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ABSTRACT

Human herpesvirus 8 (HHV-8)/Kaposi’s sarcoma-associated herpesvirus (KSHV)
is the causative agent of Kaposi’s sarcoma (KS), as well as B cell malignancies such as
primary effusion lymphoma (PEL) and multicentric Castleman’s disease (MCD).
Recently, a herpesvirus known as rhesus rhadinovirus (RRV) was identified in a rhesus
macaque that had developed B cell hyperplasia. Upon sequencing of the entire RRV
genome, the virus was found to be homologous to HHV-8. Importantly, RRV shares a
majority of open reading frames (ORFs) with HHV-8, including one encoding a viral G
protein-coupled receptor (vGPCR). The vGPCR encoded by ORF74 of HHV-8 has been
shown to be a constitutively signaling receptor with transforming properties in vitro and
in vivo, and has been suggested to play a role in HHV-8-associated disease development.
Based on the similarity of RRV ORF74 to HHV-8 ORF74, we speculated that this ORF
also encodes a vGPCR, and that the protein may have similar properties to the HHV-8
vGPCR. Therefore, studies were initiated to examine RRV ORF74, to determine the
properties of this ORF and the encoded protein product. The work presented in this thesis
demonstrates that RRV ORF74 encodes a vGPCR with similarity to the HHV-8 vGPCR.
The initial analysis of the RRV vGPCR in a NTH3T3 model system revealed that the
RRV vGPCR possesses transforming properties in vitro and in vivo, and induces cells to
secrete increased levels of vascular endothelial growth factor (VEGF), an angiogenic
factor involved in tumorigenesis. Further, the RRV vGPCR displays signaling abilities in
NIH3T3 cells, and can activate the extracellular signal-regulated kinase (ERK)1/2
signaling pathway in both constitutive and ligand-dependent manners. Additional studies

examining both the HHV-8 and RRV vGPCRs in human B cells were also performed,
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and indicated that these receptors are both functional in a cell type relevant to viral
infection and disease development in vivo. In this cell type, both vVGPCRs similarly
activate the ERK1/2 and Akt/glycogen synthase kinase-3(GSK-3) pathways in a
constitutive manner, utilizing Goy-independent but phosphatidylinositol-3-kinase (PI3K)-
dependent mechanisms. However, the constitutive signaling displayed by both vGPCRs
in B cells is also responsive to the inhibitory chemokine IP-10. Expression of either
receptor in B cells was also found to have anti-apoptotic effects, suggesting that this may
be a mechanism of vGPCR mediated transformation in this cell type. Transcriptional
analysis of RRV ORF74 revealed that like HHV-8 ORF74, RRV ORF74 is a lytic gene
that is transcribed as part of a bi-cistronic transcript with an upstream ORF encoding the
viral CD200 homologue (vCD200). Despite these similarities, major variations were
found to exist between these transcripts, with splicing events in the RRV message
resulting in the production of a soluble form of vCD200, a finding that could have major
implications for a role for this protein in viral pathogenesis. Overall, these data suggest
that the RRV vGPCR is highly homologous to the HHV-8 vGPCR, and therefore that
RRYV provides an excellent system to study the contributions of the HHV-8 vGPCR to the

viral life cycle and viral pathogenesis.



Chapter 1

INTRODUCTION

1. Human Herpesviruses

a. Classification

Herpesviruses are a common cause of disease in both animals and humans, and
are ubiquitous, with at least one virus having been associated with most animal species
examined (53). Herpesviruses have the unique capability of persisting in a latent stage in
infected hosts, with occasional reactivation and shedding of virus. Thus, infection with a
herpesvirus results in lifelong presence of the virus in the host. Currently there are eight
known human herpesviruses, all of which represent a potential health risk to infected
individuals, with some displaying more severe pathogenic properties than others.

Herpesviruses are members of the Herpesviridae family, and are further classified
into three subfamilies based on biological properties such as host range, cellular tropism,
and growth characteristics (53). The Alphaherpesvirinae subfamily contains the
Simplexvirus genus, which includes herpes simplex virus type 1 and type 2 (HSV-1 and
HSV-2), and the Varicellovirus genus, containing varicella zoster virus (VZV). All
alphaherpesviruses are characterized by their neurotropism and relatively short
replication cycle. HSV-1, HSV-2, and VZV are known as human herpesvirus (HHV) -1,
2, and 3, respectively, all of which are common in most human populations. The
Betaherpesvirinae subfamily includes the Cytomegalovirus genus, typified in humans by

cytomegalovirus (CMV), or HHV-5, whose seroprevalence is around 60% in developed



countries, and often higher in undeveloped countries and among certain socio-economic
groups (49). Also in this subfamily is the Roseolovirus genus, whose members include
HHYV-6 and 7, viruses that infect ~85% of the world’s population (93). Betaherpesviruses
have a longer replication cycle than alphaherpesviruses, and tend to have a more
restricted host range. Members of the third subfamily, the Gammaherpesvirinae, are
lymphotropic viruses that infect and replicate mainly in lymphoid cells. This subfamily
contains the Lymphocryptovirus (or gamma-1) genus, which includes Epstein-Barr Virus
(EBV), or HHV-4, a virus that infects roughly 90% of the world’s population. Also in
this subfamily is the Rhadinovirus (or gamma-2) genus, whose members include
Kaposi’s sarcoma-associated herpesvirus (KSHV), or human herpesvirus 8 (HHV-8).

HHYV-8 will be discussed in detail in a later section of this chapter.

b. Herpesvirus Structure

Herpesviruses vary widely in genomic sequence, but the general structure of the
genome is a common character shared by all family members. Herpesviruses are double-
stranded DNA viruses whose genomes range from ~120 to ~250 kb in size, and generally
contain terminal repeats of DNA sequence, and in some cases regions of internal repeats
(54). Despite similarities in genomic organization, the complete array of proteins encoded
differs greatly among the different types of herpesviruses, however, all encode a wide
array of proteins involved in nucleic acid metabolism and DNA replication, including a
DNA polymerase.

Another commonality of herpesviruses is the general structure of the virion, all of

which have been found to be quite similar for all herpesviruses examined thus far (53, 54,



164). The schematic in figure 1.1A depicts the structural components of a typical
herpesvirus virion, and an actual electron microscopy image of HHV-8 virions is shown
in figure 1.1B. A prototypical herpesvirus virion consists of the core, containing the
double-stranded DNA genome, encapsidated by a proteinaceous shell, or capsid.
Together the core and capsid are known as the nucleocapsid. The capsid is icosahedral in
structure, and generally ~1250 A in diameter. Also, all herpesvirus capsids have a T
number of 16, a unique characteristic among all known viruses (164). The capsid is
enclosed in a lipid bilayer envelope, which is derived from cellular membranes obtained
during release, or egress, of the virus from an infected cell. An amorphous protein-
containing layer between the envelope and capsid is termed the tegument. The envelope
contains numerous protrusions that appear as spikes on the surface of the virus when
examined by electron microscopy. These protrusions represent viral glycoproteins that
have been shown to be important for viral attachment and entry into host cells. In general,
the overall size of herpesvirus virions ranges from 120 nm to 300 nm, depending on the

identity of the particular herpesvirus under examination.



Figure 1.1 Herpesvirus structure. (A) Cross-section diagram of the structure of a typical
herpesvirus virion. The spikes on the surface of the envelope represent viral
glycoproteins. (B) Electron microscopy_imagé of HHV-8 virions produced from the
HHV-8 positive PEL cell line KS-1 (arrows indicate mature virions). The image in B was

adapted from reference (1).
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¢. General Herpesvirus Life Cycle

The general mechanism of herpesvirus infection and replication has been well
studied. In a typical infection, viral gylcoproteins on the surface of the virion interact
with cellular receptors on host cells, allowing for the initial attachment of the viral
particle. The viral receptor involved in attachment in the case of HSV-1 is thought to
mainly be gC, however, other proteins such as gB and gD may also be involved (156).
The entire array of cellular receptors utilized by all herpesviruses is not completely
defined, although heparin sulfate appears play a major role in the attachment of several
herpesviruses to target cells (157). After the initial binding of the virus to a cell, other
cellular recéptors, or co-receptors, mediate fusion of the viral envelope with the cellular
membran§: via further interactions with viral glycoproteins.

The fusion of the viral envelope with the celluiaf membrane results in the release
of the nucleocapsid into the cytoplasm, followed by the active transport of the
nucleocapsid to nuclear pores through interactions with microtubules (153). Once at a
nuclear pore, viral DNA is released into the nucleoplasm, where the DNA takes on a
circularized form. Transcription of viral genes is conducted by cellular RNA polymerase
II, while viral DNA replication occurs via a rolling circle mechanism utilizin g a virally-
encoded DNA polymerase (54).

Transcription of herpesvirus lytic genes occurs in a cascade fashion, with three
classes of genes being expressed at different temporal intervals (53). The first set of
genes to be expressed are of the immediate-early class (or o class), which are transcribed
immediately after viral DNA enters the nucleus. These genes encode proteins that are

necessary for the further transcription of other viral genes. The second group of genes to



be expressed belong to the early class (or B class), and include genes involved in
replication of viral DNA. Lastly, the late genes (or y class) are transcribed only after viral
DNA replication has taken place, and tend to encode structural components of the virion.
Early and late genes are each dependent on the expression of the class before to be
expressed. Thus, in addition to time of expression, the assignment of genes into a
particular class is largely dependent on their sensitivity to inhibitors of DNA replication
and protein synthesis. For example, genes whose expression is not inhibited by
cycloheximide (CHX), a protein synthesis inhibitor, are considered immediate-early (o)
genes, which can be transcribed without any prior viral protein synthesis. Those genes
whose transcription is not prevented by inhibitors of DNA replication, such as
phosphonoacetic acid (PAA), are classified as either immedivate-early (o) or early (B)
genes, depending on their sensitivity to CHX. Finally, late () genes are those inhibited
by either protein synthesis or DNA replication inhibitors.

After DNA replication and generation of viral structural proteins, viral DNA is
packaged into preformed capsids. Assembly of viral particles is thought to occur in the
nucleus, with subsequent egress of the viral capsid through the nuclear membrane and the
vesicles of the trans-Golgi network (106). Finally, enveloped virus is released from the
cell, either by budding through the plasma membrane, or lysis of the infected cell.

In addition to lytic replication, herpesviruses all possess the ability to establish
latent infections in infected host cells. In this scenario, the virus does not complete the
Iytic replication cycle, but rather represses the normal cascade of lytic gene expression,
essentially becoming quiescent, and preventing production of infectious virus. During

latency, a limited subset of latency-associated genes are expressed, and the viral genome



is maintained in the host cell as a viral episome, thus allowing the viral genome to be
carried indefinitely in that cell until a lytic replication cycle is initiated. The exact
mechanisms involved in initiation and reactivation from latency are not fully understood,
and show significant variations depending on the identity of the herpesvirus in question
(169). Nevertheless, latency is frequently associated with herpesvirus infections,
essentially providing a permanent reservoir of infectious virus that remains hidden in an

infected host until favorable conditions arise for further propagation.

d. Human Herpesviruses and Disease

All alphaherpesviruses display the propensity to infect neurons, where once an
infection is established, the virus is able to remain latent until reactivation. HSV-1is the
cause of oral herpes, while HSV-2 is associated with the genital form of herpes. Both
HSV-1 and HSV-2 are common throughout the world. These viruses initially infect and
replicate in epithelial cells, ultimately infecting neurons near the site of infection, then
traveling by retrograde transport through these neurons, and establishing latent infections
in sensory nerve ganglia (171). The other known human alpha herpesvirus, VZV, is the
causative agent of chicken pox (varicella), a common childhood disease characterized by
disseminated body lesions. After this initial infection, VZV can establish a latent
infection in trigeminal and dorsal root ganglia, and later may reactivate to cause shingles
(herpes zoster) (12, 83).

The betaherpesvirus CMV is common in the general population, and is usually
asymptomatic, with no apparent disease associated with infection in healthy individuals.

However, among immunosuppressed individuals, CMV is commonly associated with



potentially harmful diseases such as pneumonitis, atherosclerosis, and retinitis, while in
newborns CMV infection can occur through perinatal transmission from an infected
mother, resulting in the development of birth defects (68, 90). HHV-6 and HHV-7 are
closely related viruses, and are believed to be the causative agents of roseola infantum
(exanthem subitum) and febrile illness in infants and young children (93).

The gammaherpesvirus EBV is a ubiquitous virus capable of infecting B cells,
where the virus can establish a life-long latent infection. EBV is generally spread
asymptomatically among children, however, when primary infection occurs at later stages
of life, infectious mononucleosis occurs in about 50% of cases (99). In addition, EBV has
oncogenic properties, and is associated with the development of several malignancies,
including nasopharyngeal carcinoma and Burkitt’s lymphoma (64). KSHV, or HHV-8, is
the most recently identified human herpesvirus, and is associated with the development
of Kaposi’s sarcoma (KS), as well as the B cell disorders primary effusion lymphoma
(PEL) and multicentric Castleman’s disease (MCD) (30, 34, 155). HHV-8 is unusual in
that the prevalence of the virus in the human population is generally much lower than that
of other herpesviruses, and that the virus has a somewhat varied distribution throughout
the world. Epidemiological studies have suggested that approximately 2 to 5% of people
are positive for HHV-8 throughout most of the world, while in Mediterranean countries
anywhere from 4 to 35% can test positive for the virus, depending on the region under
examination. These numbers range from 30% to 60% in some regions of sub-Saharan
Africa, where HHV-8 is endemic (1, 145, 147). In Western countries, homosexual men
appear to be at a much higher risk than the heterosexual population for becoming infected

with HHV-8, potentially due to a route of transmission related to sexual behavior (19, 82,



102). In general, HHV-8 infection has recently become much more common, as well as

more of a threat to human health, for reasons that will be discussed in the next section.

2.Kaposi’s Sarcoma-Associated Herpesvirus(KSHY)YHuman Herpesvirus S(HHV-8)

a. Identification and Classification of a Kaposi’s Sarcoma-Associated Virus

KSHV/HHV-8 was first identified in 1994 by Chang et al., using representational
difference analysis (RDA) of genomic DNA from a Kaposi’s sarcoma (KS) lesion
obtained from a patient with acquired immunodeficiency syndrome (AIDS) (34).
Sequence analysis revealed that this agent was a member of the Herpesviridae family,
and specifically that the virus belongs to the gamma-2 or Rhadinovirﬁs genus of the
Gammaherpesvyirinae subfamily (113). The viral genome consists of a long unique region
(LUR) of ~140.5 kb, which contains sequences for 66 conserved herpesvirus genes, and
is flanked on both ends by terminal repeat units with a high G+C content of 84.5% (141).
Recent data has also shown that the overall structure of the HHV-8 virion is typical of all
herpesviruses (142), and examination of the capsid structure of HHV-8 reveals a high
similarity to the capsids of HSV-1 and CMV (164, 175). This virus is the first identified
gamma-2 herpesvirus known to infect humans, and is the eighth identified human
herpesvirus, The virus has the common name of Kaposi’s sarcoma-associated herpesvirus
(KSHYV), and the formal name of human herpesvirus 8 (HHV-8).

The classification of HHV-8 as a rhadinovirus is based on similarities of the virus

in genomic sequence and cellular tropism to herpesvirus saimiri (HVS), the prototypical
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rhadinovirus, which naturally infects squirrel monkeys (Saimiri sciureus) (104).
Although HVS infects squirrel monkeys without any apparent development of disease,
the virus can cause fatal T cell lymphomas in other new world primates, as well as
transform human T cells in vitro (52). Other rhadinoviruses that have been identified
include murine gammaherpesvirus 68 (MHV-68), as well as several primate viruses
found to infect chimpanzees, spider monkeys, African green monkeys, gorillas, mandrill
and drill monkeys, pig tail macaques, and rhesus macaques (42, 67, 87, 89, 151). Rhesus
macaque rhadinovirus (RRV) will be discussed in greater detail later as the main focus of

this thesis.
b. HHV-8 Associated Diseases

i. Kaposi’s Sarcoma (KS)

KS was first identified by the Hungarian dermatologist Moritz Kaposi in 1872.
KS is commonly characterized by lesions of the skin, visceral organs, and lymph nodes,
containing slit-like vascular spaces and infiltrating inflammatory cells (. g. T cells,
monocytes, macrophagves,k and dendritic cells), with the dominant cell type of the lesions
being proliferating spindle-shaped cells believed to be of endothelial origin (Fig. 1.2A)
(50, 116, 143). Neoangiogenesis is a hallmark of KS lesions, and angiogenic cytokines
such as vascular endothelial growth factor (VEGF) have been suggested to be involved in
spindle cell proliferation and development of lesions (38, 55, 103). In general, an
inflammatory component is thought to play a major role in the development of the

disease, with cytokines, chemokines, and growth factors such as TFN Y, TNF-o, IL-18,
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IL-6, IL-8, basic fibroblast growth factor (bFGF), and VEGF, all having been found to be
upregulated in KS lesions (50). Most cells in KS lesions appear to be normally diploid,
suggesting that KS may be a hyperplastic proliferative lesion, rather than an actual
neoplasm (116). Overall, the formation of KS lesions appears to be a complex process,
and the exact mechanism of development and identity of all components involved in is
not currently known, and continues to be the subject of intense study.

KS is most commonly found in human immunodeficiency virus (HIV) —infected
patients with acquired immunodeficiency syndrome (AIDS), which is referred to as
AIDS-associated KS (AIDS-KS), although the disease also occurs in several non-AIDS
associated forms (50). Both classic and post-transplant KS are milder forms of the
disease. Classic KS is most commonly found in elderly men of Eastern European and
Mediterranean descent, in Which lesions typically form on lower extremities. Post-
transplant, or iatrogenic K, occurs in transplant patients that have received
immunosuppressive agents, with lesions appearing mainly on the skin and oral mucosa
(116). African KS is another more aggressive form of KS that is found in sub-equatorial
Africa, where the disease occurs most frequently in young black men, and is often fatal
(162). Before the AIDS epidemic, KS was seen as a relatively rare disease, and was
particularly uncommon in North America and Northern Europe. However, since the onset
of the AIDS epidemic, KS has become much more prevalent, and is now one of the
leading causes of mortality among AIDS patients (166).

Extensive studies have suggested that HHV-8 is the causative agent of Kaposi’s
sarcoma (KS) in humans. HHV-8 has been associated with all forms of KS (20, 34, 112),

and a definitive role for HHV-8 in the development of the disease has been suggested
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based on numerous serological data that indicate HHV-8 infection precedes the onset of
KS (59, 136, 143). Also, the frequency of KS in various groups throughout the world
parallels closely the rates of HHV-8 infection detected in these populations (1). In the
case of AIDS-KS, HIV-1 infection appears to be a major co-factor in the development of
disease, and may account for the increased frequency and severity of KS in HIV-1
positive individuals compared to those infected with HHV-8 alone. This is most likely
due to impairment of the immune system by HIV-1, although direct contributions of
HIV-1 proteins such as Tat have also been suggested (72, 80, 116).

The exact mechanisms involved in KS development due to HHV-8 infection are
unknown. However, some of the ideas set forth include the direct transformation of
infected cells by HHV-8, and the increased production of.cytokines by infected cells that
act in a paracrine or autocrine fashion to induce changes in cellular components of the
lesions (31, 123). In a typical KS lesion, spindle cells have been found to harbor the virus
in a latent state, with around 90% of spindle cells in a mature lesion being infected (48).
Interestingly, KS spindle cells can be cultured in vitro, although upon passage, the viral
genome is lost by most cells, with only a small percentage remaining positive for the
virus (5, 46, 91). Infection of primary endothelial cell cultures with HHV-8 results in
production of a KS-like phenotype and an increased life span of these cells, although only
1-6% of the cells in the culture are positive for the virus (55). This phenotype mimics
what is seen in vivo, in which only a small percentage (<10%) of cells in early KS lesions
are positive for the virus (48), and may suggest that the development of a KS phenotype
does not require a cell to be directly infected, and rather that paracrine factors released

from infected cells may play a role in transforming uninfected neighboring cells.
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Alternatively, some have suggested a possible “hit-and-run” mechanism of HHV-8
transformation, in which viral infection causes irreversible genetic changes in an infected
cell leading to transformation, before the viral genome is ultimately lost (7). However,
multiple mechanisms may be involved in the development of KS, and lesion formation is

likely due to a complex interplay between various events,

ii. B Cell Abnormalities (PEL and MCD)

In addition to KS, HHV-8 has also been associated with B cell malignancies,
including primary effusion lymphoma (PEL), and multicentric Castleman’s disease
(MCD) (30, 155). PEL is commonly fatal, and is characterized by pleural or pericardial
effusion, with localization of the neoplasm to body cavities, and without the formation of
solid tumors or the development of any peripheral lymphadenopathy (56, 166). PEL cells
possess characteristics of post-germinal center B cells, and are consistently found to be
infected with HHV-8, which is thought to drive development of the lymphoma (Fig.
1.2B) (1, 30, 166). In addition to HHV-8, EBV infection is also common in PEL cells,
and is associated with 70% of cases (56). However, any role of EBV in the development
of PEL is uncertain, since HHV-8 infection alone appears capable of inducing PEL (11).

Castleman’s disease (CD) is a lymphoproliferative disorder characterized by
increased B cell and vascular proliferation in germinal centers of lymph nodes, and is
thought to result at least partially from over-expression of cytokines such as IL-6 (1).
Studies have confirmed that HHV-8 infection is tightly associated with the development
of CD, in particular the plasma cell variant of the disease, also known as multicentric

Castleman’s disease (MCD) (47, 155). MCD involves multiple lymph node sites, and is
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characterized by evident plasma cell infiltration and proliferation in these nodes (Fig.
1.2C) (1, 146). The initial examination of HHV-8 in MCD revealed that HHV-8 DNA
was associated with all cases of HIV-associated MCD, and 7 of 17 cases of MCD in HIV
negative patients (155). Further, the presence of MCD is often associated with the
development of other immunological abnormalities, including KS and non-Hodgkin
lymphoma (NHL) (1, 125). Unlike the situation in PEL, EBV co-infection does not seem

to be associated with MCD (143).
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Figure 1.2 Histopathology of KS, PELs and MCDs. (A) Histological section of nodular

tumor stage KS lesion stained with hematoxylin and eosin showing infiltrating spindle
cells and disorganized vascular lumen filled with red blood cells. (B) Hematoxylin and
eosin-stained PEL cells from needle aspirate showing large plasmacytoid tumor cells. (C)
Hematoxylin and eosin-stained section of HIV-associated MCDs showing characteristic
histopathology including plasmacytoid domination of node architecture. F. igure and

legend adapted from reference (166).
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¢. The Role of Viral Genes in Pathogenesis

Numerous ORFs in HHV-8 have been implicated in the pathogenesis of the virus.
Interestingly, a majority of these ORFs have been found to be homologous to cellular
genes, and are believed to have been pirated from host cell genes during the evolution of
the virus. These include homologues for IL-6 (VIL-6), macrophage inflammatory protein
(vMIPs I-1IT), Bcl-2 (vBcl-2), interferon regulatory factor (vIRFs), FLICE-inhibitory
protein (VFLIP), cyclinD (v-cyclin), CD200 (vCD200), and a G protein-coupled receptor
(vGPCR). Studies on many of these ORFs have revealed that they retain similar
properties to their cellular counterparts, although significant variations also exist. The
vBcl-2 and vFLIP homologues have been found to inhibit apoptosis in vitro (144, 163),
and v-cyclin is a functional protein capable of deregulating cellular proliferation (160). In
the case of HHV-8 viral cytokine and chemokiné homologues, VIL-6 has been showh to
have IL-6-like properties (111, 126), while vMIPs I-IIT appear to be functional
chemokine homologues capable of binding to cellular chemokine receptors to regulate
signaling pathways and chemotaxis (121, 158). Also, HHV-8 vIRF has been shown to
inhibit IFN-induced signal transduction, and cause cellular transformation (58). The
HHV-8 vGPCR is similar to the cellular chemokine receptors for IL-8 (CXCR1 and
CXCR2), and has been found to be a functional receptor that possesses transforming
properties. A detailed discussion of this receptor follows later. Importantly, all of these
HHV-8-encoded cellular homologues are thought to play a role in the transforming and
disease causing potential of the virus, due to subversion of cellular pathways involved in
cell growth and survival, and through modulation of the host immune system. However,

these viral genes likely provide some critical functions required by the virus for efficient
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infection, replication, spread, or persistence, and their pathogenic properties may just be a

side effect of their expression.

d.in vitroland in vivo Models of HHV-8

One major drawback to the analysis of HHV-8 is the lack of a good in vitro cell
culture system for propagation of the virus. HHV-8 has been found to infect several cell
types in vitro (e.g. B cells, endothelial cells, fibroblasts, macrophages, and epithelial
cells), but in all the systems analyzed thus far, the virus undergoes limited lytic
replication, and thus cannot be propagated to high titers for efficient serial passage (16,
134). In most studies of HHV-8 infection in vitro, a majority of cells become latently
infected with HHV-8, and only a small percentage (~1-5%) of cells support any lytic
viral replication (16, 114). This lack of lytic growth has>been suggested to be due to a
propensity of HHV-8 to establish a latent infection, versus inducing lytic replication after
an initial infection (16). Lack of sufficient lytic replication in vitro is an enormous hurdle
to examining properties of HHV-8 during a de novo infection, including lytic gene
transcription, viral replication, and viral assembly. Further, without a dependable in vitro
system of lytic replication, accurate studies of individual genes in the context of HHV-8
are not possible, given that production of modified viruses (e. g. gene “knock-out” and
mutant viruses) is not accomplished easily.

Currently, the most reproducible source of infectious virus entails the use of
latently infected PEL cell lines induced to undergo lytic replication with phorbol esters or
sodium butyrate (11, 108, 135). After treatment, these cells produce infectious virus, but

otherwise retain the viral genome in a latent state, with only a small percentage of cells
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(~2%) undergoing spontaneous lytic replication (108). Although invaluable to studies on
HHV-8, these cells do not provide an ideal system to study properties associated with a
de novo infection, such as viral replication and lytic gene transcription, due to the
constant presence of latently infected cells in these cultures.

Despite the lack of sufficient lytic growth in vitro, infection of some endothelial
cell cultures with HHV-8 appears to closely mimic what is seen in HHV-8 infected KS
lesions in vivo, and may provide suitable models for the analysis of HHV-8 in KS
development. For example, infection of immortalized dermal microvascular endothelial
cells with HHV-8 results in a majority of these cells becoming latently infected, followed
by the transformation and ultimate development of a KS-like spindle cell phenotype in
these cultures (114). In addition, HHV-8 infection of primary endothelial cell cultures has
been .associated with increased proliferation and cell survival, acquisition of a
transformed phenotype, and upregulation of the VEGF receptor KDR (55). Importantly,
this implies that VEGF may play a role in the increased survival and growth of these
cultures. Regardless of the obvious drawbacks to these systems, they currently appear to
be the best available for in vitro analysis of the effects of HHV-§ infection.

In addition to the difficulties associated with lytic HHV-8 growth in culture, there
is not an available in vivo animal model for infection with HHV-8, thus limiting the
knowledge on early stages of HHV-8 infection, establishment of latency, and pathogenic
effects in a newly infected host. Taken together, this information suggests that the most
attractive choice for bypassing the problems associated with the analysis of HHV-8 in
vitro and in vivo is the use of a closely related herpesvirus with an established cell culture

system for lytic replication, and a readily available animal model of in vive infection.
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3. Chemokine Receptors and Their Viral Homologues

a. Chemokines

Chemokines (chemotactic cytokines) are small molecular weight proteins ranging
from 8-12 kDa, which are involved in chemotaxis and activation of target cells.
Generally, the cells regulated by chemokines are involved in immune function, and
indeed a majority of chemokines are involved in attracting leukocytes to sites of
inflammation. So far, approximately 40 chemokines have been identified, which are
grouped into categories based on the identity of conserved cysteine residues in the N
terminus of the protein. The four categories are the C, CC, CXC (where X is any amino
acid), and CX3C chemokines, with the largest groups being the CC and CXC chemokines
(13). All chemokines have an original name, as well‘as an official name as designated by
a recently adapted nomenclature system for chemokines based on their receptor binding

abilities (e.g. GROa. is equivalent to CXC-ligand 1, or CXCL1) (180).

b. Chemokine Receptors

Chemokines act on their target cells by binding to and regulating the signaling of
their cognate cell surface receptors. Chemokine receptors are expressed on a variety of
cell types, including leukocytes, endothelial cells, and neurons, and signaling through
these receptors can result in varied effects such as degranulation, mitogenesis,
chemotaxis, and lymphocyte homing (131). They are mainly thought to be involved in
chemoattraction and activation of leukocytes during a variety of immune responses, but

more recently they have also been found to be involved in several stages of cancer

20



development, including tumor formation, angiogenesis, and metastasis (13). The
chemokine receptors are classified into four classes based on the types of ligands they
bind, and thus far, eighteen human receptors have been isolated: eleven CC receptors
(CCRs), five CXC receptors (CXCRs), one C receptor (XCR), and one CX3C receptor
(CX3CR). Chemokine receptors are all members of the seven transmembrane G protein-
coupled receptor family (GPCR), which transduce signals through interactions with
heterotrimeric G proteins associated with intracellular regions of the receptors. GPCRs
represent the largest known family of cell surface receptors, with around 1,000 encoded
in the human genome, and are involved in the detection of a wide variety of ligands,
including odorants, photons, lipids, proteins, and amino acids (101, 172).

The G proteins associated with seven transmembrane receptors consist of an o, 3,
and y subunit. Upon ligand binding, GPCRs undergo conformational cﬁanges that reéult
in the associated Go, protein subunit releasing bound GDP, and binding to GTP. In the
GTP bound state, the Ga. protein subunit dissociates from the By subunits, which remain
associated as a dimer, and signals are transduced via interactions of the o or By subunits
with downstream effectors (Fig. 1.3) (122). Upon GTP hydrolysis, the o subunit re-
associates with the By subunits, and G protein signaling is thus terminated. There are
currently 18 different types of identified o subunits, which are divided into four
subfamilies: Go, Golyo, Gog11, and Goyoy3. These four subfamilies of Go, subunits are
capable of regulating a variety of signaling pathways. For example, GO, members can
regulate ion channels and activate adenylyl cyclase, Ga s, can regulate ion channels,
inhibit adenylyl cyclase, and activate phopshoplipases and phosphodiesterases, while

Goyiq can activate phospholipase C, and G053 can activate small GTPases such as Rho
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(101, 122). In addition to the various types of o subunits, five subtypes of B and eleven
subtypes of ¥ subunits are currently known, increasing the potential number of
combinations of heterotrimeric G proteins that can interact with GPCRs. Further, in
addition to signaling by dissociated o, subunits, free By heterodimers are also capable of
transducing signals to downstream molecules, such as phosphatidylinositol-3-kinase
(PI3K), and phospholipase C (PLC), extending the signaling capabilities of heterotrimeric
G proteins associated with a particular receptor (71, 118). Recent data has also shown
that GPCRs can signal through a diverse and complex array of mechanisms, including G
protein-independent mechanisms, to activate signaling pathways such as the mitogen-
activated protein kinase (M APK) pathway, a major pathway involved in cellular growth
and proliferation (71, 97). Overall, the array of signaling pathways regulated by GPCRs
appears to be complex, and numerous other pathways yet to be examined are also likely
affected by these receptors in some manner.

The expression patterns of G protein subunits can vary widely between cell types,
potentially making the signaling properties of a particular GPCR differ depending upon
the cell type in which the receptor is being expressed, and the receptors G protein
coupling preferences (74). This idea becomes especially important when examining a
GPCR’s signaling properties in model cell systems in vitro, given that the presence or
absence of particular signaling responses or activities may not fully represent the
behavior of a receptor in other cell types, such as those in which the receptor is naturally
expressed in vivo. In the case of chemokine receptors, the G protein coupling patterns of
this family has been suggested to be highly cell type-dependent (9), stressing the

importance of examining their function in relevant cell types in vitro. In addition to
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variability in G protein coupling, recent evidehce indicates that many GPCRs are able to
form multi-receptor complexes in the plasma membrane, including homo- and hetero-
oligomers (23). Hetero-oligomers could further increase the range of responses generated
by a particular receptor, due to alterations in properties such as G protein coupling and

ligand binding, resulting from the association of GPCRs with different properties.
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Figure 1.3 Diversity of G protein-coupled receptors (GPCRs). A wide variety of ligands,
including biogenic amines, amino acids, ions, lipids, peptides and proteins, use GPCRs to
stimulate cytoplasmic and nuclear targets through heterotrimeric G-protein-dependent
and -independent pathways. Such signaling pathways regulate key biological functions
such as cell proliferation, cell survival and angiogenesis. Abbreviations: DAG,
diacylglycerol; FSH, follicle-stimulating hormone; GEF, guanine nucleotide exchange
factor; LH, leuteinizing hormone; LPA, lysophosphatidic acid; PAF, platelet-activating
factor; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; PLC, phospholipase C;
S1P, sphingosine-1-phosphate; TSH, thyroid-stimulating hormone. Figure and legend

adapted from reference (101 ).

24



c. Viral Chemokine Receptor Homologues

Viral homologues of chemokine receptors have been identified in several viruses,
including, CMV (human, rat, and mouse), HHV-6, HHV-7, animal poxviruses (Swinepox
and Capripox), herpesvirus saimiri, MHV-68, and HHV-8 (131). Several of these viral G
protein-coupled receptors (vGPCRs) appear to play a role in the development of viral
associated diseases. Also, those viruses that do not encode homologues of GPCRs often
tend to upregulate cellular GPCRs upon infection. For example, EBV does not encode
any chemokine receptor-like proteins, however, in infected B cells, EBV upregulates the
expression of CCR7 (18). This information suggests that GPCRs, either virally encoded
or cellular, may play an important role in the life cycle of some viruses. However, the
exact functions that these GPCRs may provide to these viruses are not fully understood,
nor are their potential contributions to viral diseasé and pathogenesis,

HCMYV encodes four seven transmembrane receptors, US27, US28, UL33, and
UL78. US28 has been the most extensively studied, and has been found to be a
chemokine receptor homologue which can bind to several CC chemokines, as well as
membrane bound fractalkine (CX3CL1) (57, 86). In addition to signaling in response to
chemokines, US28 has been found to possess constitutive signaling properties (28), and a
role for US28 in the development of CMV-associated vascular diseases has been
suggested, due to the ability of the receptor to cause smooth muscle cell migration in
response to chemokines (159). Although less is known about CMV UL33, this receptor
has also been found to possess constitutive signaling abilities (29). In the case of HHV-6

and 7, both viruses induce the expression of CCR7 in infected cells (73), while also
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encoding two chemokine receptor homologues, Ul12 and U51 (65). Of these, only U12
has been found to be a functional chemokine receptor (79).

Some of the most extensively studied viral GPCRs are those encoded by open
reading frame (ORF) 74 of the gammaherpesviruses HVS, MHV-68, and HHV-8. These
VGPCRs are all similar receptors, most closely related to the cellular I1-8 receptor
CXCR2 (3, 32, 170). HVS ORF74, also known as ECRF3, has been shown to encode an
IL-8-like receptor that can signal in response to the CXC chemokines IL-8, GRO/MGSA,
and NAP-2 (3). The MHV-68 ORF74 encoded vGPCR has been shown to be similar to
CXCR2, and transduces signals in response to chemokines (167). Further, the MHV-68
VGPCR possesses transforming potential (170), and recently has been suggested to be
important for replication and reactivation of latent MHV-68 (92). The HHV-8 ORF74
encoded vGPCR has been the focus of a large amount of work since the first description
of the receptor in 1996 (32), due to a potential role for this protein in the development of
HHV-8-associated diseases. The HHV-8 vGPCR will be discussed in greater detail in the

following section,

4. The HHV-8 ORF74 Encoded Viral G Protein-Coupled Receptor (vGPCR)

a. ORF74 Encodes a GPCR Homologue

One of the most intensely studied HHV-8 genes has been ORF74, which encodes
the viral GPCR (vGPCR). Upon initial examination of the HHV-8 genome, ORF74 was

found to encode a protein with high sequence similarity to cellular chemokine receptors
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CXCRI and CXCR2, the cellular receptors for I1.-8 (69). Specifically, the HHV-8
VGPCR is most similar to CXCR2, sharing ~74% similarity and ~27% identity with this
receptor at the protein level (32). The HHV-8 ORF74 encoded protein has typical
properties of a GPCR, containing seven transmembrane domains, as well as predicted
glycosylation sites and conserved cysteine residues found in all GPCRs (32). However,
some significant differences are also present in the sequence of the HHV-8 vGPCR when
compared to the receptors cellular counterpart, suggesting that variations in the properties

of the vGPCR are likely to exist.

b. Signaling Properties of the HHV-8 vGPCR

The initial analysis of the activities of the HHV-8 vGPCR revealed some major
differences between this viral receptor and cellular CXCR2. Arvanitakis ef al.
demonstrated that the HHV-8 vGPCR could signal in a constitutive, or ligand-
independent manner, given that the cellular phospholipase-C (PLC) signaling pathway
was activated by the receptor in the absence of exogenous ligand (10). Numerous studies
have continued to demonstrate that the HHV-8 vGPCR is capable of activating several
cellular pathways, including the PLC, phosphatidylinositol-3-kinase (PI3K)/Akt, and the
mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK)1/2
pathways, and in most cases, addition of exogenous ligand appears unnecessary to induce
receptor signaling (14, 39, 110, 152, 154). In addition, constitutive signaling by the
VGPCR is also capable of activating several cellular transcription factors, such as NF-kB,
AP-1, and NF-AT (26, 129, 130, 148, 150).

Unlike cellular chemokine receptors that tend to bind one or only a few

chemokines, the HHV-8 vGPCR has been found to bind numerous cellular chemokines
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of both the CXC and CC families, including IL-8, GROo, NAP-2, RANTES, and SDF-
1ot (10, 61, 139), as well as the HHV-8 encoded chemokine homologue vMIP-II (60).
Binding of some chemokines by the vGPCR can alter the constitutive signaling of the
receptor, and can either activate the receptor above basal levels, or inhibit constitutive
signaling. Chemokines found to activate the receptor include IL.-8 and GROq, while
inhibitory chemokines include IP-10, SDF-10, and HHV-8 vMIP-II (60-62, 139). Of the
chemokines that have been shown to regulate the activity of the HHV-8 vGPCR, those
that activate the receptor all contain an N-terminal ELR motif (ELR+ chemokines), while
those that inhibit signaling of the receptor lack this motif (ELR- chemokines) (62).
Interestingly, ELR+ chemokines are known to have angiogenic properties, while ELR-
chemokines tend to be angiostatic (13), which may have implications for a role of the
VGPCR in angiogenesis and KS development. An important note to make is that because
of the ability of the HHV-8 vGPCR to be modulated by chemokines, the true constitutive
signaling properties of the receptor have not been definitively proven, due to the potential
presence of exogenous ligands in most assay systems that could unknowingly affect
receptor signaling,

The HHV-8 vGPCR has been found to couple to multiple G proteins to regulate
varying signaling pathways. Depending on the pathway in question, and the cell type in
which the vGPCR is being examined, the receptor has been suggested to couple to G,
Goy, and Goys (26, 39, 110, 150, 152). For example, ERK1/2 signaling induced by the
VGPCR has been suggested to be either Goy-dependent or independent, depending on the
cell type in question (26, 95, 152), while PLC signaling appears to be Goj-independent

(39), and PI3K/AKkt signaling may be either Gou-dependent or independent (39, 110, 152).
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Much of the data on exactly which G proteins are involved in signaling by the vGPCR is
conflicting, and again is likely due to variations in cell types used to examine G protein
coupling. Nevertheless, the HHV-8 vGPCR appears to couple to multiple G proteins to
activate a wide variety of signaling pathways. Further, other G protein-independent
mechanisms of GPCR signaling may also be utilized by the HHV-8 vGPCR to transduce
signals, although this possibility remains to be investigated

Some variations in the protein sequence of the HHV-8 vGPCR have been
implicated in the constitutive signaling ability of the receptor. For example, in most
GPCRs, a conserved DRY motif is located in the second intracellular loop near the third
transmembrane domain. However, in the HHV-8 vGPCR, a D to V amino acid
substitution changes this motif to VRY. Initially, this single amino acid substitution was
suggested to be responsible for the transforming and constitutive signaling abilities of the
receptor (24), although later this was found not be the case (76, 129, 140, 148). Further
studies have revealed that mutation of various residues in the VGPCR sequence can alter
the signaling properties and chemokine responsiveness of the receptor (76, 129, 140), and
that the N-terminus of the receptor, although required for ligand binding, is dispensable
for constitutive signaling (75, 140). Taken together these studies suggest that multiple
residues and regions of the vGPCR likely contribute to the overall properties of the
receptor, and that one specific amino acid does not account for the overall constitutive

signaling, chemokine responsiveness, and transforming abilities of the receptor.

c. Consequences of HHV-8 vGPCR Expression
The initial examination of the biological effects of HHV-8 vGPCR signaling

indicated that this receptor possesses oncogenic propetties, given that expression of the

29



receptor resulted in the transformation of mouse fibroblasts in vitro, and since these same
cells also had tumorigenic potential in vivo (14). Also, vGPCR expression in these cells
was shown to induce the secretion of VEGF, a major factor involved in
neovascularization and tumor angiogenesis (165), and a known growth factor for KS
spindle cells (38, 103). This initial work has been further strengthened by several in vivo
studies in which the HHV-8 vGPCR was expressed in trans genic mice, with the results in
all cases being the formation of lesions in these mice that closely resembling KS lesions
(70,78, 109, 176). The first transgenic mouse model described expressed the vVGPCR
under the CD2 promoter, limiting expression of the receptor to T cells and NK cells
(176). These mice developed angioproliferative lesions in various tissues and organs,
which contained spindle-like cells, inflammatory cells, and increased VEGF levels. This
finding suggests that IVGPCR expression strictly in hematopoietic cells could potentially
result in the production of KS, likely via paracrine mechanisms involving secreted
growth factors such as VEGF. In another transgenic mouse model in which the vVGPCR
was expressed preferentially in endothelial cells, the development of vascular lesions
resembling KS also occurred, indicating that the vGPCR may cause KS development
when expressed in this cell type (109).

Expression of the vGPCR in primary endothelial cells in vitro causes cell
spindling, reminiscent of what occurs in a KS lesion in vivo (129). These cells also show
increased production of cytokines such as IL-6, RANTES, and VEGF, which could play a
role in the development of KS lesions in either a paracrine or autocrine manner. In
addition, the vGPCR has been shown to induce the secretion of several cytokines when

expressed in T cells and human embryonic kidney cells in vitro (148). The expression of
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the vGPCR can also result in the immortalization of primary endothelial cells in vitro,
and is accompanied in this situation by an upregulation of the VEGF receptor KDR (15).
This observation closely parallels what is seen with HHV-8 infection of endothelial cells
in vivo (55), and suggests that VEGF induced by the vGPCR may indeed play a
significant role in promoting endothelial cell growth and KS lesion development. The
HHV-8 vGPCR has also been shown to induce anti-apoptotic signaling pathways in
endothelial cells, and thus promote survival of these cells in the face of an apoptotic
stimulus (110). Interestingly, expression of the vGPCR in these endothelial cells does not

appear to have any effects on proliferation.

d. Transcription and Expression ‘of HHV-8 ORF74

Detailed analysis of HHV-8 ORF74 transcription has revealed some interesting
features of the expression patterns of this ORF. Using RNA obtained from latently HHV-
8 infected PEL cell lines induced to undergo lytic replication with phorbol esters,
Northern blot analysis demonstrates that this ORF is expressed as an early-lytic gene, and
is encoded on a ~2.8 kb bi-cistronic message with the upstream ORF K14, which encodes
the viral homologue of the cellular immuno-regulatory protein CD200/0X-2 (35, 85, 120,
161). Further analysis indicates that a splicing event removes 149 bp of the intergenic
region between these ORFs, but does not delete any K14 or ORF74 sequence (85, 120).
Translation of the vGPCR from this bi-cistronic message has been suggested to occur via
an internal ribosomal entry site (IRES) mechanism, translational reinitiation, or leaky
ribosomal scanning, although the actual production of protein from these transcripts has

not been examined in any manner. The significance, if any, of ORF74 being encoded as
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the second ORF on a bi-cistronic message with an immuno-modulatory protein (vCD200)
is currently unknown.

Importantly, transcripts for ORF74 can also be detected in uninduced PEL cells,
and in KS lesions, in which a small percentage (~1-3%) of cells spontaneously undergo
Iytic replication (69, 85). Further, using anti-sera to the vGPCR, expression of the
receptor can be detected in B cells in PEL and MCD tumor samples, as well as in spindle
cells in KS lesion biopsies (35). Taken together, these data imply that the vGPCR is
expressed in HHV-8 infected cells in vivo, and therefore that the receptor may be directly
involved in the development of KS and B cell abnormalities associated with HHV-8

infection.

e. Putative Roles of the vGPCR in the Life Cycle and Pathogenesis of HHV-8

Due to the various properties associated with the HHV-8 vGPCR, the receptor
could be envisioned to have significant effects on cells in which the protein is expressed.
Therefore, the vGPCR is thought to play a major role in the development of HHV-8
associated malignancies when expressed in infected cells. For example, the ability of the
VGPCR to induce cytokine secretion suggests that this viral protein is involved in the
increased production of inflammatory and growth factors important for KS lesion
development (e.g. VEGF), as well as various chemokines that could be involved in
stimulating immune cell infiltration. Also, the ability of the vVGPCR to directly transform
cells may suggest that in infected endothelial or B cells in vivo, expression of the receptor

could lead to the development of diseases such as KS, PEL, or MCD, due to the
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activation of growth promoting signaling pathways such as ERK1/2, and pro-survival
pathways such as PI3K/Akt.

The major question surrounding the role of the HHV-8 vGPCR in the
development of KS and B cell disorders stems from the fact that the receptor is expressed
only during Iytic replication. Specifically, if the vGPCR is only expressed lytically in
cells destined to be destroyed by viral replication, how could an infected cell possibly
become transformed by the vGPCR, and therefore, how could this protein ever contribute
to disease development? Some possible explanations might include aberrant expression
of the vGPCR in latently infected cells, as well as expression during an abortive viral
replication cycle. In either instance, the vGPCR could be produced in cells in which viral
replication is not occurring or is not completed, and thus could have direct transforming
effects on these cells. Interestingly, some evidence suggests that expression of HHV-8
ORF74 is induced by HIV-1 Tat, which could thus result in abnormal vGPCR expression
in the context of a concurrent HIV-1 infection (177). This finding could be of
significance to the development of HHV-8-induced KS and B cell abnormalities in the
AIDS setting. Another possibility is that the small percentage of latently HHV-8 infected
cells that spontaneously enter the lytic cycle express the vGPCR, resulting in the
producion of soluble factors (e.g. cytokines and growth factors) before a cell is ultimately
destroyed. These factors might then act in a paracrine fashion to cause abnormal cell
growth and transformation of surrounding cells, resulting in discase development.

The exact roles that the HHV-8 vGPCR may play in the viral life cycle are also
unknown, although some speculations can be made based on current knowledge about the

receptor. Since ORF74 is a Iytic gene, the suggestion has been made that the VGPCR may
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be involved in inducing a favorable environment in lytically infected cells for increased
viral replication, perhaps by activating signaling pathways that induce cellular
proliferation, such as ERK. Along this same line, activation of anti-apoptotic pathways
such as PI3K/Akt by the vGPCR could be envisioned to keep a cell alive in the face of
apoptotic stimuli induced by lytic viral replication, allowing for increased survival of
these cells, and thus, enhanced viral replication. In addition, the increased production of
cytokines due to vGPCR expression in infected cells may provide an environment
conducive to increased viral replication in these cells. vVGPCR-induced cytokine
production may also be involved in other aspects of the viral life cycle, such as viral
spread, perhaps by recruiting target cells to sites of infection. Further, an idea which has
not been explored in detail, is that the vVGPCR may be directly involved in chemotaxis of
infected cells, and might allow infected cells expressing the receptor to home to target
sites containing the proper array of chemoattracting cytokines. This chemotactic activity
could also be involved in promoting spread of the virus in an infected host.

Despite these speculations, the only way to accurately address many of the
questions concerning the roles of the vVGPCR in the viral life cycle and pathogenesis is
through analysis of the vGPCR in the context of HHV-8 infection. Specifically, the
ability to inhibit or manipulate vVGPCR expression during an infection would be
invaluable for answering many of these questions. However, as noted earlier, an in vivo
model for HHV-8 infection and pathogenesis does not exist, and the production of altered

forms of HHV-8 in vitro are currently not possible.
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5. Rhesus Rhadinovirus (RRV); a Rhesus Macaque Model for HHV-§

a. Identification and Classification of RRV

Rhesus rhadinovirus (RRV) is a recently identified y-herpesvirus of rhesus
macaques (Macacca mulatta), which has been shown to be the homologue of human
herpesvirus 8 (HHV-8)/Kaposi’s sarcoma-associated herpesvirus (KSHV). The particular
isolate. that is the focus of this thesis, RRYV strain 17577 (RRV17577), was obtained from a
simian immunodeficiency virus (SIV)-infected macaque that had developed B cell
hyperplasia. Upon isolation and characterization of this herpesvirus isolate, the RRV 7577
genome was found to be essentially co-linear with HHV-8, retaining many of the ORFs
believed to be involved in the pathogenesis of HHV-8 (149). Specifically, 67 of 79 ORFs
are similar to those in HHV-8, The general structure of the RRV17577 genome is similar to
other herpesviruses, and consists of a long unique region (LUR) of ~131 kb in length,
flanked on both ends by regions of terminal repeats (Fig. 1.4). Further, phylogenetic
analysis of several RRV 7577 genes compared to those from other gammaherpesviruses
reveals that RRV and HHV-8 are the most closely related (Fig. 1.5). A second
independent RRV isolate (H26-95) has also been described (4, 44), and appears to be
very similar to RRV+s577, although some differences between these isolates do exist.
RRVi7577 was utilized in all of the work described in this thesis, and therefore, this strain
will be referred to throughout only as RRV, unless noted otherwise for purposes of

clarity.
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Figure 1.4 Alignment of the RRV and HHV-8 genomes. The figure depicts a sequence
alignment of the DNA sequences of RRV and HHV-8, indicating all putative ORFs for
both viruses, as well as terminal repeat regions (TR). Numbers represent kilobases of
nucleotide sequence, and the color scheme demonstrates the distribution of viral ORFs
among various herpesviruses. The ORFs are not drawn to scale. The alignment is a

modified version of a figure from reference (4).
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FIGURE 1.5 Phylogenetic relationship between RRV and other gammaherpesviruses.
The diagram depicts the consensus tree constructed from the phylogenetic analysis of six
gammaherpesvirus genes (ssDBP, gB, Pol, MCP, Hel, and UDG). The numbers represent
the number of Protpars trees out of 100 that contained the séme sequences to the right of
the branch point as in the consensus tree. EBV= Epstein-Barr virus, AHV= alcelaphine
herpesvirus, MHV= murine herpesvirus 68, HVS= herpesvirus saimiri, KSHV= Kaposi’s
sarcoma-associated herpesvirus/human herpesvirus 8 (HHV-8), RRV= rhesus

thadinovirus. Figure adapted from reference (149 I,
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b. RRV-Associated Disease

Importantly, experimental inoculation of SIV-infected macaques with RRV
results in the development of a B cell hyperplasia that shares similar characteristics to
MCD in humans (173). Specifically, these animals develop multicentric and persistent
angiofollicular lymphadenopathy, hepatomegaly, splenomegaly,
hypergammaglobulinemia, and display an increase in B cell proliferation. Further, RRV
DNA can be detected in all lymphoid tissues associated with disease development in
these animals. RRV has also been found to be capable of establishing a latent infection in
B lymphocytes in rhesus macaques, suggesting this cell type may be a site of viral
persistence in naturally infected animals (17). However, RRV infection alone does not
appear to result in the development of lymphoproliferative disease, and indeed, >90% of
captive immunocompetent rhesus macaques are positive for RRV, but never develop
signs of disease. This information suggests that SIV co-infection, and the accompanying
immunosuppression, may play a major role in disease development associated with RRV
infection in rhesus macaques. In addition to B cell hyperplasia, recent data suggests that
RRYV infection of SIV-infected macaques may be associated with the development of a
non-Hodgkin lymphoma in these animals, and in at least one instance, has been
associated with the development of retroperitoneal fibromatosis (RF), a vascular
fibroproliferative malignancy with histomorphological features similar to KS (63). Taken
together, this information suggests that infection of SIV-infected rhesus macaques with
RRYV may result in the manifestation of similar diseases as seen in humans co-infected
with HHV-8 and HIV, making RRV an ideal model system to study the mechanisms of

HHV-8 pathogenesis.
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c. Viral Genes Potentially Involved in Pathogenesis

Since 67 of 79 ORFs in RRV are similar to those in HHV-8, many of the same
viral genes thought to play a role in disease development in HHV-8 are thought to be
involved in the pathogenesis of RRV. For example, the R1 protein of RRV, which is
similar o the transforming K1 protein of HHV-8, has been shown to possess
transforming abilities in vitro (43). Similar to HHV-8, RRYV also encodes several cellular
homologues, containing ORFs for vIL-6, VELIP, v-cyclin, vBcl-2, vIRFs, vMIP,
vCD200, and a vGPCR. RRV VIL-6 has been shown to possess IL-6-like activity in vitro,
suggesting this protein functions similarly to HHV-8 vIL-6 (81). However, besides the
analysis of RRV VIL-6, the remaining cellular homologues in RRV have not been
examined. Therefore, work in our laboratory aims to characterize these ORFs in detail, in
order to determine their similarity to their counterparts in HHV-8, ‘and to decipher their

potential roles in RRV-associated disease development.

d. Utility of RRV as a Model for HHYV-8

Unlike HHV-8, RRV grows well in culture and can be passaged to high titers.
Thus, given the many problems associated with growth of HHV-8 in culture, RRV
provides an ideal model system for the analysis of in vitro infection of an HHV-8-like
virus. In particular, the ability for consistent de novo lytic infection makes RRV
extremely suitable for the analysis of lytic gene transcription, as well as other aspects of
infection such as replication and assembly.

RRYV is also currently the most attractive virus identified that is suitable for

development as a model for HHV-8 infection in vivo. Although MHV-68 is currently
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utilized in mice as an animal model for HHV-8, the diseases associated with infection do
not appear to mimic HHV-8-associated diseases as closely as does RRV infection of
rhesus macaques (151). In addition, MHV-68 is not as closely related to HHV-8 as RRV
(149) (see also figure 1.5), and contains some significant differences in sequence and
genomic organization, as well as encoded ORFs, when compared to these viruses (168).
Also, a non-human primate model for HHV-8 is much more attractive than a murine
model, given that humans and non-human primates are genetically more closely related.
RRV-like viruses have also been identified in rhesus and pig-tail macaques, and
are associated with retroperitoneal fibromatosis (RF) development in these animals (138).
These viruses are known as retroperitoneal fibromatosis-associated herpesviruses
(RFHYV), and partial sequencing of these viral genomes has suggested they are both
similar to RRV and HHV-8, although significant differences appeér to exist between
these viruses and RRV/HHV-8 (137). Rhadinovirus sequences have also been detected in
chimpanzees, gorillas, and African green monkeys, however, these viruses have not been
successfully cultured, and thus remain incompletely characterized (67, 87, 88). In
addition, infection with these rhadinoviruses does not appear to be associated with any
disease development in their natural hosts. On the other hand, the diseases associated
with RRV infection of SIV-infected macaques closely resembles diseases seen in
individuals co-infected with HHV-8 and HIV (173), suggesting that the pathogenesis of
RRYV infection may mimic closely that of HHV-8 infection in humans. Importantly,
although the related RRV isolate H26-95 is highly similar to RR V17577, H26-95 has not

been found to be pathogenic in vivo (100), thus making RRV 7577 the closest primate
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virus to HHV-8 identified to date with a suitable and readily available animal mode! for

HHV-8-associated disease development.

6. RRV ORF74 as a Model System for HHV-8 vGPCR Pathogenesis

a. Preliminary Analysis of RRV ORF74

Examination of the genome of RRV reveals that like HHV-8, RRV ORF74
appears to encode a putative vVGPCR. This ORF is located in a similar position of the
RRYV genome as in HHV-8, and the genomic structure surrounding this ORF is nearly
identical to HHV-8 (Fig. 1.4). HHV-8 ORF74 and RRV ORF74 are both 1029
nucleotides in size, encoding predicted proteins of 342 amino acids. Based on this
preliminary examination, the idea that these two viral ORFs could likely produce very
similar proteins became apparent. Therefore, we wished to address the similarities and
potential differences of RRV and HHV-8 ORF74, to determine if these ORFs are

expressed in a similar fashion, and if they encode homologous proteins.

b. Overview of Thesis Project

To address the question of whether or not RRV ORF74 is similar to ORF74 of
HHV-8, we initially undertook studies examining the RRV vGPCR in an NIH3T3 model
system, based on the preexisting knowledge of the properties of the HHV-8 vGPCR in
this cell type. This work is presented in chapter 2, and describes the preliminary

characterization of the vGPCR encoded by RRV ORF74. We also wished to address the
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activities of the RRV and HHV-8 vGPCRs in a cell type relevant to in vivo RRV and
HHV-8 infection, and thus, studies examining the effects of both receptors in B cells
were performed, the results of which are presented in chapter 3. Important to the analysis
of any viral ORF is the determination of how the ORF is transcribed from the viral
genome, since production of the transcript plays a defining role in how and when a
particular viral protein is made, and may dictate an ORF’s role(s) in the viral life cycle
and viral pathogenesis. Therefore, studies investigating the transcriptional patterns of

RRYV ORF74 were undertaken, and are described in chapter 4.

c. Significance of this Work

Although RRYV is highly similar to HHV-8 in sequence and biological properties,
the analysis of individual RRV ORFs similar to thoée thought to be involved in
pathogenesis of HHV-8 in humans is extremely important. These types of studies will
help to determine whether particular RRV genes can be studied in the context of RRV
infection, and ultimately determine their potential contributions to HHV-8-like diseases
in RRV-infected macaques. The studies described in this thesis present nove] findings
about a gammaherpesvirus vVGPCR, and demonstrate that this receptor is similar to a
potentially pathogenic vGPCR of a related human virus, HHV-8. The information
described here not only provides further knowledge about vGPCRs in general, but also
implicates RRV as an excellent model system to determine the contributions of the HHV-
8 vGPCR to viral pathogenesis. This work also suggests that RRV may prove beneficial
for the analysis of VGPCRs as potential therapeutic targets to treat viral-associated

diseases, including HHV-8-associated mali gnancies such as KS, PEL, and MCD.
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d. Author’s Contributions

All work presented in chapter 2 was performed by the author of this thesis, with
the exception of figure 2.3C (M.K.A). All work described in chapter 3 was performed
solely by the author. In chapter 4, the author contributed 50% effort to each figure

(figures 4.1-4.6).
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ABSTRACT

Rhesus rhadinovirus (RRV) is a gamma-2 herpesvirus, and is the rhesus macaque
homologue of human herpesvirus 8 (HHV-8), also known as Kaposi’s sarcoma-
associated herpesvirus. DNA sequence analysis of RRV indicates that it shares numerous
open reading frames (ORFs) with HHV-8, including one (ORF74) encoding a seven
transmembrane G protein-coupled receptor (GPCR) with similarity to cellular chemokine
receptors. Examination of the predicted amino acid sequence of RRV ORF74 reveals that
it encodes a seven-transmembrane-spanning GPCR sharing 40.8% amino acid sequence
identity with HHV-8 ORF74, and 24.1% amino acid sequence identity with rhesus
macaque CXCR2. In addition, immunofluorescence studies indicate that an epitope-
tagged version of RRV ORF74 is expressed on the surface of transfected cells, suggesting
this protein is in fact a membrane receptor. In in vitro cell culture assays, RRV ORF74
possesses transforming potential, as NIH3T3 clones stably expressing the receptor
demonstrate an increased ability to grow in soft agarose and to induce tumor formation in
nude mice. Further analysis of RRV ORF74 indicates that expression of the receptor in
NIH3TS3 cells causes an increased secretion of vascular endothelial growth factor
(VEGF), and activation of the ERK1/2 (p44/42) mitogen-activated protein kinase
signaling pathway. The results of these studies suggest that RRV ORF74 encodes a
GPCR with similar properties to its homologue in HHV-8 and that this gene may play a

role in RRV-associated pathogenesis.
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INTRODUCTION

Human herpesvirus 8 (HHV-8), also known as Kaposi’s sarcoma(KS)-associated
herpesvirus, is a recently identified herpesvirus associated with several AIDS- and non-
AlDS-related malignancies. In particular, HHV-8 is the etiological agent of Kaposi’s
sarcoma (KS), the most common AIDS-associated neoplasm, as well as primary effusion
lymphoma (PEL) and multicentric Castleman’s disease (MCD) (30, 34, 119, 155). The
genome of HHV-8 has been sequenced and has been found to contain several unique
open reading frames (ORFs) postulated to play a role in the transforming potential of the
virus (141). Several of these ORFs appear to be viral homologues of cellular genes
involved in cell cycle control (v-cyclinD), chemokines (QM[P—I, I1, and III), cytokines
(va-6), apoptotic regulators (vBcl2 and vFLIP), interferon regulators (VIRFs), and a G
protein-coupled receptor (vGPCR).

The HHV-8 viral GPCR, encoded by ORF74, has been the focus of numerous
studies. HHV-8 ORF74 appears to be similar to CXCR?2, the cellular chemokine receptor
for IL-8, and has been demonstrated to be a constitutively active receptor, which can
activate numerous signaling pathways in different cell types (10, 14, 39, 110, 152, 154).
Although the GPCR seems to possess constitutive signaling abilities in the absence of
exogenous ligand, it has been found that chemokines can modulate this activity.
Chemokines containing an N-terminal ELR motif, such as IL-8, appear to activate the
receptor above basal levels, while chemokines lacking this motif, such as IP-10, appear to
inhibit constitutive signaling (60-62). The exact reason for the constitutive activity of

ORF74 is not known, although it has been postulated that the presence of a VRY motif
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instead of a highly conserved DRY motif often found in the second intracellular loop of
many GPCRs may play a role (24). However, despite this finding, more recent evidence
suggests that this single base substitution is likely not responsible for the receptors
constitutive activity (140).

The signaling pathways activated by ORF74 appear to be extremely diverse, and
numerous other pathways not yet examined are also likely affected by this receptor. One
of the signaling pathways initially shown to be activated by this receptor is the
phospholipase C pathway (10), which results in the production of soluble inositol-1,4,5-
triphosphate (IP3) and membrane-associated 1,2-diacylglycerol (DAG), and causes the
activation of various downstream signaling events. In addition to PLC, signaling through
this GPCR appéars to activate members of the mitogen-activated protein kinase (MAPK)
family, although the data on exactly which members of this family are being activated by
the receptor is somewhat conflicting, and activation appears to be cell type dependent
(14, 115, 152, 154). Recently, it has been shown that ORF74 can also activate the pro-
survival kinase Akt (also known as PKB) in endothelial cells in a PI3K dependent
manner, resulting in their increased resistance to apoptosis (110). The receptor also
appears capable of activating transcription of NF-kB- and AP-1- responsive promoters,
resulting in the increased production of several cytokines and chemokines in transfected
cells of epithelial, monocytic, endothelial, and T cell origin (129, 148). Moreover, there is
likely a significant amount of cross talk between signaling pathways which are directly
activated by the receptor, and other cellular signaling pathways, further extending the

signaling capabilities of the protein.
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The signaling activities of HHV-8 ORF74 appear to confer oncogenic properties
on the protein. NIH3T3 mouse fibroblasts expressing ORF74 form foci in in vitro assays,
exhibit growth in soft agar, and form tumors in nude mice (14, 24), indicating the
transforming potential of this protein. In addition, cells expressing this receptor secrete
increased levels of vascular endothelial growth factor (VEGF), an angiogenic cytokine,
which has been suggested to play a role in the development of KS (14). The increased
secretion of VEGF by ORF74 expressing cells has been partially attributed to the
activation of the VEGF promoter by MAPK family members p38 and ERK1/2 (154). It
also appears that ORF74 expression may play a direct role in the development of KS,
since expression of the receptor has been demonstrated to induce endothelial cells to
become spindle-shaped cells, a characteristic cell type found in KS lesions, and it is
expressed in KS, primary effusion lymphoma, and MCD (85). Further, studies conducted
with transgenic mice expressing ORF74 in hematopoietic cells have shown that these
animals develop angioproliferative lesions resembling KS in various tissues, suggesting
that vGPCR expression alone may be able to promote the development of KS-like disease
(176).

Despite the abundance of information on HHV-8 ORF74, the role this protein has
in HHV-8 pathogenesis is difficult to elucidate without an appropriate animal model for
HHV-8. An alternative approach is to utilize a closely related animal model, such as
rhesus macaques, that can be infected with a closely related herpesvirus, referred to as
thesus rhadinovirus (RRV) (44). Our laboratory independently isolated a related strain,
RRV{7577, from a rhesus macaque that was infected with the simian immunodeficiency

virus (SIV) and developed widespread lymphoproliferative disorder (173). Analysis of
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the entire genome of RRV,7s77, and the related isolate H26-95 (4), revealed that RRV
shares high sequence similarity with HHV-8, and phylogenetic analysis of several ORFs
indicated that RRV is the rhesus macaque homologue of HHV-8 (4, 149). More
importantly, experimental inoculation of SIV-infected rthesus macaques with RRV;7577
resulted in the induction B-cell hyperplasia and persistent lymphadenopathy resembling
MCD in the macaques (173). Recently, some SIV and RRV7577-infected macaques have
developed B cell lymphoma, or a proliferative mesenchymal lesion referred to as
retroperitoneal fibromatosis that possesses histomorphological features resembling KS
(unpublished data). The utility of this animal model is intriguing, given the fact that RRV
shares several unique genes with HHV-8, including homologues of HHV-8 genes
potentially involved in pathogenesis, such as those for VIL-6, vFLIP, VIRF, vMIP and a
VGPCR. Like HHV-8 vIL-6, RRV vIL-6 has been shown to be a functional homologue of
cellular IL-6 (81); however, the functions of many of the other HHV-8-like genes in RRV
have not yet been examined. In an attempt to further characterize more of these genes, we
decided to examine the activities of the putative GPCR of RRYV, also encoded by ORF74.
Our studies with RRV ORF74 aim to characterize the activities of this protein to
determine if it in fact behaves like ORF74 of HHV-8. If so, this may allow RRV to be

used as an animal model to study the contributions of the viral GPCR to HHV-8-

associated disease.
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MATERIALS AND METHODS

Protein Alignments. Protein alignment was performed using ClustalW with MacVector
6.5.3 software (Accelrys, Inc. Madison, WI). The Blosum 30 scoring matrix was used in
pairwise alignment of each sequence, with a gap introduction penalty of 10 and gap

extension penalty of 0.1.

Cell lines and transfections. NIH3T3 mouse fibroblasts were maintained in Dulbecco’s
modified Eagle’s medium (Mediatech, Herndon, VA) containing 5% bovine calf serum
(Hyclone, Logan, UT). The DNA sequence encoding ORF74 was isolated from RRV 7577
by PCR with primers specific for ORF74, which also contained restriction sites for Xhol
(primer 1: 5-CCGCTCGAGA ACAACATGGACGCC-3") and EcoRI (primer 2: 5'-
CGGAATTCCTATAAACTACC TGAAGTGGA-3"). The resulting product of the PCR
was sequenced to confirm its identity. Stable ORF74 cell lines were produced by cloning
the ORF74 sequence into the retroviral vector plasmid pLNCX (Clontech, Palo Alto,
CA), and using this vector to transfect the amphotropic retrovirus packaging cell line
PA317 (107) using Lipofectin reagent (Invitrogen, San Diego, CA). Retroviral particles
containing the inserted gene were then collected from the PA317 cell supernatants, and
used to infect NIH3T3 cells. Stable cells which had integrated the retrovirus were then
selected for Neomycin resistance using G418 at Img/ml, and individual cell clones were
isolated using cloning cylinders and maintained in medium with G418 at 750 pg/ml.
Cells transduced by the pLNCX vector only were created in a similar manner. ORF74

clones were tested for ORF74 gene expression by reverse transcription-PCR (RT-PCR)
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analysis of total RNA utilizing the Titan One Tube RT-PCR System (Roche,
Indianapolis, IN) and ORF74 specific primers. RNA was isolated from cells with a High
Pure RNA Isolation Kit (Roche). For transient transfection assays, the ORF74 sequence
was cloned into the expression vector pcDNA3.1(-) (Invitrogen), and NIH3T3 cells were
transfected in 35mm 6-well dishes using Transit-LT1 reagent (Mirus, Madison, WI)

following the manufacturer’s protocol.

HA Tagged RRV-ORF74 Protein Expression. A hemagglutinin (HA) tag was
introduced to the N-terminus of RRV-ORF74 by performing PCR with primers specific
for the full-length ORF74 sequence as described above, using a primer containing the
sequence for the HA epitope inserted after the initiating methionine (5'-
CCGCTCGAGATGTACCCAT ACGACGTCCCAGACTACGCTGACGCCTTGAA
CAATAACCTT-3') in place of primer 1. The product of this reaction was purified and
sequenced to confirm the presence of the HA epitope sequence in the correct readin g
frame, as well as the absence of mutations in the ORF74 sequence. The tagged sequence
was then cloned into the expression vector pcDNA3.1(-), and used to transfect NIH3T3
cells plated on chambered slides (Nunc, Inc., Naperville, IL) for use in
immunofluorescence analysis. Empty pcDNA3.1(-) vector was used as a control. Briefly,
cells were transfected with 1ug DNA per chamber using Transit-LT1 reagent, and 48
hours post-transfection cells were fixed with either 2% paraformaldehyde (non-
permeabilized) to detect only surface expressed receptor, or with 100% cold methanol
(permeabilized) to detect both surface and total cellular expression. The fixed cells were

then probed with mouse anti-HA antibody (Sigma, St. Louis, MO) in TBS-1% bovine
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serum albumin overnight at 4 °C. The following day cells were washed with TBS and
probed with anti-mouse FITC antibody (Sigma) in TBS-1% bovine serum albumin for 30
minutes at room temperature. Visualization of FITC staining of nonpermeabilized cells
was performed using a Zeiss Axiovert 25 microscope, and confocal images of
permeabilized cells were acquired using a TCS SP confocal system (Leica Microsystems,

Heidelberg, Germany) with a Plan Apo 40x NA 1.25 objective.

Soft-Agarose Assays. Five thousand stably transfected NIH3T3 cells were plated in 1.5
ml Dulbecco’s modified Eagle’s medium with 5% bovine calf serum and 0.3% melted
agarose, onto a 1.5-ml bottom layer of 0.6% agarose medium in a well of a 6-well dish.
Each clone tested was plated in triplicate wells. Cells were fed every 3 days with several

drops of medium, and foci were photographed after 2 to 3 weeks.

Nude Mouse Tumor Formation. Four- to 5-week old athymic nude (nu/nu) mice were
obtained from Harlan (Indianapolis, IN), and were maintained according to Division of
Animal Resources Standard Operating Procedures at the Oregon National Primate
Research Center. Stable cell clones were resuspended in sterile phosphate-buffered saline
(PBS) to 10%100 ul, and 100 pl of the suspension was injected subcutaneously into the
right flank of individual nude mice. The mice were observed daily for signs of tumor
formation at the sight of injection. The mice were euthanized once tumors had reached ~1
cm in diameter or when the tumors appeared to stop growing rapidly. The mice were also
euthanized if they appeared unhealthy or injured. The tumors were measured,

photographed, and then excised from the mice, and samples of each tumor were saved for
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further analysis. Total RNA was extracted from tumor samples using Tri-Reagent
(Sigma), according to the manufacturer’s protocol. Tumor samples were analyzed for
ORF74 expression using 500 ng of total RNA for RT-PCR with the Titan One Tube RT-
PCR system and primers specific for ORF74. Reactions with GAPDH (glyceraldehydes-
3-phosphate dehydrogenase)-specific primers with and without reverse transcription

served as positive and negative controls, respectively.

VEGF ELISA. Enzyme-linked immunosorbent assay (ELISA) analysis was performed
with a commercial mouse VEGF ELISA kit (Oncogene Research Products, San Diego,
CA), following the manufacturer’s protocol. Supernatants were obtained from transiently
transfected NIH3T3 cells. The cells were transfected in 35 mm wells in triplicate with 2
ug of DNA/well and serum starved at 24 h post-transfection, and the supernatants from
individual wells were collected at 48 h for analysis of VEGF levels. The VEGF levels of
individual wells were measured, and an average level of VEGF was then calculated from
triplicate samples. Statistical significance was determined using a t test analysis program

available from http://www.graphpad.com, and the unpaired two-tail P values are reported.

Western Blot Analysis. For transient transfections, cells were transfected in 35-mm-
diameter wells in triplicates with 2 ug of DNA per well, serum starved at 24 h post-
transfection for an additional 24hrs, and then lysed at 48 h for analysis. For stable clones,
cells were plated in 35-mm-diameter wells and serum starved the day following plating
for 24 h before lysis. Where appropriate, stimulation with GROa. (Peprotech, Rocky Hill,

N.J.) was done for exactly 5 min prior to lysis by adding it to designated wells. For cell
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lysis, media was removed from wells and cells were rinsed with 1X PBS; RIPA buffer
(IX PBS, 1%NP-40, 0.1% SDS, 0.5% sodium deoxycholate) containing a mixture of 1X
protease and phosphatase inhibitors (Sigma) was added to each well, and the cells were
removed from dishes by scraping. Lysates were cleared of cellular debris by
centrifugation, and protein concentration was measured by Bradford analysis. Equivalent
amounts of each protein sample were loaded and run on a 10% polyacrylamide gel,
transferred to a nitrocellulose membrane, probed with antibody against phospho-ERK
(Cell Signaling Technology, Inc., Beverly, MA), and detected by chemiluminescence. To
control for total ERK levels, the membranes were then stripped and reprobed in a similar
manner using antibody recognizing total ERK protein (Cell Signaling Technology, Inc.).
Quantitation was performed by using a Kodak Image Station 440 CF to obtain images of’
exposed films and using relative band intensities obtained from the accompanying Kodak
1D Image Analysis Software to calculate relative phospho-ERK induction versus total

ERK levels.
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RESULTS

Alignment of RRV ORF74, HHV-8 ORF74, and rhesus CXCR2. The amino acid
sequences of RRV ORF74 and HHV-8 ORF74 were aligned with that of rhesus macaque
CXCR2, and analyzed with the ClustalW analysis program to determine the degree of
amino acid sequence identity. Alignment of RRV ORF74 with HHV-8 ORF74 reveals
high similarity between the two ORFs (Fig. 2.1). At the protein level, the two ORFs show
~62% similarity and ~40% identity. These sequence similarities suggest that RRV
ORF74 encodes a GPCR, and that this receptor may in fact function in a manner similar
to that of ORF74 of HHV-8. Moreover, alignment of RRV ORF74 with the published
rhesus macaque sequence for CXCR2 shows that these proteins are ~41% similar and
~24% identical, suggesting that RRV ORF74 may be a viral homologue of the cellular
macaque receptor for IL-8. Further examination of the sequences reveals that a DRY
motif located in the second intracellular loop of many GPCRs is conserved in CXCR2,
but is converted to VRY in HHV-8 ORF74 and IRC in RRV ORF74. The constitutive
activity of HHV-8 ORF74 has previously been attributed to the presence of this VRY
motif, suggesting that there may in fact be significant differences in the sequences of the

two viral receptors, which could potentially affect their functions.

Cell surface expression of RRV ORF74. NIH3T3 cells were chosen as the cell type to
address the transforming potential of RRV ORF74. First, ORF74 protein expression was
evaluated to determine whether the protein could be detected on the surfaces of these

cells. Unfortunately, initial attempts to generate polyclonal antisera to RRV ORF74 were
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unsuccessful. Therefore, to facilitate detection of the protein, an HA epitope tag sequence
was attached to the N-terminus, which is a predicted extracellular region of the protein.
Transient transfection of NTH3T3 cells with HA-ORF74 expressing vector, followed by
immunofluorescence analysis of nonpermeabilized cells using anti-HA antibody and a
FITC labeled secondary antibody, revealed that the protein is expressed on the surfaces of
these cells, and that the receptor displays a clustered pattern of expression on the surfaces
of these cells (Fig. 2.2A and 2.2B). In addition, confocal analysis of permeabilized cells
transfected with HA-ORF74 revealed that, as expected, the protein could be detected
throughout the cytoplasm, as well as on the cell surface (Fig. 2.2C and 2.2D). In both
cases, similar staining done on vector only transfected cells did not show any significant
signal above background (data not shown), indicating that the observed staining patterns
are specific for cells expressing the HA-tagged receptor. These data demonstrate that
NIH3T3 cells transfected with RRYV ORF74 do in fact express this protein, and that like

HHV-8 ORF74, RRV ORF74 is also a membrane receptor.

Transforming potential of RRV ORF74. To initiate studies on the function of RRV
ORK74, individual clones of NTH3T3 mouse fibroblasts that stably express this gene
were created, and used to assess the ability of ORF74 to cause transformation of these
cells. Control clones which contained empty pLNCX vector or HHV-8 ORF74 were also
created. Stable clones were initially tested for anchorage-independent growth in soft
agarose medium, a common property of transformed cells. Cells were seeded in soft
agarose medium, and after ~3 weeks in culture, both PLNCX clones tested exhibited no

significant growth, while both pLNCX-RRV ORF74 clones proliferated well in the soft
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agarose and had formed numerous foci (Fig. 2.3A). An HHV-8 ORF74 expressing clone
was capable of growth in soft agarose as expected, and grew in a fashion similar to that of
RRYV ORF74 clones (data not shown).

The results of the soft-agarose assays suggest that RRV ORF74 has transforming
potential similar to that of HHV-8 ORF74. To test the transforming ability of RRV
ORF74 in vivo, stable NTH3T3 clones were injected into nude mice to assess their ability
to form tumors. The results of this experiment are summarized in Table 1, and a
representative mouse is shown in Figure 2.3B. In this case, all of the mice injected with
ORF74-expressing clones developed tumors after only 11 weeks, while only two of five
mice injected with one vector clone had developed tumors at this same time point. All of
the tumors were collected and analyzed for ORF74 mRNA expression by RT-PCR, and
as expected, only the tumors from mice initially injected with ORF74-expressing cells
were positive for the transcript (data not shown). The development of tumors in mice
injected with a vector-only clone is not uncommon in these types of experiments, and has
been reported by numerous others performing similar studies in nude mice (8). In
addition, the fact that ORF74-expressing cells could induce tumor formation in all
injected mice, and that these tumors appeared more rapidly than the vector clone tumors,
suggests that ORF74 expression promotes the transforming potential éf stably transfected
NIH3T3 cells in vivo. Analysis of tissue samples taken from tumors induced in mice
injected with stable clones expressing ORF74 revealed that they possess
histomorphological features of mesenchymal tumors, and are comprised of pleomorphic

spindle-shaped cells, with mitotic cells evident throughout the tissue section (Fig. 2.3C).
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RRYV ORF74 can induce VEGF Secretion. HHV-8 ORF74 has been shown to induce
the secretion of VEGF in transfected cells (14, 148, 154). To determine if RRV ORF74
expression was also capable of up-regulating the production of VEGF in NIH3T3 cells,
stable NIH3T3 clones expressing RRV ORF74 were analyzed and found to have various
levels of VEGF, but consistently higher levels of VEGF production than vector clones
(data not shown). In an attempt to eliminate some of the variability of these results, and to
directly compare HHV-8 ORF74 with RRV ORF74, the abilities of both of these genes to
induce VEGF secretion were examined in transiently transfected NIH3T3 cells. Since
each transfection is done identically for all vectors in each experiment, transient
transfections eliminate some of the variability seen with stable clones, and allow a better
comparison of the activities of these two viral genes. In these experiments, cells were
transfected in triplicate, and individual wells were measured for VEGF levels. Figure 2.4
shows that cells transiently transfected with either RRV ORF74 or HHV-8 ORF74
secrete 159.1 pg/mL (standard deviation [SD] + 10.75) and 143.8 pg/mL (SD + 10.56),
respectively, versus 120.6 pg/mL (SD + 9.67) for the cells transfected with vector alone.
These values correlate to 31.9% and 19.2% mean higher levels of VEGF than in cells
transfected with vector alone. Although small, the differences compared to vector are
statistically significant (RRV ORF74 p=0.01, HHV-8 ORF74 p= 0.0486), and similar
results were obtained in three independent experiments. Thus, like its HHV-8

counterpart, RRV ORF74 is capable of inducing the increased secretion of VEGE in cells

in which it is expressed.
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RRYV ORF74 activates ERK Signaling. The increased activation of the MAPK pathway
family member ERK1/2 (p44/p42) is often involved in cellular transformation, and has
been implicated in various cancers, including KS (6). More importantly, data from
various studies reports that ERK1/2 is activated by HHV-8 ORF74 in different types of
transfected cells (152, 154); however, there seems to be no consensus on exactly which
other MAPK family members (i.e. p38 and INK) might also be activated by the receptor,
although evidence for both exists (14, 115, 154). To elucidate the potential signaling
capabilities of RRV ORF74, NITH3T3 cells expressing the receptor that grew in soft
agarose assays and formed tumors in nude-mouse studies were examined for increased
ERK activation. Lysates from these stable clones possess higher levels of activated ERK
than a vector-only clone or wild-type cells, as measured by an increased level of
phosphorylation of ERK1/2 in Western blot analysis (Fig. 2.5A). The activation seen in
these experiments appears to be constitutive in that the addition of no exogenous ligand
was needed to stimulate ERK activity, although the presence in the culture medium of
stimulating ligand(s) that activates receptor signaling cannot be ruled out.

To determine if receptor signaling was in fact responsive to the presence of
exogenous ligand, a stable RRV ORF74-expressing clone, which demonstrated growth in
soft-agarose, was treated with GROa. prior to lysis and examination by Western analysis
for ERK activation (Fig. 2.5B). GROo was chosen as a potential ligand, since it is known
to bind to HHV-8 ORF74 and further stimulate its constitutive signaling abilities (62),
including signaling through the ERK pathway (152). Although the constitutive ERK
activation of the particular RRV ORF74 clone examined in these experiments seemed

lower than those of some clones tested in previous assays, it did demonstrate slightly
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elevated basal ERK activation (~1.23-fold above vector), and the addition of exogenous
GROao stimulated the ERK activating abilities of this clone above basal levels (~1.95-
fold induction versus untreated vector) and to a much greater extent than a similarly
treated vector clone (~1.57-fold induction versus untreated vector). This demonstrates
that RRV ORF74 expressing NIH3T3 cells are more responsive to GROa than cells not
expressing the receptor. Therefore, like HHV-8 ORF74, RRV ORF74 is capable of
interacting with a stimulating exogenous i gand, and signaling by the receptor, at least
through the ERK pathway, appears to be responsive to these interactions.

Since the RRV and HHV-8 GPCRs can signal through ERK, the ERK signaling
properties of RRV ORF74 were directly compared with HHV-8 ORF74, to determine
whether these receptors displayed similar constitutive signaling capabilities. To achieve
this, NTH3T3 cells were transiently transfected with equivalent amounts of plasmid DNA,
and lysates were then collected and analyzed for ERK activation by Western blot
analysis. In these experiments, both RRV ORF74 and HHV-8 ORF74 are capable of
constitutively activating ERK signaling when compared to a vector control (Fig. 2.5C).
Quantitation of ERK activation revealed that on average, the levels of phospho-ERK in
RRYV ORF74 transfected cells were 1.49-fold higher than in vector-transfected cells (SD,
+/- 0.325), while HHV8 ORF74 transfected cells displayed a 2.3-fold-higher level (SD+/-
1.19) than vector-transfected cells. Interestingly, from these experiments it appears that
RRV ORF74 is not as potent a stimulator of the ERK pathway as the HHV-8 receptor,
since the levels of phospho-ERK tended to be somewhat less elevated in RRV ORF74-
expressing cells than in those expressing HHV-8 ORF74. These observations were made

in multiple experiments, and similar patterns were observed. Although the differences in
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activation did vary between transfections, the trend consistently demonstrated a slightly
stronger activation of ERK by HHV-8 ORF74 than by RRV ORF74. This demonstrates
that despite a similar constitutive activation of ERK signaling, variations in the signaling

abilities of these two receptors are also likely to exist.
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DISCUSSION

Several herpesviruses are known to carry GPCRs with sequence similarity to
cellular chemokine receptors, including cytomegalovirus (US27, US28, UL33, and
UL78), Herpesvirus saimiri (ECRF3), and HHV-8 (ORF74). Here we have demonstrated
that RRV ORF74 encodes a protein with high sequence similarity to ORF74 of HHV-8,
and that these receptors display some similar activities in vitro. Like its HHV-8
counterpart, RRV ORF74 possesses transforming potential, given that RRV ORF74
expressing cells can grow in soft-agarose and can induce tumor formation in nude mice.
Also, we have examined the ability of ORF74 of RRV to induce the up-regulation of
VEGF production in transfected NIH3T3 cells, and in transient transfection assays we
have found that RRV ORF74 is capable of inducing a slight increase in VEGF secretion,
similar to that seen with HHV-8 ORF74. Despite these similarities, we have only been
able to detect constitutive activation of the ERK signaling pathway in NIH3T3 cells, and
this activation appears to be somewhat less potent than what is observed with HHV-8
ORF74. Due to a lack of antibodies against these receptors, the levels of RRY and HHV-
8 ORF74 protein expression in transfected cells could not be examined, and indeed,
variations in expression could affect the levels of ERK activation seen in thése
experiments. Alternatively, it is also very likely that the observed differences in ERK
signaling are in fact due to the sequence variations between these two viral receptors,
which may ultimately result in differences in their abilities to activate certain signaling
pathways. In addition to ERK, we have also examined several other si gnaling pathways

known to be activated by HHV-8 ORF74 in various cell types (i.e. PLC/PKC, JNK, p38,
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AKT/PKB), and have found no evidence that these pathways are similarly activated by
RRV ORF74, at least in NTH3T3 cells. However, further studies, possibly using other cell
types, would be necessary to completely rule out the involvement of any of these
pathways in RRV ORF74 signaling and activities. Nevertheless, our data seem to indicate
that the signaling abilities of these two receptors may actually vary, even though they
display similar activities in other assays.

Since cells expressing RRV ORF74 possesses transforming ability and can induce
VEGF secretion, it is likely that the receptor retains some of the signaling properties
found in the HHV-8 receptor, which are responsible for these activities. For example, the
induction of ERK1/2 activity by RRV ORF74 appears to correlate with its ability to
increase VEGF secretion in transfected cells. In fact, cells that were transiently
transfected with RRV ORF74 and found to secrete increased ievels of VEGF, also
demonstrated increased phospho-ERK levels. The same was true with cells transfected
with HHV-8 ORF74. This observation is not surprising since induction of VEGF
secretion by HHV-8 ORF74 has been partially attributed to the ability of this receptor to
activate MAPK members ERK1/2 and p38, resulting in the activation of the VEGE
promoter (154). However, all of the signaling pathways RRV ORF74 may be activating
to produce its various activities are unknown, as is the case for HHV-8 ORF74. Many of
these pathways could be the same as or differ from those activated by the HHV-8
receptor, but may still ultimately result in similar activities, such as cellular
transformation.

As mentioned previously, it is highly possible that sequence variations in the

receptor carried by RRV could result in differences in activity from the HHV-8 receptor,
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due to alterations in the signaling capabilities of the protein. Of particular interest is the
presence of an IRC motif in the second intracellular loop instead of the VRY motif found
in the HHV-8 GPCR, a motif that has been speculated to be responsible for the
constitutive activity of this receptor. In mutagenesis studies with RRV ORF74, we have
found that alterations in this motif which more closely resemble CXCR2 (DRY) and
HHV-8 ORF74 (VRY), specifically 143I/D and 145C/Y, do not appear to alter the
transforming or ERK signaling abilities of the receptor (data not shown; see appendix 1).
Interestingly, the CXCR2-like receptor encoded by ECRF3 of Herpesvirus saimiri
contains an LRC motif at this same position, which is structurally quite similar to the IRC
motif. This receptor does not appear to be constitutively active, although it is responsive
to chemokines (3).

Another reason for the potential differences in signaling between these receptors
may be that HHV-8 ORF74 is not truly a constitutively active receptor, and that it may in
fact require the presence of exogenous ligand(s) to become fully stimulated. These
ligands could be factors that are present in cell culture media, that is normally secreted by
cells used to analyze the receptor, or whose expression is up-regulated by cells expressing
the receptor (i.e. an autocrine signaling mechanism). If this were the case for HHV-8
ORF74, it could be that RRV ORF74 is either less responsive to similar ligands, or is less
capable of inducing their expression to stimulate the receptor in an autocrine fashion, thus
resulting in weaker constitutive activity of the receptor. We have shown that when GRO,
is added to cells expressing RRV ORF74, the constitutive ERK activation of the receptor
is elevated, suggesting responsiveness to exogenous ligand(s). Although we have not

determined whether the RRV and HHV-8 receptors respond identically to GROq, or
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whether other ligands might also alter signaling of the RRV receptor, it appears that both
of these receptors are capable of being regulated by exogenous ligands.

Despite the differences mentioned above, it appears that RRV ORF74 encodes a
protein that demonstrates activities similar to those of HHV-8 ORF74. It should be noted,
however, that this receptor likely does not function in mouse fibroblasts as it might in
other more relevant cell types. Indeed, studies recently done with HHV-8 ORF74 in
endothelial cells have shown that some of the constitutive signaling properties and
activation of pathways seen in cells such as NTH3T3 and COS cells do not occur in
endothelial cells (39). Therefore, it will be extremely important to test the activities of the
RRV GPCR in different cell types as well, particularly in those cell types that may be
naturally infected by RRV, such as B cells and endothelial cells,

The fact that RRV ORF74 has similar activities to HHV-8 ORF74 suggests that
this gene may be involved in the development of HHV-8-like diseases seen in RRV
infected macaques. Although the RRV receptor may in fact have some activities that
differ from those of the HHV-8 GPCR, it is likely that these viral proteins both provide
some similar functions that are crucial to the survival and replication of these two highly
homologous viruses. The exact functions that these receptors may provide to the virus are
unknown; however, possibilities include homing of virally infected cells and regulation
of cellular activities that affect viral growth and replication. In addition, the fact that these
viral receptors possess transforming activity is likely not reflective of the true function
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