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Abstract

Human cytomegalovirus (HCMV) is a widespread disease-causing
agent belonging to the herpesvirus family. After a primary infection
HCMV establishes latency within its host, from which the virus may
reactivate throughout life. When healthy individuals become infected
by HCMV, they rarely show any symptoms, but in some cases
individuals may experience symptoms such as headache, fever, a sore
throat and muscle pain. In contrast, individuals with a suppressed
immune system, due to medical treatment or disease, may experience
severe disease or even death. HCMV-infection of fetuses, acquired
during the development in the uterus, is the world leading infectious
cause of birth defects. This type of infection might cause damage to
visual and hearing senses as well as damages to the central nervous
system with manifestations such as mental disorder and hearing loss.
Furthermore, HCMV has been suggested to play a role in certain
types of cancer. HCMV thrives and reactivates in parts of the body
where there is an ongoing inflammation. The site of inflammation
offers an environment rich in molecules, which attract latently
infected blood cells into inflammatory tissues and reactivates latent
HCMV. Because of that, we were interested to study the role of
HCMV-infection in connection to inflammation and cancer.

I focused on understanding molecular mechanisms of HCMV-
pathogenesis and found that: i) HCMV decreases the expression of
PDGFR’s, which may play an important biological role in congenital
HCMV-infection and embryonic development. ii) HCMV induces 5-
LO mRNA and protein expression in vascular SMC’s, enabling these
cells to synthesize LTB,4, which offers a molecular mechanism to
HCMV-mediated pathogenesis in inflammatory diseases. iii) HCMV
alters the balance between MMP-9 and TIMP-1 in macrophages,
which may affect atherosclerotic plaque development and stability.
iiil) HCMV induces telomerase activity in human fibroblasts and
glioma cell lines. This phenomenon is mediated by the presence of
IEA at the hTERT proximal promoter, the recruitment of Spl,
decreased HDAC-1 and -2 promoter binding and H3 acetylation. Our
findings provide a novel mechanism that may explain how HCMV
induces oncogenesis, a mechanism that may be critical in the
understanding of the relationship between HCMV and cancer.
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1. Introduction

1.1 Herpes viruses

Members of the herpes virus family, Herpesviridae, have an
icosadeltahedral capsid structure, built up by 162 capsomeres, with a
diameter of approximately 100-110 nm. The herpes virus genome,
which consists of double stranded linear DNA (dsDNA), is located
within the capsid structure. A tegument layer described to be
asymmetric and amorphous like surrounds the capsid itself. Finally, a
lipid layer referred to as the envelope encapsulates the capsid and the
tegument. The envelope has protruding proteins that are constituted
by both viral and host derived proteins. Herpesviridae has been
classified into three different subfamilies, the Alphaherpesvirinae,
Betaherpesvirinae and the Gammaherpesvirinae subfamilies. All
herpes viruses seem to share four properties of biological importance:
1. They all have enzymes important in the metabolism of nucleic
acid; however, the number and kind of enzymes may differ between
the different herpes viruses. 2. Viral DNA synthesis and capsid
assembly takes place in the nucleus. 3. The formation of new
infectious viral particles is consistently accompanied by the
destruction of the host cell. 4. They all share the property to establish
latency within its host, and also share the ability to reactivate from
latency. During latency, there are no infectious viral progeny
produced.

Herpes viruses are extensively distributed in nature and most
animal species have experienced a herpes virus infection at some
point during their life. There are approximately 130 herpes viruses
identified to date, of which nine herpes viruses have been isolated
from humans: the herpes simplex virus-1 (HSV-1), and -2 (HSV-2),
human cytomegalovirus (HCMV), varciella zoster virus (VZV),
Epstein-Barr virus (EBV) and human herpesviruses (HHV)-6A, -6B,
HHV-7 and HHV-8.

Herpes viruses differ in their biological properties in a number of
aspects, for example: their time to replicate, their respective host cell
tropism, and their different clinical manifestations. The size of the
mature virion could also differ among the Herpesviridae members,
ranging from 120-300 nm in diameter. Also, the lengths of their



respective DNA strands differ, from approximately 120 to 250 kbp.
Herpes viruses generally have the capacity to encode for 70-200
genes, (reviewed in Roizman, 2001), and HCMYV has been described
to encode 252 ORF’s (Murphy et al., 2003). Herpesvirus-encoded
microRNAs are not included in that estimation; however,
herpesviruses express microRNAs. The function of these microRNAs
is not fully investigated, but some microRNAs has been described to
prevent apoptosis and NK cell-mediated killing or to coordinate viral
gene expression, possibly during viral latency, (reviewed in Grey et
al., 2008).

1.2 Human cytomegalovirus (HCMV)

1.3 History of HCMV

As early as 1904, Jesionek made a report about abnormal
“protozoan-like” cells located in lungs, liver and kidney of a
premature dead fetus (Jesionek, 1904). The same year, Ribbert
reported that he had observed similar cells in the kidneys of a
stillborn infant as early as 1881 (Ribbert, 1904). Ribbert’s report,
about his findings in 1881, is probably the first documentation of a
disease caused by human cytomegalovirus (HCMV). During the
following years these abnormal “protozoan-like” cells was described
in various organs, and the similarity between the cytopathology with
other herpesviruses and these abnormal cells was noted, but was still
believed to be caused by protozoa. Lowenstein, at that time working
in Ribbert’s laboratory, described that these “protozoan-like” cells
had cytoplasmic and intranuclear inclusions surrounded by a clear
zone (LOwenstein, 1907). In 1921, Goodpasture and Talbot used the
term cytomegalia to describe the features of these abnormal cells in
lesions of infancy (Goodpasture EW, 1921). Goodpasture and Talbot
did not agree with the current opinion that the inclusions were caused
by a protozoan. Later on, Mueller suggested that the cytopathology
observed in stillbirth implied prenatal insult (Mueller, 1922). In 1925
Von Glahn and Pappenheimer reported about the similarities between
the cytomegalic cells and herpesvirus infected cells, and drew the
conclusion that these cells were infected by a closely related or
identical herpesvirus member (Von Glahn WC, 1925). In the early
1950s electron microscopy revealed viral particles in the clear zone
surrounding the intranuclear inclusions and also in the cytoplasm of
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cytomegalic cells from the pancreas (Minder, 1953). In the mid
1950s three different laboratories reported that they had been able to
isolate HCMV from tissue cultures (Rowe WP, 1956; Smith, 1956;
Weller TH 1957). These isolates were given the names: Smith, Davis
and AD169. Later on, they were given the name cytomegalovirus
(Weller TH 1960).

1.4 Epidemiology and transmission

HCMV-infections are common worldwide and the percentage of
infected individuals varies among different populations, ranging
between 60-100%, depending on geographical location and
socioeconomic situation. During and up to years after primary
infection the virus is present in bodily fluids, which probably is an
important source for the spread of HCMV to new hosts, (reviewed in
Pass, 2001). The percentage of infected individuals increases with
age in all groups. HCMV-infection is usually acquired during
childhood through breast-feeding or close contact with other children
and the incidence is 30-40% during the first year of life (Grillner and
Strangert, 1986; Mocarski, 2001; Onorato et al., 1985).

A primary infection is followed by a persistent, latent infection
from which the virus may reactivate. During latency HCMV is
mainly harbored in monocytes (Taylor-Wiedeman et al., 1991).
Inflammation seems to be an important factor in the reactivation of
latent HCMV (Soderberg-Naucler et al., 1997) and epidemiological
evidence indicate that active HCMV is present in many different
types of diseases characterized by inflammation such as
atherosclerosis, (reviewed in Bruggeman et al., 1999), inflammatory
bowel disease (IBD) (Rahbar et al., 2003), different types of cancer
(Cobbs et al., 2002; Harkins et al., 2002; Samanta et al., 2003) and
autoimmune diseases (Einsele et al., 1992; Newkirk et al., 1994;
Sekigawa et al., 2002). During inflammation, infected monocytes are
recruited to the site of inflammation; a milieu with inflammatory
cells secreting molecules that may reactivate the virus in latently
infected monocytes.

1.5 Clinical features and diagnostics

HCMV-infection in the immunocompetent host is usually
asymptomatic but may result in mononucleosis malaise with
symptoms such as headache, fewer, sore through, rash and enlarged
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spleen and/or liver. A primary or recurring HCMV-infection in
pregnant women may result in transplacental transmission of virus to
the fetus and cause congenital HCMV-infection. Congenital HCMV-
infection is today the leading cause of birth defects with mild to
severe symptoms like mental retardation, hearing loss and visual
impairment. In the immunocompromised host symptomatic HCMV-
infection is rather common. The severity of the infection is parallel to
the degree of immunosuppression. The most complicated infections
are seen in bone marrow transplant recipients and AIDS patients,
followed by patients receiving solid organ transplants and patients on
immunosuppressive chemotherapy. The infection might be limited
and relatively mild to systemic and life threatening, (reviewed in
Pass, 2001).

For unknown reasons, the spectrum of CMV disease varies
different patient populations. In bone marrow transplant recipients
the most common complication due to HCMV-infection is
pneumonitis followed by gastrointestinal disease, pneumonia,
hepatitis, encephalitis and retinitis (Ljungman, 1996). The most
common complications due to HCMV-infection in solid organ
transplant recipients are rather mild with manifestations such as
fewer, rash, malaise, leucopenia and pain in joints. But some of these
patients may aquire life threatening disease like pneumonitis,
gastrointestinal ulceration, liver dysfunction, opportunistic fungal
infections, and impaired function of the graft (Hebart and Einsele,
1998; Ljungman, 1996; Prentice and Kho, 1997). In AIDS patients
with HCMV-infection, retinitis is the most commonly observed
clinical manifestation followed by esophagitis, colitis, encephalitis,
periferal neuropathy, polyradiculoneuritis, pneumonitis, gastritis and
hepatitis (Cheung and Teich, 1999).

A number of previous studies suggest an association of HCMV
seropositivity and the presence of atherosclerosis, transplant vascular
sclerosis (TVS) and restenosis following coronary angioplasty and
TVS (Melnick et al., 1990; Melnick et al., 1993; Speir et al., 1994;
Streblow et al., 2001; Zhou et al., 1996; Zhu et al., 1999). HCMV
nucleic acids and proteins have been detected in the human
atherosclerotic lesions and in the aorta (Hendrix et al., 1991; Hendrix
et al., 1989; Hendrix et al., 1990). Furthermore, HCMV-infected
heart transplant recipients have been shown to have a twofold
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increased risk for graft failure, and prophylactic HCMV treatment
significantly reduced the risk for graft failure, (reviewed in
Soderberg-Naucler, 2006).

Experimental animal studies support the idea that HCMV-infection
plays a role in vascular diseases. Mice as well as rat studies have
shown that CMV-infection negatively affects atherosclerosis and
TVS following solid organ transplantation (Bruggeman et al., 1999;
Lemstrom et al., 1993), atherosclerosis (Berencsi et al., 1998) and
restenosis (Zhou et al., 1999a). Moreover, HCMV-infection has been
detected in the bowel of patients suffering from IBD (Rahbar et al.,
2003) and different autoimmune diseases such as RA (Einsele et al.,
1992), SLE (Sekigawa et al., 2002) and SS (Newkirk et al., 1994).

Recent findings also suggest that HCMV have clinical importance in
certain types of cancer such as colon cancer, malignant glioma,
prostate carcinoma, and breast cancer, see section 1.12.

1.6 The HCMV genome

The human CMV genome consists of a linear double stranded
DNA, which in size has been described to be approximately 200 to
240-kbp (Chee et al., 1990; Geelen et al., 1978; Lakeman and
Osborn, 1979; Stinski et al., 1979). Recent studies of CMV’s coding
potential in some clinical isolates suggest that there are 252 open
reading frames (ORF) (Murphy et al., 2003). However, only about 50
of the 252 possible ORF’s are essential for CMV replication (Dunn et
al., 2003; Yu et al., 2003). The vast majority of the remaining ORF’s
encodes for proteins predominantly involved in immune evasion
strategies, piracy and manipulation of the host cellular machinery.

HCMV is estimated to encode for 11 microRNA (miR). One of
these microRNAs, miR-UL112-1, has been shown to attenuate
HCMV replication up to fivefold and might have an important
function in the control of latency. miR-UL112-1 has also been
described to target a cellular gene encoding the major
histocompatibility complex class-1 related chain B (MICB), a stress
induced ligand of the natural killer (NK)-cell receptor NKG2D.
Targeting MICB with miR-112-1 is most likely a strategy to avoid
NK-cell mediated killing of the infected cell, as is the expression of
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the HCMV encoded UL16 protein which inhibits MICB signaling,
(reviewed in Grey et al., 2008).

The CMV genome has internal repeats and undergoes inversion of
two genome components, which is unique among the so far
characterized betaherpesviruses. The CMV genome has a unique
long U_ and a unique short Us region flanked by inverted repeats
referred to as the TR./IR. and the IRs/TRs. At the genome termini
there is a repeated sequence that can also be found, but inverted, in
the junction between the U_ and Us region. This arrangement of
repeats makes inversion of the genome possible and also puts CMV
in the E class of genome structures. The E class genome structure
consisting of two components with direct and inverted repeats
isomerizes to give four sequence arrangements. The CMV genome is
G+C rich and contains more direct and inverted repeats than other
herpesviruses. Three specific regions within the CMV genome has a
particular high quantity of repeats in close proximity to each other,
which are the DNA replication origin, oriLyt, the transcriptional
enhancers, iel and ie2, and US3, (reviewed in Mocarski, 2001).

Figure 1. lllustration of HCMV genome organization.

1.7 Structure

The structure of CMV is based on an icosadeltahedral capsid
structure. The genome is kept inside the capsid that appears in three
different forms, the A-, B- and C-capsid. The three different forms of
capsid structures represent three different stages of virion maturation.
The A capsid lacks viral DNA due to improper packaging of the
DNA. B capsid structures contains viral assembly and scaffolding
proteins but still lacks viral DNA and are mainly found in the host
cell nucleus. Type C capsids are fully mature nucleocapsids,
(reviewed in Mocarski, 2001). The capsid is built-up by virally
encoded proteins with different properties important for the shape
and assembly of the capsid (Britt and Boppana, 2004). A tegument
layer consisting of 25 or more virally encoded proteins surrounds the
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capsid structure. Many of the tegument proteins are phosphorylated
and ready to act immediately after entry of the host cell. Some of the
tegument proteins are denoted to regulate viral gene expression while
others interferes with host cell responses against viral infection. The
most abundant tegument proteins: pp150, pp65 and pp28 have been
shown to evoke an immunological response in the host cell.
Furthermore, pp71 has been reported to transactivate the IE-
promoter. A host cell derived lipid bilayer with viral and host derived
proteins surrounds the tegument. Several major viral glycoprotein (g)
complexes can be found in CMV’s envelope, these are the; gB,
gM/gN, and gH/gL/gO complexes, (reviewed in Mocarski, 2001) and
the gH/gL/UL131-128 complex, known to mediate entry into
epithelial and endothelial cells (Wang and Shenk, 2005).

Figure 2. lllustrates the structure of HCMV.

1.8 Entry, replication and viral assembly

Viral attachment to host cell membranes is established through
interactions between HCMV glycoproteins and host cell heparan
sulphate proteoglycans (HSPG), integrins (Compton et al., 1993) and
different cell surface receptors. Numerous studies have tried to
identify cellular receptors important during HCMV-entry. Among the
suggested receptors is a 30-34 kDa protein (Nowlin et al., 1991;
Taylor and Cooper, 1990) later identified as annexin Il, a calcium
and phospholipid binding protein with membrane bridging function
and the capacity to bind HCMV virions (Wright et al., 1995; Wright
et al.,, 1994) through direct interaction with HCMVs gB-protein
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(Pietropaolo and Compton, 1997). Aminopeptidase N (cluster of
differentiation 13 [CD13]) is another receptor that has been
suggested to be important during HCMV entry (Soderberg et al.,
1993a; Soderberg et al., 1993b). Further studies, based on the idea
that only the CD13-positive peripheral blood mononuclear cells
(PBMCs) supported productive viral infection, showed that CD13
neutralizing antibodies (ab) and chemical inhibitors of CD13
repressed entry of the host cell (Soderberg et al., 1993a). The
epidermal growth factor receptor (EGFR) was previously described
to be an HCMV receptor required for HCMV-mediated signaling and
viral entry (Wang et al., 2003). Later studies proposed that HCMV
also uses integrin a2p1, a6p1, and aVVp3 as HCMV entry receptors
and signaling mediators during entrance (Feire et al., 2004) and that
aVP3 acts as a coreceptor for EGFR (Wang et al., 2005). A recent
study by Soroceanu et al., presented data demonstrating that PDGFR-
o is a receptor for HCMV, more specifically, they showed that
HCMV’s gB protein interacted with PDGFR-o with following
receptor phosphorylation and activation of the phosphoinositide-3-
kinase (PI1(3)K) signaling pathway, and that cells lacking this
receptor was non-permissive for HCMV entry (Soroceanu et al.,
2008).

The penetration per se, in fibroblasts, is governed through a pH-
independent fusion mechanism occurring at the cellular membrane
(Compton et al., 1992). The HCMV-encoded protein complex:
gH/gL/UL131-128 mediates entry into epithelial and endothelial cells
cells (Wang and Shenk, 2005). However, expression of the
gH/gL/UL131-128 complex in epithelial cells made the cells resistant
to HCMV-infection, providing information that there probably is a
receptor or molecule for the gH/gL/UL131-128 complex, which is
blocked, masked or down-regulated when the gH/gL/UL131-128
complex is expressed in epithelial cells (Ryckman et al., 2008). It’s
known that HCMV virions activate several cell-signaling pathways
upon cell-contact, the Ca®* homeostasis is altered, phospholipase A,
(PLA,) is activated via the mitogen-activated protein kinase (MAPK)
-signaling pathway and an increased release of arachidonic acid (AA)
and some of its metabolites has been noted (Fortunato et al., 2000b).
Various transcription factors are also activated upon cell-contact such
as nuclear factor kappa-B (NF-xB), Spl, myc, and also activation of
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MAPK extracellular signal-regulated kinases (ERK)1/2 and p38 has
been described (Boldogh et al., 1991; Boyle et al., 1999; Kowalik et
al., 1993; Yurochko et al., 1995). Still, the actual fusion process
remains unknown. The HCMV envelope glycoproteins gB and gH
might have an important role during the fusion process and it has
been suggested that gB and gH contain regions possibly forming
coil-coil structures important for fusion by driving the energetic
folding of membranes together (Lopper and Compton, 2004). Since
PLA, and AA has been described to exhibit fusogenic properties
(Blackwood et al., 1996; Karli et al., 1990) it is interesting to note
that HCMV carries host cell derived PLA; in its envelope (Allal et
al., 2004) and that it also activates PLA; and increase AA release
during viral attachment to the cell (Fortunato et al., 2000b). These
phenomena’s might have important functions both in entry and
egress of HCMV,

Figure 3. HCMV cellular attachment involves interactions with numerous
cellular receptors and subsequent intracellular signaling events followed by
transcriptional activity.
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After CMV has entered its host cell, the tegumented viral particle
is transported to the nuclear membrane and the viral DNA is
delivered from the capsid to the host cell nucleus. Following the
injection of viral DNA into the host cell nucleus, a temporal
expression of viral genes takes place in three stages. The first viral
genes to be expressed are the immediate early (IE) genes, followed
by the early (E) and late (L) viral genes. The IE expression takes
place immediately after entry. The IE expression is not dependent on
the expression of any other viral genes, however, some IE proteins
have the capability to regulate the expression of other IE genes. The
expression of E-genes is dependent on the expression of IE-genes,
which are able to transactivate E-genes, and the E-gene products take
part in viral DNA-replication. The expression of L-genes is in turn
dependent on successful E-gene transcription, translation and protein
formation. A complete replication of CMV takes approximately 72h,
after which newly formed virus particles are released through cellular
lysis or cell-to-cell spread, (reviewed in Mocarski, 2001).

Figure 4. A simplified illustration of HCMV’s temporal gene expression and
their effects on viral and host gene regulation. Adapted and modified from
(Landolfo et al., 2003).

Capsids are formed and packaged with newly synthesized viral
DNA within the nucleus. Later, the capsid will acquire its tegument
layer. After tegumentation the envelopment takes place, possibly in a
two-step process, by acquiring a pre-envelope while passing through
the nuclear membrane, which is lost after the passage, to later acquire
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a new envelope while entering a Golgi-derived secretory vacuole
(Homman-Loudiyi et al., 2003).

1.9 Tissue specificity, permissiveness and latency

Most cell types in different organ systems can be infected by
HCMV. The different cell types include endothelial cells, retinal
cells, fibroblasts, smooth muscle cells, hepatocytes, neuronal cells,
placental cells as well as monocytes and macrophages (Sinzger et al.,
2008). The ability to infect such wide range of different cell-types is
in part the reason why HCMV-infection gives rise to many diseases.
Cells of epithelial origin represent a route for HCMV entry into and
exit from its host, and are the major target cells in the course of
HCMV-infection (Britt, 2006; Landolfo et al., 2003; Sinzger et al.,
1995). HCMV:-infection of the endothelium in blood vessels also
serves as a route for the virus to spread to monocytes/macrophages
and lymphocytes, which distribute the virus throughout the body
(Bentz et al., 2006; Gerna et al., 2004). Depending on cell-type and
viral strain there is a difference in entry mechanism, tissue
specificity, permissiveness and the establishment of latency. It has
been noted that laboratory strains of HCMV, which have been
extensively propagated in fibroblasts, lacks the ability to productively
infect cells of epithelial origin (Cha et al., 1996; Dolan et al., 2004
Murphy et al., 2003) due to genetic alterations in the UL150-128
region (Cha et al., 1996) acquired during propagation (Sinzger et al.,
1999), which is not seen in clinical isolates of HCMV. Hahn et al.
showed that the HCMV encoded genes: UL131-128, were
indispensable for viral replication in endothelial cells and for transfer
of virus to leukocytes (Hahn et al., 2004).

In 1985, Schrier et al., were able to show by in situ hybridization
that PBMCs contained HCMV-DNA (Schrier et al., 1985). This was
later also confirmed by PCR by several investigators (Bevan et al.,
1991; Stanier et al., 1989; Taylor-Wiedeman et al., 1993), and it was
shown that it was the adherent monocytes, rather than T-cells or B-
cells, that harbored HCMV-DNA (Taylor-Wiedeman et al., 1991). In
1996 Mendelson et al. showed that CD34+ progenitor cells,
precursors of monocytes, isolated from bone marrow, also contained
HCMV-DNA (Mendelson et al., 1996). Latent HCMV has been
reported to be present in monocytes as episomes (Bolovan-Fritts et
al.,, 1999), but no investigations have been able to show an
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integration of HCMV-DNA into the human genome, as is the case
for HHV-6 (reviewed in Roizman, 2001). In vitro experiments
concluded that cultured monocytes could be infected by HCMV after
differentiation into macrophages by stimulation of non-adherent cells
(Ibanez et al., 1991). In vivo, monocytes carrying latent HCMV also
require a differentiation into macrophages in order to reactivate and
produce new infectious viral particles (Soderberg-Naucler et al.,
1997). By using a non-characterized cocktail from allogenically
stimulated T-cells, Soderberg-Naucler et al., managed to reactivate
and isolate newly produced HCMV (Soderberg-Naucler et al., 1997).
Dendritic cell precursors has also been reported to carry latent
HCMV, and differentiation of these cells reactivates HCMV in vitro
(Hahn et al., 1998).

Viral replication is less efficient in some cells including
endothelial cells and monocytes/macrophages. In some cell types the
viral replication is restricted to IE and E gene expression and
different viral strains could be successful in replication while others
are not. Non-permissive cells can be turned into a permissive
phenotype by using HDAC-inhibitors, such as trichostatin A (TSA)
(Nevels et al., 2004). It has been shown that HCMV IE-proteins
interact with HDAC-1, -2 and -3 (Murphy et al., 2002; Nevels et al.,
2004; Park et al., 2007; Reeves et al., 2006; Straat et al., 2009). The
sequestering of HDACs presumably facilitates histone acetylation
and subsequent transcriptional activation of viral and host genes.
These epigenetic modifiers and their impact on HCMV replication
tell us something about the importance of the cellular state of
differentiation in a particular cell type for successful replication. It
also gives a hint into the importance of different viral strains ability
to influence epigenetic molecules such as HDACs and Dnmt’s.

1.10 Immune responses to HCMV

Both innate and humoral immunity is important in the host defence
against HCMV-infection. However, the cellular immunity seems to
play a key role in the host immune system to combat HCMV-
infections (Quinnan et al., 1984; Quinnan and Rook, 1984;
Rasmussen, 1990).

NK-cells contributes to a protective innate immune response
against various infections by the release of cytokines and perforin
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(Biron et al., 1999). NK-cells have been shown to target HCMV-
infected cells in vitro (Borysiewicz et al., 1985), and even though
NK-cells are believed to be important in the defense against HCMV,
only one case report shows the importance of NK-cells in the
clearance of HCMV-infection in vivo (Biron et al., 1989).

Plasmacytoid dendritic cells (PDC), which are main producers of
type | IFN’s, plays a role in the innate immunity against viral
infections (Jego et al., 2003), and it has been shown that HCMV-
infection activates PDC’s (Varani et al., 2007).

Both CD4" and CD8" T-cells play key roles in the cellular
immunity against HCMV-infection. CD4" T-cells are able to secrete
cytokines that activates CD8" T-cells, which in turn can activate B-
cells. Upon activation the CD8" T-cells can develop into cytotoxic T-
cells (CTL). The CTL’s have the capacity to lyse infected cells
through the release of cytolytic proteins. HCMV-specific CD8" T-
cell responses are most important in protection and recovery from
HCMV-infection (Reusser et al., 1991). HCMV immunogens induces
a remarkably strong immune response. Up to 50% of the entire CD8"
thymus (T)-cell repertoire can recognize HCMV antigens in the
elderly population (Looney et al., 1999; Wikby et al., 2002).

Upon infection HCMV induces an inflammatory response in its
host. The infection modulates the normal host immune response to a
more favorable milieu for viral persistence and latency by affecting
the expression of various chemokines, cytokines and receptors.

The HCMV genome encodes for at least four G protein-coupled
receptor (GPCR) homologous referred to as US27, US28, UL33 and
UL78, (reviewed in Vischer et al., 2006). The HCMV GPCR
homologue US28 is activated by MCP-1, MCP-3, MIP-1a, MIP-1,
and RANTES (Billstrom et al., 1998; Gao and Murphy, 1994) and
may upon activation increase intracellular Ca** levels and activate
the MAPK signaling pathway (Billstrom et al., 1998). US27 and
UL78 has not been described to induce any signaling activity, while
UL33 has been shown to induce cAMP-responsive element (CRE) in
a ligand-independent manner, (reviewed in Vischer et al., 2006).
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Furthermore, HCMV activates interferon sensitive genes (ISG)
through interferon regulatory factor 3 (IRF3) (DeFilippis et al., 2006)
and also triggers production of inflammatory cytokines through
interactions with TLR2 and CD14 (Compton et al., 2003).

1.11 HCMYV immune evasion strategies

During the evolution HCMV has developed numerous
sophisticated strategies to avoid recognition of the hosts immune
system in order to persist within its host. During infection, the host
cell induces cellular signaling pathways triggering the production of
type 1 IFNs with anti-viral properties. The HCMV encoded gene
product IE-86 is able to inhibit the transcription and secretion of the
type 1 IFN: IFN-g (Taylor and Bresnahan, 2005). A variety of
cytokines and chemokines such as IL-1, IL-6, IL-8, IL-10, IFN-p,
TGF-B, MCP-1, MIP-1a, MIP-1p and RANTES are also produced
upon HCMV-infection, (reviewed in Soderberg-Naucler, 2006).
HCMV encodes for an IL-10 homologue, cmvIL-10, (Kotenko et al.,
2000), which has the ability to decrease MHC class | and 1l
expression as well as the expression of pro-inflammatory molecules
e.g.. IL-1, IL-6, GM-CSF, and TNF-a. (Spencer et al., 2002).

HCMV  infection reduces the expression of major
histocompatibility complex (MHC) class | on somatic antigen
presenting cells (APC) and interferes with the presentation of
antigens to the CD8" T-cells. HCMV also manages to avoid
recognition by the CD4" T-cells by inhibiting MHC class Il
expression, associated with antigen presentation by professional
APCs, such as DCs and macrophages. The HCMV genome encodes
for four known proteins that interfere with the MHC class | antigen
presentation, and those include the gp-US2, -US3, -US6 and -US11.
The HCMV-encoded gp-US2 and -US11 independently facilitates the
degradation of MHC class | and thereby reduces the surface
expression and subsequently the antigen presentation by MHC class |
molecules. Glycoprotein US3 retains MHC class | bound peptides in
the endoplasmatic reticulum (ER) while gpUS6 binds the ER part of
the transporter of antigenic peptides (TAP) which also retains the
peptide-loaded MHC class | molecules in the ER. Furthermore,
HCMV has been demonstrated to degrade MHC class Il molecules
and to interfere with the class Il major histocompatibility complex
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transactivator (CIITA)/JAK/STAT signaling pathway which controls
the promoter region of the MHC class Il gene, (reviewed in Loenen
etal., 2001).

To avoid NK-cell mediated lysis due to decreased MHC
expression, HCMV expresses an MHC class | homologue: UL18
(Reyburn et al., 1997), further the HCMV-encoded gpUL40
stimulates the expression of HLA-E that interacts with the inhibitory
NK-cell receptor CD94/NKG2A (Tomasec et al., 2000; Ulbrecht et
al., 2000) in addition the HCMV protein UL16 protects infected cells
from NK-cell released cytolytic proteins (Odeberg et al., 2003).
HCMV also expresses miR-UL112-1, described to target the MICB,
a stress induced ligand of the natural killer (NK)-cell receptor
NKG2D, and thereby avoid NK-cell mediated killing of the infected
cell, (reviewed in Grey et al., 2008).

The UL144 gene encodes for a TNF-receptor homologue, which
also shows homology to HveA, an HSV-encoded protein important
for viral entry (Benedict et al., 1999). The HCMV-genes UL146,
UL147 and UL152 encodes for chemokine homolougs (Cha et al.,
1996).

Furthermore, the HCMV-genome encodes for two Fc-receptor
homologues, UL119-118 and TRL11/IRL11, which might protect the
HCMV-infected cell from complement binding to the Fc-receptor
part of the IgG (Atalay et al., 2002; Lilley et al., 2001). HCMV also
induces the expression of the complement inhibitory molecules
CD46 and CD55 (Spiller et al., 1996).
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Figure 5. Simplified illustration over HCMV’s immune evasion strategies.

1.12 HCMYV in inflammation and cancer

Immune evasion strategies will help the virus to avoid recognition
and elimination by the immune system. Thus, the virus and viral
antigens will be present in tissues for extended periods of time. This
prolonged persistence of the virus may result in maintained
inflammation in the tissue (see section 1.11). In addition, old and
new data suggest that the virus may be involved in tumor formation
by providing oncogenic and oncomodulatory mechanisms. In such
case the immune evasion strategies will help CMV infected tumor
cells to avoid elimination by the immune system.

HCMV has for many years been suspected to contribute to the
development of human cancer (Cinatl et al., 2004a; Cinatl et al.,
2004b; Soderberg-Naucler, 2006). It has been reported that CMV
acts as a mutagen (AbuBakar et al., 1988) and that CMV is capable
of transforming certain types of mammalian cells (Boldogh et al.,
1990; Clanton et al., 1983; Geder et al., 1976; Geder et al., 1977),
and that the HCMV-encoded chemokine receptor US28 and the IE-
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72 protein enhance proliferation, thereby promoting cellular
transformation or tumor progression (Cobbs et al., 2008; Maussang et
al., 2006). Further it has been shown that the HCMV-encoded protein
US28 mediates increased COX-2 expression through NF-xB, which
in turn drives vascular endothelial growth factor (VEGF) production
and tumor transformation (Maussang et al., 2009). These
observations imply a link between HCMV, inflammation and cancer
development.

HCMV encodes for several different proteins that affect the cell
cycle progression, which is a tightly controlled cellular process that if
disrupted, may contribute to development of cancer. The HCMV-
encoded proteins: 1E72, IE86 and pp71 inactivate Rb family
members, thereby promoting entry into the S-phase of the cell cycle.
IE86 also mediates accumulation and activation of p53, which
inhibits cell cycle progression, and the HCMV-protein pULG9
contributes to cell cycle arrest. The effects exerted by HCMV-
regulatory proteins on cell cycle differ between normal cells and
malignant cells. Some HCMV-regulatory proteins induce cellular
arrest in normal cells, while this effect is absent in malignant cells
with disrupted p53 signaling. The HCMV-encoded protein, US28,
induces cell cycle progression in tumor cells but not in normal cells,
which instead undergo apoptosis. Resistance against apoptosis is
commonly observed in cancer cells. HCMV-genome encodes for
proteins that interfere with apoptosis. The IE86, and UL36-38
proteins have been shown to interfere with apoptosis. IE86 binds p53
and suppresses p53-mediated apoptosis, UL36 inhibits Fas-mediated
apoptosis by binding caspase-8, UL37 inhibits Bcl-2 protein
recruitment to mitochondria, thereby inhibiting apoptosis and UL38
disrupt regulation of the rapamycin complex, (reviewed in Michaelis
et al., 2009). In theory, these mechanisms would render HCMV
infected tumor cells less sensitive to chemotherapy. In support of this
hypothesis expression of UL37 and viral induction of Bcl-2 in HeLa
and neuroblastoma cell lines protects cells from chemotherapy-
induced apoptosis in vitro (Cinatl et al., 1998; Goldmacher et al.,
1999).

Even though many years has past by since CMV was described as
a virus with oncogenic properties, the HCMV-mediated mechanism
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for transformation or tumor progression is still not known. Instead of
being regarded as a virus with oncogenic properties, HCMV has been
described to exert oncomodulation e.g. influencing cellular
mechanisms that lead to tumor initiation and/or progression
(reviewed in Michaelis et al., 2009).
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2. Aims of the thesis
The overall aims of this thesis were to explore the role of HCMV-
infection in inflammation and cancer.

More specifically:

In paper one | focused on examine the expression of growth factor
receptors for platelet derived growth factor (PDGF) -a and - on
human vascular smooth muscle cells and fibroblasts challenged by
HCMV.

In the second paper | explored HCMV’s possible effect on the
expression of molecules involved in leukotriene (LT) -biosynthesis in
human smooth muscle cells.

In paper three | investigated HCMV’s influence on the expression
of different matrix metalloproteinases (MMP) and their inhibitors;
tissue inhibitor of MMP (TIMP) in primary human macrophages.

In paper four | investigated if HCMV-infection could affect

hTERT expression and telomerase activity in human diploid
fibroblasts and malignant glioma cell lines.
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3. Paper |

In the first study we aimed to study the expression of growth factor
receptors for platelet derived growth factor (PDGF) -a and - on
human vascular smooth muscle cells (SMCs) and fibroblasts
challenged by HCMV. PDGF plays major roles during embryonic
development and also participates in wound heeling processes,
cancer development and arteriosclerosis. We wanted to investigate if
HCMV could affect the receptor expression at protein level and/or
MRNA level, and if so, is viral replication needed to alter the
expression.

3.1 Platelet derived growth factors, an introduction
Platelet-derived growth factor (PDGF) is an important mitogen and
chemoattractant for a variety of different types of cells. PDGF acts
through receptors with signaling pathways involved in embryonic
development, wound healing, carcinogenesis, and atherosclerosis.
PDGF interacts with the PDGF receptor (PDGFR), which is a
member of the tyrosine kinase family of receptors. Two human
PDGFRs have been identified; PDGFR-a, which binds PDGF-A and
-B isoforms, and the PDGFR-p, with affinity for the PDGF-B
isoform, (reviewed in Claesson-Welsh, 1994; Heldin and
Westermark, 1999). PDGF-C has a binding pattern similar to that of
PDGF-A/B as it binds PDGFR-a/a. homodimers as well as PDGFR-
o/p heterodimers (Gilbertson et al., 2001; Li et al., 2000) whereas
PDGF-D binds only to the PDGFR-f3 (Bergsten et al., 2001).

Figure 6. lllustration over different PDGF isoforms and their affinity to different
PDGFR -homo or -hetero dimmers.

PDGF is secreted by a variety of cells, including platelets, smooth
muscle cells (SMCs), endothelial cells, and macrophages. PDGF has
been found to be mitogenic and to serve as a chemotactic factor for
mesenchymal cells such as SMCs, fibroblasts, neutrophils, and
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mononuclear cells (reviewed in Heldin and Westermark, 1999).
PDGF stimulates dimerisation of the receptors, which in turn causes
an autophosphorylation within and outside of the receptor kinase
domain. The phosphorylation gives an opportunity for signal
transduction molecules with SH2-domains to interact with the
receptor complex and to induce signaling pathways. PI(3)K,
Phospholipase C-y (PLC-y), Grb2/Sos, GTPase activating protein
(GAP), Stat, SHP-2, and Src family members are some examples of
such signal transduction molecules known to interact with the
PDGFRs (reviewed in Heldin and Westermark, 1999).

PDGF and its receptors in disease such as atherosclerosis or cancer
are generally associated with an increased expression of the receptors
and the cognate ligands and constitutive signaling, while genetically
depleted PDGF or PDGFR genes are associated to defects during
embryonic development. PDGFR-a. expression is found in all grades
of human glioma and the expression increases in higher-grade
tumors. Also, PDGF-a. expression is increasing from low in low-
grade to high in high-grade glioma tumors, indicating a role in tumor
progression. Increased expression of PDGF and PDGFRs has been
reported in atherosclerotic lesions and may play a role in the
development of the atherosclerotic lesion. The enhanced PDGF
expression might influence migration of SMCs from the media to the
intima layer in the vessel wall, where they proliferate and produce
matrix proteins, thereby contributing to intimal thickening. Studies in
mice where PDGF or PDGFR genes have been inactivated implicate
that PDGF and PDGFRs are important during development since all
mice died either during embryogenesis or just before or just after
birth, (reviewed in Heldin and Westermark, 1999). Defects observed
in mice lacking PDGFR-o included cleft face, subepidermal
blistering, spina bifida, impared neural crest formation, incomplete
cephalic closure, cardiovascular and skeletal defects (Soriano, 1997).
Mice lacking PDGFR- have been reported to exhibit abnormal
kidney glomeruli, thrombocytopenia, edema and hemorrhage
(Soriano, 1994).

Previous in vitro studies by Zhou et al. (Zhou et al., 1999b)

demonstrated an increased migration of CMV-infected human SMCs
in response to PDGF stimulation as compared to non-infected SMCs.
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Zhou et al. also presented data that the CMV-infected SMCs had an
increased expression of PDGFR-f (Zhou et al., 1999b). However, the
data are not very compelling since Zhou et al. used rat-CMV to infect
human cells. CMV is a highly species-specific virus, which makes
the significance of this finding unclear. A more recent study by
Soroceanu et al. showed that PDGFR-a is a receptor for HCMV.,
More specifically Soroceanu et al. showed that HCMV’s gB protein
interacted  directly with the PDGFR-o with following
phosphorylation and activation of the PI(3)K and Act signaling
pathways. Interestingly, cells with genetically depleted or blocked
PDGFR-a. became non-permissive to HCMV entry and viral gene
expression (Soroceanu et al., 2008).

3.2 Results and discussion paper |

In the first study, we investigated the effect of HCMV-infection on
the expression of PDGFR-a and -p on human SMCs and fibroblasts.
Since CMV as well as PDGFRs has been associated with the
development of vascular disease, the initial hypothesis was that
HCMV-infection would increase the expression of PDGFRs, and
would thus provide a molecular link between HCMV-infection and
vascular disease. Previous studies demonstrated an increased
expression of PDGFR- after HCMV-infection (Reinhardt et al.,
2005; Zhou et al., 1999b). However, Zhou et al., infected rat SMCs
with HCMV at an MOI of 200 (an unusually high viral dose), further,
with the notion that HCMV is a highly species-specific virus, the
outcome of such an experiment is questionable. This type of
infections results in modest and restricted expression of the HCMV-
IE genes.

Reinhardt et al., probably conducted their study at the same time as
we were doing our study. Since we didn’t know about their findings,
we also sought to explore the expression of PDGFRs in human
vascular smooth muscle cells, rather than in SMCs from rat, as Zhou
et al., did, to determine if this was the case also in human vascular
smooth muscle cells. Just before submission of our manuscript,
Reinhardt et al., published their article showing that HCMV-infection
induced PDGFR-f expression in HCASMC.
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In contrast to the previous findings we found that HCMV-infection
of HPASMC (another cell type used than in Reinhardt et al.’s study)
and fibroblasts caused a decreased expression of PDGFRs. In our
study we analyzed the mRNA expression of PDGFR-a and -f by
real-time PCR at different time points after infection and found that
the mRNA levels were consistently decreased after infection in
contrast to the uninfected control cells. The total cellular protein
levels as well as the surface expression of PDGFR-a and -f3, were
also found to be decreased after infection in parallel with attenuated
MRNA levels, analyzed by FACS and western blotting techniques
respectively. In the western blotting experiments we used two
different antibodies targeting either PDGFR-a. or -3, one monoclonal
and one polyclonal, both antibodies could detect weaker bands in cell
lysates from infected HPASMCs and fibroblasts compared to
stronger bands in the control cells for the corresponding receptors
after infection.

The PDGFR-a and -f mRNA and cell surface expression
decreased in a dose-dependent manner; additionally we could show
that the effect was mediated through HCMV-IE or -E gene products
and that viral replication was needed to cause the decreased
expression and that no soluble factors in the viral inoculums was
responsible for the down regulation of PDGFR mRNA expression.
PDGFR-$ was also found to be associated with Rab4 (early
endosome), Rab5 (late endosome), Lampl (early lysosome) and
Lamp2 (late lysosome), which are proteins that are associated with
secretory and endocytic pathways as well as with intracellular
pathways important in protein degradation.

We found our data very consistent and solid, but still, Reinhardts et
al.,’s finding puzzled us. We finally decided to include experiments
with HCASMCs, the same kind of cell type used by Reinhardt et al.,
and we could still note a clear down regulation of PDGFR-p mRNA
levels.

The experimental setup differs in many aspects between Reinhardt
el al. and our study, which may explain the difference in the outcome
of the study. First, in our study we used both monoclonal and
polyclonal antibodies targeting PDGFR-a and -fB. Secondly, we
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analyzed mRNA levels of PDGFR-o and - which clearly
demonstrated a decreased expression of PDGFR-a and -f mRNA
levels. Thirdly, we analyzed cells with confocal microscopy, which
showed that PDGFR-f3 associated with proteins involved in protein
degradation pathways.

The study by Soroceanu et al., discussed above, supports our
finding that the cell surface expression PDGFRs decreases after
HCMV-infection. The interaction with PDGFR-o. upon viral
attachment and entry is not completely understood but it clearly plays
a significant role for a successful viral entry and viral replication.
According to our study, PDGFR-o and -f is internalized after
infection and later degraded while no new PDGF-a and -3 receptors
are expressed.

Congenital HCMV-infection is the most common infectious factor
causing developmental damage to the central nervous system (CNS)
with following complications such as mental retardation, hearing loss
or visual impairment (Alford et al., 1990). Our observation that
PDGFR-a and -p expression decreases after HCMV-infection of
SMCs might be an important finding explaining defects associated
with congenital HCMV-infection.

Our initial assumption, that HCMV would affect vascular disease
through increased PDGFR expression, changed. Instead we realized
that our finding could be an explanation for the developmental
disorders often seen in congenitally HCMV-infected fetuses, as
PDGFRs not only controls cellular signaling events important in
vascular diseases, but also play key roles in fetal development.
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4. Paper Il

In the second study, we were interested to explore HCMV'’s
possible effect on the expression of molecules involved in LT-
biosynthesis. LTs are powerful mediators of inflammation and its
biosynthesis has previously been considered to be restricted to
myeloid cells, with some exceptions. This study intended to analyze
the mRNA and protein expression of cPLA;, 5-LO, FLAP, LTAH,
LTC,S and any possible synthesized LTs in vascular SMCs
challenged by HCMV. If HCMV-infection could trigger the synthesis
of bioactive 5-LO in nonmyeloid cells, thereby enabling these cells to
synthesize LTs, it would offer an explanation to HCMV-induced
pathogenesis in various inflammatory diseases.

4.1 A short introduction to eicosanoids

Figure 7. Simplified illustration of molecules involved in the synthesis of
eicosanoids.

Eicosanoids is the common term used for unsaturated fatty acid
derivates with a carbon-backbone built up by 20 carbons. The
eicosanoids include products from the lipoxygenase biosynthesis
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pathway, leukotrienes (LT) and lipoxins (LX), and from the
cyclooxygenase biosynthesis pathway, prostaglandins (PG) and
tromboxanes (TX). Eicosanoids are derived from arachidonic acids
(AA) released from phospholipids in cellular membranes or other 20-
carbon unsaturated fatty acids (Lee et al., 1985; Lee et al., 1984;
Needleman et al., 1979).

4.2 Leukotrienes

Leukotrienes are potent proinflammatory and immune-modulating
mediators divided into two classes: the chemoattractant LTB, and the
spasmogenic cyc-LTs: LTC4, LTD4 and LTE4. LTs play major roles
in local and systemic inflammatory conditions, including
cardiovascular disease (CVD), arthritis, rheumatoid arthritis (RA),
inflammatory bowel disease (IBD), fibrosis and certain types of
cancers, (reviewed in Peters-Golden and Henderson, 2007).

The AA is released from cellular membranes through the catalysis
by cytosolic phospholipase A, (cPLA), which when activated
translocates the AA to the nuclear membrane (Clark et al., 1990;
Glover et al., 1995). At the nuclear membrane, the AA is converted
by 5-lipoxygenase (5-LO), with the help of 5-LO activating protein
(FLAP), into 5-hydroperoxy eicosatetraenoic acid (5-HPETE) which
is further converted to leukotriene A4 (LTA,) (Dixon et al., 1990;
Panossian et al., 1982). LTA, can further be metabolized to
leukotriene B4 (LTB,) by LTA, hydrolase (LTA4H), or to cysteinyl-
leukotrienes (cys-LTs): leukotriene C4; (LTC,4), leukotriene Dy
(LTD4) or leukotriene E4 (LTE4) by LTC,4 synthase (LTC,S), y-
glutamyl transpeptidase and dipeptidase, respectively (Samuelsson et
al., 1987).

Atherosclerotic lesions express 5-LO, FLAP, LTA4H, LTC,4S and
the receptors for LTB4: BLT;, BLT,, and the receptors for CysLTs:
CysLT;, CysLT,. LTB,4 is most likely playing a significant role in
CVD including arteriosclerosis, myocardial infarction and stroke
(Funk, 2005; Mehrabian et al., 2002). It has been reported that 5-LO
correlates with the severity of the atherosclerotic lesion (Spanbroek
et al., 2003), and instability of the atherosclerotic plaque (Qiu et al.,
2006).
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Previous studies investigating CMVs impact on the expression of
cyclooxygenase (COX) -2 showed that COX-2 expression is required
for successful viral replication, and that aspirin and indomethacin
(known COX-inhibitors) attenuates HCMV infectivity in vascular
smooth muscle cells (Speir et al., 1998). Speir et al., also showed that
specific viral IE proteins could transactivate the COX-2 promoter.
Furthermore, its been demonstrated that prostaglandin E; (PGE,), the
end product formed along the PG-synthesis pathway/COX-2
pathway, can restore CMVs ability to replicate in human fibroblasts
treated with COX-inhibitors (Zhu et al., 2002). There is also evidence
for that HCMV carries cPLA;, as a host derived protein in its
envelope, and that cPLA; is required for infectivity (Allal et al.,
2004).

Recent studies show that LTB,4, one of the end products formed
along the LT-biosynthesis pathway/5-LO-pathway, protects latently
infected mice from CMV reactivation after allogenic transplantation
(Gosselin et al., 2005), and that LTB, protects mice infected with a
lethal dose of CMV and that the protective role of LTB, is mediated
through the release of the antimicrobial peptide LL37 after
interaction of the LTB, receptor: BLT-1 (Gaudreault and Gosselin,
2007). Interestingly, COX-2 expression has been found in different
forms of cancer such as medulloblastoma and glioblastoma
(Baryawno et al., 2008; Onguru et al., 2008) and 5-LO expression
has been found in several types of cancer such as prostate
adenocarcinoma, esophageal cancer and high-grade astrocytomas
(Gupta et al., 2001; Hoque et al., 2005; Nathoo et al., 2006).

4.3 Results and discussion paper Il

No investigators had explored HCMVs influence on the 5-LO
pathway, why we became interested to do so. In addition, LTs had
become a hot topic in the atherosclerotic research field as well as in
other diseases characterized by inflammation. We also knew that
inflammation is an important factor in the reactivation of HCMV,
which made it even more attractive to explore this field in connection
to HCMV-infection.

We sought to explore the possibility that HCMV-infection could
induce the LT-pathway in vascular smooth muscle cells. By real-time
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PCR we analyzed the mRNA expression of cPLA,, 5-LO, FLAP,
LTAsH and LTC,S.

Interestingly, we found that the mRNA expression of 5-LO was
induced after HCMV-infection of HPASMC in a time- and dose-
dependent manner, a cell type that normally doesn’t express 5-LO.
We also noted an increased expression of cPLA,, while LTA4H was
stably expressed throughout the whole experiment (at 1, 3 and 7
days). In contrast, FLAP and LTC,4S had a decreased expression of
the corresponding mRNA. Further experiments with UV-irradiated,
non-replicative, viral inoculums, showed that viral replication was
needed to induce the expression of 5-LO mRNA and that the effect
was mediated by a late viral gene-product since treatment of cells
with Foscavir, which inhibits viral late gene expression, largely
abolished the 5-LO mRNA induction. Even though FLAP mRNA
levels were decreased after HCMV-infection, it was sufficient
amounts available to render SMCs capable of producing LTB,, but
not Cys-LTs, after stimulation with calcium ionophore.

To determine if this was also the case in vivo, we analyzed tissue
sections from UC-patients with active HCMV-infection present in
the bowel. In all seven patients examined we could detect cells that
co-expressed 5-LO, IEA and SMC-a actin. We also examined
adrenal gland tissue sections from one AIDS patient and found co-
expression of 5-LO, IEA and SMC-a actin.

Taken together, we found a novel mechanism for possible LTB,4
synthesis in the human vascular wall, probably mediated by HCMV-
induced cPLA;, LTA4H and 5-LO expression. Our finding provides
new insights into LT-biosynthesis and biological function of LTs.
The finding also provides a mechanism by which HCMV may act as
an etiological agent rather than a bystander in the pathogenesis in
inflammatory diseases.
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5. Paper 111

The third study focused on HCMV’s influence on the expression
of different matrix metalloproteinases (MMP) and their inhibitors;
tissue inhibitor of MMP (TIMP) in primary human macrophages. We
aimed to analyze the mRNA expression of MMP-2, -3, -7, -9, -12, -
13, -14 and TIMP-1, -2, -3 and -4 in HCMV-infected or non-infected
human primary macrophages. Depending on which MMPs and
TIMPs are affected by HCMV, and whether they are increased or
decreased, this study would provide important information about
HCMVs role in HCMV-mediated pathogenesis implicated in cancer,
fibrosis and/or arteriosclerosis.

5.1 An introduction to matrix metalloproteinases

Matrix  metalloproteinase’s (MMPs) are closely related
proteinase’s belonging to a family of at least 25 proteases that can
degrade all macromolecules in the connective tissue matrix, and
thereby regulate the composition of the extracellular matrix.

Figure 8. lllustration of MMP-exerted biological functions.

Since MMPs also regulate connective tissue remodeling, thereby
determining the expansion and stability of the atherosclerotic plague
and the ability of smooth muscle cells to proliferate, MMPs have
been implicated in atherogenesis and acute coronary syndrome.
Macrophages are proposed to be the main source of MMP activity in
atherosclerotic plaques (Brauer, 2006; Libby et al., 2002; Newby,
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2005) and it has been shown that differentiation of monocytes into
macrophages markedly increases their proteolytic capacity (Whatling
et al., 2004).

One of the characteristics of MMPs is the catalytic zinc-binding
site, another feature of the MMPs is the cystein-switch, most MMPs
are secreted in a latent pro-form and activation requires cleavage of
the pro-peptide that blocks the active site. The regulation of MMPs is
controlled in multiple steps. Promoter regulation may govern a
steady state expression, induced expression or repressed expression.
Further, intracellular storages may control the rate by which the
MMPs are secreted, while extracellular matrix molecules may bind
MMPs, which then are immobilized. In addition, TIMPs have the
ability to inactivate MMPs, and thus play a role in the regulation of
MMPs.

MMPs have also been described to take part in other types of disease

such as cancer, rheumatoid arthritis, and fibrosis. The expression of
MMPs and their inhibitors: tissue inhibitor of metalloproteinase’s
(TIMPs), is in general found to be increased in various diseases
(Brauer, 2006; Curran and Murray, 1999; Fiedorczyk et al., 2006;
Galis and Khatri, 2002).

HCMV-infection downregulates MMP activity in endothelial cells
and cytotrophoblasts, impairing endothelial cell migration and
placental cytotrophoblast invasiveness (Yamamoto-Tabata et al.,
2004). In contrast, HCMV-infection upregulates MMP-2 protein
levels and activity in human coronary artery smooth muscle cells
(Reinhardt et al., 2006).

5.2 Results and discussion paper 111

In the third paper we sought to elucidate whether HCMV-infection
could affect the expression of MMPs and their inhibitors. MMPs
have been suggested to play important roles in the pathogenesis of
various inflammatory diseases such as vascular disease, cancer and
fibrosis. Earlier reports showed that HCMV-infected microvascular
endothelial cells and cytotrophoblasts had decreased MMP-9
expression (Yamamoto-Tabata et al., 2004) and that HCMV-infected
SMCs had an increased expression of MMP-2 (Reinhardt et al.,
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2006). Macrophages are major producers of MMPs in the human
atherosclerotic plaque.

Studies in apoE/MMP-9 double knockout mice show that MMP-9
might have a protective role in plaque development. If the MMP-9
gene is knocked out in apoE mice, the mice get larger plaques, more
plaque ruptures, fewer SMCs and an increased number of
macrophages in the plague (Johnson et al., 2005).

We wanted to analyze if HCMV-infection could affect MMPs and
their inhibitors in another cell-type, relevant in inflammation, and we
decided to work with primary human macrophages. In this study we
analyzed the mRNA expression of MMP-2, -3, -7, -9, -12, -13 and -
14 as well as the mRNA expression of TIMP-1, -2, -3 and -4, in
HCMV-infected or non-infected human primary macrophages.

We found that MMP-9, -12, -14 and TIMP-2 and -3 were
significantly decreased in infected macrophages as compared to
control cells. In contrast, we found that TIMP-1 mRNA expression
was increased after infection by HCMV. Since the most profound
effects were seen on MMP-9 and TIMP-1 mRNA expression, and
MMP-9 has been described to be one key molecule in vascular
disease, we focused our further studies on MMP-9 and its major
inhibitor TIMP-1. More detailed analysis showed that MMP-9
MRNA levels started to decrease early after infection, in fact, a
significant decrease could be observed as early as 2 hours after
infection. In contrast, TIMP-1 mRNA levels were found to be
increased 72 hours after infection. We could also demonstrate that
the effect occurred in a dose-dependent manner. Wetern blot and
ELISA experiments revealed that the total cellular content of MMP-9
protein decreased after infection, while in contrast, TIMP-1 total
cellular protein content increased. Further, in a gelatin zymography
assay, we could show that the MMP-9 activity decreased. In another
set of experiments we were able to show that the decrease in MMP-9
MRNA expression was mediated through an HCMV-IE or —-E gene
product, while TIMP-1 mRNA expression was affected by a late viral
gene product.

The exact mechanisms responsible for the observed altered
expression pattern of MMP-9 and TIMP-1 mRNA and protein
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expression is yet to be determined. However, HCMV-infection
triggers IFN-y production that mediates the activation of CIITA,
which has been suggested to suppress MMP-9 expression by
competitive binding of the CREB-binding protein (CBP) (Nozell et
al., 2004), a protein with known histone acetyltransferase (HAT) -
activity. In addition to the IFN-y/CIITA —mediated competitive
binding of CBP, the HCMV IE86 protein has been reported to
interact with CBP (Hsu et al., 2004). Competitive binding of CBP by
IE86 may thus be another possible explanation of HCMV-mediated
suppression of MMP-9 mRNA expression. Another possible
explanation or contributing factor might be the elevated 1L-10 and
cmvlIL-10 levels following HCMV-infection (Yamamoto-Tabata et
al., 2004). The HCMV-encoded IL-10 homolouge, cmvIL-10, has
been shown to be secreted by HCMV-infected cells, furthermore,
cmvIL-10 has also been shown to be functional, increasing the
human IL-10  production, impairing the migration of
cytotrophoblasts, by affecting the MMP-9 expression (Yamamoto-
Tabata et al., 2004). 1L-10 is known to decrease MMP-9 production
and increase TIMP-1 production (Lacraz et al., 1995), therefore the
HCMV-induced IL-10 and cmvIL-10 might be responsible for the
altered MMP-9/TIMP-1 balance observed in our study.

Further studies are needed to elucidate if cmvIL-10 may affect the
MMP-9/TIMP-1 balance in primary human macrophages or if the
IE86 competitive binding of CBP might be the actual cause.

In summary, our findings supports the notion that HCMV-infection
contributes to vascular disease and that the altered MMP-9/TIMP-1
balance mediated by HCMV, offers a molecular mechanism that link
this virus to the development of vascular disease or possibly other
inflammatory diseases.
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6. Paper IV

Study number four aimed to investigate HCMV’s effect on
telomerase activity in human diploid fibroblasts (HDF) and
malignant glioma (MG) cell lines. HCMV has been implicated in
oncogenesis, but the HCMV-mediated mechanisms are not well
defined. Recent studies have shown that HCMV protein and DNA
are present in more than 90% of glioblastoma multiforme tumor
specimens.  Cellular  immortalization/transformation  requires
telomerase activation and approximately 90% of cancers exhibit
active telomerase. In this study, we wanted to explore if HCMV-
infection could trigger telomerase activation in HDFs, which
normally don’t have telomerase activity, and in MG cell lines derived
from primary glioma tumor specimens. If HCMV is able to trigger
telomerase activity we wanted to find out how this is mediated by
HCMV.

6.1 A short introduction to telomerase

The human enzyme telomere terminal transferase (telomerase) is a
ribonucleoprotein with the capacity to synthesize TTAGGG repeats
(Morin, 1989). Telomerase was first discovered in Tetrahymena
thermophilia (Greider and Blackburn, 1985) and some years later it
was established that telomerase itself contained the RNA temlplate
CAACCCCAA that encodes for the TTAGGG DNA-repeats that
builds up telomeres, and that this ribonucleoprotein in fact was a
reverse transcriptase (RT), an RNA dependent DNA polymerase
(Greider and Blackburn, 1989; Shippen-Lentz and Blackburn, 1990).
In humans, telomerase has two vital components: human telomerase
MRNA component (hTR or hTERC) that is the RNA template
needed for telomeric DNA synthesis; and the catalytic component
human telomerase reverse transcriptase (nTERT) with its RT activity
that adds the repeats onto the chromosomal ends. hTR is ubiquitously
expressed in almost all human cells, while hTERT expression is
tightly repressed. Therefore, induction of hTERT expression is
required for telomerase activation (Cong et al., 2002).
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Figure 9. lllustration of telomer elongation by the telomerase complex.

Telomeric repeats at chromosomal ends are needed in order to
maintain stability of the chromosomes, e.g. to avoid chromosomal
end-to-end fusion, protect against recombination and avoidance of
being recognized as damaged DNA. With each cell division in
normal somatic cells the telomeres shortens, eventually leading to
senescence or apoptosis. Most normal somatic cells have an
undetectable telomerase activity due to the tight repression of its
catalytic component: hTERT; exceptions are normal somatic cells
that undergo clonal expansion such as T- and B-cells, stem cells and
cells in tissue with high proliferative capacity, (reviewed in Cong et
al., 2002). In contrast, nTERT expression and telomerase activity are
observed in up-to 90% of human cancers (Kim et al., 1994; Shay and
Bacchetti, 1997). The activation of telomerase through hTERT
expression is a critical step in the transformation of normal cells into
cancer cells with telomere dysfunction (Shay and Wright, 2005).
These cancer cells thereby acquire the capacity to divide indefinitely,
escaping senescence. In fewer cases, there is an alternative DNA
recombination pathway referred to as: the alternative lengthening of
telomeres (ALT) (Bryan et al., 1997), that makes it possible for the
cell to escape its normal destiny, and instead transform into a cancer
cell. Indeed, depletion of hTERT or telomerase activity impairs the
proliferation and survival of cancer cells mediated through telomere
dysfunction (Hahn et al., 1999).

Except its fundamental role in the maintenance of telomere length
to protect the chromosomes from end-to-end fusion and instability,
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and apart from its significance in cellular immortalization and
transformation, telomerase has been suggested to take part in other
important biological processes. Telomerase has been suggested to
protect against apoptosis and to promote cellular proliferation
independently of its telomere lengthening function, (reviewed in
Cong and Shay, 2008). Telomerase might thereby also play a role in
the proliferation and survival of cancer cells.

The transcription of hTERT is governed through multiple
transcription factors including Sp1 and the c-Myc/Max network. Five
Spl binding sites and two c-Myc binding E-boxes are located at the
proximal promoter region of the hTERT gene (Kyo et al., 2000;
Takakura et al., 1999). In contrast, histone deacetylases (HDACSs) has
been reported to take part in transcriptional repression of hTERT, and
additionally, Spl is dependent on the inhibition of HDACs to
mediate hTERT promoter activation and hTERT expression (Cong
and Bacchetti, 2000; Hou et al., 2002). A switch from c-Myc/Max to
Mad1/Max E-box binding at the hTERT proximal promoter has been
shown to have a negative regulatory effect on hTERT expression in
differentiating HL60 cells (Xu et al., 2001). The transcription factor
Madl has the possibility, through available E-boxes at the proximal
hTERT promoter, to recruit HDACs to the hTERT promoter, and
thereby repress the transcription through deacetylation-mediated
condensed chromatin structure. Interestingly, it has also been shown
that TSA induces hTERT/telomerase, and moreover, that TSA
facilitates HCMV replication.

Human tumor viruses specifically target hTERT/telomerase to
transform cells, (reviewed in Bellon and Nicot, 2008). Epstein-Barr
virus, Kaposi sarcoma—associated herpesvirus, human
papillomavirus, hepatitis-B and -C virus, and human T-cell leukemia
virus-1 all induce hTERT transcription and activate telomerase
through various mechanisms, (reviewed in Bellon and Nicot, 2008).
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6.2 Results and discussion paper IV

In this paper we aimed to explore the possibility that HCMV-
infection could trigger the expression of hTERT and the activation of
telomerase. Telomerase activation is critical for cellular
immortalization and malignant transformation (Shay and Wright,
2005). As discussed above, telomerase activity is tightly regulated
through the expression or repression of the catalytic component,
hTERT (Shay and Bacchetti, 1997). Human tumor viruses have been
shown to target hTERT and thereby induce telomerase activity
(Bellon and Nicot, 2008) but so far no one had looked at the
possibility that HCMV could target hTERT expression with
following telomerase activation.

HCMV was already during the 1970s suspected to contribute to
cancer development. It was shown by Geder et al., that HCMV-
infection could transform human cells (Geder et al., 1976; Geder et
al., 1977), unfortunately they failed to detect any HCMV-DNA or
proteins in the transformed cells after long time passage, and later
studies failed to transform cells. In later studies HCMV was shown to
trigger the expression of the proto-oncogenes c-fos, c-jun and c-myc
(Boldogh et al., 1990). Furthermore, HCMV has been demonstrated
to cause specific DNA-breaks in chromosome 1, more specifically at
1942 and 1921 (Fortunato et al., 2000a). Interestingly, there is an
association between 1qg42 aberrations and glioblastoma (Li et al.,
1995) and an association with 1921 and breast carcinoma (Bieche et
al., 1995). HCMV has been detected in several cancers such as colon
cancer (Harkins et al., 2002), malignant glioma (Cobbs et al., 2002),
prostatic carcinoma (Samanta et al., 2003), cervix cancer (Pacsa et
al., 1975) and EBV-negative Hodgkin lymphoma (Huang et al.,
2002).

Even though many years have past since the first reports about
HCMV’s oncogenic properties were reported, no clear mechanistic
explanation to HCMV’s role in cancer has been shown.

In this study we initially studied the mRNA expression of hTERT
in HCMV-infected and non-infected fibroblasts and MG-cells.
Interestingly we found that HCMV-infection triggered hTERT
expression in these cells. UV-irradiated viral inoculums (replication
deficient virus) could not mediate the effect, indicating that no
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soluble factors in the viral inoculums mediated the induced mRNA
expression of hTERT; rather that viral replication is needed to
achieve this induction. We could also detect hTERT protein
expression in fibroblasts by immunofluorescence techniques and the
telomerase activity was confirmed using a telomerase PCR ELISA
kit and a TRAPEZE kit. Further, using wt hTERT luciferase reporter
construct as well as hTERT luciferase reporter constructs with
mutations in Spl or c-Myc motifs, we could determine that HCMV-
induced hTERT mRNA expression was partially Sp1-dependent.

Thereafter we used IE72 or IE86 expression plasmids together
with the hTERT luciferase reporter construct, and found that the 1E72
protein activated hTERT expression, while IE86 had no effect on
hTERT expression. Immunoprecipitation experiments showed that
HCMV-IE proteins interacted with HDAC-1 and -2. Western blot
experiments show an increase of Spl protein in the infected cells and
ChIP assay experiments revealed that Sp1 and IE proteins are present
at the hTERT proximal promoter region, while HDACs are
sequestered from the promoter region. In the ChIP assay we also
detected H3 acetylation, which is known to open up the chromatin
structure and facilitate the transcription of hnTERT.

Figure 10. Illustration of the hTERT promoter region and what happens after
HCMV-infection.
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Finally, and most important, we could detect co-expression of
hTERT and IE proteins in cells present in glioma specimens derived
from patients with malignant glioblastoma. Interestingly, we could
see that tumors with “low grade” HCMV-infection had a low levels
of hTERT protein. In contrast, we found that tumors with “high
grade” HCMV-infection had higher levels of hTERT protein present
in the tumor. These observations suggest a tight link between the
levels of HCMV and hTERT protein expression in tumors. Thus
hTERT expression is not associated to tumor cells in this case, but
rather associated to HCMV.

In summary, our finding provides a novel mechanism that may
explain HCMV-induced oncogenesis, a mechanism that may be
critical in the understanding of the relationship between HCMV and
cancer.
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7. Summary
My thesis work has focused on understanding molecular
mechanisms of HCMV-pathogenesis in different diseases.

In paper one we found that the mRNA and protein expression of
the receptors for PDGF-a and - were decreased after HCMV-
infection in human smooth muscle cells. Furthermore, we could show
that PDGFR-f associates with molecules coupled to endosomes and
lysosomes, which would suggest that the receptor is degraded after
infection. This finding provides a possible mechanism to explain
HCMV-induced birth defects often seen in children that have
previously experienced a congenital HCMV-infection.

In paper two we showed that HCMV-infected human smooth
muscle cells induce the mRNA and protein expression of 5-LO.
Furthermore, we demonstrate that HCMV-infected SMCs are capable
of synthesizing LTB4, which is normally produced by inflammatory
cells. Finally we could show that SMCs from patients with IBD co-
expressed 5-LO, IEA and SMC-a actin in vivo. This finding offers an
important link between diseases characterized by inflammation and
HCMV. Through this mechanism HCMV may burst and sustain the
inflammation, and thereby also worsening an inflammatory disease.

In paper three we showed that HCMV-infection alters the balance
between MMP-9 and TIMP-1 in human macrophages. We found that
the mRNA and protein expression of MMP-9 decreased. We could
also demonstrate that the MMP-9 activity was decreased. In contrast
we found that TIMP-1 mRNA and protein expression was induced.
HCMV has been associated with vascular disease, and this finding
offers one possible mechanism how this virus could affect plaque
stability through altering the MMP-9/TIMP-1 balance.

In paper four we showed that HCMV-infection induces the mRNA
and protein expression of hTERT followed by activation of the
telomerase complex in human fibroblasts and malignant glioma cell
lines. Furthermore, we could detect co-expression of IE and hTERT
proteins in vivo, in tissue biopsies from patients with malignant
glioblastoma. This finding offers a novel mechanism used by HCMV
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that may be critical in the understanding of HCMV’s possible
oncogenic properties.

In summary, my thesis includes four molecular mechanisms that
may be important in the understanding how HCMV through its
ability to control cellular functions, may participate in the
pathogenesis of different diseases.

Figure 11. This illustration summarizes my findings that are presented in paper
I-1V.

48



8. Acknowledgements

All past and present, and especially:

My supervisor, Professor Cecilia Séderberg-Nauclér, for reregister
me as PhD graduate in her laboratory. | will never forget my first
encounter with Cecilia when she gave a lecture on the subject of
cytomegalovirus and immunology at Stockholm University, in 2002 |
believe. She was full of energy and seemed to have a passionate
relation to immunology and in particular to some pathogen named
cytomegalovirus and its implications in, well lets see, hmm, almost
everything. I would like to take the opportunity now to thank you
Cecilia, for letting me be independent in my research, letting me test
new ideas and methods and for being inspiring. Your lecture at
Stockholm University encouraged me to contact you for a degree
project that started in 2003. Without that lecture I might have ended
up in some lab with no room for independence and creativity.
Although I almost quitted after that my degree project was finished, I
decided to give it one more chance, and | have never regretted doing
so Cecilia, thanks!

My co-supervisor Professor Per Eriksson for good scientific
discussions, giving positive feedback, and collaboration that finally
got accepted. Mohammed, you are a source of never ending positive
energy that transfers to colleagues around you. Thanks for all the
laughs and crazy stories and for the times in Reno (I can still see your
excited face at the craps table at the Silver Legacy Hotel/Casino),
New York and Virginia. Stefania, you are a kind person, I miss your
presence in the lab, but I’'m happy that you got a “real” job at
Huddinge Sjukhus, and that you are still in Sweden. Sara, thank you
for introducing me to the long lasting PDGFR- and MMP-projects,
the projects finally paid off. Rainier de Klark, thanks for joining the
MMP-project that finally came to an end, | whish I could have
involved you in some other CMV projects too. Giulio, Chato (Mr.
nine to five?!), Rickard, Hong, Mensur, Ling, Natalie, Soley,
Jenny, Pearl, Petra, Piotr, Monica. Nina, thanks for your patients
with my, some times, dry humor. It has been really nice to have you
around in the lab, 1 whish you all the best in the future. Maral,
thanks for being such a kind person in the lab and for all the help
with the IHC included in several projects and publications.
Madeleine, I’m happy that you got accepted at the police academy.
Hopefully you will contribute to a safer and better society in the near

49



future. Att ta 6ver ansvaret som lag pa elaka polisen, alias: Svullo, ar
en svar uppgift, lycka till. Giada, you and your big smile came to our
lab, which of course contaminated the people around you, keep on
smiling. Sari Feld and Charlotte Tammik, thanks for all the help in
the lab, what would have happened to the lab without you? A big
mess | suppose.

People from the hematology group at CMM: Dawei Xu, thanks for
fruitful collaboration, for introducing me to The Peoples Republic of
China and the Shandong University in Jinan, scientific discussions
and friendship. Jan Sj6berg (belonging to the headlamp family of
homosapiens, in fact, the whole family Sjéberg wears headlamps, an
unusual but attention-grabbing feature of this family), thanks for all
the time spent with me listening to owls and for the times spent at sea
fishing. I really enjoy your company, and | hope that we will keep in
touch and spend more time together during the coming years,
listening to owls now and then. Hans Erik Classon, always so happy
and enthusiastic about things. Magnus Bjorkholm, for collaboration,
scientific contribution and nice stories, Frida Shein, | miss your
company at CMM, you have been a good friend along our struggle
towards a PhD degree, Cheng Liu, for being such a nice guy and
collaborator, for being a major deliverer of unexpected statements. |
really appreciate that you came to stay with me in Jinan for a couple
of days, many nice dinner memories from the times in Jinan. Hope to
meet you now and then in the future.

People in Jinan, China. Qingjun Zhu and Li Liu, for helping me
find premises where | could do laboratory experiments, and also for
help with experiments. Thanks for making my stay in Jinan to a
remarkable memory. Fenglan Lou, Jie Shen, Jihui Jia. Thanks also
for all nice dinners.

People from Professor Goran Hanssons group, Géran Hansson,
Gabrielle, Emanuel, Anna-Karin, Stina, Ann-Loise, David,
Peder, Leif, Yuri, Lotta, Lasse, Olga, Andreas, Anders, Norbert,
Christine, Maria, Roland, Anna, Hanna, Anneli, Zhong-qun,
Ann, Magnus, Daniela, André, all the Daniel’s, Inger and Ingrid,
Thanks for making floor three to a friendly and inspiring work place.

Professor Anders Hamsten and his entire staff. Angela! Thanks
for the TIMP-1 ELISA leftovers and for your advice.

Ami and Ann, thanks for all your help with things.

50



Maria Kakoulidou, thanks for all the laughs and lunches together,
and for the times in Montreal, Canada, at the immunology
conference. But don’t scare people like that.....

Caterina, thanks for all your praying for my experiments, it probably
helped.

UIf Hedin and all his staff members, Maggie (disco girl), TIMP-1!
That was a tricky one, right?

Christina Broliden and her nice lab, miss your presence on the
third floor.

People from the second division of chemistry at MBB: Professor
Jesper, Z. Haeggstrom, for fruitful collaboration and scientific
contribution. Anders Wetterholm, for good advice and input for our
HPLC experiments. Hong Qiu, I miss working with you Hong, many
laughs and a lot of hard work resulted in a very nice paper. | wish
you all the best for the future. I hope that we will meet again. Min
Wan, thanks for your contribution to the “5-LO/CMV” paper.

Professor Tomas Ekstrom and Mohsen Karimi, thanks for
collaboration, scientific discussions and laughs.

Marcus Boman, Christofer Juhlin, Mans Grundsten and Per
Nyberg, I’m truly happy that you guys were there, at Stockholm
University, without you it would have been difficult to reach this far.

Finally, I would like to thank my family and all my friends for
support and encouragement.

51



9. References

AbuBakar, S., Au, W.W., Legator, M.S., and Albrecht, T. (1988).
Induction of chromosome aberrations and mitotic arrest by
cytomegalovirus in human cells. Environ Mol Mutagen 12, 409-420.
Alford, C.A., Stagno, S., Pass, R.F., and Britt, W.J. (1990).
Congenital and perinatal cytomegalovirus infections. Rev Infect Dis
12 Suppl 7, S745-753.

Allal, C., Buisson-Brenac, C., Marion, V., Claudel-Renard, C.,
Faraut, T., Dal Monte, P., Streblow, D., Record, M., and Davignon,
J.L. (2004). Human cytomegalovirus carries a cell-derived
phospholipase A2 required for infectivity. J Virol 78, 7717-7726.
Atalay, R., Zimmermann, A., Wagner, M., Borst, E., Benz, C.,
Messerle, M., and Hengel, H. (2002). Identification and expression of
human cytomegalovirus transcription units coding for two distinct
Fcgamma receptor homologs. J Virol 76, 8596-8608.

Baryawno, N., Sveinbjornsson, B., Eksborg, S., Orrego, A.,
Segerstrom, L., Oqvist, C.O., Holm, S., Gustavsson, B., Kagedal, B.,
Kogner, P., et al. (2008). Tumor-growth-promoting cyclooxygenase-
2 prostaglandin E2 pathway provides medulloblastoma therapeutic
targets. Neuro Oncol 10, 661-674.

Bellon, M., and Nicot, C. (2008). Regulation of telomerase and
telomeres: human tumor viruses take control. J Natl Cancer Inst 100,
98-108.

Benedict, C.A., Butrovich, K.D., Lurain, N.S., Corbeil, J., Rooney, I.,
Schneider, P., Tschopp, J., and Ware, C.F. (1999). Cutting edge: a
novel viral TNF receptor superfamily member in virulent strains of
human cytomegalovirus. J Immunol 162, 6967-6970.

Bentz, G.L., Jarquin-Pardo, M., Chan, G., Smith, M.S., Sinzger, C.,
and Yurochko, A.D. (2006). Human cytomegalovirus (HCMV)
infection of endothelial cells promotes naive monocyte extravasation
and transfer of productive virus to enhance hematogenous
dissemination of HCMV. J Virol 80, 11539-11555.

Berencsi, K., Endresz, V., Klurfeld, D., Kari, L., Kritchevsky, D., and
Gonczol, E. (1998). Early atherosclerotic plaques in the aorta
following cytomegalovirus infection of mice. Cell Adhes Commun 5,
39-47.

Bergsten, E., Uutela, M., Li, X., Pietras, K., Ostman, A., Heldin,
C.H., Alitalo, K., and Eriksson, U. (2001). PDGF-D is a specific,

52



protease-activated ligand for the PDGF beta-receptor. Nat Cell Biol
3, 512-516.

Bevan, I.S., Daw, R.A., Day, P.J., Ala, F.A., and Walker, M.R.
(1991). Polymerase chain reaction for detection of human
cytomegalovirus infection in a blood donor population. Br J
Haematol 78, 94-99.

Bieche, 1., Champeme, M.H., and Lidereau, R. (1995). Loss and gain
of distinct regions of chromosome 1q in primary breast cancer. Clin
Cancer Res 1, 123-127.

Billstrom, M.A., Johnson, G.L., Avdi, N.J., and Worthen, G.S. (1998).
Intracellular signaling by the chemokine receptor US28 during
human cytomegalovirus infection. J Virol 72, 5535-5544.

Biron, C.A., Byron, K.S., and Sullivan, J.L. (1989). Severe
herpesvirus infections in an adolescent without natural killer cells. N
Engl J Med 320, 1731-1735.

Biron, C.A., Nguyen, K.B., Pien, G.C., Cousens, L.P., and Salazar-
Mather, T.P. (1999). Natural killer cells in antiviral defense: function
and regulation by innate cytokines. Annu Rev Immunol 17, 189-220.
Blackwood, R.A., Transue, A.T., Harsh, D.M., Brower, R.C.,
Zacharek, S.J., Smolen, J.E., and Hessler, R.J. (1996). PLA2
promotes fusion between PMN-specific granules and complex
liposomes. J Leukoc Biol 59, 663-670.

Boldogh, I., AbuBakar, S., and Albrecht, T. (1990). Activation of
proto-oncogenes: an immediate early event in human
cytomegalovirus infection. Science 247, 561-564.

Boldogh, I., AbuBakar, S., Deng, C.Z., and Albrecht, T. (1991).
Transcriptional activation of cellular oncogenes fos, jun, and myc by
human cytomegalovirus. J Virol 65, 1568-1571.

Bolovan-Fritts, C.A., Mocarski, E.S., and Wiedeman, J.A. (1999).
Peripheral blood CD14(+) cells from healthy subjects carry a
circular conformation of latent cytomegalovirus genome. Blood 93,
394-398.

Borysiewicz, L.K., Rodgers, B., Morris, S., Graham, S., and Sissons,
J.G. (1985). Lysis of human cytomegalovirus infected fibroblasts by
natural killer cells: demonstration of an interferon-independent
component requiring expression of early viral proteins and
characterization of effector cells. J Immunol 134, 2695-2701.

Boyle, K.A., Pietropaolo, R.L., and Compton, T. (1999). Engagement
of the cellular receptor for glycoprotein B of human cytomegalovirus

53



activates the interferon-responsive pathway. Mol Cell Biol 19, 3607-
3613.

Brauer, P.R. (2006). MMPs--role in cardiovascular development and
disease. Front Biosci 11, 447-478.

Britt, W.J. (2006). . In CYTOMEGALOVIRUSES: Molecular Biology
and Immunology, M. Reddehase, ed. (Caister Academic Press,
Norfolk, UK), pp. 1-28.

Britt, W.J., and Boppana, S. (2004). Human cytomegalovirus virion
proteins. Hum Immunol 65, 395-402.

Bruggeman, C.A., Marjorie, H.J., and Nelissen-Vrancken, G. (1999).
Cytomegalovirus and atherogenesis. Antiviral Res 43, 135-144.
Bryan, T.M., Englezou, A., Dalla-Pozza, L., Dunham, M.A., and
Reddel, R.R. (1997). Evidence for an alternative mechanism for
maintaining telomere length in human tumors and tumor-derived cell
lines. Nat Med 3, 1271-1274.

Cha, T.A., Tom, E., Kemble, G.W., Duke, G.M., Mocarski, E.S., and
Spaete, R.R. (1996). Human cytomegalovirus clinical isolates carry
at least 19 genes not found in laboratory strains. J Virol 70, 78-83.
Chee, M.S., Bankier, A.T., Beck, S., Bohni, R., Brown, C.M., Cerny,
R., Horsnell, T., Hutchison, C.A., 3rd, Kouzarides, T., Martignetti,
J.A., etal. (1990). Analysis of the protein-coding content of the
sequence of human cytomegalovirus strain AD169. Curr Top
Microbiol Immunol 154, 125-1609.

Cheung, T.W., and Teich, S.A. (1999). Cytomegalovirus infection in
patients with HIV infection. Mt Sinai J Med 66, 113-124.

Cinatl, J., Jr., Cinatl, J., Vogel, J.U., Kotchetkov, R., Driever, P.H.,
Kabickova, H., Kornhuber, B., Schwabe, D., and Doerr, H.W.
(1998). Persistent human cytomegalovirus infection induces drug
resistance and alteration of programmed cell death in human
neuroblastoma cells. Cancer research 58, 367-372.

Cinatl, J., Jr., Vogel, J.U., Kotchetkov, R., and Wilhelm Doerr, H.
(2004a). Oncomodulatory signals by regulatory proteins encoded by
human cytomegalovirus: a novel role for viral infection in tumor
progression. FEMS Microbiol Rev 28, 59-77.

Cinatl, J., Scholz, M., Kotchetkov, R., Vogel, J.U., and Doerr, H.W.
(2004b). Molecular mechanisms of the modulatory effects of HCMV
infection in tumor cell biology. Trends Mol Med 10, 19-23.
Claesson-Welsh, L. (1994). Signal transduction by the PDGF
receptors. Prog Growth Factor Res 5, 37-54.

54



Clanton, D.J., Jariwalla, R.J., Kress, C., and Rosenthal, L.J. (1983).
Neoplastic transformation by a cloned human cytomegalovirus DNA
fragment uniquely homologous to one of the transforming regions of
herpes simplex virus type 2. Proc Natl Acad Sci U S A 80, 3826-
3830.

Clark, J.D., Milona, N., and Knopf, J.L. (1990). Purification of a
110-kilodalton cytosolic phospholipase A2 from the human
monocytic cell line U937. Proc Natl Acad Sci U S A 87, 7708-7712.
Cobbs, C.S., Harkins, L., Samanta, M., Gillespie, G.Y., Bharara, S.,
King, P.H., Nabors, L.B., Cobbs, C.G., and Britt, W.J. (2002).
Human cytomegalovirus infection and expression in human
malignant glioma. Cancer research 62, 3347-3350.

Cobbs, C.S., Soroceanu, L., Denham, S., Zhang, W., and Kraus, M.H.
(2008). Modulation of oncogenic phenotype in human glioma cells by
cytomegalovirus IE1-mediated mitogenicity. Cancer research 68,
724-730.

Compton, T., Kurt-Jones, E.A., Boehme, K.W., Belko, J., Latz, E.,
Golenbock, D.T., and Finberg, R.W. (2003). Human cytomegalovirus
activates inflammatory cytokine responses via CD14 and Toll-like
receptor 2. J Virol 77, 4588-4596.

Compton, T., Nepomuceno, R.R., and Nowlin, D.M. (1992). Human
cytomegalovirus penetrates host cells by pH-independent fusion at
the cell surface. Virology 191, 387-395.

Compton, T., Nowlin, D.M., and Cooper, N.R. (1993). Initiation of
human cytomegalovirus infection requires initial interaction with cell
surface heparan sulfate. Virology 193, 834-841.

Cong, Y., and Shay, J.W. (2008). Actions of human telomerase
beyond telomeres. Cell Res 18, 725-732.

Cong, Y.S., and Bacchetti, S. (2000). Histone deacetylation is
involved in the transcriptional repression of hnTERT in normal human
cells. J Biol Chem 275, 35665-35668.

Cong, Y.S., Wright, W.E., and Shay, J.W. (2002). Human telomerase
and its regulation. Microbiol Mol Biol Rev 66, 407-425, table of
contents.

Curran, S., and Murray, G.I. (1999). Matrix metalloproteinases in
tumour invasion and metastasis. J Pathol 189, 300-308.

DeFilippis, V.R., Robinson, B., Keck, T.M., Hansen, S.G., Nelson,
J.A., and Fruh, K.J. (2006). Interferon regulatory factor 3 is
necessary for induction of antiviral genes during human
cytomegalovirus infection. J Virol 80, 1032-1037.

55



Dixon, R.A., Diehl, R.E., Opas, E., Rands, E., Vickers, P.J., Evans,
J.F., Gillard, J.W., and Miller, D.K. (1990). Requirement of a 5-
lipoxygenase-activating protein for leukotriene synthesis. Nature
343, 282-284.

Dolan, A., Cunningham, C., Hector, R.D., Hassan-Walker, A.F., Lee,
L., Addison, C., Dargan, D.J., McGeoch, D.J., Gatherer, D., Emery,
V.C., et al. (2004). Genetic content of wild-type human
cytomegalovirus. J Gen Virol 85, 1301-1312.

Dunn, W., Chou, C., Li, H., Hai, R., Patterson, D., Stolc, V., Zhu, H.,
and Liu, F. (2003). Functional profiling of a human cytomegalovirus
genome. Proc Natl Acad Sci U S A 100, 14223-14228.

Einsele, H., Steidle, M., Muller, C.A., Fritz, P., Zacher, J., Schmidt,
H., and Saal, J.G. (1992). Demonstration of cytomegalovirus (CMV)
DNA and anti-CMV response in the synovial membrane and serum of
patients with rheumatoid arthritis. J Rheumatol 19, 677-681.

Feire, A.L., Koss, H., and Compton, T. (2004). Cellular integrins
function as entry receptors for human cytomegalovirus via a highly
conserved disintegrin-like domain. Proc Natl Acad Sci U S A 101,
15470-15475.

Fiedorczyk, M., Klimiuk, P.A., Sierakowski, S., and Kita, K. (2006).
[Matrix metalloproteinases and tissue inhibitors of
metalloproteinases in the pathogenesis of rheumatoid arthritis]. Pol
Merkuriusz Lek 20, 228-231.

Fortunato, E.A., Dell'Aquila, M.L., and Spector, D.H. (2000a).
Specific chromosome 1 breaks induced by human cytomegalovirus.
Proc Natl Acad Sci U S A 97, 853-858.

Fortunato, E.A., McElroy, A.K., Sanchez, 1., and Spector, D.H.
(2000b). Exploitation of cellular signaling and regulatory pathways
by human cytomegalovirus. Trends Microbiol 8, 111-119.

Funk, C.D. (2005). Leukotriene modifiers as potential therapeutics
for cardiovascular disease. Nat Rev Drug Discov 4, 664-672.

Galis, Z.S., and Khatri, J.J. (2002). Matrix metalloproteinases in
vascular remodeling and atherogenesis: the good, the bad, and the
ugly. Circ Res 90, 251-262.

Gao, J.L., and Murphy, P.M. (1994). Human cytomegalovirus open
reading frame US28 encodes a functional beta chemokine receptor. J
Biol Chem 269, 28539-28542.

Gaudreault, E., and Gosselin, J. (2007). Leukotriene B4-mediated
release of antimicrobial peptides against cytomegalovirus is BLT1
dependent. Viral Immunol 20, 407-420.

56



Geder, K.M., Lausch, R., O'Neill, F., and Rapp, F. (1976).
Oncogenic transformation of human embryo lung cells by human
cytomegalovirus. Science 192, 1134-1137.

Geder, L., Sanford, E.J., Rohner, T.J., and Rapp, F. (1977).
Cytomegalovirus and cancer of the prostate: in vitro transformation
of human cells. Cancer Treat Rep 61, 139-146.

Geelen, J.L., Walig, C., Wertheim, P., and van der Noordaa, J.
(1978). Human cytomegalovirus DNA. I. Molecular weight and
infectivity. J Virol 26, 813-816.

Gerna, G., Baldanti, F., and Revello, M.G. (2004). Pathogenesis of
human cytomegalovirus infection and cellular targets. Hum Immunol
65, 381-386.

Gilbertson, D.G., Duff, M.E., West, J.W., Kelly, J.D., Sheppard, P.O.,
Hofstrand, P.D., Gao, Z., Shoemaker, K., Bukowski, T.R., Moore, M.,
et al. (2001). Platelet-derived growth factor C (PDGF-C), a novel
growth factor that binds to PDGF alpha and beta receptor. J Biol
Chem 276, 27406-27414.

Glover, S., de Carvalho, M.S., Bayburt, T., Jonas, M., Chi, E., Leslie,
C.C., and Gelb, M.H. (1995). Translocation of the 85-kDa
phospholipase A2 from cytosol to the nuclear envelope in rat
basophilic leukemia cells stimulated with calcium ionophore or
IgE/antigen. J Biol Chem 270, 15359-15367.

Goldmacher, V.S., Bartle, L.M., Skaletskaya, A., Dionne, C.A.,
Kedersha, N.L., Vater, C.A., Han, J.W,, Lutz, R.J., Watanabe, S.,
Cahir McFarland, E.D., et al. (1999). A cytomegalovirus-encoded
mitochondria-localized inhibitor of apoptosis structurally unrelated
to Bcl-2. Proc Natl Acad Sci U S A 96, 12536-12541.

Goodpasture EW, T.F. (1921). Concerning the nature of "protozoan-
like" cells in certain lesions of infancy. Am J Dis Child 21, 415-425.
Gosselin, J., Borgeat, P., and Flamand, L. (2005). Leukotriene B4
protects latently infected mice against murine cytomegalovirus
reactivation following allogeneic transplantation. J Immunol 174,
1587-1593.

Greider, C.W., and Blackburn, E.H. (1985). Identification of a
specific telomere terminal transferase activity in Tetrahymena
extracts. Cell 43, 405-413.

Greider, C.W., and Blackburn, E.H. (1989). A telomeric sequence in
the RNA of Tetrahymena telomerase required for telomere repeat
synthesis. Nature 337, 331-337.

S7



Grey, F., Hook, L., and Nelson, J. (2008). The functions of
herpesvirus-encoded microRNAs. Med Microbiol Immunol 197, 261-
267.

Grillner, L., and Strangert, K. (1986). Restriction endonuclease
analysis of cytomegalovirus DNA from strains isolated in day care
centers. Pediatr Infect Dis 5, 184-187.

Gupta, S., Srivastava, M., Ahmad, N., Sakamoto, K., Bostwick, D.G.,
and Mukhtar, H. (2001). Lipoxygenase-5 is overexpressed in prostate
adenocarcinoma. Cancer 91, 737-743.

Hahn, G., Jores, R., and Mocarski, E.S. (1998). Cytomegalovirus
remains latent in a common precursor of dendritic and myeloid cells.
Proc Natl Acad Sci U S A 95, 3937-3942.

Hahn, G., Revello, M.G., Patrone, M., Percivalle, E., Campanini, G.,
Sarasini, A., Wagner, M., Gallina, A., Milanesi, G., Koszinowski, U.,
et al. (2004). Human cytomegalovirus UL131-128 genes are
indispensable for virus growth in endothelial cells and virus transfer
to leukocytes. J Virol 78, 10023-10033.

Hahn, W.C., Stewart, S.A., Brooks, M.W., York, S.G., Eaton, E.,
Kurachi, A., Beijersbergen, R.L., Knoll, J.H., Meyerson, M., and
Weinberg, R.A. (1999). Inhibition of telomerase limits the growth of
human cancer cells. Nat Med 5, 1164-1170.

Harkins, L., Volk, A.L., Samanta, M., Mikolaenko, 1., Britt, W.J.,
Bland, K.1., and Cobbs, C.S. (2002). Specific localisation of human
cytomegalovirus nucleic acids and proteins in human colorectal
cancer. Lancet 360, 1557-1563.

Hebart, H., and Einsele, H. (1998). Diagnosis and treatment of
cytomegalovirus infection. Curr Opin Hematol 5, 483-487.

Heldin, C.H., and Westermark, B. (1999). Mechanism of action and
in vivo role of platelet-derived growth factor. Physiol Rev 79, 1283-
1316.

Hendrix, M.G., Daemen, M., and Bruggeman, C.A. (1991).
Cytomegalovirus nucleic acid distribution within the human vascular
tree. Am J Pathol 138, 563-567.

Hendrix, M.G., Dormans, P.H., Kitslaar, P., Bosman, F., and
Bruggeman, C.A. (1989). The presence of cytomegalovirus nucleic
acids in arterial walls of atherosclerotic and nonatherosclerotic
patients. Am J Pathol 134, 1151-1157.

Hendrix, M.G., Salimans, M.M., van Boven, C.P., and Bruggeman,
C.A. (1990). High prevalence of latently present cytomegalovirus in

58



arterial walls of patients suffering from grade 111 atherosclerosis. Am
J Pathol 136, 23-28.

Homman-Loudiyi, M., Hultenby, K., Britt, W., and Soderberg-
Naucler, C. (2003). Envelopment of human cytomegalovirus occurs
by budding into Golgi-derived vacuole compartments positive for gB,
Rab 3, trans-golgi network 46, and mannosidase Il. J Virol 77, 3191-
3203.

Hoque, A., Lippman, S.M., Wu, T.T., Xu, Y., Liang, Z.D., Swisher, S.,
Zhang, H., Cao, L., Ajani, J.A., and Xu, X.C. (2005). Increased 5-
lipoxygenase expression and induction of apoptosis by its inhibitors
in esophageal cancer: a potential target for prevention.
Carcinogenesis 26, 785-791.

Hou, M., Wang, X., Popov, N., Zhang, A., Zhao, X., Zhou, R.,
Zetterberg, A., Bjorkholm, M., Henriksson, M., Gruber, A., et al.
(2002). The histone deacetylase inhibitor trichostatin A derepresses
the telomerase reverse transcriptase (hnTERT) gene in human cells.
Experimental cell research 274, 25-34.

Hsu, C.H., Chang, M.D., Tai, K.Y., Yang, Y.T., Wang, P.S., Chen,
C.J., Wang, Y.H., Lee, S.C., Wu, C.W., and Juan, L.J. (2004). HCMV
IE2-mediated inhibition of HAT activity downregulates p53 function.
Embo J 23, 2269-2280.

Huang, G., Yan, Q., Wang, Z., Chen, X., Zhang, X., Guo, Y., and Li,
J.J. (2002). Human cytomegalovirus in neoplastic cells of Epstein-
Barr virus negative Hodgkin's disease. Int J Oncol 21, 31-36.

Ibanez, C.E., Schrier, R., Ghazal, P., Wiley, C., and Nelson, J.A.
(1991). Human cytomegalovirus productively infects primary
differentiated macrophages. J Virol 65, 6581-6588.

Jego, G., Palucka, A.K., Blanck, J.P., Chalouni, C., Pascual, V., and
Banchereau, J. (2003). Plasmacytoid dendritic cells induce plasma
cell differentiation through type I interferon and interleukin 6.
Immunity 19, 225-234.

Jesionek, K. (1904). Ueber einen befund von protozoen-artigen
gebilden in den organen eines heretitarluetischen foetus. Munch Med
Wochenschr 51, 1905-1907.

Johnson, J.L., George, S.J., Newby, A.C., and Jackson, C.L. (2005).
Divergent effects of matrix metalloproteinases 3, 7, 9, and 12 on
atherosclerotic plague stability in mouse brachiocephalic arteries.
Proc Natl Acad Sci U S A 102, 15575-15580.

Karli, U.O., Schafer, T., and Burger, M.M. (1990). Fusion of
neurotransmitter vesicles with target membrane is calcium

59



independent in a cell-free system. Proc Natl Acad Sci U S A 87,
5912-5915.

Kim, N.W., Piatyszek, M.A., Prowse, K.R., Harley, C.B., West, M.D.,
Ho, P.L., Coviello, G.M., Wright, W.E., Weinrich, S.L., and Shay,
J.W. (1994). Specific association of human telomerase activity with
immortal cells and cancer. Science 266, 2011-2015.

Kotenko, S.V., Saccani, S., Izotova, L.S., Mirochnitchenko, O.V., and
Pestka, S. (2000). Human cytomegalovirus harbors its own unique
IL-10 homolog (cmvIL-10). Proc Natl Acad Sci U S A 97, 1695-1700.
Kowalik, T.F., Wing, B., Haskill, J.S., Azizkhan, J.C., Baldwin, A.S.,
Jr., and Huang, E.S. (1993). Multiple mechanisms are implicated in
the regulation of NF-kappa B activity during human cytomegalovirus
infection. Proc Natl Acad Sci U S A 90, 1107-1111.

Kyo, S., Takakura, M., Taira, T., Kanaya, T., Itoh, H., Yutsudo, M.,
Ariga, H., and Inoue, M. (2000). Sp1 cooperates with c-Myc to
activate transcription of the human telomerase reverse transcriptase
gene (hTERT). Nucleic Acids Res 28, 669-677.

Lacraz, S., Nicod, L.P., Chicheportiche, R., Welgus, H.G., and
Dayer, J.M. (1995). IL-10 inhibits metalloproteinase and stimulates
TIMP-1 production in human mononuclear phagocytes. J Clin Invest
96, 2304-2310.

Lakeman, A.D., and Osborn, J.E. (1979). Size of infectious DNA from
human and murine cytomegaloviruses. J Virol 30, 414-416.
Landolfo, S., Gariglio, M., Gribaudo, G., and Lembo, D. (2003). The
human cytomegalovirus. Pharmacol Ther 98, 269-297.

Lee, T.H., Hoover, R.L., Williams, J.D., Sperling, R.1., Ravalese, J.,
3rd, Spur, B.W., Robinson, D.R., Corey, E.J., Lewis, R.A., and
Austen, K.F. (1985). Effect of dietary enrichment with
eicosapentaenoic and docosahexaenoic acids on in vitro neutrophil
and monocyte leukotriene generation and neutrophil function. N Engl
J Med 312, 1217-1224.

Lee, T.H., Menica-Huerta, J.M., Shih, C., Corey, E.J., Lewis, R.A.,
and Austen, K.F. (1984). Characterization and biologic properties of
5,12-dihydroxy derivatives of eicosapentaenoic acid, including
leukotriene B5 and the double lipoxygenase product. J Biol Chem
259, 2383-2389.

Lemstrom, K.B., Bruning, J.H., Bruggeman, C.A., Lautenschlager,
I.T., and Hayry, P.J. (1993). Cytomegalovirus infection enhances
smooth muscle cell proliferation and intimal thickening of rat aortic
allografts. J Clin Invest 92, 549-558.

60



Li, X., Ponten, A., Aase, K., Karlsson, L., Abramsson, A., Uutela, M.,
Backstrom, G., Hellstrom, M., Bostrom, H., Li, H., et al. (2000).
PDGF-C is a new protease-activated ligand for the PDGF alpha-
receptor. Nat Cell Biol 2, 302-3009.

Li, Y.S., Ramsay, D.A., Fan, Y.S., Armstrong, R.F., and Del Maestro,
R.F. (1995). Cytogenetic evidence that a tumor suppressor gene in
the long arm of chromosome 1 contributes to glioma growth. Cancer
Genet Cytogenet 84, 46-50.

Libby, P., Ridker, P.M., and Maseri, A. (2002). Inflammation and
atherosclerosis. Circulation 105, 1135-1143.

Lilley, B.N., Ploegh, H.L., and Tirabassi, R.S. (2001). Human
cytomegalovirus open reading frame TRL11/IRL11 encodes an
immunoglobulin G Fc-binding protein. J Virol 75, 11218-11221.
Ljungman, P. (1996). Cytomegalovirus infections in transplant
patients. Scand J Infect Dis Suppl 100, 59-63.

Loenen, W.A., Bruggeman, C.A., and Wiertz, E.J. (2001). Immune
evasion by human cytomegalovirus: lessons in immunology and cell
biology. Semin Immunol 13, 41-49.

Looney, R.J., Falsey, A., Campbell, D., Torres, A., Kolassa, J.,
Brower, C., McCann, R., Menegus, M., McCormick, K., Frampton,
M., et al. (1999). Role of cytomegalovirus in the T cell changes seen
in elderly individuals. Clin Immunol 90, 213-219.

Lopper, M., and Compton, T. (2004). Coiled-coil domains in
glycoproteins B and H are involved in human cytomegalovirus
membrane fusion. J Virol 78, 8333-8341.

Lowenstein, C. (1907). Uber protozoenartige Gebilde in den
Organen von Kindern. Zentralbl Allg Path Anat 18, 513-518.
Maussang, D., Langemeijer, E., Fitzsimons, C.P., Stigter-van
Walsum, M., Dijkman, R., Borg, M.K,, Slinger, E., Schreiber, A.,
Michel, D., Tensen, C.P., et al. (2009). The human cytomegalovirus-
encoded chemokine receptor US28 promotes angiogenesis and tumor
formation via cyclooxygenase-2. Cancer research 69, 2861-28609.
Maussang, D., Verzijl, D., van Walsum, M., Leurs, R., Holl, J.,
Pleskoff, O., Michel, D., van Dongen, G.A., and Smit, M.J. (2006).
Human cytomegalovirus-encoded chemokine receptor US28
promotes tumorigenesis. Proc Natl Acad Sci U S A 103, 13068-
13073.

Mehrabian, M., Allayee, H., Wong, J., Shi, W., Wang, X.P.,
Shaposhnik, Z., Funk, C.D., and Lusis, A.J. (2002). Identification of

61



5-lipoxygenase as a major gene contributing to atherosclerosis
susceptibility in mice. Circ Res 91, 120-126.

Melnick, J.L., Adam, E., and DeBakey, M.E. (1990). Possible role of
cytomegalovirus in atherogenesis. Jama 263, 2204-2207.

Melnick, J.L., Adam, E., and Debakey, M.E. (1993). Cytomegalovirus
and atherosclerosis. Eur Heart J 14 Suppl K, 30-38.

Mendelson, M., Monard, S., Sissons, P., and Sinclair, J. (1996).
Detection of endogenous human cytomegalovirus in CD34+ bone
marrow progenitors. J Gen Virol 77 ( Pt 12), 3099-3102.

Michaelis, M., Doerr, H.W., and Cinatl, J. (2009). The story of
human cytomegalovirus and cancer: increasing evidence and open
questions. Neoplasia 11, 1-9.

Minder, W. (1953). Die aetiologie der cytomegalia infantium.
Schweiz Med Wochenschr 83, 1180-1182.

Mocarski, E.S., and C. T. Courcelle (2001). Cytomegaloviruses and
their replication, Vol 2, 4th ed., edn (Lippincott Williams & Wilkins,
Philadelphia, PA).

Morin, G.B. (1989). The human telomere terminal transferase
enzyme is a ribonucleoprotein that synthesizes TTAGGG repeats.
Cell 59, 521-529.

Mueller, J. (1922). Ueber die protozoenartige gibilde in den
harnkanaelchen epithelien neugeborener. Virchows Arch 238, 481-
494,

Murphy, E., Yu, D., Grimwood, J., Schmutz, J., Dickson, M., Jarvis,
M.A., Hahn, G., Nelson, J.A., Myers, R.M., and Shenk, T.E. (2003).
Coding potential of laboratory and clinical strains of human
cytomegalovirus. Proc Natl Acad Sci U S A 100, 14976-14981.
Murphy, J.C., Fischle, W., Verdin, E., and Sinclair, J.H. (2002).
Control of cytomegalovirus lytic gene expression by histone
acetylation. EMBO J 21, 1112-1120.

Nathoo, N., Prayson, R.A., Bondar, J., Vargo, L., Arrigain, S.,
Mascha, E.J., Suh, J.H., Barnett, G.H., and Golubic, M. (2006).
Increased expression of 5-lipoxygenase in high-grade astrocytomas.
Neurosurgery 58, 347-354; discussion 347-354.

Needleman, P., Raz, A., Minkes, M.S., Ferrendelli, J.A., and
Sprecher, H. (1979). Triene prostaglandins: prostacyclin and
thromboxane biosynthesis and unique biological properties. Proc
Natl Acad Sci U S A 76, 944-948.

Nevels, M., Paulus, C., and Shenk, T. (2004). Human
cytomegalovirus immediate-early 1 protein facilitates viral

62



replication by antagonizing histone deacetylation. Proc Natl Acad
Sci U S A101, 17234-17239.

Newby, A.C. (2005). Dual role of matrix metalloproteinases
(matrixins) in intimal thickening and atherosclerotic plaque rupture.
Physiol Rev 85, 1-31.

Newkirk, M.M., Watanabe Duffy, K.N., Leclerc, J., Lambert, N., and
Shiroky, J.B. (1994). Detection of cytomegalovirus, Epstein-Barr
virus and herpes virus-6 in patients with rheumatoid arthritis with or
without Sjogren's syndrome. Br J Rheumatol 33, 317-322.

Nowlin, D.M., Cooper, N.R., and Compton, T. (1991). Expression of
a human cytomegalovirus receptor correlates with infectibility of
cells. J Virol 65, 3114-3121.

Nozell, S., Ma, Z., Wilson, C., Shah, R., and Benveniste, E.N. (2004).
Class 1l major histocompatibility complex transactivator (CIITA)
inhibits matrix metalloproteinase-9 gene expression. J Biol Chem
279, 38577-38589.

Odeberg, J., Browne, H., Metkar, S., Froelich, C.J., Branden, L.,
Cosman, D., and Soderberg-Naucler, C. (2003). The human
cytomegalovirus protein UL16 mediates increased resistance to
natural killer cell cytotoxicity through resistance to cytolytic
proteins. J Virol 77, 4539-4545.

Onguru, O., Gamsizkan, M., Ulutin, C., and Gunhan, O. (2008).
Cyclooxygenase-2 (Cox-2) expression and angiogenesis in
glioblastoma. Neuropathology 28, 29-34.

Onorato, I.M., Morens, D.M., Martone, W.J., and Stansfield, S.K.
(1985). Epidemiology of cytomegaloviral infections:
recommendations for prevention and control. Rev Infect Dis 7, 479-
497.

Pacsa, A.S., Kummerlander, L., Pejtsik, B., and Pali, K. (1975).
Herpesvirus antibodies and antigens in patients with cervical
anaplasia and in controls. J Natl Cancer Inst 55, 775-781.
Panossian, A., Hamberg, M., and Samuelsson, B. (1982). On the
mechanism of biosynthesis of leukotrienes and related compounds.
FEBS Lett 150, 511-513.

Park, J.J., Kim, Y.E., Pham, H.T., Kim, E.T., Chung, Y.H., and Ahn,
J.H. (2007). Functional interaction of the human cytomegalovirus
IE2 protein with histone deacetylase 2 in infected human fibroblasts.
J Gen Virol 88, 3214-3223.

Pass, R.F. (2001). Fields Virology, Vol 2, Fourth edn (Philadelphia,
Lippincott Wiliams & Wilkins).

63



Peters-Golden, M., and Henderson, W.R., Jr. (2007). Leukotrienes. N
Engl J Med 357, 1841-1854.

Pietropaolo, R.L., and Compton, T. (1997). Direct interaction
between human cytomegalovirus glycoprotein B and cellular annexin
I1. J Virol 71, 9803-9807.

Prentice, H.G., and Kho, P. (1997). Clinical strategies for the
management of cytomegalovirus infection and disease in allogeneic
bone marrow transplant. Bone Marrow Transplant 19, 135-142.
Qiu, H., Gabrielsen, A., Agardh, H.E., Wan, M., Wetterholm, A.,
Wong, C.H., Hedin, U., Swedenborg, J., Hansson, G.K., Samuelsson,
B., et al. (2006). Expression of 5-lipoxygenase and leukotriene A4
hydrolase in human atherosclerotic lesions correlates with symptoms
of plaque instability. Proc Natl Acad Sci U S A 103, 8161-8166.
Quinnan, G.V., Jr., Burns, W.H., Kirmani, N., Rook, A.H.,
Manischewitz, J., Jackson, L., Santos, G.W., and Saral, R. (1984).
HLA-restricted cytotoxic T lymphocytes are an early immune
response and important defense mechanism in cytomegalovirus
infections. Rev Infect Dis 6, 156-163.

Quinnan, G.V., Jr., and Rook, A.H. (1984). The importance of
cytotoxic cellular immunity in the protection from cytomegalovirus
infection. Birth Defects Orig Artic Ser 20, 245-261.

Rahbar, A., Bostrom, L., Lagerstedt, U., Magnusson, I., Soderberg-
Naucler, C., and Sundqvist, V.A. (2003). Evidence of active
cytomegalovirus infection and increased production of IL-6 in tissue
specimens obtained from patients with inflammatory bowel diseases.
Inflamm Bowel Dis 9, 154-161.

Rasmussen, L. (1990). Immune response to human cytomegalovirus
infection. Curr Top Microbiol Immunol 154, 221-254.

Reeves, M., Murphy, J., Greaves, R., Fairley, J., Brehm, A., and
Sinclair, J. (2006). Autorepression of the human cytomegalovirus
major immediate-early promoter/enhancer at late times of infection
is mediated by the recruitment of chromatin remodeling enzymes by
IE86. J Virol 80, 9998-10009.

Reinhardt, B., Mertens, T., Mayr-Beyrle, U., Frank, H., Luske, A.,
Schierling, K., and Waltenberger, J. (2005). HCMV infection of
human vascular smooth muscle cells leads to enhanced expression of
functionally intact PDGF beta-receptor. Cardiovasc Res 67, 151-
160.

Reinhardt, B., Winkler, M., Schaarschmidt, P., Pretsch, R., Zhou, S.,
Vaida, B., Schmid-Kotsas, A., Michel, D., Walther, P., Bachem, M.,

64



et al. (2006). Human cytomegalovirus-induced reduction of
extracellular matrix proteins in vascular smooth muscle cell
cultures: a pathomechanism in vasculopathies? J Gen Virol 87,
2849-2858.

Reusser, P., Riddell, S.R., Meyers, J.D., and Greenberg, P.D. (1991).
Cytotoxic T-lymphocyte response to cytomegalovirus after human
allogeneic bone marrow transplantation: pattern of recovery and
correlation with cytomegalovirus infection and disease. Blood 78,
1373-1380.

Reyburn, H.T., Mandelboim, O., Vales-Gomez, M., Davis, D.M.,
Pazmany, L., and Strominger, J.L. (1997). The class | MHC
homologue of human cytomegalovirus inhibits attack by natural
killer cells. Nature 386, 514-517.

Ribbert, H. (1904). Ueber proozoanartige zellen in der niere eines
syphilitischen neugeborenen und in der paotis von kinden. Zentralbl
Allg Pathol 15, 945-948.

Roizman, B.a.P., E. P (2001). The Family Herpesviridae: A Brief
Introduction. In Fields Virology, K.M.D.a.H.M. P, ed. (Philadelphia,
Lippincott Williams & Wilkins), pp. 2381-2397.

Rowe WP, H.J., Waterman S, et al. (1956). Cytopathogenic agent
resembling salivary gland virus recovered from tissue cultures of
human adenoids. Proc Soc Exp Biol Med 92, 418-424.

Ryckman, B.J., Chase, M.C., and Johnson, D.C. (2008). HCMV
gH/gL/UL128-131 interferes with virus entry into epithelial cells:
evidence for cell type-specific receptors. Proc Natl Acad Sci U S A
105, 14118-14123.

Samanta, M., Harkins, L., Klemm, K., Britt, W.J., and Cobbs, C.S.
(2003). High prevalence of human cytomegalovirus in prostatic
intraepithelial neoplasia and prostatic carcinoma. The Journal of
urology 170, 998-1002.

Samuelsson, B., Dahlen, S.E., Lindgren, J.A., Rouzer, C.A., and
Serhan, C.N. (1987). Leukotrienes and lipoxins: structures,
biosynthesis, and biological effects. Science 237, 1171-1176.
Schrier, R.D., Nelson, J.A., and Oldstone, M.B. (1985). Detection of
human cytomegalovirus in peripheral blood lymphocytes in a natural
infection. Science 230, 1048-1051.

Sekigawa, I., Nawata, M., Seta, N., Yamada, M., lida, N., and
Hashimoto, H. (2002). Cytomegalovirus infection in patients with
systemic lupus erythematosus. Clin Exp Rheumatol 20, 559-564.

65



Shay, J.W., and Bacchetti, S. (1997). A survey of telomerase activity
in human cancer. Eur J Cancer 33, 787-791.

Shay, J.W., and Wright, W.E. (2005). Senescence and
immortalization: role of telomeres and telomerase. Carcinogenesis
26, 867-874.

Shippen-Lentz, D., and Blackburn, E.H. (1990). Functional evidence
for an RNA template in telomerase. Science 247, 546-552.

Sinzger, C., Digel, M., and Jahn, G. (2008). Cytomegalovirus cell
tropism. Curr Top Microbiol Immunol 325, 63-83.

Sinzger, C., Grefte, A., Plachter, B., Gouw, A.S., The, T.H., and Jahn,
G. (1995). Fibroblasts, epithelial cells, endothelial cells and smooth
muscle cells are major targets of human cytomegalovirus infection in
lung and gastrointestinal tissues. J Gen Virol 76 ( Pt 4), 741-750.
Sinzger, C., Schmidt, K., Knapp, J., Kahl, M., Beck, R., Waldman, J.,
Hebart, H., Einsele, H., and Jahn, G. (1999). Modification of human
cytomegalovirus tropism through propagation in vitro is associated
with changes in the viral genome. J Gen Virol 80 ( Pt 11), 2867-
28717.

Smith, M. (1956). Propagation in tissue cultures of a cytopathogenic
virus from human salivary gland virus (SGV) disease. Proc Soc Exp
Biol Med 92, 424-430.

Soderberg, C., Giugni, T.D., Zaia, J.A., Larsson, S., Wahlberg, J.M.,
and Moller, E. (1993a). CD13 (human aminopeptidase N) mediates
human cytomegalovirus infection. J Virol 67, 6576-6585.
Soderberg, C., Larsson, S., Bergstedt-Lindqvist, S., and Moller, E.
(1993b). Definition of a subset of human peripheral blood
mononuclear cells that are permissive to human cytomegalovirus
infection. J Virol 67, 3166-3175.

Soderberg-Naucler, C. (2006). Does cytomegalovirus play a
causative role in the development of various inflammatory diseases
and cancer? J Intern Med 259, 219-246.

Soderberg-Naucler, C., Fish, K.N., and Nelson, J.A. (1997).
Reactivation of latent human cytomegalovirus by allogeneic
stimulation of blood cells from healthy donors. Cell 91, 119-126.
Soriano, P. (1994). Abnormal kidney development and hematological
disorders in PDGF beta-receptor mutant mice. Genes Dev 8, 1888-
1896.

Soriano, P. (1997). The PDGF alpha receptor is required for neural
crest cell development and for normal patterning of the somites.
Development 124, 2691-2700.

66



Soroceanu, L., Akhavan, A., and Cobbs, C.S. (2008). Platelet-derived
growth factor-alpha receptor activation is required for human
cytomegalovirus infection. Nature 455, 391-395.

Spanbroek, R., Grabner, R., Lotzer, K., Hildner, M., Urbach, A.,
Ruhling, K., Moos, M.P., Kaiser, B., Cohnert, T.U., Wahlers, T., et
al. (2003). Expanding expression of the 5-lipoxygenase pathway
within the arterial wall during human atherogenesis. Proc Natl Acad
Sci U S A 100, 1238-1243.

Speir, E., Modali, R., Huang, E.S., Leon, M.B., Shawl, F., Finkel, T.,
and Epstein, S.E. (1994). Potential role of human cytomegalovirus
and p53 interaction in coronary restenosis. Science 265, 391-394.
Speir, E., Yu, Z.X., Ferrans, V.J., Huang, E.S., and Epstein, S.E.
(1998). Aspirin attenuates cytomegalovirus infectivity and gene
expression mediated by cyclooxygenase-2 in coronary artery smooth
muscle cells. Circ Res 83, 210-216.

Spencer, J.V., Lockridge, K.M., Barry, P.A., Lin, G., Tsang, M.,
Penfold, M.E., and Schall, T.J. (2002). Potent immunosuppressive
activities of cytomegalovirus-encoded interleukin-10. J Virol 76,
1285-1292.

Spiller, O.B., Morgan, B.P., Tufaro, F., and Devine, D.V. (1996).
Altered expression of host-encoded complement regulators on human
cytomegalovirus-infected cells. Eur J Immunol 26, 1532-1538.
Stanier, P., Taylor, D.L., Kitchen, A.D., Wales, N., Tryhorn, Y., and
Tyms, A.S. (1989). Persistence of cytomegalovirus in mononuclear
cells in peripheral blood from blood donors. BMJ 299, 897-898.
Stinski, M.F., Mocarski, E.S., and Thomsen, D.R. (1979). DNA of
human cytomegalovirus: size heterogeneity and defectiveness
resulting from serial undiluted passage. J Virol 31, 231-239.

Straat, K., Liu, C., Rahbar, A., Zhu, Q., Liu, L., Wolmer-Solberg, N.,
Lou, F., Liu, Z., Shen, J., Jia, J., et al. (2009). Activation of
telomerase by human cytomegalovirus. J Natl Cancer Inst 101, 488-
497.

Streblow, D.N., Orloff, S.L., and Nelson, J.A. (2001). Do pathogens
accelerate atherosclerosis? J Nutr 131, 2798S-2804S.

Takakura, M., Kyo, S., Kanaya, T., Hirano, H., Takeda, J., Yutsudo,
M., and Inoue, M. (1999). Cloning of human telomerase catalytic
subunit (hnTERT) gene promoter and identification of proximal core
promoter sequences essential for transcriptional activation in
immortalized and cancer cells. Cancer research 59, 551-557.

67



Taylor, H.P., and Cooper, N.R. (1990). The human cytomegalovirus
receptor on fibroblasts is a 30-kilodalton membrane protein. J Virol
64, 2484-2490.

Taylor, R.T., and Bresnahan, W.A. (2005). Human cytomegalovirus
immediate-early 2 gene expression blocks virus-induced beta
interferon production. J Virol 79, 3873-3877.

Taylor-Wiedeman, J., Hayhurst, G.P., Sissons, J.G., and Sinclair,
J.H. (1993). Polymorphonuclear cells are not sites of persistence of
human cytomegalovirus in healthy individuals. J Gen Virol 74 ( Pt
2), 265-268.

Taylor-Wiedeman, J., Sissons, J.G., Borysiewicz, L.K., and Sinclair,
J.H. (1991). Monocytes are a major site of persistence of human
cytomegalovirus in peripheral blood mononuclear cells. J Gen Virol
72 (Pt 9), 2059-2064.

Tomasec, P., Braud, V.M., Rickards, C., Powell, M.B., McSharry,
B.P., Gadola, S., Cerundolo, V., Borysiewicz, L.K., McMichael, A.J.,
and Wilkinson, G.W. (2000). Surface expression of HLA-E, an
inhibitor of natural killer cells, enhanced by human cytomegalovirus
gpUL40. Science 287, 1031.

Ulbrecht, M., Martinozzi, S., Grzeschik, M., Hengel, H., Ellwart,
J.W., Pla, M., and Weiss, E.H. (2000). Cutting edge: the human
cytomegalovirus UL40 gene product contains a ligand for HLA-E
and prevents NK cell-mediated lysis. J Immunol 164, 5019-5022.
Varani, S., Cederarv, M., Feld, S., Tammik, C., Frascaroli, G.,
Landini, M.P., and Soderberg-Naucler, C. (2007). Human
cytomegalovirus differentially controls B cell and T cell responses
through effects on plasmacytoid dendritic cells. J Immunol 179,
7767-7776.

Vischer, H.F., Leurs, R., and Smit, M.J. (2006). HCMV-encoded G-
protein-coupled receptors as constitutively active modulators of
cellular signaling networks. Trends Pharmacol Sci 27, 56-63.

Von Glahn WC, P.A. (1925). Intranuclear inclutions in visceral
disease. Am J Pathol 1, 445-465.

Wang, D., and Shenk, T. (2005). Human cytomegalovirus virion
protein complex required for epithelial and endothelial cell tropism.
Proc Natl Acad Sci U S A 102, 18153-18158.

Wang, X., Huang, D.Y., Huong, S.M., and Huang, E.S. (2005).
Integrin alphavbeta3 is a coreceptor for human cytomegalovirus. Nat
Med 11, 515-521.

68



Wang, X., Huong, S.M., Chiu, M.L., Raab-Traub, N., and Huang,
E.S. (2003). Epidermal growth factor receptor is a cellular receptor
for human cytomegalovirus. Nature 424, 456-461.

Weller TH , H.J., Scott DE (1960). Serological differentiation of
viruses responsible for cytomegalic inclusion disease. Virology 12,
130-132.

Weller TH , M.J., Craig JM, Wirth P (1957). Isolation of
intranuclear inclusion producing agents from infants with illnesses
resembling cytomegalic inclusion disease. Proc Soc Exp Biol Med
94, 4-12.

Whatling, C., Bjork, H., Gredmark, S., Hamsten, A., and Eriksson, P.
(2004). Effect of macrophage differentiation and exposure to mildly
oxidized LDL on the proteolytic repertoire of THP-1 monocytes. J
Lipid Res 45, 1768-1776.

Wikby, A., Johansson, B., Olsson, J., Lofgren, S., Nilsson, B.O., and
Ferguson, F. (2002). Expansions of peripheral blood CD8 T-
lymphocyte subpopulations and an association with cytomegalovirus
seropositivity in the elderly: the Swedish NONA immune study. Exp
Gerontol 37, 445-453.

Wright, J.F., Kurosky, A., Pryzdial, E.L., and Wasi, S. (1995). Host
cellular annexin Il is associated with cytomegalovirus particles
isolated from cultured human fibroblasts. J Virol 69, 4784-4791.
Wright, J.F., Kurosky, A., and Wasi, S. (1994). An endothelial cell-
surface form of annexin Il binds human cytomegalovirus. Biochem
Biophys Res Commun 198, 983-989.

Xu, D., Popov, N., Hou, M., Wang, Q., Bjorkholm, M., Gruber, A.,
Menkel, A.R., and Henriksson, M. (2001). Switch from Myc/Max to
Mad1/Max binding and decrease in histone acetylation at the
telomerase reverse transcriptase promoter during differentiation of
HL60 cells. Proc Natl Acad Sci U S A 98, 3826-3831.
Yamamoto-Tabata, T., McDonagh, S., Chang, H.T., Fisher, S., and
Pereira, L. (2004). Human cytomegalovirus interleukin-10
downregulates metalloproteinase activity and impairs endothelial
cell migration and placental cytotrophoblast invasiveness in vitro. J
Virol 78, 2831-2840.

Yu, D., Silva, M.C., and Shenk, T. (2003). Functional map of human
cytomegalovirus AD169 defined by global mutational analysis. Proc
Natl Acad Sci U S A 100, 12396-12401.

Yurochko, A.D., Kowalik, T.F., Huong, S.M., and Huang, E.S.
(1995). Human cytomegalovirus upregulates NF-kappa B activity by

69



transactivating the NF-kappa B p105/p50 and p65 promoters. J Virol
69, 5391-5400.

Zhou, Y.F., Leon, M.B., Waclawiw, M.A., Popma, J.J., Yu, Z.X.,
Finkel, T., and Epstein, S.E. (1996). Association between prior
cytomegalovirus infection and the risk of restenosis after coronary
atherectomy. N Engl J Med 335, 624-630.

Zhou, Y.F., Shou, M., Guetta, E., Guzman, R., Unger, E.F., Yu, Z.X.,
Zhang, J., Finkel, T., and Epstein, S.E. (1999a). Cytomegalovirus
infection of rats increases the neointimal response to vascular injury
without consistent evidence of direct infection of the vascular wall.
Circulation 100, 1569-1575.

Zhou, Y.F., Yu, Z.X., Wanishsawad, C., Shou, M., and Epstein, S.E.
(1999b). The immediate early gene products of human
cytomegalovirus increase vascular smooth muscle cell migration,
proliferation, and expression of PDGF beta-receptor. Biochem
Biophys Res Commun 256, 608-613.

Zhu, H., Cong, J.P., Yu, D., Bresnahan, W.A., and Shenk, T.E.
(2002). Inhibition of cyclooxygenase 2 blocks human
cytomegalovirus replication. Proc Natl Acad Sci U S A 99, 3932-
3937.

Zhu, J., Quyyumi, A.A., Norman, J.E., Csako, G., and Epstein, S.E.
(1999). Cytomegalovirus in the pathogenesis of atherosclerosis: the
role of inflammation as reflected by elevated C-reactive protein
levels. J Am Coll Cardiol 34, 1738-1743.

70





