3X vector alone was included as a control. A 100/yl aliquot of the overnight 

cultures was inoculated into 10ml of LB containing 100/yg/ml ampicillin and the 

culture was incubated at 37°C  with aeration for approximately 2 hours until 

the ODgoonm was between 0.2 and 0.3. A 2ml aliquot was removed from each 

culture and retained. The inducer of expression, isopropyl-R-D- 

thiogalactopyranoside (IPTG), was added to the remaining cultures to a final 

concentration of Im M , followed by further incubation of the cultures for 4  

hours at 3 7 °C with aeration, with a 2ml aliquot removed from the cultures 

every hour. The collected samples were microcentrifuged at 13,000g for 1 

minute and the supernatants were discarded. Bacterial cell pellets were 

resuspended in SDS-PAGE sample buffer and boiled for 3 minutes, followed by 

microcentrifugation at 13,000g for 1 minute.

Protein expression was analysed by SDS-PAGE, under a modification of 

conditions described in Section 5.9. A 12% acrylamide/15% sucrose
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separating gel solution (containing 12% acrylamide, 0 .4%  N,N'-

methylenebisacrylamide (bisacrylamide) (29:1 acrylamide: bisacrylamide), 15%  

sucrose w/v, 375mM Tris-HCI pH8.8, 0.1%  SDS) was polymerised by the 

addition of 100/vl 10% ammonium persulphate and 6//I N,N,N',N, - 

tetramethylethylenediamine (TEMED), and overlaying the gel with distilled 

water. The water was removed, the gel was washed with distilled water and 

excess was blotted with filter paper. A stacking gel, with a teflon comb to 

form wells, was polymerised on top of the separating gel by the addition of 

50)[/l 10%APS and 5//I TEMED to a stacking gel solution (containing 4.8%  

acrylamide, 0.16%  bisacrylamide, 62.5mM Tris pH6.8, 0 .02%  SDS). A 15//I 

aliquot of each sample, including low molecular weight rainbow markers, was 

applied to the gel and the gel electrophoresed in electrode run buffer (192mM  

glycine, 25mM Tris, 0.1 %SDS) at 30mA constant current for 2 hours. The gel 

was fixed and stained as described in section 5.9.

5.21 Immunoblot of EX3/4 expression product with the monoclonal antibody 

7-17

Bacterial colonies containing pGEX-3X with the EX3/4 PCR product from 

ADI 69, and the vector only were inoculated into 5ml LB containing 50/vg/ml 

ampicillin, and incubated at 37°C  with aeration overnight. A 300jj\ aliquot of 

each culture was inoculated into 30ml LB containing 100/yg/ml ampicillin and 

the cultures were incubated at 37°C  with aeration for 2 hours 30 minutes. 

IPTG was added to each culture to a final concentration of Im M , and the 

cultures were incubated at 37°C  with aeration for a further 3 hours. The 

cultures were centrifuged at 5000g for 5 minutes at + 4 °C , and the cell pellets 

resuspended in 1/10 starting volume NETN buffer (150mM NaCI, 50mM Tris- 

HCI pH7.5, 50mM EDTA, 1 %NP-40, 1 %BSA), followed by sonication on ice 

twice, for 10 seconds on full power. The lysate was microcentrifuged at 

13,000g for 5 minutes at -l-4°C and the pellet discarded. A 25fj\ aliquot of 

glutathione-sepharose, which had been washed in NETN/milk (NETN containing 

0.5%  dried skimmed milk) was added to each sample, and they were mixed for 

30 minutes at -i-4°C. After microcentrifugation at 13,000g for 1 minute, 

supernatants were discarded and the pellets resuspended in SDS-PAGE 

reducing sample buffer. After boiling for 3 minutes, the samples were
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microcentrifuged at 13,000g for 1 minute and the pellets discarded. A 10//I 

aliquot of the samples per gel track was then separated by SDS-PAGE as 

described in section 5.20.

After electrophoresis, proteins were transferred to nitrocellulose filters 

by Western blot as follows: Gels were soaked in transfer buffer (39mmM 

glycine, 48mM Tris, 5% methanol) for 30 minutes. Proteins were then 

transferred to low pore size (0.22/yicron) pure nitrocellulose (Sartorious) at 

320mA for 2 hours in transfer buffer. Blots were then either stained for 

protein with India ink or subject to immunoblotting. To stain blots for protein, 

they were washed twice in PBS containing 0.4%  Tween-20, for 5 minutes with 

rocking. The blots were then incubated with India ink (Pelican Fountain Ink) 

diluted 1/100 in PBS containing 0.3%  Tween-20. The blot was stained 

overnight with rocking, then washed with PBS until the buffer was clear, then 

dried in air.

For immunoblotting, the blots were washed for 5 minutes with rocking 

in TTBS buffer (200mM Tris, 500mM NaCI pH7.5, 0 .02%  Tween-20). The 

blots were blocked in blocking buffer (5% dried skimmed milk in TTBS), by 

placing the blot in a 200ml cylindrical container, adding 50ml buffer and rolling 

the container for 2 hours at room temperature. The primary antibody (7-17, 

or irrelevant antibody, as ascitic fluids) was diluted to approximately 50//g/ml 

in antibody dilution buffer (1% dried skimmed milk in TTBS) and, after 

removing the blocking buffer, 10ml of the diluted antibody was added to the 

appropriate blots and incubated for 2 hours at room temperature with rolling. 

The blots were washed 3 times in TTBS, then 10ml of a streptavidin 

peroxidase conjugate (Serotec) diluted to 1/3000 in antibody dilution was 

added to each blot, followed by incubation for 1 hour at room temperature with 

rolling. The blots were washed 3 times in TTBS the peroxidase signal 

developed with the ECL chemiluminescent detection system (Amersham), 

according to the manufacturer's instructions. The immunoblots were then 

blotted between 2 sheets of blotting paper, dried in air, wrapped in cling film 

and exposed to Hyperfilm-MP (Amersham) within 30 minutes of development.
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RESULTS

5.22 PCR amplification of target DNA by the EX1/2 PCR

The primers EX1 and EX2 were designed to permit amplification of a 

sequence of DNA containing the 7-17 epitope, for subsequent ligation into the 

expression vector pKK233-2. The EX1 /2 DNA sequence was amplified by PCR 

from the laboratory HCMV strain ADI 69 prior to its cloning in the pKK233-2 

expression vector. Amplification of 'Hirt' extracted viral DNA from A D I 69 was 

performed with the fully optimised EX 1/2 PCR, with the results shown in Figure 

5.4. A single DNA band of 106bp was observed, which was the expected size 

of the PCR product as calculated from the locations of the primer sites.

5.23 Cloning of the EX1/2 PCR products

The expression vector pKK233-2 was prepared for cloning by digestion 

with the restriction enzyme Nco\ and/or Hind\\\. The results of the digestion, 

analysed by agarose gel electrophoresis, are shown in Figure 5.5. A single 

band, indicating linearised DNA, is observed with the restriction enzymes used 

either singularly I or together. This single band conforms to the expected size of 

4.6kb.

EX 1/2 amplicons were prepared for ligation into pKK233-2 by 

purification and digestion, and the cloning procedures undertaken as described 

in the Methods. Bacterial colonies bearing insert DNA were selected by the 

digestion of extracted plasmid DNA with Nco\ and Hind\\\ to determine the 

presence of insert DNA. The results for 11 colonies, and a colony from the 

control transformation of the vector alone, are shown in Figure 5.6. In contrast 

to plasmid DNA from the control colony, each of the selected colonies 

contained the insert DNA of the expected 106bp size.

5.24 Induction of the EX 1/2 polypeptide

Clones bearing either the EX 1/2 insert DNA, or the vector alone, were 

induced to express protein from the tac promoter with IPTG. Protein 

expression was analysed by SDS-PAGE. The 31 amino acid polypeptide 

product would have an expected Mr of approximately 3,441 and, under the 

conditions of the SDS-PAGE system used here, would be retained behind the 

dye front. The results for a clone bearing insert DNA and a clone with vector 

alone are shown in Figure 5.7. At 4 hours post-induction, no uniquely
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1 2  3 4 5 -

-106

Figure 5.4 Amplification of 'Hirt' extracted DNA from the laboratory HCMV 
strain ADI 69 using the EX1/2 PCR. A negative control (-) was included in the 
reaction. Fragment size is shown in base pairs.

1 2 3 4  M

4 5 9 3 - -4361
-2 3 2 2

Figure 5.5 Restriction enzyme digestion of the expression vector pKK233-2. 
The undigested plasmid (lane 1) is shown in comparison to plasmid digestion 
with either Hind\\\ (lane 3) or Nco\ (lane 4), or both enzymes (lane 2). M = Size 
markers of lambda DNA digested with Hind\\\. Fragment sizes are shown in 
base pairs.

1 2 3 4 5 6 7 8 9 10 11 C M

1 0 6 -

-564

-125

Figure 5.6 Restriction enzyme digestion of pKK233-2 plasmid DNA with Hind\\\ 
and A/col. Plasmid DNA was extracted from eleven colonies of bacteria 
transformed with the products of ligation reactions using prepared pKK233-2 
vector and the products from the EX 112 PCR with the laboratory strain AD 169. 
C = digest of plasmid DNA obtained from bacterial colony transformed with 
vector alone. M = size markers of lambda DNA digested with Hind\\\. 
Fragment sizes are shown in base pairs.
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expressed protein species of the expected size was observed in the proteins 

expressed by the EX 112 clone in comparison to the protein profile for the clone 

bearing the vector only. Induction of other clones produced similar results (not 

shown).

5.25 Metabolic labelling of proteins after induction of the EX1/2 polypeptide

The failure of the expression of the EX 1/2 product from clones

containing vector with insert may have been due to the rapid degradation of 

the polypeptide after induction. To rule out this possibility, total bacterial 

protein expression after induction with IPTG was analysed by metabolic 

radiolabelling with [̂ ®S] methionine. Radiolabelled protein expression for three 

clones, in comparison to a clone containing vector only, are shown in Figure 

5.8. No new protein species of the expected size were observed when the 

expression profiles were compared to the control culture.

5.26 Sequence determination of EX1/2 PCR products

To determine if the failure of the expression of the EX1/2 protein product 

was due to incorrect sequences of the EX1/2 primers, the integrity of the 

primer sequences within the EX 1/2 amplicons was determined by DNA 

sequencing of the PCR products. No primers complimentary to s e q u e n c e s  tin the 

pKK233-2 vector were available, thus undigested EX 1/2 amplicons were cloned 

into pUCIB for subsequent sequence determination of the PCR products. 

Eleven colonies bearing insert were selected and plasmid DNA from these 

colonies subjected to restriction enzyme digestion, to confirm the presence of 

insert DNA within single colonies. An £coRI site is found within the pUCIB  

polycloning site, a Nco\ site is within the PCR product, while a Hind\\\ site is 

present within both the PCR product and the pUCIB polycloning site. The 

digestion products, with either set of restriction enzymes, from plasmids 

containing insert DNA would be the same size (approximately the 106 bp size 

of the EX1/2 PCR amplicon), regardless of the orientation of the insert. Figure

5.9 summarises the products of each digestion reaction, and Figure 5.10  

shows the results of the digestion of extracted plasmid DNA (including one 

colony with vector alone) with either EcoRI and Hind\\\, or Nco\ and Hind\\\. 

When digested with EcoRl and H/ndWl, any colony containing insert DNA would 

reveal a DNA fragment upon agarose gel electrophoresis, I regardless of the
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Figure 5.7 Induction of the pKK233-2 vectors bearing insert DNA. Lanes show 
SDS-PAGE analysis of bacterial lysates uninduced (0) or after induction (1-4 
hours). Bacteria were transformed with the pKK233-2 vector alone (C) or with 
vector containing insert ADI 69 DNA encoding the 7-17 epitope of HCMV gB 
(A D I69). M = size markers, Mr (xIO^) shown at right.

1 2 3 4 M,

-21.5
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Figure 5.8 Metabolic radiolabelling of bacterial colonies of containing the 
pKK233-2 expression vector bearing EX1/2 insert DNA. Autoradiograph 
showing total protein expression in colonies with insert (lanes 1-3), or a colony 
with vector alone (lane 4), which were labelled with P^S] methionine after 
induction with IPTG. M = size markers, Mr (xIO^) shown at right.
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Figure 5.9 Restriction enzyme digestion of pUC18 plasmids bearing EX1/2 
insert DNA. Diagram showing the cleavage sites for the restriction enzymes 
a) Hind\\\ and EcoRI or b) Hind\\\ and Nco\. RE sites within the insert are 
shown in lightface, while RE sites found within the vector polycloning site are 
indicated in bold. In a), RE digestion will result in a product regardless of the 
orientation of the insert, or the sequence of the insert RE sites. In b), it can be 
seen that RE will result in a product if at least one of the RE sites within the 
insert is intact, regardless of the orientation of the insert.
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Figure 5.10 Restriction enzyme digestion of pKK233-2 plasmid DNA to 
determine the orientation of EX 1/2 insert DNA. DNA was extracted from 
eleven colonies of bacteria transformed with the products of ligation reactions 
using prepared pUCI 8  vector and the products from the EX 1/2 PCR with the 
laboratory strain ADI 69. Plasmid DNA was digested with either (A) Hind\\\ and 
EcoRI or (B) Hind\\\ and Nco\. Lane 12 in (B) represents the same clone as lane 
10. C = digest of plasmid DNA obtained from bacterial colony transformed 
with vector alone. P = EX1/2 PCR product. M = size markers of lambda DNA 
digested with Hind\\\. Fragment sizes are shown in base pairs.

M G N H R T  E  

S E Q : 5 ’C C C C A T G G G C A A C C A C C G C A C T G A G

I
C L O N E  1: 5 'C C C C A T G G G C A A T C A C C G C A T T G A G

(S T O P ) F L V  D V  

5 ’C A A A G C T T A G A A G A G G T A G T C C A C G

5 ’G G A T C C T T A G A A G A G G T A G T C C A C G

C L O N E  5: 5 'C A C C A T G G G T A A C C A C C G T A C T G A G  S’C C A A A G T T T A G A A G A G G T A G T C C A C G

I
C L O N E  9: 5 'C A C C A T G G G C A A C C A C C G C A T T G A G  5 'C C /V \G C T T A G A A G A G G T A G T C C A C G

C L O N E 1 1: 5 ’G A Ç Ç A T G G G C A A C C A T 'C G C A C T G A G  5 'C C A A G Ç H A G A A G A G G T A G T C C A C G

Figure 5.11 Sequencing of pUCI 8  plasmid DNA containing insert of EX1/2 PCR 
products. Top line shows expected nucleotide and amino acid sequences of 
the 5' start (left) and 3' stop (right) junctions of the PCR product with pUCI 8 . 
Within the start junction, are the start codon (bold) and Nco\ restriction enzyme 
site (underlined) contained in Primer 1. Within the stop junction, are the stop 
codon (bold) and Hind\\\ restriction enzyme site (underlined) contained in Primer 
2. Nucleotide base changes detected in the sequencing reactions are denoted 
in italics. Base substitutions which resulted in amino acid changes (T^l) were 
detected in clones 1 and 9 and are indicated.
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orientation or sequence of the insert. All selected colonies contained insert 

when digested with EcoRI and Hind\\\, although a size difference amongst insert 

bands was observed. When digested with Nco\ and Hind\\\, any colony 

containing insert DNA would reveal a DNA fragment upon agarose gel 

electrophoresis, regardless! of the orientation of the insert; although at least one 

of the RE enzyme sites defined by the primers within the insert would have to 

be in the correct sequence. With Nco\ and Hind\\\, a digestion product was 

observed in only 4 of the eleven colonies possessing insert DNA.

Two of the eleven plasmids which did, and two plasmids which did not, 

reveal a digestion product with Nco\ and Hind\\\ were sequenced, with results 

for the cloning termini summarised in Figure 5.11. The ATG start codon and 

the stop codons of the insert DNA of each of these colonies appeared to be 

intact. There were however, a number of nucleotide base substitutions in each 

clone in the primer binding regions, including a base change which resulted in 

an amino acid alteration the protein product. In the two plasmids which did not 

produce a digestion product with Nco\ and Hind\\\, base changes were observed 

which abolished the Hind\\\ RE site of the EX2 primer sequence.

5.27 PCR amplification of target DNA by the EX3/4 PCR

The expression of variant viral sequences was pursued with an 

alternative expression system, the vector pGEX-3X. The primers EX3 and EX4 

were designed to amplify DNA containing the whole of the AD-1 determinant, 

and facilitate its subsequent ligation into the expression vector. Amplification 

of 'Hirt' extracted viral DNA from either ADI 69 or the AD-1 variant clinical 

isolates A1, R2 and A 8  was performed with the fully optimised EX3/4 PCR, 

with the result shown in Figure 5.12. A single band of 396bp was observed, 

which was the expected size of the PCR product as calculated from the 

locations of the primer sites.

5.28 Cloning of the EX3/4 PCR products

Prior to the ligation of the EX3/4 amplicons, the expression vector pGEX- 

3X was digested with the restriction enzyme Sma\, as shown in Figure 5.13. 

A single band of 4,95bp, indicating linearised DNA, was observed in 

comparison to the native vector represented by the two circularised forms
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Figure 5.12 Amplification of DNA from ADI 69 and AD-1 variant clinical HCMV 
strains using the EX3/4 PCR system. The laboratory strain ADI 69 (1) and 
clinical strains A8  (2), A1 (3), and R2 (4) were analysed in duplicate. Negative 
(-) and positive (-I-) control reactions were included. Fragment size is shown 
in base pairs.

U D D

n-4952

Figure 5.13 Restriction enzyme digestion of the expression vector pGEX-3X 
with Sma\. The 4952bp linearised form of pGEX-3X resulting from restriction 
enzyme digestion (D) is shown in comparison to undigested plasmid (UD).

1 2 
a b c d e f g h i  —j k i m n o a b c d e f g h i  -

-3 9 6

n o p q + -

-3 9 6

Figure 5.14 PCR amplification of pGEX-3X plasmids bearing EX3/4 insert DNA 
using the EX3/4 PCR system. Samples of bacterial cultures obtained from 
colonies of bacteria transformed with the products of ligation reactions using 
prepared pGEX-3X vector and the products from the EX3/4 PCR with ( 1 a-o) the 
laboratory strain ADI 69 or A1 (2a-q). Negative (-) and positive ( 4- ) control 
reactions were included in the analysis. Fragment size is shown in base pairs.
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(circular and circular supercoiled) with different migratory characteristics to the 

linearised form of the vector.

Amplicons from the EX3/4 PCR were purified and cloned into pGEX-3X 

via blunt ended ligation. To screen for bacterial colonies bearing insert DNA, 

plasmid DNA was extracted from a number of colonies and subject to the 

EX3/4 PCR. The results for one such PCR are shown in Figure 5.14. An 

amplified product was present in 13 colonies, although the DNA fragments 

obtained from clones 15 and 16 were smaller than the expected 396bp 

product. To confirm the presence of insert DNA, plasmid DNA from those 

bacterial colonies positive by the EX3/4 PCR were subject to digestion with 

BamVW and EcoRI, since the RE sites for these enzymes are located within the 

polycloning site of pGEX-3X, which would yield a product the same size as the 

396bp EX3/4 PCR amplicon. The correct orientation of insert DNA within the 

vector for expression to proceed was confirmed by the presence of a DNA 

fragment after digestion with BamH\ and Hind\\\. With the insert DNA in the 

correct orientation within the vector, the Hind\\\ site in the 3' end of the insert 

would be distal to the BamVW site of the vector, and the digestion product 

(approximately 385bp) should be visible by agarose gel electrophoresis. With 

the insert in an incorrect orientation however, the HindW\ site of the insert 

would be proximal to the BamU\ site of the vector and the aprroximately lObp 

digestion product will not be visible in the 1  % agarose gel electrophoresis used 

here. Figure 5.15 summarises the products of each digestion reaction and the 

results of digestion of plasmid DNA with both sets of RE are shown in Figure 

5.16. It can be seen that nine colonies contained insert DNA, although only 

4 of these were in the correct orientation. Two colonies (12 and 13) contained 

an insert which was smaller than the expected size.

After a number of EX3/4 PCR amplifications and ligations, 26 clones 

were obtained for strain A1, 10 of which were positive for the insert DNA by 

EX3/4 PCR, with 2 of these clones containing the insert in the correct 

orientation. Of the 14 clones obtained for strain A 8 , 10 were positive for 

insert DNA by EX3/4 PCR, with 3 containing the insert in the correct 

orientation. For the 23 clones obtained for ADI 69, 9 were positive for insert 

DNA by EX3/4 PCR, with 3 clones containing the insert in the correct
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a. BamHI/EcoRI
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BamHI
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b. BamHI/Hindlll

L  BamHI Hindlll

ii. BnmHI

Figure 5.15 Restriction enzyme digestion of pGEX-3X plasmids bearing EX3/4 
insert DNA. Diagram showing the cleavage sites for the restriction enzymes 
a) BamHI and EcoRI or b) Hind\\\ and BamHI. RE sites within the insert are 
shown in lightface, while RE sites found within the vector polycloning site are 
indicated in bold. In a), RE digestion will result in a product regardless of the 
orientation of the insert. In bi.), it can be seen that when the insert is in the 
correct orientation within the vector, RE digestion will result in a product visible 
by agarose gel electophoresis. In bii.) however, when the insert in the 
incorrect orientation, the Hind\\\ site of the insert is brought into proximity to 
the BamHI site of the vector, and the resulting digestion product would not be 
visible by agarose gel electrophoresis.
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Figure 5.16 Digestion of pGEX-3X plasmid DNA to determine the orientation 
of EX3/4 insert DNA. DNA was extracted from colonies of bacteria shown to 
contain plasmid bearing insert DNA by PCR, (as shown in Figure
5.14). For each plasmid, the first lane shows DNA digested with BamVW and 
EcoVW and the second lane shows DNA digested with BamVW and Hind\\\. Note: 
clone 2g was redigested with BamVW and Hind\\\ to reveal the presence of insert 
DNA (not shown). Fragment size is shown in base pairs.

AD169 A1

%

A G T C A G T C

Figure 5.17 Sequencing of insert bearing pGEX-3x vectors across the fusion 
junction of the insert. Plasmid bearing EX3/4 insert DNA in the correct 
orientation was sequenced using internal primers. Autoradiograph shows 
results of sequencing across the 5' junction of the insert DNA for clones from 
ADI 69 and the AD-1 variant clinical HCMV strain A1. The 'CCC' sequence 
indicates the 3' end of the vector, which is revealed by digestion of the Sma\ 
restriction enzyme site found within the polycloning site, the X' indicates the 
position of a missing cytosine base of the 'CCC' sequence in the plasmid from 
the clone of strain A1.
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AD169:
G I P A A R F M G D V L G L A S C V T I  

5’GGGATCCCCGCCGCGCGTTTGATGGGTGATGTCCTGGGTCTGGCCAGGTGCGTGACCATT

VARIANTS:
G I P P R V S W V M S W V W P A A  (STOP) 

5’GGGATCCCGGGGGGGGTTTGATGGGTGATGTCCTGGGTCTGGCCAGCTGCGTGA

Figure 5.18 Results of sequencing across the fusion junction for plasmid bearing EX3/4 insert from ADI 69 and AD-1 variant 
clinical HCMV strains. Top line presents expected nucleotide and amino acid sequences originating from the blunt ended 
ligation of insert DNA into a Sma\ restriction enzyme site within pGEX-3X, as observed for clones obtained for ADI 69. 
Underneath is shown the sequence across the junction demonstrated for several clones from ligation of EX/3/4 PCR products 
amplified from AD-1 variant clinical HCMV strains. The 3' end of the pGEX-3X sequence is shown in bold. The junction 
site, with the Sma\ restriction enzyme site 'CCC sequence, is underlined. In the variant strains, deletion of a cytosine base 
from the vector 'C C C  sequence resulted in a frameshift which subsequently led to the generation of a stop codon 15 amino 
acids into the AD-1 sequence.
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orientation. For the strain R2, 1 of the 10 clones obtained was positive for 

insert DNA by EX3/4 PCR although the insert was not in the correct orientation 

for expression.

5.29 Sequencing of EX3/4 insert DNA in pGEX-3X

One pGEX-3X clone containing the EX3/4 insert from AD 169, 2 clones

from A1 and two clones from A 8  were sequenced using the gBC region

forward and reverse internal primers (see section 2.12). The clone of ADI 69 

contained the ADI 69 EX3/4 sequence, in frame. The clones for A1 and A 8  

contained the variant sequences as described for the respective virus strain. 

For A1 and A 8  however, the ligation junction between the 3' end of the vector 

and the 5' end of the insert was found to be missing a cytosine base, as 

shown in Figure 5.17 in comparison to the ADI 69 sequence. This deletion put 

the coding sequences for the fusion proteins out of frame and introduced a 

stop codon 15 amino acids into the AD-1 amino acid sequence, as depicted in 

Figure 5.18. This single base deletion was also observed when each of the 

further 2 clones from A1 and A 8  were subsequently sequenced, thus only the 

clone from A D I69 possessed the coding sequence in frame.

5.30 Expression of the GST/AD-1 fusion protein

A pGEX-3X clone bearing the EX 3 /4  insert DNA and a clone with the 

vector alone were induced to express protein with IPTG, and protein expression 

analysed by SDS-PAGE. The GST protein has an Mx of 26K, while the Mx of 

the 131 amino acid AD-1 polypeptide would be approximately 14,500, yielding 

an expected Mx of the fusion protein of 40.5k. The results of protein analysis 

for the induction are shown in Figure 5.19. In the clone with the vector alone, 

the GST protein (Mr = 26K) is clearly visible from 1 hour post-induction, in 

contrast, in a clone with the vector containing the EX3/4 insert, the higher 

molecular weight fusion protein (/Wr = 40.5K) is abundantly produced from 1 

hour post-induction. Note that induction of clones from A1 or A 8  produced the 

an abundant protein (of approximate size /Wr = 27,500), which could not be 

distinguished from the GST protein alone (not shown).

5.31 Immunoblot of the expressed AD-1 polypeptide

After induction of the GST/AD-1 expression product in a clone with 

vector bearing the EX3/4 insert, the GST/AD-1 fusion protein was extracted
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Figure 5.19 Induction of the pGEX-3X vectors bearing EX3/4 insert DNA from 
ADI 69. Lanes show SDS-PAGE analysis of bacterial lysates uninduced (0) or 
after induction (1-4 hours). Bacteria were transformed with the pGEX-3X 
vector alone (C) or with vector containing insert ADI 69 DNA encoding the AD- 
1 determinant of HCMV gB (A D I69). M = size markers, with Mr for each 
shown at left. The location of the Mr = 26,000 glutathione S-transferase, and 
the Mr = 40,500 AD-1 fusion protein are indicated. Mr are shown xlO^.
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Figure 5.20 Precipitation of pGEX-3X induction products from bacterial lysates. 
Bacteria transformed with either (a) the pGEX-3X vector alone or (b) vector 
bearing insert EX3/4 insert DNA from the laboratory HCMV strain ADI 69 were 
induced, then lysed and reacted with glutathione-sepharose. The precipitated 
proteins were separated by SDS-PAGE, transferred to nitrocellulose, and the 
blots were stained for protein. Glutathione S-transferase (Mr = 26,000) or the 
AD-1 fusion protein (Mr = 40,500) are indicated. Mr are shown xIO^.

214



from bacterial cells by adsorption with glutathione sepharose, separated by 

SDS-PAGE and the precipitates transferred to nitrocellulose membranes by 

Western blot. Prior to immunoblotting, to confirm the extraction of the 

expressed proteins and their transfer to the membrane, a portion of the 

Western blot was stained for protein (Figure 5.20). In the cells containing the 

pGEX-3X vector only, GST is the predominate protein band, while in cells 

expressing the GST/AD-1 protein product the fusion protein was clearly visible 

at Mr = 40.5K.

To determine if the AD-1 portion of the expressed fusion protein retained 

its biological reactivity, an immunoblot against the extracted proteins was 

performed using the monoclonal antibody 7-17, which is directed against a 

linear epitope within AD-1. Results are shown in Figure 5.21. With HCMV 

infected (but not uninfected) cell lysates, 7-17 reacted with gB (Mr = 58,000); 

the antibody also bound nonspecifically to a protein of approximately Mr = 62K. 

With the extracted expression products, 7-17 reacted with the Mr = 40.5K 

GST/AD-1 fusion protein, but not GST alone. An irrelevant antibody exhibited 

no reactivity against either cellular or expressed proteins. Thus the AD-1 

polypeptide retained its biological activity in the pGEX-3X expression system.

a b
U I U I C F C F

66 “

-5 8

-4 0 .5
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21.5-
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Figure 5.21 Immunoblot of the AD-1 fusion protein with the monoclonal 
antibody 7-17. Proteins were extracted from a) uninfected (U) or HCMV 
infected (I) fibroblasts or, b) bacteria expressing the glutathione S-transferase 
(C) or the AD-1 fusion protein (F), and separated by SDS-PAGE. After transfer 
to nitrocellulose the blots were probed with the monoclonal antibody 7-17 or 
an irrelevant murine lgG3 antibody. Size markers are shown at left. The 
positions of the Mr = 58,000 viral protein gB and the Mr = 40,500 AD-1 fusion 
protein are indicated. Mr are shown xIO^
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5.32 DISCUSSION

Clinical isolates which possessed amino acid variations within the 

immunodominant neutralising determinant of gB, AD-1 |,were characterised in 

Chapter 4. A number of the amino acid changes were predicted to disrupt the 

secondary structure of this determinant, which has been characterised as linear 

in nature. In order to assess the biological consequences of these variations, 

bacterial expression systems were utilised to produce the variant viral 

sequences such that they could be studied in a more defined way.

The initial attempt was to express variant polypeptides of the epitope on 

gB recognised by the monoclonal antibody 7-17, which recognises a linear 

epitope within the larger AD-1 determinant (see Chapter 4). The A D I69 

sequence was ligated into the expression vector pKK233-2, which expresses 

foreign polypeptides in E. coli in an unfused state. Oligonucleotide primers 

(EX1 and EX2) were designed, with slightly altered viral sequences, for the 

PCR amplification of the sequence. The altered primer sequences resulted in 

the 5' end of PCR product containing a Nco\ RE site, while the 3' end of the 

PCR product included a H/nd\\\ RE site and a stop codon. Digestion of the 

amplicons with the two enzymes produced sticky ends which facilitated the 

ligation of the DNA into the vector, which had compatible sticky ends after 

digestion with the same pair of restriction enzymes. Thus, the primer design 

allowed for the insertion of the amplified EX 1/2 sequence into the vector in 

frame, and with start and stop codons available.

The predicted Mr of the 31 amino acid EX1/2 polypeptide was 

approximately 3,441. Clones bearing insert DNA were induced with IPTG and 

protein expression analysed by SDS-PAGE, under conditions which would 

specifically resolve the relatively low molecular weight expression product. A 

high acrylamide: bisacrylamide ratio gel was used with a tricine buffering 

system. This combination of low pore size and slow migration of proteins 

should retain very small molecular weight proteins behind the dye front during 

electrophoresis. The induction of expression of EX1/2 polypeptide encoding 

the 7-17 epitope in bacterial clones containing plasmid bearing the EX112 insert 

was unsuccessful despite repeated attempts.
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One possible explanation for the failure of the expression of the EX1/2 

polypeptide is that the expressed product was rapidly degraded after induction. 

To discount this possibility, total protein expression in bacterial clones with 

plasmid containing the EX 1/2 insert was analysed by metabolic labelling with 

[̂ ®S] methionine. Profiles of radiolabelled protein expression shortly after 

induction in clones bearing insert DNA did not feature any new protein species 

in comparison to a clone containing the expression vector alone. This finding 

confirms the initial failure of the expression of the EX 1/2 product, which was 

therefore not due to degradation of the expression product.

The EX 1/2 primers contained important control sequences for the 

initiation of protein expression in the pKK233-2 expression system, including 

the ATG start codon. To determine if the failure of the expression of the 

EX 1/2 polypeptide was due to incorrect primer sequences, it was proposed to 

sequence EX 1/2 PCR products. The pKK233-2 plasmids from bacterial clones 

carrying insert DNA could not be sequenced directly since RE digestion of the 

amplicons abolished the original EX1/2 PCR primer sites, and no other primers 

for the vector were available; thus EX 1/2 amplicons were sequenced via 

cloning in pUC18.

Prior to the sequencing reactions, digestion of pUCI 8  plasmid DNA from 

bacterial clones was itself informative of the integrity of the primer sequences 

of the EX 1/2 PCR products (see Figure 5.9). Digestion of plasmid carrying 

insert EX1/2 DNA with EcoRI and Hind\\\, whose RE sites are contained within 

the pUC18 polycloning site, revealed a digestion product in every test clone 

analysed. The primer sequences within the EX1/2 insert contain RE sites for 

Nco\ and Hind\\\, and at least one of these sites would have to be intact for 

digestion with this set of enzymes to occur. Interestingly, only 4 of the 11 

clones containing insert DNA revealed a digestion product with Nco\ and 

Hind\\\. This result suggests that the majority of clones carry insert DNA with 

at least one of the expression control sequences incorrect. Plasmid sequencing 

revealed a relatively large number of base changes within the EX 1/2 primer 

sequences, including those which would result in coding changes in the 

expressed polypeptide. The start and stop codon sequences of the EX1/2 

inserts of these clones were intact. In inserts from two of the clones however.
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base changes appeared within the Hind\\\ RE site of the EX2 primer sequence 

within the insert DNA; these account for the failure of the appearance of a 

digestion product with Nco\ and Hind\\\ for these clones.

These findings might suggest that the failure of insert bearing clones of 

pKK233-2 to express the 7-17 polypeptide may be due to alteration in the ATG 

start codon located within the primer site. Such a codon change would 

prevent initiation of translation, with the consequent failure of expression of 

the EX 1/2 polypeptide. The presence of an altered ATG codon in the clones 

would be unlikely however, since modification of the ATG codon within the 

EX 1/2 primer would abolish the Nco\ RE site and prevent ligation of the EX 1/2 

amplicon into pKK233-2. An alternative explanation for the failure of the 7-17 

polypeptide expression would be the substitution of other bases within the 

primer region which might result in the creation of a stop codon. The EX 1/2 

primer sequences in a number of EX 1/2 amplicons sequenced did contain 

errors, although none of them exhibited such a replacement.

The primers were obtained from a commercial supplier and the apparent 

errors undoubtedly arose during the synthesis of the oligonucleotides. Thus, 

these findings highlight the necessity for prudent selection of the suppliers of 

such reagents. Further attempts to express the 7-17 epitope in the pKK233-2 

expression system were abandoned due to the uncertainty of the accuracy of 

the EX1/2 primer sequences within the clones carrying the EX 1/2 inserts.

An alternative expression system was employed to express a region of 

gB which would include the whole of the immunodominant neutralising 

determinant AD-1, instead of just the 7-17 epitope. The vector pGEX-3X 

allows for the expression of foreign polypeptides in E. coli as soluble fusions 

with the carboxy terminus of S]26, the 26kD glutathione S-transferase of 

Schistosoma japonicum. Oligonucleotide primers (EX 3/4) were designed 

which permitted the insertion of the EX3/4 amplicon into the vector by blunt 

ended ligation, with the coding sequence in frame if in the correct orientation. 

Since primer regions remained intact, insert bearing clones were simply 

detected by PCR amplification of bacterial cultures, utilising the EX3/4 primers 

used for the original amplification. The reverse EX4 primer had a slightly 

altered sequence which put a Hind\\\ site in the 3' end of the PCR product.
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This RE site simplified the determination of the orientation of the insert in the 

vector, where digestion of plasmid DNA with the restriction enzymes BamVW 

and Hind\W would produce a full size insert only if it was present in the correct 

orientation (see Figure 5.15).

The AD-1 sequences from ADI 69 and the variant strains A 1, A 8  and R2 

were cloned in pGEX-3X. Eight clones with the insert in the correct orientation 

were obtained: 2 for A1, 3 for A 8  and 3 for ADI 69. None of the clones 

obtained for the strain R2 contained insert in the correct orientation. The 

plasmid DNA of the clones were sequenced with internal primers, with the 

ADI 69 clones containing the correct sequence, in frame. The A1 and A 8  

clones containing the variant AD-1 sequences characterised in Chapter 4; 

however, every clone for each strain contained a cytosine base deletion in the 

'CGC' sequence of the remaining Sma\ RE site at the ligation junction formed 

by the 3' end of the vector and the 5' end of the insert. The consequences of 

this deletion were that the amino acid sequence was put out of frame by a 

single base, leading to the creation of a stop codon 15 amino acids into the 

shifted reading frame. The deletion of the cytosine base from the 3' end of the 

vector sequence most likely arose by digestion by an endonuclease 

contaminant during the preparation of the vector for ligation, or the ligation 

reaction itself. Further ligations to generate the required A1/AD-1, A8/AD-1 

and R2/AD-1 clones should be undertaken with a new preparation of vector 

DNA, and new ligation reagents.

The expression of the /Wr = 40.5K AD-1 fusion protein was observed for 

the ADI 69/AD-1 clone upon induction, in comparison to an /Wr = 26K GST 

protein produced by a clone containing pGEX-3X only. In the A1/AD-1 and 

A8/AD-1 clones, in which the cytosine deletion caused a frameshift generated 

a stop codon 15 amino acids after the end of the GST sequence, after 

induction of the A1/AD-1 and A8/AD-1 clones the fusion protein species was 

indistinguishable from the GST protein alone.

Prokaryotically expressed polypeptides encoding portions of the gB 

molecule were originally used to map the linear epitope recognised by the 

monoclonal antibody 7-17, by reactivity of the antibody against the expressed 

polypeptides in an immunoblotting system (Utz et a!., 1989). Immunoblotting
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with 7-17 was therefore utilised here to assess the biological reactivity of the 

ADI 69/A D -1 polypeptide. The fusion protein was recovered from lysates of 

induced bacterial cells by precipitation with glutathione sepharose, separated 

by SDS-PAGE, and the product transferred to nitrocellulose for immunoblotting 

with 7-17, which is directed against a linear epitope within the larger AD-1 

neutralising determinant. The antibody detected the gB Mr = 58K glycoprotein 

infected cell lysates and was able to recognise the Mr = 40.5K fusion product. 

Thus the AD-1 portion of the fusion protein appeared to maintain antigenic 

integrity after expression in the pGEX-3X prokaryotic expression system, even 

in the presence of the GST molecule.

The polymerase chain reaction was utilised here in the expression of 

specific sequences encoding neutralising determinants. Specific oligonucleot

ides were designed which were able to amplify wild type or variant viral 

sequences, despite minor deviations of the primer sequences from the viral 

sequences. The slight alterations were necessary to provide necessary 

translation signals and/or specific RE sites which aided ligation of the amplicons 

into expression vectors and/or the subsequent selection of insert bearing 

clones. Thus, careful design of specific primers for PCR amplification of 

sequences is able to greatly facilitate the cloning of the insert DNA in particular 

expression vectors. It would be prudent to take in the selection of suppliers 

for these reagents, as errors in the synthesis of these reagents may lead to 

artifacts such as codon changes which may lead to a complete lack of 

expression as may have occurred in the pKK233-2 system when used here.

The pKK233-2 expression system can be advantageous if the production 

of an unfused foreign protein product is desired. The application of this 

expression system here may not have been the most suitable however, since 

the purification of the expression product was planned to be by affinity 

chromatography. An affinity column with the appropriate antibody would need 

to be prepared for each application of the pKK233-2 system. In addition to the 

problems described in Section 5.1, with harsh elution conditions affecting the 

antigenicity of proteins, variant polypeptides might not even be recognised by 

the antibody utilised in the affinity column. For example, the variant strain A1 

possessed an amino acid substitution in the 7-17 epitope which appeared to
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lead to a reduced affinity of the antibody for the sequence (see Chapter 4). 

The use of the antibody coupled to an affinity matrix to purify the variant 

polypeptide could potentially have resulted in little or no yield from the 

purification procedure. As an alternative, high pressure liquid chromatography 

(HPLC) could be used to purify the expression product, although the elution 

conditions used in this technique again may have affected the antigenicity of 

the polypeptide.

The pGEX generation of expression vectors based on the production of 

foreign proteins as fusions with a | parasite glutathione S-transferase has 

tremendous advantages. The purification of the fusion protein is easily 

achieved by substrate-affinity chromatography, with the use of immobilised 

glutathione, such that a single column can purify any expression product from 

the system. The mild elution of the fusion protein from the column with 

excess reduced glutathione preserves the structural and therefore antigenic 

properties of the expressed protein. The column may also be used to isolate 

the foreign protein from its fusion protein after specific cleavage with 

proteolytic enzyme, for which a recognition site has been engineered into the 

vector. In addition, glutathione sepharose is useful, as described here, to 

precipitate small amounts of the expression protein of ADI 69 from bacterial 

lysates for preliminary analysis its reactivity with a monoclonal antibody against 

it.

A number of future studies using the pGEX-3X expression system 

present themselves. Initially, the ADI 69/AD-1 polypeptide might be used in 

competition experiments with 7-17 and/or antibodies specific for AD-1, and the 

variant virus strains. Such experiments might give an indication of changes in 

the reactivities of the antibodies against the variant sequences. This is not the 

ideal experiment however, since sequence heterogeneity outside the AD-1 

determinant might have unknown and unexpected effects on antibody 

recognition of the antibodies against the determinant. Future success in the 

expression of the variant viral sequences as fusion proteins in the pGEX-3X 

expression system would mean that the variant polypeptides could be used in 

such competition experiments with ADI 69; this would be the more suitable 

experiment, since the only variable would be the mutant sequences of the
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polypeptides themselves. Furthermore, expression of the variant polypeptides 

would be the ideal means to examine the interaction between the antibody and 

variant sequences, since it would enable the measurement of affinity constants 

directly. The polypeptides might also be used to generate neutralising sera in 

animal host, to be used in cross neutralisation experiments with the relevant 

variant and control virus strains. In addition, expression and purification of the 

mutated polypeptides would permit structural analysis of these in relation to 

the ADI 69 prototype sequence. In summary, expression of the AD-1 

sequences from variant clinical isolates would present a range of options to 

study the effect of mutations on the structure and antigenicity of the 

immunodominant neutralising determinants of these virus strain in isolation.

The major neutralising determinant of HCMV, AD-1, was originally 

characterised as a linear determinant, albeit rather long at greater than 80  

amino acids (Kneiss eta /., 1991; Wagner ef a/., 1992). Recent evidence (see 

Section 1.14) has suggested that the determinant may possess a more 

complex structure and/ ori substructures than originally thought. In view of 

this revelation, a different strategy altogether to study the structural and 

functional changes incurred in AD-1 variant HCMV strains may be more 

appropriate than expression studies. This is namely, the introduction of the 

AD-1 mutant sequences into an ADI 69 background, by site-directed 

mutagenesis; in this context, the variant sequences could be expressed in their 

native conformation. Experiments with these modified virus strains might 

include functional studies with 7-17 and AD-1 specific antibodies, and human 

sera. In addition, the virus strains could be used to raise immune sera in animal 

models, and cross neutralisation assays could be undertaken. Thus, site 

directed mutagenesis may present the most pertinent means of assessing the 

antigenicity of the AD-1 neutralising determinant, which is thought to contain 

some degree of higher order structural elements.

In summary, pGEX vectors appear to have great potential in the study 

of linear neutralising epitopes, although other means of expression may be 

deemed necessary in the case of neutralising determinants with more complex 

structure.
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Chapter 6:
Characterisation o f the humanised monocionai H uH C M V I6-2
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6.1 INTRODUCTION

Pre-existing humoral immunity is known to play a protective role against 

severe HCMV infection in some patient groups (see Section 1.9). However, 

the success of normal and hyperimmune gammaglobulin preparations for 

prophylactic and therapeutic treatment against HCMV infection in transplant 

recipients has been inconsistent (Snydman, 1990; Sullivan, 1987). Data in 

Chapter 4  provide evidence to indicate to why some HIVIG preparations may 

be lacking in protective ability. A panel of these preparations exhibited a 

marked subtype specific neutralising antibody reactivity against clinical HCMV 

isolates. In addition, it is possiblethat other differences between products may 

account for their variable reactivity, such as neutralising activity or the 

functional integrity of the processed immunoglobulin molecules.

The shortcomings of intravenous gammaglobulin support the use of 

monoclonal antibodies as potent immunotherapeutic agents against HCMV 

infections (see Section 1.15). Human monoclonal antibodies were the first 

such antibodies to be evaluated against virus infection. These were produced 

by hybridomas resulting from either Epstein Barr virus transformation of human 

B cells from HCMV seropositive individuals or human-mouse cell fusions. 

Human monoclonal antibodies against herpes simplex virus have been shown 

to possess 30 to 50 fold greater neutralising activity (per weight) compared 

with normal human serum globulin, but up to 2 0 0 0  fold more in vivo protective 

activity in a mouse model (Fujinaga et ai., 1987). A complement independent 

neutralising human monoclonal antibody C23, directed against HCMV gB, was 

found to possess 200-3000 times as potent neutralising activity (per weight) 

in comparison with normal human serum globulin (Masuho et ai., 1990). This 

antibody has been entered in to Phase I clinical trials in normal volunteers and 

the plasma neutralising activities achieved were equivalent to plasma C23 

levels (Azuma et a!., 1991).

A novel strategy has been to "humanise" murine monoclonal antibodies, 

which would otherwise be immunogenic themselves in vivo (see Section 1.15). 

One such antibody which has been "reshaped" this way is the complement 

independent neutralising monoclonal antibody HCMV16 (Cranage et ai., 1988). 

This antibody reacts with the gH component of the gH/gL envelope
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glycoprotein complex (Kaye eta!., 1992). By genetic manipulation, the antigen 

binding site of the antibody has been transferred from the murine antibody 

molecule to the human variable and constant domains of a human antibody 

molecule of the IgGI subclass (Tempest et a!., 1995). The biological 

properties and binding affinity of the murine antibody have been maintained by 

the reshaped humanised antibody, HuHCMV16-2 (Hamilton et al., manuscript 

in preparation).

Prior to its in vivo use, it is essential to characterise the antibody to 

understand its potential benefit as a therapeutic agent. HCMV is an enveloped 

virus which infects cells by an orderly progression of events (see section 1.7): 

first the virus attaches to a host cell, then the virion envelope and the cell 

membrane fuse, so as to allow penetration of the virion capsid into the 

cytoplasm. A related but different process of virus infectivity is the direct cell 

to cell spread of virus in the absence of a cell free virus phase. As the HCMV 

envelope glycoproteins are central to these processes, antibodies against them 

can potentially neutralise viral infectivity. For example, it has been 

demonstrated that the mechanism by which C23 neutralises HCMV infectivity 

is by blocking the fusion of the virion envelope with the target host cell 

membrane (Ohizumi et ai., 1992), and hence the antibody is also able to block 

the cell to cell spread of virus (Tomiyama and Masusho, 1990). In addition, it 

is of utmost importance to determine the neutralising activity of the antibody 

with large number of clinical HCMV isolates, to ensure its therapeutic efficacy 

against most if not all HCMV strains in the wild type virus population.

The aim of the present chapter was to further characterise HuHCMVI 6 - 

2, a humanised monoclonal antibody against the envelope glycoprotein gH. 

Specific aims were to determine the neutralising activity HuHCMVI 6-2 against 

clinical isolates of HCMV, and then resolve the mechanism by which the 

antibody neutralises the infectivity of HCMV.
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METHODS

6.2 Antibodies

Purified preparations of the murine anti-gH monoclonal antibody 

HCMV16, the murine anti-gB monoclonal antibody HCMV37, chimaeric 

HCMV16, the humanised monoclonal antibody HuHCMVI 6-2, the humanised 

monoclonal antibody HuHCMVI 6-3, the humanised anti-gB monoclonal 

antibody and a humanised irrelevant antibody were kindly supplied by Scotgen 

Biopharmaceuticals Limited, Aberdeen, UK. The two antibodies HuHCMVI 6-2 

and HuHCMVI 6-3 differed slightly in the human frameworks into which the 

HCMV16 CDR regions grafted. The variable regions, with the

exception of the antigen binding sites, and all of the constant regions of the 

irrelevent humanised antibody were identical to HuHCMVI 6-2. Purified murine 

myeloma IgG subclass preparations were obtained commercially (Sigma). A 

purified preparation of the complement independent anti-gB neutralising human 

monoclonal antibody C23 (Masuho et a!., 1987) was kindly provided by Y. 

Matsumoto at the Tejin Institute for Biomedical Research, Tokyo, Japan, and 

was used as a control for fusion experiments. Note that HuHCMVI 6-2, the 

humanised irrelevant monoclonal antibody and C23 are all of the human 

subclass IgGI/x.

Commercially available gammaglobulin peparations (IVIG) included normal 

and anti-HCMV high titer intravenous gammaglobulin (HIVIG) from Alpha 

Therapeutic (UK) in either freeze dried or liquid forms, normal intravenous 

gammaglobulin from the Swiss Red Cross (Switzerland) and anti-HCMV HIVIG 

products from The Scottish Blood Transfusion Service (UK) and Biotest 

(Germany). A Paul Ehrlich Institute international reference standard was 

obtained from the Paul Ehrlich Institute (Germany).

Sera | were also obtained from normal healthy laboratory staff 

seropositive for HCMV. These sera were used to prepare a HCMV seropositive 

pool (HCMV-i-ve).

6.3 Laboratory and clinical strains of HCMV

The origin of clinical HCMV isolates from AIDS patients and renal 

transplant recipients, and laboratory strains of HCMV, has been described in 

Section 3.3. The clinical HCMV strain C l was isolated from the urine of a
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congenitally infected infant. Virus isolates were propagated to approximately 

passage 5, then the cell culture supernatants harvested, aliquoted and stored 

in liquid nitrogen. The infectious titer of each virus strain was determined by 

plaque assay as described in Section 4.3.

6 .4  Plaque reduction assay.

The neutralising activity of HIVIG preparations, human sera or the 

humanised monoclonal HuHCMVI 6-2 against laboroatory or clinical HCMV 

strains was performed by a plaque reduction assay as described in Section 4.4.

6.5 Immunoprécipitation of gH from HCMV infected cells HuHCM VI6-2

Human embryo lung fibroblasts were metabolically labelled as follows: 

A 75cm^ flask of cells was infected with the laboratory HCMV strain ADI 69 

and the virus grown for approximately 5 days, until 100% cytopathic effect 

(CPE) was evident. A separate flask of fibroblasts was used as an uninfected 

control. The cell monolayers were washed twice, then starved of methionine 

for three hours at 37°C , in methionine free MEM supplemented with 4%  foetal 

calf sepum, L-glutamine, and antibiotic/antimycotic (Gibco reagents). Medium 

was replaced with 4ml methionine free medium as above, containing 10/yCi/ml 

[̂ ®S] methionine, and the flasks incubated overnight at 37°C . The cell 

monolayers were washed twice with ice cold PBS, then 1 ml of lysis buffer 

(RIPA buffer: 0.1 % sodium dodecyl sulphate (SOS), 1 % Nonidet-P40 (NP-40), 

0.5%  deoxycholate, with 1% aprotonin, lOOmM phenyl methylsulphonyl 

fluoride (PMSF) and 25U DNAase added just before use) was added to each 

flask, before incubation on ice for 10 minutes. The lysed cells were harvested 

and the aliquots microcentrifuged at 13,000g for 10 min. The supernatants 

were aliquoted and stored at -70°C  until use.

For the immunoprécipitation procedure, lysates were first precleared with 

irrelevant antibody to remove nonspecific binding activity. 200//I aliquots of 

cell lysate were thawed and 1 - 2 /yg of humanised or murine irrelevant 

monoclonal antibody was added to respective tubes and mixed for 1  hour at 

room temperature, end over end. 400//I of formalin fixed Stapphylococcus A 

cells (Gibco-BRL), which had been pre-equilibrated in RIPA buffer, was added 

to each tube, followedby mixing for a further 1 hour. Tubes were pulsed in a 

microcentrifuge at 13,000g and each supernatant was transferred to a fresh
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tube, with the pellets discarded. 5//g of each test antibody (chimaeric 

HCMV16, HuHCMVI 6-2, HuHCMVI 6-3, and humanised irrelevant antibody) 

were added to the appropriate tubes. The tubes were mixed end over end for 

2 hours at room temperature, then 50/yl pre-equilibrated Formalin fixed 

Staphylococcus A cells was added to each tube and they were mixed for a 

further 1 hour. The immune complexes were pelleted as above, and washed 

5 times with Wash buffer (containing 0.05M  Tris-HCI pH6 .8 , 0.1M  NaCI, pH 

7.3; and 1 % Triton-X, 0.1 % SDS, with the two detergents decreasing by half 

in each subsequent wash). The complexes were then resuspended in 50//I 

reducing protein sample buffer (0.0625M  Tris-Hcl pH6 .8 , 0 .02%  w/v 

bromophenol blue, 5% SDS, 10% v/v glycerol, 5% v/v 2-mercaptoethanol) and 

boiled for 2 minutes. The tubes were pulsed by microcentrifugation and the 

supernatants were analysed by SDS-polyacrylamide gel electrophoresis (SDS- 

PAGE) in a minigel apparatus, along with whole uninfected or infected cell 

lysates and ^̂ C labelled molecular weight markers (Mr (x10^)= 200, 97, 69, 

46, 30)(Amersham). SDS-PAGE analysis was performed as described in 

Section 5.9, on an 8 % acrylamide separating gel. The gel was then fixed and 

stained as described in Section 5.9, then dried under vacuum at 80°C  in a 

Biorad gel drier. The dried gel was exposed to Hyperfilm-MP (Amersham).

6 . 6  Titration of HuHCM VI6-2 for neutralising activity by a flow cytometry 

neutralisation assay

HuHCMVI 6-2 was serially diluted in twofold dilutions starting from 

200//g/ml to 12.5//g/ml in MEM/2: minimal Essential Medium (MEM) 

supplemented with 2% heat inactivated fetal calf serum, HEPES, L-glutamine 

and an antibiotic/antimycotic mixture (all reagents from Gibco-BRL). The 

laboratory HCMV strain ADI 69 was diluted in MEM/2 to 1.2x10® PFU/ml and 

added to an equal volume of diluted antibody to achieve final concentrations 

of antibody from 100/yg/ml to 6.25/yg/ml, with virus at 6x10"* PFU/ml. The 

virus antibody mixture was incubated for 3 7 °C for 1  hour, followed by 

inoculation onto fibroblast monolayers in a 1 2 -well tissue

culture plate, at 2PFU/cell, and incubated at 37°C  for 1 hour. Virus only and 

uninfected cell controls were included. The cell monolayers were washed with 

MEM/2 and incubated overnight at 37°C . Each antibody concentration and
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each control was performed in duplicate. The cells were then detached by 

trypsinisation and stained for HCMV IE antigen expression by flow cytometry 

as follows. Cells were pelleted in LP3 tubes at 250g in a bench centrifuge, 

then washed twice with PBS and fixed in 6 6 % acetone/34% PBS for 20 

minutes at + 4 °C . The cells were washed twice with PBS, and the cell pellet 

resuspended in the residual PBS droplet by vortexing. One microliter of the 

monoclonal antibody E l3 (anti-immediate HCMV early protein) directly 

conjugated to fluorescein (Biosoft, TCS) was added to each tube, then the cells 

were incubated at 37°C  for 1 hour. The cells were washed twice in PBS then 

resuspended in 4%  formaldehyde in PBS.

FACS analysis was performed with a Becton-Dickinson FACS machine 

with Consort 30 software. Data was analysed as follows. Cells were gated 

to separate uninfected and infected cell peaks on histograms showing 

fluorescent intensity versus cell numbers by comparing the virus only with the 

cell only controls. The mean percentage of infected cells were calculated for 

each set of duplicate results. The percentage of cells giving a signal in the 

infected cell gate for the uninfected cell only control (typically less than 1 0 %), 

was subtracted from each test result and neutralisation was calculated by the 

formula:

{ [ 1 -(percentage infected cells in the presence of antibody -î-

percentage infected cells in the absence of antibody)] xlOO}.

6.7 Investigation of the effect of antibody on post binding viral envelope fusion 

with the host cell membrane

A "post-attachment" experiment was performed to measure the effect 

of antibody upon virion-host cell fusion. Fibroblast monolayers in a 12 well 

tissue culture plate were chilled to -l-4°C, then infected with virus (strain 

A D I69 or clinical HCMV isolates), pre-chilled to -l-4°C, diluted to 2 PFU/cell 

in MEM/2. The culture plates were incubated on ice for 1 hour, then washed 

with pre-chilled MEM/2. Pre-chilled test antibody (humanised HuHCMVI 6-2, 

at 200 or 100//g/ml; C23 or humanised irrelevant antibody at 100/yg/ml), or 

medium with no antibody, were added to the infected monolayers, and the
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culture plates incubated on ice for 1 hour. Each antibody and control 

experiment was performed in duplicate. The cell monolayers were washed 

with pre-chilled medium then incubated overnight at 37°C . A "pre

attachment" control experiment was also performed concurrently with the 

"post-attachment experiment". Pre-chilled virus, diluted to 1.2x10® PFU/ml, 

was mixed with an equal volume of pre-chilled test antibody, control antibody 

or medium with no antibody (as above) at 2 0 0 /yg/ml (final concentration 

100//g/ml) and incubated on ice for 1 hour. The virus/antibody mixtures were 

inoculated onto cell monolayers which had been pre-chilled (for 1  hour on ice) 

and the culture plates incubated on ice for a further 1  hour. The cell 

monolayers were washed with prechilled medium, then incubated overnight at 

37°C .

Cells were then detached by trypsinisation and stained for HCMV IE 

antigen expression as described in Section 6.3. Analysis of flow cytometric 

data was performed as described in section 6 .6 , except that the level of virus 

neutralisation was calculated by the formula:

{ [ 1 - (percentage infected cells in the presence of test antibody 4-  

percentage infection in the presence of irrelevant control antibody)] xlOO}.

6 . 8  Surface staining of HCMV infected cells

Human embryo lung fibroblasts (in BOcm  ̂ tissue culture flasks) which 

had been infected with ADI 69 at 3PFU/cell (or left uninfected), for a duration 

of 5 days, were brought into suspension by treatment with non-enzymic cell 

dissociation fluid (Sigma). The cells were washed twice in PBS, then 

resuspended in PBS to 1x10® cells/ml (an aliquot of cells was also assessed for 

virus infection, see below). Wells of a 96 well plate with 'U' shaped wells 

(Greiner) were siliconised by the addition of 100/vl Sigmacote (Sigma) followed 

by evaporation for 15 minutes. 100//I of the infected or uninfected cell 

suspensions were aliquoted into respective wells of the siliconised plate, and 

the plate was centrifuged at 800g for 3 min, then the diluent of each well was 

removed by flicking. Nonspecific Fey receptor activity expressed on HCMV 

infected cells (Westmoreland et a!., 1976) was blocked by addition of 50//I of
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20% normal rabbit serum (NRS), diluted in PBS containing 0.02%  sodium azide 

(PBS/Az), into each well. The cells were resuspended by shaking the plates for 

5 seconds on a Titertek plate shaker and the plates incubated at + 4 °C  for 20 

minutes. The cells were pelleted and the diluent removed as before, and 50//I 

of primary antibody diluted to 15/yg/ml in 2% normalirabbitserum PBS/Az was 

added to each of duplicate wells of infected or uninfected cells, and the cells 

resuspended by shaking the plates as above. Antibodies tested included the 

murine monoclonal antibodies HCMV16 (IgGI) and HCMV37 (lgG2a), their 

humanised equivalents, murine irrelevant IgGI and lgG2a antibodies (Sigma), 

and a humanised irrelevant antibody. For conjugate controls, PBS/Az alone 

was also added to infected or uninfected cells. After incubation for 1 hour at 

+ 4°C , with occasional agitation, the cells were pelleted then washed twice in 

PBS/Az by centrifugation as above. 50//I of a fluoresceinated F(ab ' ) 2  sheep 

anti-mouse IgG conjugate (Sigma) or a fluoresceinated F (ab l2  Qoat anti-human 

IgG (k chain specific) conjugate (Sigma), diluted appropriately in PBS/Az, were 

added to each well. The plate was agitated then incubated at -i-4°C for 1 

hour, with occasional shaking. The cells were washed four times with PBS/Az, 

the cells were resupended by shaking, and 100/yl of 4% formaldehyde in PBS 

was added to each well.

To assess cells for the level of virus infection, an aliquot of either 

infected or uninfected cells was stained for HCMV IE antigen expression as 

described in Section 6.5. FACS analysis was performed with a Becton- 

Dickinson FACS machine with Consort 30 software, with FACS profiles 

generated using Lysis if software.

6.9 Plaque assay to Investigate the cell to cell spread of virus

Fibroblast monolayers were infected with virus (strain ADI 69 or clinical 

HCMV isolates) at 0.001 PFU/cell for 1 hour at 37°C . Monolayers were 

washed and overlayed with MCO (1 % methylcellulose supplemented with 30%  

Lebovitz's L-15 medium, 5% heat inactivated fetal calf serum, sodium 

bicarbonate, L-glutamine, antibiotic/ antimycotic mixture) containing either 

100//g/ml of HuHCMVI 6-2, irrelevant humanised antibody, C23, or, no 

antibody. The monolayers were incubated at 37°C  in 5% CO2 , with 

replenishment of the respective overlays every 2 days. After 7 days
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incubation, 4%  formal saline was added to each well and the plates left at 

room temperature for a minimum of 30 minutes, then washed ten times with 

tap water. Methylene blue (Sigma) (0.3%  in distilled water) was added to each 

well and the plates left at room temperature for 30 minutes, after which they 

were washed ten times with tap water and dried in air. Plaque size was 

visually examined with an inverted light microscope and confirmed by blind 

examinations by two independent observers. Photomicrography was performed 

with Kodak 100 ASA black and white film.

6.10 Immunofluorescent plaque assay to examine the cell to cell spread of 

virus

Fibroblast monolayers were grown in 8  well chamber slides (Lab-Tek). 

The cells were infected with virus (strain ADI 69 or clinical HCMV isolates) at 

0.001 PFU/cell for 1 hour at 37°C . After washing, MEM supplemented with 

4%  heat inactivated fetal bovine serum and antibiotic/ antimycotic mixture was 

added to the cells and the slides were incubated overnight at 37°C  in 5% COg 

in air. The medium was removed and fresh medium containing lOOyt/g/ml of 

HuHCMVI 6-2, irrelevant humanised antibody, C23, or no antibody was added 

to wells in duplicate. Medium containing antibody was replenished every day 

for a further 4 days. The medium was removed from the cells and the 

monolayers washed 3 times with PBS. The slides were dried in air, then fixed 

in acetone for 5 minutes at -20°C . The acetone was allowed to evaporate, 

then the slides were briefly rinsed with PBS and excess removed by blotting 

with tissue paper. Ascitic fluid containing the murine monoclonal antibody 63- 

27 against the IE protein (kindly provided by W. Britt at the University of 

Alabama at Birmingham, Birmingham, Alabama, USA) was diluted to 1/100 in 

PBS and added to each well of the chamber slide, and the slide incubated for 

1 hour at 37°C  in a humid chamber. Slides were washed twice in PBS. A 

fluoresceinated anti-mouse IgG (y chain specific) F(ablg fragment conjugate 

(Sigma) was added to each well of the slides at an appropriate dilution. After 

incubation for 1 hour at 37°C  in a humid chamber, slides were washed three 

times in PBS, dried in air, then mounted with Citifluor. In each well, all plaques 

were examined (approximately 15 plaques per well), and the plaque size 

determined by counting the numbers of fluorescent foci per each virus plaque.
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For each antibody or control, a median number of nuclei/plaque was 

determined. Median for plaque sizes with antibody treatments were compared 

to medians of plaque sizes for virus grown in the presence of irrelevant 

antibody by the Mann Whitney U-test. Photomicrography was performed using 

Kodak Tniax 400 ASA film.
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RESULTS

6.11 Neutralising activity of intravenous immunogammaglobulin preparations 

against A D I69

The neutralising activity of a panel of IVIG and HIVIG preparations was 

evaluated to assess differences between them, and provide an indication of 

how well such preparations might perform in vivo against HCMV. A plaque 

assay was performed against the laboratory HCMV strain AD 169, with each 

product tested at doubling dilutions from 1/20 to 1/2560 (final). A 

representative experiment is shown in Table 6.1.

The Alpha HIVIG product, Venoglobulin-Tx (dry), demonstrated the 

highest neutralising activity in the panel (1/566 to 1/584), and showed 

approximately two to three fold higher activity than its normal IVIG 

counterpart, Venoglobulin (1/131 to 1/294). The liquid equivalents of the 

freeze dried high titer and normal IVIG products, respectively Venoglobulin-Tx 

(liquid) (1/426) and Venoglobulin-HS (1/118 to 1/112), displayed comparable 

neutralising titers to their freeze dried forms.

The Paul Ehrlich Institute international reference standard, PEI REF STD 

(1/563) and the HIVIG produced by the Scottish Blood Transfusion Service, 

BPL CMV High Titre IG (1/256), demonstrated the next highest neutralising 

activity. The Biotest HIVIG product Cytotect demonstrated poor neutralising 

activity for a high titer preparation (1/149). The Swiss Red Cross normal 

gammaglobulin product. Berna Globuman displayed the lowest neutralising titer 

of the panel (1/97). Although marketed as a high titer product, this preparation 

displayed neutralisation resembling serum pool comprising sera from normal 

healthy HCMV seropositive donors.

Note that for both the Biotest and Alpha products, where different 

batches of the same product were tested, neutralising titers were comparable.

6 .12 Neutralising I activity of HCMV seropositive convalescent human sera 

against A D I69

Hyperimmune IVIG products are prepared from pools of normal human 

sera selected for seropositivity to HCMV. To determine how titers of the IVIG 

preparations might compare to the neutralising activities of human sera of 

which the IVIG products are comprised, the neutralising titers of individual
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TABLE 6.1: NEUTRALISING TITERS (ED5 0 ) OF INTRAVENOUS GAMMAGLOBULIN PREPARATIONS AGAINST ADI 69, 
DETERMINED BY PLAQUE REDUCTION ASSAY

Supplier
Immunoglobulin

Preparation Lot
Recipricoi

Titre

Alpha Therapeutic Corporation Venoglobulin-Tx (dry) GV 9029A 566
I I GV 0035A 584
I f Venoglobulin GV 0002A 132
I I GV 0004A 294
I I Venoglobulin-Tx (liquid) 100401 426
I I Venoglobulin-HS 916001 118
I I 917801 1 1 2

Biotest Cytotect 1443129 149

1441069 154

Scottish National Blood Transfusion Service BPL CMV HIGH TITER IG 2502-90070 256

Paul Erlich Institute PEI REF STD 98 U/ML 12/88 563

Swiss Red Cross Berna Glomuman 109 400101 97

- HCMV-i-ve pool - 1 1 1
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TABLE 6.2: NEUTRALISING TITERS {ED5 0 ) OF NORMAL CONVALESENT SERA 
FROM SEROPOSITIVE DONORS AGAINST ADI 69, DETERMINED BY PLAQUE 
REDUCTION ASSAY

Donor c ' Reciprocal titer

HCMV + ve pool - 185

+ 581

1 - 85

+ 283

2 - < 2 0

+ < 2 0

3 - 63

+ 181

4 - 132

+ 443

5 - 143

262

6 - < 2 0

+ < 2 0

7 - 31

+ 1 0 0

8 - 173

+ 704

9 - 198

+ 269
- /+ c '  indicates neutralisation in the absence or presence of complément
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HCMV seropositive convalescent human sera, collected from a group of healthy 

normal donors, were analysed. A plaque reduction assay with human sera 

which were seropositive for HCMV was performed against A D I69, with the 

sera tested at doubling dilutions of 1/20 to 1/2560 (final), or 1/50 to 1/6400 

(final) in the presence of complement.

The results of the plaque assay are presented in Table 6.2 and show that 

convalescent phase HCMV seropositive human sera exhibited comparatively 

low neutralising activity against HCMV. The neutralising titers of the sera 

ranged from undetectable neutralising activity to ED5 0  values which were no 

greater than 1/200 in the absence of complement. Addition of complement 

increased neutralising activity of the sera by up to fourfold.

M CL 1 2 3  4 M CL 1 2 3 4

I97 f »  ---- — —  —.  4oH

69

46

UNINF INF

Figure 6.1 Immunoprécipitation of gH from uninfected (UNINF) or HCMV 
infected (INF) fibroblasts with 1) humanised irrelevant antibody, 2) chimaeric 
HCMV16, and the humanised versions of HCMV16, 3) HuHCMVI 6-3 and 4) 
HuHCMVI6-2. M = molecular weight markers (/Wr xIO^).

6.13 Immunoprécipitation of gH from HCMV infected cells with HuHCMV16-2

To confirm that the humanised versions of the murine monoclonal 

antibody HCMV16, were able to react with gH, immunoprécipitation
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experiments were performed with the human/mouse chimaeric version of 

HCMV16, the humanised monoclonal antibody and a humanised irrelevant 

antibody. Figure 6.1 shows an autoradiograph of the immunoprécipitation 

using metabolically labelled HCMV infected and uninfected cell lysates. A 

single protein species was immunoprecipitated from HCMV infected cell lysates 

with the anti-gH antibodies, but not by the irrelevant antibody. This protein had 

an Mr of approximately 89,000, which corresponds to the size of the gH 

molecule. No proteins were immunoprecipitated from uninfected cell lysates 

with either antibody. Thus, HuHCMVI 6-2 maintained its ability to recognise 

gH after humanisation of the murine antibody.

6 .14 Neutralising activity of HuHCMVI 6-2 against ciinical 

isolates of HCMV

To assess if HuHCMVI 6-2 had the ability to neutralise a range of wild 

type HCMV strains, plaque reduction assays with the antibody were performed. 

The neutralising activity of HuHCMVI 6-2 against a panel of clinical isolates and 

laboratory strains of HCMV was evaluated in two experiments. HuHCMVI 6-2 

was tested against each strain at a final concentration of 50 to 0.39/yg/ml, 

with serial twofold dilutions of antibody. The results from experiment 1, for 

13 clinical HCMV strains isolated from renal transplant recipients, AIDS 

patients and a congenitally infected infant are shown in Table 6.3. The 

neutralisation data obtained from the plaque reduction assay for experiment 1  

in Table 6.3 was also plotted in Figure 6.2. The laboratory strain A D I 69 was 

neutralised with an ED5 0  of 1.44/yg/ml. Clinical strains of HCMV were 

neutralised by HuHCMVI 6-2 with the ED5 0  values ranging from 0.93 to 

2.96/yg/ml. In a separate experiment (Table 6.4), HuHCMVI 6-2 neutralised 8  

other clinical HCMV isolates with ED5 0  values ranging from 0.5 to 2.98//g/ml. 

The laboratory strains ADI 69 and Towne were both | neutralised by HuHCMVI 6-2 

with ED5 0  values of 0 .56 and 0.71 respectively. HuHCMVI 6-2 therefore 

possessed neutralising activity against all of the clinical and laboratory strains 

tested.
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TABLE 6.3: NEUTRALISATION OF CLINICAL HCMV 
ISOLATES WITH HuHCMVI 6-2, AS DETERMINED BY 
PLAQUE REDUCTION ASSAY, EXPERIMENT 1

Isolate ED5 0

A l 1.47

A 8 2.76

R2 1.36

R13 1.63

A16 1.58

R27 1.57

R18 2.13

R4 0.93

Cl 1.95

A13 2.96

A14 1.31

A15 2.56

R24 1.33

ADI 69 1.44
A =A!DS patient, R = renal transplant recipient, 
C = congenitally Infected Infant
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Figure 6.2 Neutralisation of ADI 69 and clinical HCMV isolates in the presence of increasing concentrations of HuHCMVI 6-2. 
The EDgo values for each strain are given in Table 6.3. A = AIDS patients, R = renal transplant recipient, C = congenitally 
infected infant.
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TABLE 6.4: NEUTRALISATION OF CLINICAL HCMV 
ISOLATES WITH HuHCMVI 6-2, AS DETERMINED BY 
PLAQUE REDUCTION ASSAY, EXPERIMENT 2

Isolate EDso

A6 0.5

A2 0.81

A4 1.58

A10 1.36

RIO 1.8

R9 0.74

R1 2.98

R6 2.07

ADI 69 0.71

Towne 0.56
A =A!DS patient, R=renai transplant recipient
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TABLE 6.5: TITRATION OF HuHCMVI 6-2 FOR NEUTRALISING ACTIVITY 
AGAINST ADI 69 IN A FLOW CYTOMETRY NEUTRALISATION ASSAY

Antibody Cone 
(fjg/ml) % infection % Neutralisation

100 1.9 93.7

50 2.2 92.8

25 4.2 86.1

12.5 7.6 74.9

6.25 15.2 49.8

None 30.3 0

6.15 Reactivity of HuHCMVI 6-2 in a flow cytometry neutralisation assay

Prior to investigations of the mechanism of neutralisation by 

HuHCMVI 6-2, a method to assess the neutralisation of HCMV was developed 

in a system using flow cytometric analysis of IE antigen expression in HCMV 

infected cells. The neutralisation of virus by antibody was detected by a 

reduction in the number of infected cells. Table 6.5 presents results of a 

titration of HuHCMVI 6-2 in this system. The antibody demonstrated complete 

neutralisation of the virus at 50-100//g/ml and 50% neutralisation at the lowest 

concentration of antibody tested, 6.25/yg/ml. The information on the 

neutralising activity of HuHCMVI 6-2 in the flow cytometry neutralisation assay 

was used to plan subsequent experiments.

6.16 Thd effect of HuHCMVI 6-2 upon the fusion event of virai entry into the 

host cell

The flow cytometric assay was utilised to determine if HuHCMVI 6-2 

neutralised HCMV by blocking the post-binding fusion step of virus penetration. 

This investigation compared the results of a "post-attachment assay" with a 

"pre-attachment assay" to determine the effect of antibody upon the fusion of 

the virion and host cell envelopes, which permits the penetration of capsids 

and the ensuing replicative cycle to occur. The pre-attachment experiment is 

a conventional neutralisation test, which measures neutralisation of virus by 

incubation of virus with antibody prior to virus absorption onto cells. The post
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attachment experiment assesses neutralisation of virus after initial binding 

events, namely the fusion of the virion and host cell membranes.

In the post-attachment assay, cell monolayers were infected with ADI 69 

at 4-4°C to permit virion binding but prevent membrane fusion; whereupon 

pre-chilled diluted antibody was then added to the cells for a further period of 

incubation at 4-4°C. The pre-attachment assay was the control experiment, 

performed at 4°C , to assess the neutralisation of ADI 69 by antibody prior to 

virus absorption onto cells. After warming of the cells to 37°C  to permit 

fusion to occur, the cells were incubated overnight and assessed for the 

percentage of virus infection.

The results for the post-attachment assays and the control pre

attachment assays for two representative experiments are shown in Tables 6.6  

and 6.7. Both HuHCMVI 6-2, and the control antibody C23, demonstrated 

near complete neutralisation of the laboratory strain of HCMV ADI 69 in the 

pre-attachment control experiment. In the post-attachment assay, both HCMV 

specific antibodies exhibited neutralising activity comparable to that of the pre

attachment assay. The irrelevant humanised antibody was non-neutralising in 

either assay, when compared to the virus only control.

HuHCMVI 6-2 and C23 were both able to neutralise HCMV when 

antibody was added either before or after attachment of virions to the host cell; 

therefore both antibodies blocked neutralisation at the fusion step of virus 

penetration.

6.17 The e f f e c t  of HuHCMV16-2 on the entry of clinical strains of HCMV into 

host cells.

The pre- and post-attachment assays were performed with the clinical 

isolates R7 and A l 6 in addition to ADI 69. As shown in Table 6.8, 

HuHCMVI 6-2 and C23 were both able to block the fusion of clinical strains of 

HCMV as well as ADI 69, when either antibody was added before or after 

attachment of virions to the host cell. An irrelevant humanised control 

antibody was non-neutralising in both assays. Thus, the mechanism whereby 

HuHCMVI 6-2 and C23 neutralise HCMV appears to be the same for laboratory 

or clinical strains of the virus.
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TABLE 6.6: ASSESSING THE EFFECT OF ANTIBODY ON THE FUSION STEP OF ADI 69 INFECTION, EXPERIMENT 1

Antibody Incubation Pre-attachment Post-attachment

Antibody % infection % Neut % infection % Neut

Irrelevant 35.1 0 53.4 0

HuHCMVI 6-2 1.3 96.3 7.3 86.3

C23 0 100 0.7 98.7

None 42.5 0 54.2 0

TABLE 6.7: ASSESSING THE EFFECT OF ANTIBODY ON THE 
FUSION STEP OF ADI 69 INFECTION, EXPERIMENT 2

Antibody incubation Pre-attachment Post-attachment

Antibody % infection % Neut % infection % Neut

Irrelevant 46.6 0 49.5 0

HuHCMVI 6-2 2.93 93.7 3.7 92.5

C23 0 100 0.6 98.8

None 40.3 0 49.8 0
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TABLE 6.8: ASSESSING THE EFFECT OF ANTIBODY ON THE FUSION STEP OF VIRUS INFECTION FOR CLINICAL HCMV 
ISOLATES

Antibody Incubation Pre-attachment Post-attachment

Virus Strain/Antibody % infection % Neut % infect % Neut

A D I 69/None 48 0 46.6 0

/Irrelevant 47.4 0 45.9 0

/huHCMV16-3 0.6 98.7 2.1 95.4

IC23 0.3 99.4 0.2 99.6

R7/None 34 0 35.3 0

/Irrelevant 36 0 35.4 0

/HuHCMVI 6-2 2.1 94.2 0.5 98.6

IC23 1.3 96.4 2 94.4

A l 6/None 52.8 0 50.8 0

/Irrelevant 51.6 0 48.9 0

/HuHCMVI 6-2 1.3 97.5 1.1 97.8

IC23 0.85 98.4 0.6 98.8
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Figure 6.3  Flow cytometry profiles, showing fluorescent intensity versus cell 
numbers, of surface staining of HCMV infected fibroblasts with anti-gB and 
anti-gH antibodies (solid lines) in comparison to irrelevant murine or humanised 
irrelevant antibodies (broken lines). A) murine anti-gB antibody HCM37 and B) 
its humanised equivalent. C) murine anti-gH antibody HCMV16 and D) its 
humanised equivalent.

6 .18 Surface staining of HCMV infected cells

Prior to an investigation of the effect of HuHCMVI 6-2 on the cell to cell 

spread of HCMV infection, flow cytometric analysis of surface staining with gB 

and gH specific monoclonal antibodies was performed to confirm that the 

antibodies were able to bind their targets, which are expressed on the surface 

of infected cells. HCMV infection of the fibroblasts was first verified by 

analysis of IE antigen expression, and revealed a level of infection of 

approximately 70% . Figure 6.3 presents flow cytometric profiles of surface 

staining of HCMV infected cells with either the murine anti-gB or gH antibodies
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(HCMV37 and HCMV16) and their humanised equivalents, in comparison to the 

appropriate murine or humanised irrelevant antibodies. The HCMV specific 

antibodies demonstrated a significantly higher level of surface fluorescent 

intensity on HCMV infected cells, which was not observed with the irrelevant 

antibodies. This increase in surface staining with the HCMV specific antibodies 

was not observed with uninfected cells (not shown). Specific surface staining 

was also not exhibited by either the murine or human conjugate controls, on 

Infected or uninfected cells (not shown).

6.19 Plaque assay for the cell to cell spread of virus

A conventional plaque assay was employed to determine the effect of 

HuHCMVI 6-2 and C23 on the cell to cell spread of HCMV, which is mediated 

by the viral envelope glycoproteins which are expressed on the surface of 

infected cells. Figure 6.4 shows representative sizes of the virus plaques 

produced when the laboratory HCMV strain ADI 69 was grown in the presence 

of 100//g/ml of either the HCMV specific antibodies or a humanised irrelevant 

antibody, or in the absence of antibody. Visual inspection of the virus plaques 

indicated that plaque sizes in the presence of either HuHCMVI 6-2 or C23 was 

reduced, in comparison to virus plaques when either an irrelevant antibody or 

no antibody was included in the overlay. Thus, HuHCMVI 6-2 and C23 both 

appeared to demonstrate equivalent blocking of the cell to cell spread of virus.

6.20 Plaque assay for the cell to cell spread of clinical HCMV strains

The effect of HCMV specific antibodies on the cell to cell spread of virus 

was also analysed for two clinical isolates of HCMV (R7 and A16), in addition 

to the laboratory HCMV strain ADI 69. Figure 6.5 shows representative sizes 

of the virus plaques of the clinical HCMV strains, grown in 100//g/ml of either 

HuHCMVI 6-2 or C23, or irrelevant antibody, or in the absence of antibody. 

It was concluded from visual inspection of the virus plaques for each virus 

strain that plaque size was reduced when either of the HCMV specific 

antibodies was included in the overlay, in comparison to the humanised 

irrelevant monoclonal antibody, or in the absence of antibody. Thus, both 

antibodies were able to prevent the cell to cell spread of clinical HCMV isolates, 

in a similar manner to that which was observed for the laboratory strain 

ADI 69.
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Figure 6.4 Plaque assay to assess the cell to cell spread of the HCMV 
laboratory strain ADI 69 in A) the absence of antibody, or the presence of B) 
humanised irrelevant antibody C) HuHCMVI 6-2 D) C23.
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Figure 6.5 Plaque assay to examine the cell to cell spread of the HCMV 
laboratory strain A D I69 an the clinical HCMV isolates R7 and A16 in a) the 
absence of antibody, or the presence of b) humanised irrelevant antibody c) 
HuHCMV16-2 d) C23.
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6.21 Immunofluorescent plaque assay for the cell to cell spread of virus

To quantify the blocking effect of antibodies on the cell to cell spread of 

virus, an immunofluorescent plaque assay was performed as an alternative to 

the conventional plaque assay. Plaque size was assessed by staining infected 

cells with a monoclonal antibody against the HCMV IE protein, which resulted 

in fluorescent nuclei which could be counted. Figure 6.6 shows representative 

sizes of virus plaques for ADI 69 grown in the presence of 100//g/ml of either 

HuHCMVI 6-2 or 023, or irrelevant antibody, or in the absence of antibody. 

Visual inspection of these plaques confirmed the reduction in plaque size, for 

virus grown in the presence of either HCMV specific antibody, as observed in 

a conventional plaque assay.

To ascertain the sizes of the plaques, the number of fluorescent nuclei 

per plaque were counted for each antibody, and the quantitative data is 

summarised in Table 6.9. Similar size plaques were observed in the absence 

of antibody (median 7.5 nuclei/ plaque), or in the presence of irrelevant 

humanised antibody (median 8 nuclei/ plaque). In contrast, when virus was 

grown in the presence of HuHCMVI 6-2, the plaque size (median 1 nuclei/ 

plaque) was significantly reduced in comparison to the humanised irrelevant 

control antibody. The plaque size in comparison to the humanised irrelevant 

control antibody was also significantly reduced with C23 (median 1.5 nuclei/ 

plaque). Thus HuHCMVI 6-2 and C23 were both able to prevent the cell to cell 

transmission of HCMV in cell culture.

6 .22 Immunofluorescent plaque assay for the cell to cell spread of clinical 

strains of HCMV

The ability of HCMV specific antibodies to block the cell to cell spread 

of the laboratory HCMV strain ADI 69 was also investigated for three clinical 

isolates (A16, R13 and R27) of HCMV by the immunofluorescent plaque assay. 

Analogous to the blocking activity of HuHCMVI 6-2 and C23 observed for 

ADI 69, it was also observed that these antibodies were able to reduce the 

plaque size of all three clinical HCMV strains in the immunofluorescent palque 

assay.
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Figure 6.6 Immunofluorescent plaque assay to evaluate the cell to cell spread 
of the HCMV laboratory strain ADI 69 in A) the absence of antibody, or the 
presence of B) humanised irrelevant antibody C) HuHCMVI 6-2 D) C23.

TABLE 6.9: ASSESSING THE EFFECT OF ANTIBODY ON THE CELL TO CELL 
SPREAD OF ADI 69 IN AN IMMUNOFLUORESCENT PLAQUE ASSAY

Antibody
Nuclei/plaque

(range)
Nuclei/plaque

(median)

C23 1-4 1.0*

HuHCMVI 6-2 1-5 1.5*

Irrelevant 2-16 8.0

Virus Only 2-15 7.5
*p -0 .00 0 01 , in comparison to irrelevant control antibody
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TABLE 6.10: ASSESSING THE EFFECT OF ANTIBODY ON THE CELL TO CELL SPREAD OF CLINICAL HCMV STRAINS IN 
AN IMMUNOFLUORESCENT PLAQUE ASSAY *p = 0.00001, in comparison to irreievant controi antibody

Virus Strain/Antibody
Nuciei/piaque

(range)
Nuciei/piaque

(median)

A D I 69/none 3-14 9 .5 *

/Irrelevant 3-16 9 .0 *

/HuHCMVI 6-2 1-3 1 . 0

IC23 1-4 1 . 0

A16/none 5-17 1 0 .0 *

/Irrelevant 5-18 1 0 .0 *

/HuHCMVI 6-2 1-4 1 . 0

/C23 1-3 1 . 0

R27/Virus Only 6-15 1 0 .0 *

/Irrelevant 6-13 9 .5 *

/HuHCMVI 6-2 1-4 1 . 0

/C23 1-4 1 . 0

R13/Virus Only 5-14 1 1 .0 *

/Irrelevant 5-18 1 0 .0 *

/HuHCMVI 6-2 1-5 1.5

IC23 1-4 1.5
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To quantify the observed reduction, fluorescent foci in individual plaques 

were counted and the plaque size for the test antibodies was compared to size 

in the presence of the humanised irrelevant control antibody. Quantitative data 

for the immunofluorescent plaque assay with clinical HCMV isolates are 

summarised in Table 6 .10. For the clinical HCMV strain A 16, plaque size in the 

absence of antibody (median 1 0  nuclei/ plaque) or in the presence of irrelevant 

humanised control antibody (median 1 0  nuclei/ plaque) was reduced with either 

HuHCMVI 6-2 (median 1 nuclei/plaque) or C23 (median 1 nuclei/ plaque). For 

the strain R27, smaller plaques were observed for HuHCMVI 6-2 (median 1 

nuclei/ plaque) or C23 (median 1 nuclei/ plaque) In comparison to the absence 

of antibody (median 10 nuclei/ plaque) or In the presence of irrelevant 

humanised antibody (median 9.5 nuclei/ plaque). For the strain R13, plaque 

size in the presence of irrelevant humanised antibody (median 1 0  nuclei/ 

plaque) or in the absence of antibody (median 1 1  nuclei/ plaque) was reduced 

with either HuHCMVI 6-2 (median 1.5 nuclei/ plaque) or C23 (median 1.5 

nuclei/ plaque). These data thus confirm that the significant reduction in 

plaque size observed for ADI 69 grown in the presence of HuHCMVI 6-2 or 

C23 could also be demonstrated for clinical HCMV isolates.

6.23 Effect of a neutralising anti-gB antibody upon neutralisation by 

HuHCMVI 6-2

To determine if the two neutralising antibodies HuHCMVI 6-2 and C23 

would exhibit synergistic neutralising activity, a plaque reduction assay was 

performed with the two antibodies in combination. HuHCMVI 6-2 and C23 

were tested at concentrations which would yield approximately an equivalent 

amount of neutralisation of ADI 69, 10 to 0.156//g/ml for HuHCMVI 6-2, and 

5 to 0.078//g/ml for C23. Controls included either antibody in combination 

with the humanised irrelevant antibody at 1 0  to 0.156/yg/ml.

The results of this experiment are shown in Figure 6.7. The ED5 0  values 

for each antibody either alone or in combination with a humanised irrelevant 

antibody were 1.15 and 1.22//mg/ml for HuHCMVI 6-2, and 0 .54  and 

0.54//mg/ml for C23. The percentage neutalisation of virus at these 50%  

values was increased when the two antibodies were tested in combination, to 

approximately 80% . Thus, the two neutralising antibodies in combination
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exhibited additive, but not synergistic activity, with the neutralisation of 

HuHCMVI 6-2 increased by 1.7 fold in the presence of C23. With the 

HuHCMVI 6-2 and C23 combined, the ED5 0  values for the two antibodies were 

reduced to 0.72 and 0.26//g/ml respectively.
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Figure 6.7 Neutralisation of ADI 69 in the presence of increasing amounts of 
the anti-gH humanised monoclonal antibody HuHCMVI 6-2, or the anti-gB 
human monoclonal antibody C23, or both antibodies in combination against 
ADI 69. Each antibody was also tested in combination with increasing 
concentrations of a humanised irrelevant antibody.
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6.24 DISCUSSION

Normal and hyperimmune IVIG preparations, which are thought to be 

protective through the action of HCMV specific neutralising antibodies, 

have been used clinically with variable success against HCMV infection 

(Snydman, 1990; Sulivan, 1987). A large panel of commercially available 

HIVIG and normal IVIG products were tested for HCMV specific neutralising 

antibodies against the laboratory strain ADI 69 to determine the range of 

neutralising titers which could be achieved by such products. A marked 

disparity was found among the titers amongst the HIVIG and IVIG, with some 

of the hyperimmune preparations exhibiting neutralsing titers comparable to 

convalescent human serum.

The highest titer achieved by an HIVIG preparation was 5 times the titer 

of a normal convalescent human serum pool. If the factor for haemodilution 

upon the intravenous administration of this product is taken into account, the 

actual increase of HCMV specific neutralising antibodies achieved in the patient 

is therefore minimal. Thus, the failure of such products in some clinical studies 

may be partially attributable to the low levels of neutralising antibodies present 

in the preparations.

Although HIVIG products are marketed as 'high titer', it would appear 

that the basis for selecting plasma for inclusion in pools to be processed for 

HIVIG comprises tests that do not address the biologically important parameter 

of neutralising activity against virus. Plasma which are use to manufacture 

HIVIG products are obtained from normal convalescent donors. The 

neutralising antibody titers of a panel seropositive human sera from normal 

healthy donors were evaluated to ascertain the potential availablity of HCMV 

specific high titer human sera amongst such donors. The neutralising titers of 

the sera ranged from undetectable neutralising activity to ED5 0  values which 

were no greater than 1/200 in the absence of complement. Thus, it would 

seem that the high titers for the sera which comprise HIVIG products may be 

comparatively low to start. These data also suggest that at best, the 

concentration factor for neutralising antibodies is almost nil for normal IVIG and 

little more than 2-3 fold for HIVIG.
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A poor correlation has been demonstrated between neutralising antibody 

titer and anti-HCMV antibody titer measured by ELISA in intravenous 

gammaglobulin preparations (Schnitz & Essuman, 1986; Eizuru et aL, 1988; 

Filipovich et al., 1992); and may reflect the current use of crude antigen 

extracts in CMV specific antibody immunoassays, which measure antibodies 

against the highly immunogenic capsid and tegument proteins as well as those 

against the envelope glycoproteins. Indeed, a strong correlation was recently 

demonstrated between neutralising antibody titers and CMV specific antibody 

titer as determined in an ELISA system using a recombinant CMV antigen, 

envelope glycoprotein B, which is one of the major targets for neutralising 

antibodies (Marshall et a/., 1992). Thus, screening of sera or hyperimmune 

gamma globulin preparations may be facilitated in the future by the availability 

of recombinant forms of those HCMV proteins which play an important 

biological role in immunity against HCMV. It is possible however, that post

fractionation procedures such as sulfonation, alkylation and enzyme 

treatments, which render IVIG preparations suitable for intravenous use may 

also dramatically compromise j biological , function.

These findings suggest that thorough laboratory investigations of HIVIG 

preparations would be prudent, prior to their use in clinical situations. As an 

alternative to HIVIG products however, the neutralising murine monoclonal 

HCMV16 has been "humanised" in order to use the antibody as as a specific 

and effective in vivo therapeutic agent against HCMV. In the current 

investigation the humanised version of the murine monoclonal antibody 

HCMV16 has been characterised to evaluate its potential benefit when used to 

prevent or treat HCMV infection. For example, strain specific reactivity has 

been described for a monoclonal antibody against gH (Urban et a/. 1992). If 

used in vivo, this antibody would only be effective against a limited number of 

strains possessing the particular sequence recognised by the antibody; 

consequently it is important to fully appraise such reagents prior to their use 

against wild type strains of virus. In the case of the neutralising anti-gB 

antibody C23, neutralising activity has been demonstrated against all clinical 

isolates thus far tested (Masuho et a/. 1987; Tomiyama & Masuho, et ai., 

1990; see also Chapter 4).
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In this thesis, it was clearly demonstrated that HuHCMVI 6-2 possessed 

neutralising activity against a panel of clinical isolates from AIDS patients, renal 

transplant recipients and a congenitally infected infant. The antibody was also 

able to neutralise the laboratory HCMV strains ADI 69 and Towne. 

Accordingly, it appears that the neutralising determinant recognised by 

HuHCMVI 6-2 is well conserved amongst clinical HCMV strains. This finding 

suggests that the region may have an essential role in viral infectivity which 

makes it resistant to mutation. The fact that the determinant recognised 

HuHCMVI 6-2 seems to be so well conserved amongst clinical isolates of 

HCMV has important implications for its in vivo use, as it would be potentially 

protective against a wide range of wild type HCMV isolates.

A method for evaluating neutralising activity of antibodies against HCMV 

using flow cytometry was developed. The assay utilised fluorescent labelling 

of HCMV IE antigen expression in infected cells to determine the level of virus 

infection. Neutralisation of virus could thus be monitored by a reduction in the 

number of HCMV infected cells as detected by flow cytometry. HuHCMVI 6-2 

was titrated by this assay and demonstrated a 50% reduction in HCMV 

infection of 6.25/yg/ml against ADI 69 in this system, compared to an EDgo 

1.44//g/ml in a conventional plaque assay. The higher concentration of 

antibody needed for 50% neutralisation of virus in the flow cytometry 

neutralisation assay was presumably due to the titer of virus used, which was 

1000 fold higher to that used in the conventional plaque assay. The higher 

titer virus was necessary for a level of infection which could be reasonably 

detected by flow cytometric analysis. The flow cytometry neutralisation assay 

proved useful in subsequent experiments investigating the mechanism of 

neutralisation HuHCMVI 6-2, in that it provided precisely quantitative 

information on the neutralisation of virus.

The mechanism by which HuHCMVI 6-2 neutralises HCMV infectivity 

was assessed by first examining the effect of the antibody on the fusion of the 

viral envelope with the target host cell membrane. At -l-4°C HCMV is able to 

attach to the host cell although the fusion step of virus entry does not occur, 

presumably due to the lack of fluidity of the membranes at this temperature. 

Under these conditions, HuHCMVI 6-2 added after the initial attachment of the
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virus to cells was equally as effective in neutralising virus infection, as when 

the antibody was mixed with virus prior to absorption to cells. The anti-gB 

human monoclonal antibody C23 also blocked virus infection when added prior 

to or after absorption of virions to the host cell surface. This antibody has 

previously been shown to block virion-host cell fusion (Ohizumi et a/. 1992), 

and acted as a positive control for the experiment. An irrelevant humanised 

antibody did not neutralise virus when added to virus prior to virus absorption 

onto cells, and had no effect when added after virion attachment to cells. 

Thus HuHCMVI 6-2 was able to neutralise cell free virus by blocking its entry 

at the fusion step of penetration into the host cell.

The envelope glycoproteins of HCMV also have an integral role in the cell 

to cell spread of virus; a process which is related to, but distinct from, the 

fusion event. The glycoproteins expressed on the surface of the infected cell 

are able to interact with their specific receptor on adjacent uninfected cells, 

precipitating the fusion of the membranes of the two cells and allowing 

infection of the adjacent cells by passage of virus through the fusion bridge. 

The impact of antibody on this course of events was ascertained both by 

conventional plaque assay and by an immunofluorescent plaque assay. 

HuHCMVI 6-2 blocked the cell to cell spread of virus infection in a conventional 

plaque assay; evidenced by a marked reduction in the size of virus plaques in 

comparison to irrelevant antibody, or absence of antibody. C23 has also been 

shown to prevent the cell to cell spread of virus, in addition to its ability to 

block the fusion of the HCMV envelope and the host cell membrane (Tomiyama 

& Masusho, 1990), and was therefore was used as a positive control for the 

experiment. C23 also blocking the cell to cell spread of virus in the 

conventional plaque assay.

The reduction in plaque size in the presence of either HuHCMVI 6-2 or 

C23 observed by conventional plaque assay was quantified in an 

immunofluorescent plaque assay. In this assay HCMV infected nuclei were 

stained by indirect immunofluorescence, allowing the number of infected cells 

per plaque to be quantified. HuHCMVI 6-2 was able to significantly reduce the 

number of infected cells per plaque in comparison to virus grown in the presence 

of the irrelevant control antibody, or in the absence of antibody. The positive
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control antibody C23 also reduced the numbers of infected nuclei per virus 

plaque to an equivalent extent as HuHCMVI 6-2.

The sum of these results show that HuHCMVI 6-2 neutralises HCMV 

infection by the blocking of virus penetration of the host cell at the fusion step. 

This finding has relevance to the therapeutic use of the antibody in vivo. The 

existence of cell free HCMV in the blood has been documented (Spector et 

a/. 1992; Brytting et a/. 1992); consequently by blocking the fusion of 

extracellular virus which has bound to target cells, HuHCMVI 6-2 has the 

potential to limit the systemic dissemination of virus infection. Recent studies 

have addressed the pivotal roles of the infected monocyte/macrophage, 

circulating endothelial cell and polymorphonuclear cell in the dissemination of 

HCMV infection (see Section 1.8). The bidirectional cell to cell transmission 

of virus between these monocytes and circulating endothelial cells was shown 

to be strictly dependent upon cell to cell contact (Waldman et aL, 1995). 

Furthermore, other evidence suggests that the sequestration of HCMV within 

vacuoles of infected macrophages is important for the cell to cell transmission 

of virus by these cells, in the absence of a lytic phase of infection (Fish et aL, 

1995; Fish et aL, 1996). Thus, the ability of HuHCMVI 6-2 to prevent cell to 

cell spread of virus could serve to contain the dissemination of HCMV infection, 

which might otherwise result in clinically problematic virus. In addition, by 

blocking the cell to cell spread of virus, this antibody may be beneficial in vivo 

by limiting not only the dissemination of HCMV but also its localised spread 

within a tissue, as in the progression of HCMV retinitis for example. This may 

be particularly relevant in vivo, since clinical strains of HCMV are known to be 

more cell associated than laboratory adapted strains.

Although the involvement of gH in the fusion event of viral penetration 

has been documented (Keay & Baldwin, 1991), this is the first demonstration 

of the involvement of this molecule in the cell to cell spread of HCMV. Thus, 

the data investigating the mechanism of neutralisation by the gH specific 

antibody HuHCMVI 6-2 will also be useful in our understanding of the role of 

gH in virus infectivity and therefore the planning of new strategies to prevent 

and treat HCMV infection.
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Flow cytometric studies were performed to demonstrate the binding of 

HuHCMVI 6-2 to the surface of infected but not uninfected cells. This may be 

potentially beneficial in vivo in the elimination of HCMV infected cells via ADCC 

or complement mediated lysis. The anti-gB monoclonal antibody HCMV37 and 

its humanised equivalent were also shown to be able to bind to the surface of 

infected cells. Although the humanised anti-gB antibody is limited for 

therapeutic protection in vivo since it is non-neutralising, it might be potentially 

useful as a targeting agent for HCMV infection in vivo. The anti-gB antibody 

would be more appropriate for this task than HuHCMVI 6-2, since gB is much 

more abundant in the infected cell membrane than gH. Viro-toxic agents 

conjugated to the antibody would be localised to act at the site of HCMV 

infection, analogous to the use of such reagents against cancers (reviewed 

Bator & Reading, 1990). Alternatively, a radioactive tag on the antibody 

molecule would serve to provide a signal for the detection and localisation of 

HCMV infection in vivo.

Finally, a plaque reduction assay was performed to determine the effect 

of combining the two neutralising antibodies HuHCMVI 6-2 and C23 against 

HCMV. The two antibodies in combination exhibited additive but not 

synergistic neutralising activity, with the neutralising activity of the anti-gH 

monoclonal antibody HuHCMVI 6-2 augumented by 1.7 fold in the presence of 

the anti-gB monoclonal antibody C23. As described in Section 1.7, it has been 

hypothesised that gB and gH (and other molecules) may associate to form a 

multisubunit fusion pore, and that conformational changes may occur in one 

or more molecules of the complex. It possible that multiple neutralising 

antibodies may prevent a number of these conformational changes, and thus 

potentiate each other's neutralising activity. Alternatively, the binding of one 

antibody in itself may perturb the assembly of the multisubunit complex and/ or 

conformation of its its components such that the accessibility of the second 

antibody is | increased. Previous studies have described the synergistic 

neutralising activity of two monoclonal antibodies directed against different, 

but proximal, determinants of gB (Lussenhop ef a/., 1988; Gehrz et ai., 1992). 

In this case, it was postulated that the binding of one non-|neutralising antibody 

altered the conformation of gB to increase the accessibility of a neutralising
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antibody and consequently augument its neutralising activity. These findings 

support the use of multiple monoclonal antibodies to reduce the total amount 

of protein used in vivo for therapy against HCMV infection.

The findings of this chapter support the potential for effectual 

therapeutic and/or prophylactic uses of HuHCMVI 6-2 in vivo.
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Chapter 7
Conclusions
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Human cytomegalovirus can cause severe disease in the 

immunosuppressed host, from either primary or secondary infection. The 

development of a vaccine may be of benefit to this group, although the main 

justification for an HCMV vaccine is to prevent congenital infection, which can 

be responsible for severe and lasting morbidity in the affected infant. The 

successful development of vaccines historically has been based on knowledge 

from two important areas: the basis of immunity to the pathogen and the 

pathogenesis of the associated disease. Whilst successful vaccines have been 

developed when these factors have not been completely understood, the extent 

of knowledge in regard to HCMV is lacking in key areas. In particular, 

reinfection can occur in the face of an immune response and the contribution 

of antigenic variability is not clearly understood. In addition, the existence of 

HCMV subtypes and their role into the manifestation of HCMV associated 

disease is not known. Although epidemiological data is available on the 

existence and transmission of wild type HCMV strains, there is a scarcity of 

evidence regarding the relationship between antigenic variability and biological 

function.

The major aim of this thesis was to examine sequence heterogeneity 

within regions of biological significance for clinical isolates of HCMV, and to 

examine the functional consequences of these changes. Chapter 2 describes 

the development of systems for the PCR amplification and DNA sequence 

analysis of regions encoding neutralising determinants of the HCMV envelope 

glycoproteins gB and gH, including the major target for neutralising antibodies 

in human serum, AD-1. These regions were chosen specifically to 

subsequently ascertain whether 'neutralisation subtypes' exist for HCMV, and 

to possibly relate these to functional implications. Although previous studies 

have examined sequence variation in the envelope glycoproteins of clinical 

HCMV strains, these investigations only analysed a small number of isolates. 

Chapter 3 presents the sequence data for a much larger number of HCMV 

strains obtained from two immunosuppressed patient groups, renal transplant 

recipients and HIV infected individuals with AIDS.

At the nucleotide level, clinical HCMV isolates demonstrated sporadic 

point mutations within the extracellular carboxy terminus of gB (gBC),
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containing the immunodominant AD-1 determinant. In the gBC region, clinical 

strains could be differentiated into those that were ADI 69-like or those that 

were Towne-like. Translation of DNA sequence data for the gBC region 

showed that the majority of base substitutions were silent. Unlike the gBC 

region, extensive sequence heterogeneity was observed amongst clinical HCMV 

isolates at the DNA level for the amino terminus of gBN (gBN) and the amino 

terminus of gH (gHN) regions. Furthermore, this nucleotide variation was also 

translated into sequence heterogeneity at the protein level. Much of the 

variability observed in the gBN and gHN regions could be attributed to common 

polymorphisms which appeared to delineate specific subtypes. Analogous to 

the gBC region, within the gBN and gHN regions, a number of strains were 

homologous to, or closely related to ADI 69 or Towne. Other HCMV strain(s) 

however, had elements of either or both laboratory strains, together with other 

unique sequence features in the gBN and gHN regions. Thus the amino termini 

of gB and gH did not appear to be as highly conserved, compared to the gBC 

region.

A comprehensive phylogenetic analysis was applied to the sequence data 

obtained for clinical isolates of HCMV in Chapter 3 of this thesis, utilising 

bootstrapping methods to analyse the reliability of the resulting phylogenetic 

relationships. The cursory strain relationships which were derived by 

subjective visual examination of the multiple sequence alignments were 

superseded by phylogenetic reconstructions. At either the DNA or amino acid 

levels, with the exception of the gBC region which was relatively highly 

conserved at the amino acid level, the sequences from clinical HCMV isolates 

strains segregated generally into at least three subtype groups. Two of these 

clusters of strains were either ADI 69-like or Towne-like. A third group(s) of 

clinical HCMV isolates however, did not exclusively segregate with either of the 

prototype strains and were distinguished as phylogenetically unique virus 

strains. Most importantly, the phylogenetic analysis of sequence data 

confirmed the classification of virus strains as unique HCMV subtypes by the 

significantly high bootstrap values (> 7 5% ) which were produced for the main 

subtype clades. Of significance was that the segregation of strains into 

subtype clades was region dependent. The phylogenetic characterisations of
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individual HCMV strains provide evidence of possible recombination events 

having occurred not only between genetic loci, but also within the single gB 

locus, ie. between the gBN and gBC regions.

Previous studies investigating sequence heterogeneity of the envelope 

glycoproteins gB and gH of HCMV have attempted to group strains into 

subtypes subjectively, based on homologies observed in amino acid multiple 

sequence alignments (Chou & Dennison, 1991; Chou, 1992a; Chou, 1992b). 

In these studies, sequences from clinical isolates were arranged into four 

subtypes for gB and two subtypes for gH. These classifications were 

subsequently utilised to investigate the frequency distribution of genotypes of 

the HCMV envelope glycoproteins gB and gH of HCMV amongst bone marrow 

transplant recipients by restriction analysis of PCR amplified DNA (Fries et a!, 

1994). It was shown that survival from HCMV infection was associated with 

the group of virus strains which the authors have described as 'type V , a 

subtype group which included the laboratory strain Towne.

Whilst such studies make interesting propositions about the epidemiology 

of HCMV, the methods of classification of HCMV sequences suffer from 

important drawbacks highlighted by the findings in this thesis. Firstly, these 

previous studies based their conclusions on sequence data from only a small 

number of HCMV strains, which did not wholly address the possible 

consequences of recombination events between different loci. The previous 

data show for example, that the strain C325 segregated with Towne for gB but 

with ADI 69 at the gH site (Chou & Dennison, 1991 ; Chou, 1992a; Chou, 

1992b). Likewise, the strain C336 was ADI 69 like at gB but Towne like at 

gH. Attempting to draw conclusions about the pathogenicity based on the gB 

genotype assignment is inherently flawed however, in view of the findings of 

this thesis that recombination may take place even within a single genetic 

locus. For example, the strains R4 and R12 were closely related to the ADI 69 

prototype strain at one site (gBC), but nearly homologous to the Towne strain 

in a second region (gBN). At the gH region, these strains appeared to represent 

a distinctive subtype. In cases such as strains R4 and R12, the most 

phylogenetically informative analysis was that for the concatenated sequence 

data, which took into account possible recombination events. Therefore, one
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of the conclusions of this thesis is to suggest that multiple regions of the 

HCMV genome be concatenated for the identification of HCMV subtypes.

Thus, the simplistic classification of HCMV strains based on a single 

genetic locus has been shown to be unsatisfactory. Of course it would be 

desirable to characterise distinctive HCMV subtypes and relate these to the 

pathogenicity of the virus. Differences in the tropism of HCMV strains as 

defined by their activities in long term marrow culture have been documented, 

which might potentially be linked to the clinical outcome from infection by 

particular HCMV groups (Torok-Storb et aL, 1993). Since both gB and gH are 

involved in viral entry into cells (see Section 1.7), they would seem to be likely 

candidates for investigations of the relationship between HCMV genotype and 

virus pathogenesis. A study using junctional hybridisation to investigate the 

epidemiology of HCMV strains amongst individuals with HIV-1 concluded that 

the presence of multiple strains was associated with progression to AIDS, 

possibly via activation of HIV-1 infected CD4 cells (Leach et aL, 1994). It is 

also possible that the acceleration of the immunological and clinical 

deterioration of these individuals could have been due to the presence of 

particular HCMV subtypes, via either their interactions with HIV directly, or 

their pathogenic effects on the host. Until a more knowledgable picture of the 

involvement of particular HCMV proteins in the tropism and pathogenesis of 

disease is realised, any studies of the link between HCMV subtypes and viral 

pathogenesis must be interpreted with caution.

The data in Chapter 3 also showed that clinical isolates of HCMV from 

AIDS patients possessed a significantly greater degree of nucleotide sequence 

divergence than those from renal transplant recipients in the gBC region. In 

contrast, there was no statistically significant difference in nucleotide sequence 

divergence between HCMV strains from AIDS patients and renal transplant 

recipients in the gBN and gHN regions. Thus, it appears that increased 

nucleotide variation across the HCMV genome is not a common feature of 

isolates from AIDS patients.

Why the gBC region should be more divergent in strains from AIDS 

patients is not immediately apparent. In particular, the numbers of base 

substitutions possessed by strains of HCMV isolated from those individuals did
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not correlate with a loss of immune function, as indicated by a depressed 

peripheral blood absolute CD4^ T-cell count (at the time of virus isolation), 

which might result in increased viral replication and consequently, occurrence 

of mutations. It is possible that host or other factors acting at the genetic 

level might be responsible. The majority of HCMV strains from AIDS patients 

were isolated from homosexual men. These individuals may excrete HCMV 

strains over long periods of time, in contrast to transplant recipients in whom 

virus shedding may be confined to a fixed post-transplant window. Further 

investigations to resolve the issues raised by these findings might compare 

sequence heterogeneity amongst clinical isolates from AIDS patients with those 

from homosexual men without AIDS, or non-homosexual individuals with AIDS, 

such as haemophiliac patients.

The obvious question arises as to whether the HCMV strains studied 

here were representative of all wild type HCMV strains in circulation. To this 

end, the amino acid sequences obtained for clinical HCMV isolates in this thesis 

were compared with published sequence data for these regions, for other 

clinical HCMV strains. In Figure 7.1, sequences for the gBC region were 

compared with those obtained for clinical isolates from American, German and 

British sources. It is evident that there exists a limited amount of sequence 

heterogeneity in the immunodominant neutralising determinant of HCMV, AD-1. 

In addition to a number of random point mutations, a striking feature of the 

global gBC sequence comparison was the number of amino acid mutations of 

the leucine residue at position 613 of the ADI 69 gB sequence. This site may 

represent a mutational "hotspot" due to selective antibody pressure in vivo. 

Alternatively, the frequent substitution to a phenylalanine at this residue may 

represent a distinctive AD-1 genotype amongst wild type HCMV strains.

In Figure 7.2, | sequences for the gBN region were compared with those 

published for clinical isolates from America, China, Japan and Germany. It can 

be seen that a number of subtypes probably exist in this region, characterised 

by particular sequence polymorphisms. The AD-1 neutralising epitope itself 

was however, highly conserved. Only two clinical HCMV strains in any of the 

studies exhibited amino acid mutations in the AD-2 regions; these were the
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Figure 7.1 Multiple amino acid sequence alignment of the gBC region 
sequences for the laboratory HCMV strains ADI 69 and Towne, and clinical 
HCMV isolates from this thesis, compared with published sequences for this 
region. The origins of the strains are as follows: C: America (Chou & Dennison, 
1991); L: Germany (Lehner era/., 1991); and D: Great Britain (Darlington etaL, 
1991). 'xn' indicates the number of strains with an identical sequence.
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Figure 7.2 Multiple amino acid sequence alignment of the gBN region 
sequences for the laboratory HCMV strains ADI 69 and Towne, and clinical 
HCMV isolates from this thesis, compared with published sequence data for 
this region. The origins of the strains are as follows: 0: America (Chou 1992a); 
L: Germany (Lehner et aL, 1991); S: Japan (Shiu et aL. 1994); and A: China 
(Ayata et a!., 1994). 'xn' indicates the number of strains with an identicai 
sequence.
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two variants documented in this thesis. One of these strains, A 8 , also 

possessed variation at AD-1.

Figure 7.3 shows the sequence comparison for the gHN region with 

sequences obtained for clinical strains from America. In the linear neutralising 

epitope present in gHN, diversity was limited exclusively to subtype specific 

variation, with strains possessing either ADI 69-like or Towne-like sequences. 

This epitope has been reported to bind both a murine monoclonal antibody, and 

human sera, in a subtype specific manner (Urban et aL, 1992); with a 

monoclonal antibody against this site unable to neutralise the Towne strain. 

Site II, in the gBN region, has also been shown to bind non-neutralising 

antibodies in human sera in a subtype specific manner (Meyer et aL, 1992; 

Basgoz et a!., 1992).

In summary, these global sequence comparisons demonstrate that the 

sequences documented in this thesis correspond with wild type HCMV 

sequences in circulation elsewhere, and imply that there may be only a limited 

number of HCMV genotypes present in the global wild type virus population for 

these neutralisation-related regions. These global comparisons also suggest 

that those regions of HCMV envelope glycoproteins which specifically bind 

neutralising antibodies are relatively highly conserved in the wild type virus 

population. Note that a strain of ADI 69 which had been highly passaged in 

culture (hpADI 69) retained complete nucleotide and amino acid sequence 

identity with the parental strain, demonstrating the stability of the regions 

during propagation in vitro. In Chapter 4, the only mutation observed in 

attempts to generate neutralisation resistant escape mutants under selective 

antibody pressure was in a strain with a spontaneous conservative change, 

although its significance remains to be determined. In addition, data in Chapter 

6  for the humanised gH specific neutralising antibody HuHCMVI 6-2 show that 

this antibody was able to neutralise both the laboratory HCMV strains ADI 69 

and Towne, and a large panel of clinical HCMV strains. These results are 

consistent with the hypothesis that these regions have important functional 

roles in viral infectivity, which constrains the diversity of mutations that can be 

sustained. This supposition is supported by the finding that the gBN epitope 

binding non-neutralising antibodies. Site II, was markedly more variable in
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Figure 7.3 Multiple amino acid sequence alignment of the gHN region 
sequences for the laboratory HCMV strains A D I69 and Towne, and clinical 
HCMV isolates from this thesis, compared with published sequences for this 
region. The origins of the strains are as follows: C: America (Chou 1992b). 'xn' 
indicates the number of strains with an identical sequence.
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comparison to neutralising determinants, with up to nearly 1 0 0  fold greater 

amount of sequence variation. Assuming that Site II is not involved in virus 

infectivity, unlike the neutralising determinants, a lack of functional constraints 

would allow for the high level of nucleotide sequence variation observed for the 

site.

Although antibodies to the gB epitope Site II have been established to 

be non-neutralising, the strain specific sequence heterogeneity which has been 

observed in this region of gB may still have significence in the HCMV specific 

humoral immune response. Strain specific antibodies in human sera against 

this site have been domcumented (Meyer, et aL, 1992) which may assist in 

the control of HCMV infection by participation in antibody dependent cellular 

toxicity and antibody dependent complement-mediated lysis. The ability of 

these antibodies to be protective is suggested by the intriguing finding that the 

passive transfer of non-neutralising monoclonal antibodies was equally 

protective to that of neutralising antibody against lethal MCMV infection in a 

murine model (Farrell & Shellam, 1991).

As clinical strains with codon changes within neutralising epitopes in 

wild type HCMV strains do exist, it is important to take into consideration their 

presence when developing subunit vaccines. An extreme example is the high 

antigenic variability amongst HIV-1 strains, where serum from vaccinees can 

neutralise a laboratory adapted HIV-1 strain in vitro, but not primary isolates 

(Dolin, 1995). In addition, one half of the approximately 50,0000 cases of 

measles in the USA between 1988 and 1991 were in previously vaccinated 

persons; it is thought that antigenic change was responsible for the resurgence 

of this virus (Tamin et ai., 1994). The existence of variant HCMV strains 

would also have implications for the development of therapeutic monoclonal 

antibodies. For example, the in vivo use of the antibody exhibiting subtype 

specific reactivity against gH (Urban ef a/., 1992) would potentially be effective 

against only a proportion of clinical HCMV isolates.

The preclinical evaluation of at least one gB vaccine has been undertaken 

(Gonczol, 1995). This subunit vaccine was derived from the Towne strain of 

HCMV. The findings of Chapters 3 and 4 of this thesis however, suggest the 

existence of HCMV subtypes, which may elicit subtype specific immune
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responses. Therefore, it could be predicted that this gB vaccine would be 

protective against only strains closely related to Towne. The reformulation of 

this subunit vaccine with the addition of gB originating from other HCMV 

subtypes, for example ADI 69, in order to represent a larger number of wild 

type strains, might be a reasonable approach.

The antigenic variation amongst wild type HCMV strains might also have 

implications in the effectiveness of an HCMV vaccine in terms of the T and B 

cell interactions involved in the generation of an HCMV specific immune 

response. Analysis of immune sera from individuals with gB specific 

proliferative responses demonstrated that these sera always contained 

antibodies reactive with B cell epitopes on both the amino (gp93) and carboxy 

(gp55) termini of gB (Curtsinger et aL, 1994). In contrast, many sera from 

individuals with low proliferative responses had gp55 specific antibodies, but 

lacked antibodies to gp93. It was concluded that immunogenetic differences 

in helper T cell responsiveness to gB may lead to antigen-specific help for 

antibody responses to gp93. It is possible that antigenic variation amongst 

wild type HCMV isolates may also contribute to the presence of these low 

responder alleles in the population, since helper T-cell epitopes have been 

mapped to both the amino and carboxy termini of gB (Liu et aL, 1993; Liu et 

aL, 1991). By using HCMV specific helper T-cell clones of known HLA 

restriction from several donors, it was shown that each HLA class II allele 

preferentially associated with different epitopes on gB (Liu et aL, 1993). 

Variation in the sequences of these T-cell epitopes may potentially result in 

reduced, or the loss of, binding to specific HLA alleles.

A novel strategy to overcome some of the disadvantages of standard 

vaccines, where their manufacture might alter protein structure and hence 

immunogenicity, has been "naked DNA' vaccines (reviewed by McDonnell and 

Askari, 1996). The protein sequence is included in a plasmid, so that the host 

manufactures the epitope, and thus the final protein might more closely 

resemble the native viral epitope. Another approach in the production of an 

HCMV vaccine has been the development of "internal-image" anti-idiotype 

antibodies to prime selected epitope specific immune responses against gH 

(Keay & Baldwin, 1991) and gB (Tackaberry et aL, 1993). It is essential
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however that innovative vaccine strategies such as these, when based on 

envelope glycoproteins, take into account sequence variation in these proteins 

to ensure their effectiveness against multiple HCMV subtypes.

The sequence heterogeneity demonstrated for clinical HCMV strains in 

the present investigation and other studies may also have diagnostic 

significance. An important aspect concerning the antigenic relatedness of 

various isolates of HCMV, has been the detection of HCMV specific antigen in 

clinical samples in the diagnosis of HCMV infection. Serological procedures 

such as ELISA and immunofluorescence and other tests utilising monoclonal 

antibodies may have a reduction in sensitivity because a proportion of virus 

strains are not recognised. For example, the presence of HCMV in the blood 

of an AIDS patient was repeatedly excluded by a method employing -n the 

detection of IE antigen with a specific monoclonal antibody, but the infection 

was repeatedly confirmed by other methods (Zipeto et a!., 1994). The HCMV 

strain in this patient was found to have a point mutation in exon 2 of the IE 

gene, which rendered it non-reactive with the monoclonal antibody used in the 

immunofluorescence assay.

Nucleotide sequence variation amongst clinical HCMV strains might also 

have diagnostic significance in itself. For example, the amplification sensitivity 

in a diagnostic PCR test for the MIE gene region was reduced up to 100-fold 

for clinical HCMV strains whose IE genes contained mismatches with the 

primer sequences (Chou, 1992c). Although many diagnostic PCR systems 

utilise primers recognising relatively conserved sequences in the IE gene of 

HCMV, diagnostic PCR systems for the detection and quantification of the 

more variable envelope glycoprotein B gene of HCMV have been described 

(Kidd etal., 1993; Fox et a!., 1992). The primers used for these PCR systems 

react with regions of the HCMV gB gene where 5 of HCMV strains analysed 

in this thesis were shown to possess nucleotide variation. Four HCMV strains 

(R13, R4, R12 and Towne) possessed single nucleotide substitutions in the 

sequence binding the forward primer, whilst one clinical HCMV strain (A1) 

exhibited three nucleotide mismatches with the reverse primer. It is possible 

that such mismatched sequences might result in the failure to detect some wild
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type HCMV strains; this may be especially relevant where diagnosis of HCMV 

infection was based on the single PCR test.

HCMV nucleotide sequence variation may also in itself have implications 

for the prophylactic and therapeutic treatment of HCMV infection. An 

antisense oligonucleotide complementary to the intron-exon boundary of HCMV 

genes UL36 and UL37 reduced the yield of infectious virus by 99%  in vitro 

(Pari et ai., 1995). Antisense oligonucleotides such as this have clinical 

potential against active HCMV infection, particularly against strains 

demonstrating resistance to specific antivirals. The conservation of the viral 

sequences complementary to each oligonucleotide needs to be assessed 

however, since as shown for the UL36/UL37 antisense sequence, mismatched 

oligonucleotides demonstrated lesser degrees of activity.

A high degree of homology exists amongst the gB molecules of different 

Herpesviruses; particularly the conservation of 10 cysteine residues, which 

could potentially participate in either intra- or inter-molecular disulphide bonds 

(Pereira, 1994). The importance of these cysteine residues in the correct 

assembly of the gB molecule, and hence gB neutralising determinants, was 

shown by studies with mutant HSV-1 strains (Pereira at si., 1990). Mutations 

to either of the two cysteine residues which might be involved in disulphide 

bonding and assembly of the immundominant gB neutralising determinant of 

HSV-1 resulted in not only loss of that discontinuous epitope, but of distal 

conformation dependent neutralising epitopes as well.

The consequences of the sequence heterogeneity observed amongst 

clinical HCMV isolates on biological function was assessed in Chapter 4. A 

summary of relative antibody reactivities against different HCMV strains was 

given in Table 4.9. The monoclonal antibody specific for AD-1, ITC63B, and 

to a lesser extent 7-17, exhibited markedly reduced reactivity against the strain 

A1. Particular attention was focussed on the substitution of a phenylalanine 

for the leucine at position 612, particularly because of the prevalence of this 

mutation amongst wild type HCMV strains (see Figure 7.1). Note, that the 

adjacent residue 613 encodes a turn-associated proline residue and position 

610 is a cysteine, which could potentially participate in disulphide bond 

formation. Analogous to the situation described for HSV-1, construction of
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AD-1 containing bacterial fusion proteins with mutations of one or both of the 

cysteine residues at positions 610 and 573 within AD-1, which might 

participate in disulphide bonding with each other, abolished the reactivity of a 

panel of AD-1 specific monoclonal antibodies (Schoppel et al., 1996). In 

addition, mutations to the proline at residue 613, either alone or in combination 

with the cysteine substitutions, also resulted in the loss of binding by AD-1 

specific antibodies. Thus, the substitution of a bulkier aromatic phenylalanine 

residue at position 612 could cause disruption to the structural integrity of the 

AD-1 substructure(s) formed by this particular sequence, which are recognised 

by neutralising antibodies. It is significant that, in addition to AD-1 specific 

neutralising monoclonal antibodies, the strain A1 was also poorly neutralised 

by HIVIG or acute phase patient sera.

In contrast to strain A1, mutations within the AD-1 and AD-2 

determinants rendered the clinical isolate A 8  more sensitive to neutralisation 

by the AD-1 specific monoclonal antibody ITC63B, and the AD-2 specific 

monoclonal antibodies C23 and ITC8 8 . The two mutations within the AD-2 

determinant were not predicted to alter the structure of the epitope, although 

both mutations resulted in the replacement of nonpolar residues for a charged 

or polar residue. The AD-1 mutations exhibited by strain A 8  were predicted to 

alter the secondary structure of the AD-1 sequence, which may have 

accounted for the increased sensitivity to neutralisation by ITC63B, possibly by 

increasing the accessibility of the (sub)structures recognised by the antibody.

Another AD-1 specific monoclonal antibody ITC48, which was non

neutralising, was unreactive with the strain A 8 . The specific mutation of strain 

A 8  which may have been responsible for the loss of recognition by this 

antibody was the substitution of a threonine for a proline at residue 570. The 

production of bacterial fusion proteins with the mutation P-*A, at the position 

corresponding to residue 570 of AD-1, abolished the reactivity of ITC48 with 

the peptide by immunoblotting (Schoppel et a!., 1996). Thus, this proline 

residue appears to be critical in maintaining the integrity of the substructure(s) 

recognised by this antibody.

These findings have implications for the in vivo pathogenesis of wild 

type HCMV isolates, following infection with these variant strains. Parameters
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capable of being investigated in vitro, which might shed light on the pathogenic 

mechanisms affected, could include the cellular tropism or cell to cell spread 

of these strains. A study using SCID-hu mice demonstrated interstrain 

differences in the replication of HCMV, which were thought to be related to 

differences in viral tropism (Brown et ai., 1995). Analysis of the strains A1 

and A 8  in such a system might provide useful information of a link between 

antigenic variation in the gB molecule, and its function in viral infectivity. Site- 

directed mutagenesis of the relevant amino acid mutations in the gB molecules 

of the strains A1 and AS would provide conclusive evidence of their 

involvement in changes in both functional activity and recognition by specific 

monoclonal antibodies.

An examination of the neutralising activity of a panel of HIVIG products 

against ADI 69, Towne and the clinical HCMV strains R7, R2, A 8  and A1 

demonstrated the existence of "neutralisation subtypes". An attempt to 

correlate these data with their subtype categorisation by phylogenetic analysis 

undertaken in Chapter 3 revealed that the only possible relationship which 

existed was with the phylogenetic subtype classification was at the gBC region 

based on nucleotide sequence data of the gBC region. At the nucleotide level, 

the less well neutralised strains A 8  and Towne grouped together at this region, 

while the poorly neutralised strain A1 was phylogenetically unique in this 

region.

These findings raise questions concerning the role of the AD-1 

determinant in the neutralising antibody response against HCMV. Since the 

main target for neutralising antibodies in human serum is this determinant, it 

would be likely that antigenic variation within this epitope would be the major 

influence of the reactivity of human sera against variant strains. This was 

clearly not the case. The AD-1 determinant of the clinical strain R7 was found 

to be identical to ADI 69 and Towne, while the strain R2 contained a single 

mutation which was conservative in nature; yet, the highest neutralising 

activity of HIVIG was against ADI 69 and the clinical strain R7. It is interesting 

to note that the strain R7 was completely homologous to ADI 69 in the three 

genomic regions sequenced. Thus, other targets may be responsible for the 

subtype specific reactivity observed for neutralising antibodies. The possibility
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exists that the subtype identity of these strains at the nucleotide level correlate 

with the reactivity of neutralising antibodies against other regions or gB, or that 

linkage exists with other neutralisation relevant molecules. The correlation 

between genetic and antigenic subgroups remains to be elucidated, and it 

requires more comprehensive analysis of sequence heterogeneity within 

biologically important regions of the genome of these virus strains.

The neutralisation results with HIVIG preparations, which are prepared 

from HCMV seropositive convalescent phase sera, against AD-1 variant clinical 

HCMV strains, differed to those of a cross neutralisation assay with acute 

phase human sera from patients from whom these HCMV strains were 

obtained. Significantly, the highest neutralising titers observed for the sera 

were against the variant clinical HCMV strain A 8 , whilst the lowest were 

against the variant clinical HCMV strain A 1.

These results suggest that there may be important differences in the 

targets for HCMV specific neutralising antibodies in human sera during the 

acute and convalescent phases of infection; differences which may influence 

the outcome of HCMV infection in infected individuals. The role of neutralising 

antibody in protective immunity against HCMV infection has not been 

completely defined. In particular, the contributory role of the quantitative 

versus the qualitative neutralising antibody responses are unclear. It has been 

shown that disseminated HCMV infection and symptomatic illness in renal 

transplant recipients was associated with reinfection, whilst reactivation was 

accompanied by asymptomatic infection at restricted sites (Grundy ef a/. 1988). 

Thus, prior immunity is not protective against new strains of HCMV, but in 

some circumstances can protect against the homologous reactivated strain.

Whilst reinfection does occur in the presence of high titers of neutralising 

antibodies, these neutralising antibodies have been shown to ameliorate the 

severity of symptomatic disdase; for example in renal transplant recipients 

undergoing primary HCMV infection (Smiley et a!., 1985). In allogeneic bone 

marrow transplantation, reactivated HCMV infection can be the | cause of 

significant morbidity. Since cellular immunity may take some months to 

regenerate in these patients, virus specific antibody may represent the major 

means of protection | against HCMV infection in the early post transplantation
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period, when reactivation typically occurs. It has been demonstrated that 

allogenic bone marrow transplant patients have a better prognosis for 

reactivated HCMV infection if the marrow donor is also immune (Grob et aL, 

1987). Other studies have shown that recipients with immune donors exhibit 

a secondary type humoral immune response in terms of the targets and avidity 

of HCMV specific antibodies in their sera, while recipients with nonimmune 

donors display a primary type immune response (Roy at aL, 1993; Lutz at aL, 

1996). Thus, in the case of the bone marrow transplant recipient, prior 

immunity in the donor appears to be most important.

Previous studies looking at neutralising antibody activity in acute sera of 

transplant recipients with primary or secondary infection were not able to 

clearly demonstrate strain specific differences, and concluded that human 

immune sera are widely cross-reactive against HCMV strains (Chou, 1989; 

Weber at aL, 1993). However, adsorption of human sera with cells expressing 

gB derived from a laboratory strain of HCMV could remove neutralising 

antibodies reactive with the laboratory and heterologous strains of HCMV, but 

not the homologous virus (Britt, 1991). It was therefore suggested that the 

protective HCMV specific humoral immune response includes both group and 

subtype specific components (Britt, 1991). Thus for an envelope glycoprotein, 

one population of antibodies may be directed against a group specific or 

'public' antigen such as AD-1 on gB, which has been shown to be the target 

for a high proportion of neutralising antibodies in a high percentage of human 

sera. Another population of antibodies may be directed against 'private' 

antigens, such as the strain specific epitope recognised by a neutralising 

monoclonal antibody against gH (Urban at aL, 1992), and may play a role in 

the protective antibody response against HCMV. It has been further suggested 

that, in contrast to immunocompetent individuals where antibodies against 

group-common antigenic domains confer protection against a wide range of 

wild type isolates, in immunocompromised individuals, subtype specific 

antibodies may be required to protect against reinfecting HCMV strains (Britt, 

1991). This may be important in the immune response in AIDS patients, where 

HCMV associated disease may be partly the result of a lack of da novo 

antibody synthesis against subtype-specific antigenic domains.
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Qualitative differences in the reactivity of acute phase sera against 

particular protective antigenic regions, possibly because of antigenic variation, 

may account for differences in neutralising activity. In the generation of an 

acute antibody response against HCMV, it has been reported that in some 

individuals, neutralising titers increase without apparent change in gB reactivity, 

or gB reactivity appears prior to the appearance of neutralising activity; 

suggesting that other envelope glycoproteins may account for the presence of 

an increase in neutralising antibody (Marshall et a!., 1994). In addition, 

disparity in the reactivity of human sera for the neutralising regions AD-1 and 

AD-2 have been reported (Meyer at aL, 1990; Britt, 1991), including 

differences between 'high' and 'low' capacity neutralising sera (Kropff at 

a/. 1993). Antibodies against AD-2 have been reported to be rarely found 

during primary infection (Lucht at aL, 1994). A recent study investigating the 

lack of reactivity of seropositive human sera with a peptide encoding AD-2, 

also demonstrated a failure to raise specific antibody upon immunisation of 

guinea pigs with a fusion protein encoding AD-2 (Ayata at aL, 1994). It was 

concluded that this epitope has low immunogenicity and that a genetic 

restriction of the antibody response to AD-2 may occur.

It is possible that selective defects in neutralising antibodies could 

explain why HCMV replication occurs despite high levels of HCMV specific 

antibodies. For example, while most adult convalescent sera contain antibodies 

reacting with gCII envelope glycoprotein complexes, congenitally infected 

infants and their mothers failed to make detectable levels to the gC-ll, even 

after persistent HCMV infection (Kari & Gehrz, 1990). In addition, antibody 

levels to gH were found to be depressed in HIV infected individuals with low 

CD4-I- T-cell counts, at a time of high risk for symptomatic HCMV retinitis 

(Rasmussen at aL, 1994), and were also lacking in individuals seropositive for 

both HIV and HCMV with newly diagnosed HCMV retinitis (Rasmussen at 

aL 1991). Since high levels of anti-gB antibodies were detected in the patients 

in these studies, the implication was that a loss of gH specific antibody 

predisposed individuals to more extensive virus replication and hence 

symptomatic disease.
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Studies examining the occurrence of gB and gH specific antibodies in 

acute HCMV infection found higher titers of gH specific antibody in recurrent 

versus primary infection in heart lung transplant recipients (Rasmussen et 

aL 1991). Combined with the relative absence of gH specific antibodies in most 

seropositive individuals, the conclusion was that the production of anti-gH 

antibody is an acute phase response to HCMV infection and is of importance 

in subsequent containment of virus infection (Rasmussen at a/. 1991; 

Rasmussen, 1994). Note that antibodies specific for gH have been associated 

with primarily the lgG3 subclass, and to a lesser extent the IgGI subclass, 

while anti-gB antibodies were limited to the IgGI subclass (Urban etal., 1994). 

These findings may be significant for AIDS patients, since a restricted subclass 

response to HCMV has been reported in this group (Sundqvist et a/. 1986).

The role of antigenic variation in the selective loss of specific antibodies 

within the repertoire of the humoral immune response requires further 

investigation. The differences reported in the previous studies mentioned 

however, have implications for the prophylactic and therapeutic treatment of 

HCMV infection in vivo. For example, HIVIG used for the prophylaxis of HCMV 

disease in HIV infected individuals with viruria produced a twofold increase in 

gB antibody but did not benefit them (Polis et ai., 1993). This could be due to 

the fact that these preparations were found to be frequently lacking antibody 

to gH (Rasmussen ef a/. 1991).

Data in Chapters 4 and 6  describe other important reasons for the 

variable success in the use of HIVIG products in AIDS patients and transplant 

recipients (Polis et ai., 1993; Snydman, 1990; Sullivan, 1987). The marked 

subtype specific differences within neutralising determinants might account in 

part for the differential success of HIVIG preparations against clinical HCMV 

strains. Furthermore, the greatest neutralising titers of the hyperimmune 

preparations were 5.5 fold less than the highest titre exhibited by sera obtained 

from patients undergoing acute HCMV infection. The haemodilution of such 

preparations when administered intravenously would yield even lower 

neutralising antibody in plasma, in comparison to those observed for acute 

sera. Post-fractionation procedures of the immunoglobulins in these
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preparations may also increase clearing of the IgG, combining with the other 

factors to cause a consequent loss of protective capacity.

Humanised monoclonal antibodies have been developed as an alternative 

to HIVIG as specific and highly efficacious therapeutic agents for the treatment 

and prophylaxis of HCMV infection. Passive immunotherapy with a humanised 

anti-gH antibody for example, may be particularly beneficial for HIV infected 

individuals with low CD4-I- T-cell counts. It would be useful to evaluate the 

functional parameters of such a reagent prior to its use in vivo, in order to 

predict how beneficial it may be as an antiviral agent. Data in Chapter 6  show 

that the humanised monoclonal antibody HuHCMVI 6-2 neutralised a large 

panel of clinical HCMV isolates in addition to both the laboratory HCMV strains 

ADI 69 and Towne. These results suggest that this antibody would be 

effective against the majority of wild type HCMV isolates, in contrast to the 

strain specific anti-gH antibody described by Urban et ai. (1992).

HuHCMVI 6-2 was shown to block HCMV infection at the level of fusion 

between virion envelope and host cell membrane, therefore HuHCMVI 6-2 

could potentially block infection by extracelluar virus. It could also prevent the 

cell to cell spread of virus, which is mediated by a fusion event distinctive from 

virus penetration, and is thought to be the major route of virus dissemination 

and spread in tissues.

It is conveivable that monoclonal antibody resistant (MAR) mutants may 

exist, or arise, during in vivo therapy with monoclonal antibodies. An analysis 

of clinical HSV strains has documented the existence of 1/66 (1.5%) MAR 

strains to a gH specific monoclonal antibody (Compels, at si., 1991). In 

addition, MAR mutants were generated under sective antibody pressure from 

anti-gH antibody in vitro for HSV, at a frequency of 10 ®. The resistance for 

these mutants could be mapped to point mutations within the specific 

neutralising epitopes of these strains.

During a phase I trial of the human anti-gH antibody MSL109, a MAR 

clinical HCMV strain was isolated from an AIDS patient (Ostberg, 1992). The 

résistent phenotype was unstable and could be maintained only by passage of 

plaque purified virus under selective antibody pressure (Li at si., 1995). The 

sequences of the gH sequences for the MAR and susceptible parental strains
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were identical, and subsequent biochemical analyses revealed a marked 

decrease in the expression of gH (but not gB) molecules within the virion 

envelope of the MAR strain. The conclusion of this study was that the 

stoichiometry of gH in the envelope of HCMV virions is not rigidly fixed, and 

the production of virions with reduced levels of envelope glycoproteins may 

represent a mechanism by which HCMV could evade host-derived antiviral 

antibody responses. It is not clear if this mechanism of immune evasion 

extends to other HCMV strains however, since data was presented for only the 

one HCMV isolate. The in vivo significance of these findings remain to be 

resolved, since both gB and gH have been defined as essential for the growth 

of HCMV, and are thought to be involved in viral tropism. It is clear that, if 

HuHCMVI 6-2 enters clinical trials, extensive monitoring of HCMV strains post

therapy for evidence of resistence must be carried out.

In Chapter 6  of this thesis, it was shown that the gB specific neutralising 

human monoclonal antibody C23 was able to augment the neutralising activity 

of HuHCMVI 6-2. The use of these antibodies in combination therapy in vivo 

would reduce the total amount of protein required for treatment. In addition, 

and perhaps most importantly, the use of multiple monoclonal antibodies (with 

different specificities) could overcome the potential loss of reactivity by one 

monoclonal antibody against clinical HCMV strains; whether this was due to 

antigenic variation, or to altered expression of the target viral proteins on 

infectious virions.

In conclusion, our knowledge is lacking about important areas of the 

protective components of the humoral immune response against HCMV. In 

particular, the role of antigenic variation in reinfection of the immune host, and 

the pathogenesis of HCMV infection, remain to be elucidated. It is hoped that 

the data contained in this thesis will extend our knowledge of these factors, 

and may assist in the development of an effective vaccine, or therapeutic 

agents such as humanised monoclonal antibodies, which will help in the fight 

against HCMV disease.
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