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Abstract

Human cytomegalovirus (HCMV) is ubiquitous in the human population, causes
significant disease in immunocompromised individuals, and has been implicated in
vascular diseases such as atherosclerosis. HCMV encodes over 200 proteins including
multiple chemokine receptors. The function of these chemokine receptors during the
virus life cycle is unknown, although one of the HCMV G-protein coupled receptors
(GPCR), US28, has been shown to induce smooth muscle cell (SMC) migration,
suggesting a role in vascular disease. US28 is the most characterized HCMV GPCR and
has been demonstrated to bind multiple chemokines. The characterization of US28
signaling has primarily been based on experiments performed in human fibroblasts
including calcium flux and ERK-1/2 activation through Geyl and Gal6. However, the
mechanisms of US28 induction of SMC migration and the signaling involved in these
migratory events are unknown. Therefore, in the first part of my thesis I have
characterized the G-proteins that couple to US28 to promote SMC migration. I have
observed that members of the Ga12 family are critical for SMC migration and that these
G-proteins mediate migration through the RhoA signaling pathway. In the second part of
my thesis, I examined the ligand specificity of US28 for induction of SMC migration. [
observed that the CC-chemokines RANTES and MCP-1 but not the CX,C-chemokine
Fractalkine induced RhoA resulting in SMC migration. In addition, DNA microarray
analysis indicated that RANTES induced cellular genes involved in cellular motility,
while Fractalkine down-modulated these same genes. These data répresent the first
characterization of a chemokine receptor that binds multiple ligands to elicit alternative

signaling responses. In the last part of my thesis, I characterized a functional US28

XV



homologue (M33) in mouse CMV (MCMYV). I observed that M33 induced mouse SMC
migration either in the context of viral infection or independently in the presence of
ligand. The signaling involved in migration was mediated through the Rac family of
small G proteins in contrast to US28 induction of RhoA. These findings provide an

animal model to examine the role of viral chemokine receptors in vascular disease.
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nature of US28 signaling. Chapter four, entitled “Mouse Cytomegalovirus M33 is both
Necessary and Sufficient in Virus-induced Vascular Smooth Muscle Cell Migration”
establishes the MCMV-encoded chemokine receptor M33 as a functional homologue of
US28 that promotes the ligand-dependent migration of SMC. Finally, Chapter five
contains the overall conclusions derived from these studies, as well as future directions of

CMV-encoded chemokine receptor studies.
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Chapter 1

Introduction



1.0 The Herpesviridae

As established by the Herpesvirus Study Group of the International Committee on the
Taxonomy of viruses, inclusion in the family Herpesviridae is based on virion
architecture and four biological prdperties. In general, Herpesviruses encode enzymes
involved in nucleotide metabolism, synthesize their DNA and assemble icosadeltahedral
capsids of 100-110 nanometers (nm) in the nucleus, destroy infected host cells upon the
release of progeny virus, and Have the capacity to establish latency in the infected host.
The family Herpesviridae is further divided into three subfamilies: the
Alphaherpesvirinae, the Betaherpesvirinac and the Gammaherpesvirinae. The
Alphaherpesviruses have a variable host range, display rapid growth kinetics and
destructive spread in culture, and are able to establish latency in sensory neurons. In
contrast, Betaherpesviruses display a restricted host range, slow growth Kkinetics often
resulting in the production of enlarged cells, and establish latent/persistent infections in
salivary glands, lymphoid cells and numerous tissues and organs. Gammaherpesviruses
have a restricted host range, productively infect lymphoblastoid cells, display specificity

for T or B cells and establish latency in lymphoid tissues.

1.1 Human Cytomegalovirus: A brief history

Human Cytomegalovirus (HCMV) is a ubiquitous B-herpesvirus that causes severe
disease in neonates and immunocompromised individuals. The earliest descriptions of
HCMYV infection date back to the turn of the 20® century, specifically 1904, when large,
abnormal cells with prominent intranuclear inclusions from the lungs, kidneys and liver

of a syphilitic child were described (Jesionek, 1904). Within months, another report was



published describing cells of similar appearance in the kidneys of a stillborn infant
(Ribbert, 1904). These abnormal cells possessed features characteristic of CMV
infection, including prominent intranuclear inclusions surrounded by a zone of clearing.
Some suggested that the appearance of abnormal cells in various organs and tissues was
indicative of protozoal infection (Tietze, 1905). However, in 1921 Goodpasture and
Talbot concluded that protozoa were not responsible for the intranuclear inclusions and
suggested that the cellular abnormalities resembled cytological changes described in a
previous study of skin lesions caused by varicella (Goodpasture and Talbot, 1921).
Goodpasture and Talbot also coined the term ‘cytomegalia’ to describe these enlarged
cells. Cells of similar appearance had also been observed in the salivary glands of guinea
pigs (Jackson, 1920), and using the guinea pig model, the viral etiology of ‘cytomegalia’
was confirmed (Cole and Kuttner, 1926). Salivary gland suspensions from infected
guinea pigs retained infectivity after passage through Berkefeld N filters, resulting in the
production of cytomegalic cells in the salivary glands of injected animals (Cole and
Kuttner, 1926). During these early years of research the agent responsible for
‘cytomegalia’ was simply referred to as salivary gland virus (SGV). The 1950’s
witnessed the adoption of the term generalized cytomegalic inclusion disease (CID) to
describe infants with an often fatal disease characterized by the presence of enlarged cells
with prominent intranuclear inclusions in multiple organs, and the virus associated with

this condition became known as CID virus (CIDV).

Three groups independently isolated CIDV or human SGV (HSGV) during the mid-

1950s. Margaret Smith first isolated mouse SGV in tissue culture in 1954 (Smith, 1954).



Using similar techniques she was able to isolate serially propagated HSGV as well as an
isolate from the kidney of an infant who had succumbed to CID (Smith, 1956).
Concurrently, the Weller group, who were attempting to isolate Toxoplasma from a liver
biopsy of an infant suffering from hepatosplenomegaly, cerebral calcification and
chorioretinitis; and the Rowe group, who were identifying new adenovirus isolates from
adenoids of children undergoing tonsillectomy-adenoidectomy, isolated the Davis and
ADI169 strains of HSGV/CIDV respectively (Rowe et al., 1956; Weller, 1970; Weller et
al., 1957). Finally, in 1960, the names SGV and CIDV were re-examined and dismissed
since an unrelated SGV had previously been described in bats, and the tropism of the
human virus was not restricted to the salivary glands, in favor of the name

“cytomegalovirus” (Weller et al., 1960).

1.2 Epidemiology of Human Cytomegalovirus

HCMYV is a ubiquitous pathogen that is found in virtually every human population, from
developed industrialized nations to isolated aboriginal groups (Alford and Pass, 1981;
Pass, 1985). HCMYV infection is common, with an incidence of infection ranging from
40-100% depending on age (the frequency of infection increases with age) and
socioeconomic status (Britt and Alford, 1996). In North America, approximately 90% of
the urban population and 50% of individuals residing outside of cities display evidence of
HCMV infection. Generally, HCMV is acquired earlier in life and at a greater frequency
in developing countries and in the lower socioeconomic groups in developed nations.

Although readily prevalent in most human populations, HCMV is not considered to be



highly infectious, as transmission requires direct contact with infected individuals or

materials.

HCMV is the most common congenital viral infection in humans, infecting 0.2-2% of
American infants in utero, and is considered to be the leading infectious cause of central
nervous system maldevelopment and sensorineural deafness in neonates (Fowler et al.,
1997; Larke et al., 1980; Peckham et al:, 1983). HCMV may also be acquired during the
childhood years through the consumption of infected breast milk or transmission through
close contact with infected individuals, especially in the day care setting where
approximately 8-60% of infants are infected during the first six months of life (Britt and
Alford, 1996). 1In addition to infected breast milk, HCMV may be transmitted
intrapartum or via the transplacental route. Epidemiological studies indicate that

approximately 10% of all infants acquire HCMV from a maternal source (Pass, 1985).

While HCMV infection of normal immunocompetent individuals generally results in a
life-long asymptomatic infection, this pathogen is responsible for approximately 8% of
all cases of mononucleosis and 20-50% of the cases of heterophile-negative
mononucleosis (Klemola et al., 1970). Infection of normal immunocompetent hosts has
also been linked to a number of other clinical pathologies including: Guillain-Barr
syndrome, peripheral thrombocytopenia, retinitis, gastrointestinal ulceration, hepatitis

and pneumonitis (Ho, 1995; Nesmith and Pass, 1995).



Immunosuppressed and immunocompromised patients (transplant or graft recipients on
immunosuppressive  drug therapy or individuals suffering  from  acquired
immunodeficiency syndrome (AIDS)) are particularly susceptible to opportunistic
pathogens and HCMV infection is a significant cause of morbidity and mortality in these
individuals. Infection of immunocompromised patients is common and can occur by
reactivation of latent/persistent virus, re-infection or by primary infection (Britt and
Alford, 1996). HCMV is the most common life threatening opportunistic viral infection
in AIDS patients, infecting numerous tissues and organs including the lungs and more
frequently the retina. HCMV-induced retinitis occurs in 85% of AIDS patients with
AIDS related HCMV disease (Nichols and Boeckh, 2000). Most adults and
approximately 50% of children with human immunodeficiency virus (HIV) have
evidence of CMV infection, and prior to the advent of highly active anti-retroviral
therapies (HAART) the incidence of CMV-associated disease in adults and children with
AIDS was 40% and 9% respectively (Britt and Alford, 1996). Since the inception of
HAART therapies, these numbers have decreased significantly (Nichols and Boeckh,
2000; Selik et al., 2002). The risk of developing clinical pathologies relating to HCMV
infection in individuals suffering from AIDS is linked with CD4 T cell levels in the
infected host (Gallant et al., 1992). Common clinical manifestations of HCMV infection
in AIDS patients include: retinitis, esophagitis, colitis and less commonly: encephalitis,
peripheral neuropathy, polyradiculoneuritis, pneumonitis, gastritis and hepatitis (Cheung

and Teich, 1999).



HCMV infection is also problematic in immunosuppressed patients undergoing solid
organ transplantation (SOT) or bone marrow transplantation (BMT). Primary HCMV
infection in SOT recipients has been linked to organ failure, specifically, renal
dysfunction in kidney recipients, hepatitis in liver recipients, coronary stenosis or organ
rejection in heart transplant patients and pneumonia after lung or heart transplantation
(Britt and Alford, 1996). In the absence of prophylaxis, 8-39% of SOT recipients
develop symptomatic HCMV disease, including infections of the gastrointestinal tract,
which occur in 5% of all transplant recipients (Sepkowitz, 2002). The most common
clinical manifestation of HCMV infection in BMT recipients is pneumonitis. The
sources of CMV in SOT and BMT recipients are reactivation of latent virus in
seropositive patients or the acquisition of virus from transplanted cells, organs or blood

products.

Increased incidence and severity of vascular diseases including atherosclerosis, arterial
restenosis following angioplasty and solid organ transplant vascular sclerosis (TVS) or
chronic rejection have been associated with HCMV infection. Since HCMV is a
ubiquitous pathogen that causes both lytic and life-long persistent infections, and HCMV
pathogenesis and vascular disease development are complex multi-factoral processes,
there have been difficulties in establishing HCMV as a contributing factor in the
development of vascular pathologies. However, there is increasing epidemiological and
molecular evidence that suggest a role for CMVs in vascular disease. The initiation and
progression of vascular disease, including the roles of chemokines, chemokine receptors

and CMVs is discussed elsewhere (see Chapter1.6.1-1.6.3).



1.3 Genome and Structure of Cytomegalovirus

HCMV is the prototypical member of the B-herpesviruses, which are slow growing
salivary gland tropic and highly species specific (Britt and Alford, 1996). Like other
herpesviruses, CMVs have a large double stranded deoxyribonucleic acid (DNA)
genome, an icosahedral nucleocapsid, a protein tegument, and a lipid envelop derived

from host cell membranes.

1.3.1 Genome

At 230 kilobase pairs (kbp), the genome of HCMV has the largest coding capacity of all
known mammalian viruses, HCMV’s genome is Guanine (G)+Cytosine (C) rich and is
composed of two segments, the unique long (UL) and unique short (US). The UL
segment is flanked by the terminal repeat TR, and the corresponding internal repeat IR, ,
while the US segment is bounded by and the internal repeat IR and the terminal repeat
TRs (Chee et al., 1990a). The UL and US regions may undergo genome inversion events
mediated by a sequences found in the direct repeat sequences at the genome termini and
in the inverted repeats at the UL-US junction. The a sequences contain cis-acting
packaging elements that are required for DNA cleavage and packaging of the viral
genome (Kemble and Mocarski, 1989; McVoy et al., 1998; Mocarski et al., 1987; Spaete
and Mocarski, 1985). Ultimately, four genome isomers where the UL and US regions are
oriented in either direction may be produced (Figure 1.1A). In contrast, the genomes of
all other characterized f3-herpesviruses, including all mammalian CMVs are linear and

lack internal repeats.



Figure 1.1 Genome isomers and organization of HCMV genome.

(A) Laboratory strains of HCMV have the potential to produce four genome isomers in
virus infected cells (adapted from Landolfo et al., 2003).

(B) Genome organization of laboratory and clinical isolates of HCMV (modified from

Murphy et al., 2003)
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Until recently, the only completely sequenced isolate of HCMV was strain AD169 (Chee
et al., 1990a; Rowe et al., 1956). Based on this sequence, strain AD169 (230283
basepairs (bp)) was predicted to encode at least 208 non-overlapping open reading frames
(ORFs) of greater than 80 amino acids (a.a.), 14 of which are duplicated within the
TR /IR, repeats (Chee et al., 1990a). Subsequent analysis revealed errors in the original
sequence, including the absence of a 929bp sequence in the UL42-UL43 region (Dargan
et al., 1997), as well as errors or deletions in the UL21.5, UL111a, UL48/49 and ULS80.5
(Gibson et éll., 1996b; Kotenko et al., 2000; Mullberg et al., 1999; Wood et al., 1997).
Partial sequencing of the clinical isolate Toledo led to the identification of an additional
15 kpb region believed to encode 19 ORFs that were absent from AD169 (Cha et al.,
1996). When chimpanzee CMV was sequenced and aligned with AD169, ten previously
unrecognized ORFs were identified in both viruses (Davison et al., 2003). More recently,
a number of clinical isolates including Toledo, Fix, Phoebe, and TR, as well as the
laboratory strains AD169 and Towne were sequenced and compared (Murphy et al.,
2003). Using an 80 a.a. cut-off these analyses revealed 252 ORFs with the potential to
encode proteins, including 29 previously unrecognized ORFs that were conserved in all
four clinical isolates (Murphy et al., 2003). Importantly, all of the clinical isolates
possessed varying compliments of novel viral genes in place of the IR, repeat (Figure
1.1B). The lack of an internal repeat suggests that clinical isolates only produce two
genome isomers in infected cells. Therefore, there are significant differences in the DNA
sequences of laboratory adapted strains and clinical isolates, and these differences are
manifested in the ability of clinical isolates but not most laboratory strains to

productively infect endothelial cells and monocyte/macrophages (see Chapter 1.5).
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1.3.2 Capsid

The HCMV genome is surrounded by a 100nm icosahedral nucleocapsid (Figure 1.2A)
that is composed of at least four viral proteins. The formation of icosahedral
nucleocapsids requires the function of at least three additional viral proteins. The major
structural proteins of the HCMV capsid include: the major capsid protein (MCP) encoded
by UL86 (Chee et al., 1989), the minor capsid protein (mCP) encoded by ULSS, the
minor capsid associated protein (mC-AP) encoded by UL46, and the smallest capsid
protein (SCP) encoded by UL48.5 (Baldick and Shenk, 1996; Gibson, 1983; Gibson,
1996). Three assembly related proteins encoded by UL80, UL80a and ULS0.5, including
a serine like protease have roles in capsid assembly and maturation (Baldick and Shenk,
1996; Chen et al., 1999; Gibson, 1996; Gibson et al., 1996a; Gibson et al., 1996b; Trus et
al., 1999). The primary component of capsid pentamers and hexons is MCP (pULS8S),
while mCP (pULS85) and mC-AP (pUL46) associate in a 2:1 ratio to form triplexes that
interdigitate the hexons and pentons (Butcher et al., 1998; Chen et al., 1999; Trus et al.,
1999). The SCP is believed to associate with the tips of capsid hexons and have a role in
tegumentation similar to VP-35 of Herpes Simplex Virus (HSV)-1 (Thomsen et al.,
1994). Three different capsid forms are detectable in HCMV infected cells. Type A
capsids are fully formed capsids that due to a failure to package viral DNA are devoid of
genomes. Type B capsids are mature capsids that lack tegument proteins and type C
capsids are fully mature B capsids with tegument and containing viral genomes (Figure

1.2B).
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1.3.3 Tegument

Between the viral nucleocapsid and envelope lies an amorphous protein layer termed the
tegument (Figure 1.2A). The HCMV tegument is acquired during viral egress and is
composed of at least 25 proteins of cellular and viral origin (Gibson, 1983). Many of the
tegument proteins detected in virion and dense body preparations are highly
immunogenic phospho-proteins (pp) (Gibson, 1983; Landini and La Placa, 1991; Landini
et al., 1989; Lazzarotto et al., 1991; Roby and Gibson, 1986). Two of the most abundant
proteins made during viral replication, which are also major constituents of the virion, are
the tegument proteins pp65 and pp150 (Gibson, 1983; Stinski, 1976), encoded by ULS3

(lower matrix protein) and UL32 (basic phospho-protein) respectively (Jahn et al., 1987).

The tegument proteins are hypothesized to promote the creation of an intracellular
environment that is optimal for viral gene expression and replication. In accordance with
this hypothesis, the tegument proteins pp71 (UL82) and ppUL69 (UL69) have been
demonstrated to have roles in the transactivation of viral and cellular gene expression
(Liu and Stinski, 1992; Winkler and Stamminger, 1996). The latter tegument protein
may also have a role in modulating cell cycle progression (Hayashi et al., 2000; Lu and
Shenk, 1999). In addition to roles in cell cycle regulation and transcriptional
transactivation, tegument proteins have also been reported to contribute to HCMV
evasion of the host immune response (Jones et al., 1995). The cellular proteins beta-2-
microglobulin, actin, actin-related protein 2/3 (Arp2/3), protein phosphatase I, annexin II
and CD13 have also been detected in HCMYV virion preparations (Baldick and Shenk,

1996; Gallina et al., 1999; Giugni et al., 1996; Grundy et al., 1987a; Grundy et al., 1987b;
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Michelson et al., 1989; Michelson et al., 1996; Stannard, 1989; Wright et al., 1995);
however, the importance of most of these cellular proteins during HCMV growth has not
been established. Finally, five ribonucleic acid (RNA) transcripts corresponding to ORFs
UL21.5, UL106-109, TR,/IR, 2-5, TR/IR, 7 and TR,/IR, 13 and designated as virion
RNAs (VRNAs) have been detected in preparations of highly purified, infectious HCMV
particles (Bresnahan and Shenk, 2000). More recent studies indicate that at least the
UL21.5 vRNA is packaged in proportion to the transcripts’ intracellular concentration
(Terhune et al., 2004). vRNAs are believed to be associated with the tegument and

delivered to the host cell upon infection.

1.3.4 Envelope

A lipid envelope acquired from the infected cell surrounds the nucleocapsid and tegument
(Figure 1.2A). Six major viral glycoproteins (g) have been detected in the HCMV
envelope: gB (ULSS5), gH (UL75), gL (UL115), gO (UL74), gM (UL100), and eN
(UL73), and at least three glycoprotein complexes gCI, gCII and gClIII are formed in
HCMV infected cells (Gretch et al., 1988). The gCI and gCIII complexes are required
for virus entry into the host cell (Theiler and Compton, 2001). The gCl complex is
composed of homodimers of the major envelope glycoprotein gB. Recently, gB was
demonstrated to interact with the epidermal growth factor (EGF) receptor to mediate the
intitiaion of intracellular signaling cascades and virus entry (Wang et al., 2003). The gCI
complex is also critical for cell to cell transmission of virus and HCMV-mediated cell
fusion (Bold et al., 1996; Britt and Mach, 1996; Compton et al., 1993; Navarro et al.,

1993; Tugizov et al., 1994). The glycoproteins gH, gL and g0 associate to form the
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heterotrimeric gCIIT complex (Huber and Compton, 1998), whose transport to the cell
surface is dependent upon the presence of gL (Kaye et al., 1992; Spaete et al., 1993). The
gCIIl complex is necessary for viral envelope fusion with the plasma membrane by
means of a pH-independent mechanism (Huber and Compton, 1998). The gCII complex
is a heterodimer composed of gM (UL100) and gN (UL73) (Mach et al., 2000), and this
glycoprotein complex has been detected in the HCMV envelope (Kari et al., 1994;
Lehner et al., 1989). With the exception of gO, which is dispensable for HCMV growth
and replication in cultured fibroblasts (Hobom et al., 2000), gB, gH, gL and gM are all
essential for in vitro infection. A number of other viral proteins have been detected in the
HCMYV envelope including gp48 (encoded by UL4) and the viral-encoded chemokine

receptors UL33 and US27; however, the role of these proteins has not been determined.
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Figure 1.2 HCMYV capsids and particles.

(A) Schematic of HCMV particle. The double stranded DNA genome is encased in a
nucleocapsid. A tegument composed of viral and cellular proteins surrounds the
nucleocapsid. A lipid envelope containing three viral-glycoprotein complexes (gCI, gCII
and gCIII) as well as other proteins (including UL33 and US27) is acquired from the
infected host cell (used with permission from J.A. Nelson and D.N. Streblow).

(B) Digital representation of three different capsids types that are produced in HCMV
infected cells.

(C) Electron micrographs of infectious virions and dense bodies (Varnum et al., 2004).
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1.3.5 HCMY particles

Three different types of particles are produced in HCMV infected cells: mature infectious
virions, noninfectious enveloped particles (NIEPs), and dense bodies (Mocarski, 2001).
Mature infectious HCMV virions are composed of a linear 230kb double-stranded DNA
genome encased in an icosahedral nucleocapsid that is surrounded by the protein
tegument, and a viral-glycoprotein containing lipid envelope derived from host cell
membranes (Figure 1.2C). Mature particles that lack viral genomes are designated as
NIEPs. HCMV also produces unique particles termed dense bodies (Figure 1.2C). The
tegument protein pp65 is the primary constituent of the nonreplicating enveloped dense
bodies, accounting for approximately 60% of the protein abundance of these particles

(Varnum et al., 2004).

Recently, our laboratory analyzed purified virions and dense bodies utilizing “gel-free”
two-dimensional capillary liquid chromatography MS/MS and Fourier transform ion
cyclotron resonance mass spectrometry. In addition to already identified proteins, a
number of previously unknown proteins were identified in highly purified HCMV virions
(Varnum et al., 2004). The known virion proteins identified included five capsid proteins
(UL46, UL48-49, UL80, ULSS, and ULS6), fourteen tegument proteins (UL24, UL25,
UL26, UL32, UL43, UL47, UL48, UL82, UL83, UL94, UL99, US22, US23, and US24),
eleven glycoproteins (TRL10, UL22A, UL41A, ULS5, UL73, UL74, UL75, UL77,
UL100, ULI115, and ULI119), twelve proteins involved in DNA replication and
transcription (IRS1, TRSI1, UL44, UL45, UL54, UL57, UL69, UL72, UL84, ULS9,

UL97, and UL122), and two G-protein coupled proteins (UL33 and US27). In addition,



twelve HCMV-encoded polypeptides not previously associated with the virion were
identified: UL5, UL38, UL50, UL71, UL79, UL93, UL96, UL103, UL132, US23, US24,
and TRL14. This analysis also revealed the presence of far more cellular proteins than
originally thought, including: ATP binding proteins, calcium (Ca™) binding proteins,
chaperones, cytoskeletal proteins, enzymes, signaling molecules, transcription/translation
factors and transport proteins. UL4, U<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>