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ABSTRACT 
_____________________________________________________________ 
 

Kaposi’s Sarcoma-associated herpesvirus (KSHV) and rhesus macaque rhadinovirus 

(RRV), two closely related γ-herpesviruses, are unique in their acquisition and expression 

of a cluster of genes with significant homology to cellular interferon (IFN) regulatory 

factors (IRFs).  Initial studies of KSHV vIRFs demonstrated their varied function in 

immune evasion and tumorigenesis.  However, inadequate models for studying de novo 

KSHV infection, as well as KSHV-associated diseases, makes RRV the most acceptable 

alternative for evaluating the role(s) of vIRFs during de novo infection, and in the 

development of disease.  We have generated and characterized a vIRF deletion virus, 

vIRF-ko RRV, with all eight vIRFs deleted (ORFs R6-R13), using the bacterial artificial 

chromosome (BAC) clone of RRV17577.  In vitro analyses demonstrated that vIRF-ko 

RRV infection resulted in increased induction of type I and type II IFN during de novo 

RRV infection, which correlated with a significant increase in the nuclear accumulation 

of cellular IRF-3, necessary for driving transcription of type I IFN.  Furthermore, vIRF-

ko RRV infection of rhesus macaques results in undetectable viral loads, increased Th1 

cytokine production and earlier T cell responses, as well as diminished B cell 

hyperplasia, a defining characteristic of RRV infection.  Further in vitro analyses of 

individual RRV vIRF clones demonstrated that expression of R6 vIRF significantly 

inhibited transcription mediated by cellular IRF-3, as well as type I IFN.  Moreover, R6 

vIRF specifically binds to cellular IRF-3, which may explain the IRF-3 dysregulation and 

inhibition of type I IFN observed during RRV infection.  Additionally, three other vIRFs 

(ORFs R7, R8, and R9) demonstrated transforming capacity in vitro, suggesting each 



  x

vIRF has a potentially unique and varied role in immune evasion and pathogenesis.  

Overall, our findings demonstrate the significant inhibitory role vIRFs have on the IFN 

response, as well as their wide-ranging impact during RRV infection in the rhesus 

macaque.  If these data can be extrapolated to KSHV-associated disease, our findings 

would suggest that targeting vIRFs could be a potential therapeutic option to enhance 

immune responses and inhibit B cell proliferation before malignancies develop.   
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CHAPTER 1 
 

INTRODUCTION 
 

I.  Human Herpesviruses 

A.  Classification 

Herpesviruses are ubiquitous in nature, with most animal species harboring at least one 

herpesvirus.  There are eight viruses that naturally infect humans as their primary target, 

and these are designated Human Herpesvirus 1(HHV-1) through HHV-8.  Viruses were 

initially categorized within the Herpesviridae family based on virion architecture, 

including a single linear dsDNA genome, an amorphous, proteinacious material 

(tegument) surrounding the icosahedral capsid, and an envelope containing glycoprotein 

spikes on the surface (199, 200). Additional biological properties of herpesviruses 

include nuclear replication of the DNA genome, destruction of the infected cell during 

lytic replication, and development of latency within the infected host (199).   

 

Herpesviruses are further divided into 3 subfamilies, Alphaherpesvirinae, 

Betaherpesvirnae, and Gammaherpesvirinae, dependent mostly on cellular tropism 

during latency, growth properties, host range, sequence and genomic organization 

(199).  Alphaherpesviruses have a short life cycle; these viruses grow rapidly with 

efficient cellular destruction in culture, and can establish latency within the sensory 

ganglia of the infected host.  Members of the alphaherpesvirus subfamily include 

Herpes Simplex Virus 1 (HSV 1) and HSV 2, also referred to as HHV-1 and HHV-2, as 

well as HHV-3, also known as Varicella-Zoster Virus (VZV) (199).  HSV-1 and HSV-2 
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have a broader host range than VZV, which replicates almost exclusively within 

specific human cell types (49).   

 

Viruses within the Betaherpesvirinae subfamily are characterized by a long viral life 

cycle, and a host range restricted to a specific species.  Members of the 

Betaherpesvirinae subfamily include HHV-5, also known as Human Cytomegalovirus 

(HCMV) (199), HHV-6A, HHV-6B, and HHV-7 (258).  These viruses have slow 

growth properties in cell culture, and infected cells often become enlarged 

(cytomegalia).  Latency is established within secretory glands, lymphoreticular cells, T 

cells and monocytes (199, 258).   

 

The Gammaherpesvirinae subfamily includes viruses with a narrow host range that is 

confined to the taxonomic order in which the natural host belongs.  These viruses are 

specific for B and T cells, and also establish latency within the lymphoid population 

(81).  In vitro, gammaherpesviruses infect a variety of cellular populations in the 

peripheral blood, as well as epithelial cells and fibroblasts. This subfamily includes the 

γ1-lymphocryptovirus HHV-4, also known as Epstein-Barr Virus (EBV) (199), and the 

γ2-rhadinovirus HHV-8, also known as Kaposi’s Sarcoma-associated Herpesvirus 

(KSHV) (163). 

 

B. Virion Structure and Genomic Organization 

Herpesviridae consist of a large (~120-230kb), linear, dsDNA genome, encoding an 

estimated 70-200 open reading frames (ORFs).  The dsDNA genome of all mammalian 
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herpesviruses includes about 40 core genes, which encode capsid proteins, envelope 

glycoproteins, DNA replication proteins and DNA packaging/cleavage proteins (167).  

The remaining ORFs encode for accessory proteins, and are not essential for growth of 

the virus in vitro.  However, the accessory proteins are often necessary for viral 

replication in the host animal, as they play a variety of necessary roles in immune 

evasion, and development and maintenance of latency (200).  All the mammalian 

herpesvirus genomes contain terminal and/or internal repeated regions that either flank 

or interrupt the long unique segment of the genome.  These repeated regions contain cis 

signals for packaging and cleavage of new genomes during infection (158), and the 

terminal repeats flanking the KSHV genome are also required for the maintenance of 

the genome during latency (13).  Additionally, each virus contains at least one origin of 

replication (oriLyt), which is at least ~100bp in length and necessary for initiating DNA 

replication during the lytic infection cycle (12, 24, 266).   

 

The viral nucleic acid is encapsidated in an icosahedral capsid measuring ~100nm in 

diameter (200).  Surrounding the capsid, and extending to the envelope, is the 

amorphous, proteinacious material that makes up the tegument.  The variability in the 

amount of tegument differs among herpesviruses and is also relative to where the virion 

is within the cell; a thicker tegument is seen in virions within cytoplasmic vacuoles as 

compared to virions accumulating in the perinuclear space.  Additionally, herpes virions 

have a lipid envelope which includes 7-20 viral glycoproteins protruding from the 

surface (200) (Fig. 1.1A).   
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Mature herpes virions vary in size from 120-260nm, due to both differences in the 

amount of tegument and the condition of the viral envelope (200).  The exact number of 

protein species present within the virion is unknown and is variable between viruses.  

Proteomic analyses have identified between 24 and 71 viral proteins present within the 

envelope, the tegument, the capsid, and some proteins with unknown location (155, 

168, 264).  Likewise, a number of host proteins are also included within herpesvirus 

virions (155, 264), but their role and necessity during infection have not been 

determined.  Additionally, viral mRNAs are also packaged within the KSHV virion, 

posing them for immediate translation during infection (14).   

 

C. Herpesvirus Life Cycle     

A generic schematic of the herpesvirus life cycle is included in Figure 1.1B, and each 

step will also be explained in the following text.  The initial step in the herpesvirus life 

cycle is binding of the virion, via glycoproteins, to host receptors on the cell surface; 

heparan sulfate is a common binding receptor utilized by herpesviruses.  A fusion event 

follows the initial binding interaction and involves different host and viral receptors 

than the initial binding event.  Interactions between glycoproteins on the viral envelope 

and host proteins on either the plasma membrane or endosomal membrane result in 

fusion and release of the viral capsid and tegument proteins into the cytosol.  The capsid 

is then shuttled to the nuclear envelope where the linear viral genome is delivered into 

the nucleus through the nuclear pore.  The genome circularizes and becomes associated 

with histones, making it a suitable template for RNA polymerase II (200).  

Transcription of viral genes subsequently occurs in a temporally ordered fashion (97).  
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The initial genes are transcribed within hours after the virus enters the cell, and are 

termed immediate early (IE) genes, categorized as such due to their insensitivity to 

cycloheximide (CHX).  Insensitivity to CHX means these viral genes do not require 

newly synthesized viral proteins before they are expressed, and the IE proteins 

generally function to inhibit the host’s innate antiviral defenses (237).  The second 

group of viral genes expressed are termed early genes, and are expressed between 12-48 

hours post-infection (hpi).  The early genes are sensitive to CHX, but are insensitive to 

chemicals that inhibit viral replication, such as phosphonoacetic acid (PAA), and thus, 

many of the early genes function to promote viral replication.  The third and final group 

of viral genes transcribed are termed late genes.  The late genes encode for the structural 

proteins that are necessary for virion assembly (97).   

       

Replication of the herpesvirus genome initiates at one or more of the oriLyt sites and 

results in at least one round of θ replication.  After this, replication occurs via a rolling 

circle mechanism, generating concatamers of herpesvirus genomes that are cleaved and 

packaged into preformed capsids in the nucleus (24).  The filled capsids undergo 

nuclear egress, associate with tegument proteins and don a viral glycoprotein-studded 

envelope as they exit the cell.  There is still some debate about the assembly steps 

following encapsidation in the nucleus, but a widely accepted model is that filled 

capsids undergo an envelopment-development-re-envelopment process as they move 

through the nuclear membrane, then through the golgi, and are finally released from the 

cell (81, 155, 217) (Fig. 1.1B).    
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In addition to the distinct lytic replication cycle described above, herpesviruses also 

establish a latent infection in the host.  During latency, only a small subset of the viral 

genes are transcribed and no viral progeny are produced (81, 200).  Latent virus is 

maintained in the nucleus as an episome, and in the case of HSV-1 and HSV-2, which 

latently infect neurons, the only viral product that can be detected are the latency-

associated transcripts (LATs) (200).  KSHV establishes latency within B cells and the 

viral genome is also maintained in the nucleus as an episome, tethered to host 

chromosomes via a viral protein, latency-associated nuclear antigen 1 (LANA-

1/ORF73) (13).  Cells latently infected with KSHV limit their viral gene expression to a 

few key proteins, including LANA-1 (81).  KSHV has also ensured its genome is 

efficiently replicated and distributed to daughter cells at each cell division (81).  

Because herpesviruses have developed methods to maintain their genome latently 

within non-dividing cells or developed ways to replicate their genome without inducing 

lytic infection, they have ensured their lifetime persistence within the infected host.  
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FIGURE 1.1.  Herpesvirus structure and replication cycle.  (A) A generic schematic 

of the organization and components of a herpes virion.  (B) A diagram of the replication 

cycle is shown together with electron micrographs of the respective stages. After 

attachment (1) and penetration (2), capsids are transported to the nucleus (N) (3) via 

interaction with microtubules (MT) (4), docking at the nuclear pore (NP) (5) where the 

viral genome is released into the nucleus. Here, transcription of viral genes and genome 

replication occur (6). Concatemeric replicated viral genomes are cleaved to unit-length 

during encapsidation (8) into preformed capsids (7), which then leave the nucleus by 

budding at the INM (9) followed by fusion of the envelope of these primary virions 

located in the perinuclear space (10) with the outer nuclear membrane (11). Final 

maturation then occurs in the cytoplasm by secondary envelopment of intracytosolic 

capsids via budding into vesicles of the trans-Golgi network TGN (12) containing viral 

glycoproteins (black spikes), resulting in an enveloped virion within a cellular vesicle. 

After transport to the cell surface (13), vesicle and plasma membranes fuse, releasing a 

mature, enveloped virion from the cell (14). RER, rough endoplasmic reticulum; M, 

mitochondrion; G, Golgi apparatus.  Figure and legend for (B) adapted from (155) and 

reprinted with permission.  
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D. Diseases Associated with Human Herpesviruses 

Primary herpesvirus infections can often be asymptomatic, but this section will 

highlight common clinical outcomes of symptomatic herpesvirus infections.  HSV-1 

and HSV-2, two alphaherpesviruses, target mucosal epithelium during primary 

infection, and result in ulcerative and vesicular lesions of the mouth and genitals, 

respectively (252).  HSV-1 and HSV-2 are neurotropic, and thus, remain latent within 

the trigeminal ganglia following primary infection, and lytic reactivation results in 

similar symptoms as those during primary infection, but the frequency of reactivation 

varies greatly among individuals.  In rare cases, HSV infection is also associated with 

encephalitis, which is often fatal if left untreated (252).   

 

Primary infection with VZV, also an alphaherpesvirus, usually occurs during childhood 

and results in varicella (chicken pox), a vesicularized rash that appears all over the body 

due to infection of T cells and the systemic nature of primary infection (49).  Similar to 

HSV-1 and -2, VZV is also neurotropic and develops latency in the trigeminal and 

dorsal root ganglia.  Reactivation of VZV results in herpes zoster, often referred to as 

shingles, a painful, vesicular rash confined to specific regions of the skin, usually on 

one side of the body served by a single spinal nerve (116).  Unlike chicken pox, herpes 

zoster can result in severe, prolonged pain, known as post-herpetic neuralgia (116).  

Development of a live, attenuated vaccine for VZV has dramatically reduced rates of 

chicken pox in the US, and halved the cases of herpes zoster in elderly individuals 

(174). 

 



  10

CMV, a well-studied betaherpesvirus, is mostly associated with opportunistic disease, 

as primary infection of immune-competent individuals is usually asymptomatic.  

However, primary CMV infection of pregnant women can lead to serious congenital 

diseases including CNS damage, hearing loss, and mental retardation of the fetus.  

Reactivation of latent CMV can cause complications when the immune system is 

compromised, such as after organ transplantation or during an advanced stage of AIDS 

(158).  HHV-6 and HHV-7 are also betaherpesviruses, and belong to the roseola genus.  

Primary infection with HHV-6 or HHV-7 can result in exanthem subitum, a common 

disease in infants characterized by sudden fever and subsequent development of a rash 

on the trunk and face.  Exanthem subitum is sometimes accompanied by seizure, and 

also rarely associated with meningitis and encephalitis (258).  HHV-6A, and to a lesser 

extent HHV-6B, have also been associated with multiple sclerosis.   However, HHV-6, 

like many other suspected viruses, has never been directly demonstrated as a causative 

pathogen in development of multiple sclerosis (243).   

 

Gammaherpesviruses, EBV and KSHV, are both lymphotropic, and are both directly 

associated with a variety of T cell and B cell malignancies (33).  Accordingly, EBV and 

KSHV also establish latency within B cells (196).  About 90% of the population is 

infected with EBV, and primary infection is associated with infectious mononucleosis 

in about 25% of individuals (196).  Moreover, latent EBV infections can also potentiate 

the development of a number of lymphomas, including non-Hodgkin’s lymphoma, 

Burkitt’s lymphoma, nasopharyngeal carcinoma, T cell and NK cell lymphomas, and 

post-transplant lymphoma (33, 196).  Whether the virus directly drives development of 
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the malignancy, or whether EBV infection assists in the progression via tumorigenic or 

anti-apoptotic mechanisms, is still uncertain (196).  KSHV, also known as HHV-8, is 

the most recently identified human herpesvirus (41).  KSHV is recognized as the 

etiological agent of Kaposi’s Sarcoma (41), an endothelial neoplasm, and is also 

implicated in the development of two distinct B cell disorders, primary effusion 

lymphoma (PEL) (37) and multicentric Castleman’s disease (MCD) (220).  These 

KSHV-associated diseases will be discussed in more detail in the following section.    

 

II.   Kaposi’s Sacroma-associated Herpesvirus  

A.  Identification and General Characteristics 

Kaposi’s Sarcoma-associated Herpesvirus (KSHV), or Human Herpesvirus 8 (HHV-8), 

was first identified in 1994 by Yaun Chang and Patrick Moore, who used 

representational differential analysis to identify this previously unknown herpesvirus in 

a KS lesion from an AIDS patient (41).  KSHV is encoded by a 120kb dsDNA genome 

and is included in the γ2-herpesvirinae, or rhadinovirus, genus in which Herpesvirus 

Saimiri (HSV) is the prototypic member (81). Unlike other human herpesviruses, 

seroprevalence in the general population is fairly low (1-3%) in the US.  However, 

KSHV seroprevalence is higher within specific groups, such as HIV-positive, 

homosexual/bisexual males (30%), children (20-30%) and adults (50-70%) living 

within specific regions in Africa, and within elderly men of Mediterranean descent 

(<10%) (83, 181). The virus is associated with Kaposi’s Sarcoma, a neoplasm of 

endothelial origin, as well as 2 B cell lymphomas, pleural effusion lymphoma (PEL) 

(37) and multicentric Castleman’s disease (MCD) (220).      
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KSHV appears to be transmitted in a variety of ways, but the exact routes are not 

entirely clear (181).  Saliva seems to play a pivotal role in the transmission of this virus, 

as suggested by the high salivary viral loads.  Likewise, high seroprevalence in children 

in endemic areas eliminates sexual contact as a main route of transmission (34, 65, 181).  

However, within areas of low seroprevalence, such as the US, sexual transmission is 

likely the main route of transmission, as KSHV infection in adolescents is rare (65).  

Additionally, men who engage in homosexual activities have a much higher rate of 

seroprevalance versus heterosexual men (30% vs 1%), and this increases with 

occurrence of other sexually transmitted infections, suggesting the presence of 

inflammatory cells or a weakened immune status may increase the likelihood of sexual 

transmission (181).  There are few reports of blood transmission of KSHV, and 

accounts of vertical transmission have not reported virus within breast milk, so 

shedding via saliva is also the likely route in cases of vertical transmission, as well (65, 

181).     

 

KSHV DNA and viral transcripts have been identified in a variety of cell types in 

infected humans, including endothelial cells (25), epithelial cells, keratinocytes, 

monocytes (22, 159), and B cells, which are an important reservoir of KSHV latency (8, 

159).  Likewise, in vitro studies have confirmed that KSHV can infect endothelial cells, 

epithelial cells, fibroblasts, B cells (191), keratinocytes (208), macrophages (189) and 

dendritic cells (DCs) (250) (189), but infection results in a predominantly latent 
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infection (81).  However, latently infected B cells and endothelial cells can be treated 

with phorbol esters to induce lytic replication in a small percentage of cells (191, 241).   

 

KSHV binding and entry into cells appears to require different receptors and entry 

mechanisms based on cell type.  Initial binding of KSHV to endothelial cells is 

mediated through interactions between viral glycoproteins, K8.1 and gB, with heparin 

sulfate on the cell surface (5, 19, 245). There also appears to be a second binding 

interaction between gB and α3β1 integrins on endothelial cells, as well (6).  

Differentially, KSHV binds to DC-specific intracellular adhesion molecule-3 grabbing 

non-integrin (DC-SIGN) to gain entry into B cells (188), DCs and macrophages (189), 

but the viral protein(s) that mediates this binding has yet to be identified.  KSHV gains 

entry into endothelial cells (88), fibroblasts (4), and B cells (188) via clathrin-mediated 

endoctyosis, but it’s also been demonstrated that KSHV utilizes macropinocytosis for 

entry into endothelial cells (187).  Although there is not a complete understanding of 

KSHV binding and entry, the wide cellular distribution of heparin sulfate and multiple 

mechanisms of viral entry could explain how KSHV is able to infect so many different 

cell types.   

 

B. KSHV-associated Pathologies 

1.  Kaposi’s Sarcoma    

The most recognized pathology associated with KSHV infection is Kaposi’s Sarcoma 

(KS).  KS was first described in 1872 by Moritz Kaposi, who defined it as ‘an 

idiopathic multiple pigmented sarcoma’ (114, 151).  At that time, KS was considered a 
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rare, slowly progressing disease, and was most commonly seen in elderly men of 

Mediterranean and Eastern European descent.  However, when previously healthy, 

young, homosexual men started presenting with an aggressive, fatal form of KS in 1981 

(79), it quickly redefined KS as a more significant health concern.  Early studies 

showed that, within the US, persons with AIDS were 20,000 times more likely to have 

KS than persons within the general population (15).  Likewise, throughout the 1980s 

and into the 1990s, the incidence of KS among AIDS patients was between 15-30%, 

and KS was often the presenting disease in these individuals (15, 104).  Fortunately, the 

advent of highly active antiretroviral therapy (HAART) for treatment of HIV in the 

mid-1990s has considerably decreased the incidence of KS and KS-associated death 

(65, 104).  However, KS still remains the most prevalent HIV-associated malignancy 

(223), and is a significant health concern for those who do not have access to HIV 

treatments, cannot afford treatment, or are non-compliant.  Moreover, recent studies 

have documented an increase in KS in HIV-infected individuals receiving long-term 

HAART and maintaining low HIV viral loads and stable CD4 T cell numbers (152).  

These recent data suggest that, in addition to KSHV infection and immune-suppression, 

other unidentified factors are important for development of KS. 

 

KS is described as a multi-focal angioproliferative disease.  KS lesions are present on 

the dermis, oral cavity, and visceral organs, and are composed of proliferating spindle 

cells of endothelial origin, as well as a high number of infiltrating immune cells (89).  

KSHV can be detected in circulating B cells (8), and in the characteristic spindle cells 

(25) and monocytes (22) within KS lesions of infected individuals.  Most cells within 
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KS lesions are latently infected, with only ~3% demonstrating lytic antigen production 

(89).  The lesions are also highly vascularized, but the new blood vessels are abnormal 

and leaky, giving the lesions their characteristic purplish color (89).   

 

Kaposi’s Sarcoma can be categorized into 4 distinct forms:  1) classic KS, 2) epidemic 

or AIDS-associated KS, 3) endemic or African KS, and 4) transplant-associated KS 

(65).  Classic KS is seen in elderly men of Mediterranean descent and is not associated 

with HIV infection.  Classic KS was the variant initially described by Dr. Kaposi (114), 

and is usually a less aggressive form of the disease, resulting in dermal lesions restricted 

to the lower extremities.  AIDS-associated KS is a more aggressive form of the disease 

and as its name implies, is associated with an advanced stage of HIV infection.  These 

individuals often have lesions appearing on the lower and upper extremities, the face, 

the oral cavity and the visceral organs, and disease often results in a poor outcome (11).  

Endemic KS was prevalent in Africa long before the HIV epidemic, and compared to 

other parts of the world, there’s a higher incidence among women and children.  In 

some endemic regions in Africa, KS incidence is >50% (83, 90).  Transplant-associated 

KS results in patients undergoing immunosuppressive therapy following an organ 

transplant, and will often regress when patients stop taking immune suppressing drugs 

(65). 

 

Treatment options for KS depend on the severity of disease and the immune status of 

the individual.  Surgical excision of lesions, laser or cryo-therapy and topical 

chemotheraputics are choice treatments in mild cases, but do not prevent development 
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of new lesions (223).  In aggressive KS cases, low dose systemic chemotheraputics are 

usually employed.  More recently, less traditional treatment options have shown 

promise in clinical studies, including the tyrosine kinase inhibitor, imatinib (60, 223).  

In HIV-positive individuals, HAART is the recommended treatment, and can reduce the 

extent of disease and reduce the incidence of new cases of KS (60, 104).  The increased 

angiogenesis seen in KS can also be targeted in a number of ways to limit tumor 

growth.  Rapamycin blocks the mammalian target of rapamycin (mTor) directly, 

leading to a decrease in growth signals.  Likewise, targeting vascular endothelial growth 

factor (VEGF), which can signal through the mTor pathway and is also a product of 

mTor signaling, also inhibits transformation (222).  None of these treatments are solely 

directed against the virus, but antivirals on their own are not that effective at treating 

KS, as the majority of tumor cells within the lesions are latently infected and these 

drugs specifically target lytic replication (139).  However, a combination of these 

therapies is often employed for the most benefit.   

 

2. B cell disorders 

a. Primary Effusion Lymphoma (PEL) 

Soon after identifying KSHV as the etiological agent of Kaposi’s Sarcoma (41), KSHV 

infection was also identified in AIDS patients with body-cavity based lymphomas (37). 

This type of lymphoma is characterized by pleural, pericardial, or peritoneal effusions, 

and is now referred to as primary effusion lymphoma (PEL) (36).  PEL is a rare disease 

and only accounts for about 2% of AIDS–associated lymphomas (223), but 
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unfortunately, patients with PEL also have a poor prognosis, with an average survival 

time of 2-5 months (36).   

 

Further analysis of this particular lymphoma characterized PEL cells as differentiated, 

hyperblastic plasma cells due to their surface expression of CD138, lack of surface 

immunoglobulin, as well as clonal immunoglobulin gene rearrangements (36).  Other 

defining traits of PEL cells include expression of CD45, but a lack of characteristic B 

cell markers (e.g., CD19).  Also, PEL cells generally do not have rearrangements in the 

c-myc gene, nor do they have alterations in Bcl-2, Ras, or p53 genes (36).  Therefore, 

because dysregulation of these oncogenes is often a factor in the development of 

malignancies, it’s apparent that KSHV infection is able to drive transformation via other 

unique mechanisms.  Latent KSHV (50-150 genome copies/cell) is detected within 

PEL, with the majority of cells expressing the latency proteins, LANA-1 (ORF73), 

vCyclin (ORF72) and vFLIP (ORF71), as well as kaposin (ORF K12) and LANA-

2/vIRF-3 (ORF K10.5).  Additionally, a small percentage of these cells are also 

expressing vIL-6 (ORF K2) (89).  Moreover, there are also a marked expression cellular 

IL-6 within PEL tumors (223); and the fact that IL-6 and vIL-6 are both capable of 

driving proliferation of B cells (99) makes these cytokines potentially crucial factors in 

the development of PEL (162, 166).   

 

There is not a standard protocol for treating PEL, and because of the rarity of this type 

of lymphoma, it’s not feasible to test therapies via clinical trials.  However, because 

PEL usually develops in cases of advanced AIDS, HAART is already being 
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administered and combining HAART with antiviral drugs can promote survival (223).  

In another study patients with PEL were treated with antiviral drugs and valproate, a 

histone-deacetylase inhibitor, which increased KSHV lytic replication and increased 

apoptosis of PEL cells in these patients (35).  Likewise, rapamycin and NFκB inhibitors 

both lead to apoptosis of PEL cell lines in vitro, providing two other potential 

treatments (216). 

 

b. Multicentric Castleman’s Disease (MCD) 

MCD is an aggressive lymphoproliferative disorder involving multiple lymph nodes and 

extranodal sites.  KSHV is associated with nearly all cases of MCD in HIV-positive 

individuals, and is characterized by enlarged germinal centers within the affected lymph 

nodes.  MCD tumor cells are characterized as plasmablastic cells that are less 

differentiated than PEL cells due to their expression of IgM and pre-plasma B cell 

markers, IRF4 and Blimp1, as well as their lack of CD138 expression (38).  The 

expansion of B cells in patients with MCD is accompanied by an increase in IL-6 levels, 

which is likely enhanced by vIL-6, as well (179).  Approximately 10-50% of the B cells 

within the affected lymph nodes are positive for KSHV LANA-1 (latent antigen), and 5-

25% of these cells also express vIRF-1 (ORF K9) and vIL-6 (lytic antigens) (179), 

suggesting both latent and lytic transcriptional programs of KSHV-infected cells in 

MCD, differing from a predominantly latent KSHV infection in KS and PEL. 

 

Therapies for MCD are often in the context of HAART for simultaneous treatment of 

HIV, and usually include steroids and chemotherapy (11).  Similar to PEL, it’s thought 
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that cellular IL-6 and vIL-6 are also potential growth factors driving development of 

MCD (11).  Accordingly, monoclonal antibodies against IL-6, as well as CD20, have 

proven efficacious in treating MCD (223).  Antiviral therapy has also proven useful in 

inducing regression of MCD due to the higher incidence of lytic KSHV replication in 

MCD (35). 

 

C.  Novel KSHV Genes and Proposed Roles in Pathogenesis 

KSHV encodes a number of genes that have suggested roles in pathogenesis (Table 

1.1), including several viral homologues of cellular genes likely pirated from the host 

throughout the evolution of the virus (10, 89).  These viral genes include homologues to 

IL-6 (vIL-6/ORF K2), CC chemokine ligands (vCCL-1, -2, -3/ORFs K6, K4, K4.1), 

Bcl-2 (vBcl-2/ORF 16), cyclinD (vCyc/ORF 72), CD200 (vCD200/ORF K14), a G-

protein coupled receptor (GPCR) with homology to the IL-8 receptor (vGPCR/ORF 

74), a complement control  protein (vKCP/ORF 4), caspase 8 (FLICE)-like inhibitory 

protein (vFLIP/ORF K13), and viral interferon regulatory factors (vIRF-1, -2, -3, -

4/ORFs K9, K11/11.1, K10.5/10.6, K10/10.1) (10).  The cellular homologues of these 

genes have roles in inflammation, the interferon (IFN) response, and apoptosis.  

Moreover, in vitro studies have demonstrated these viral proteins also function within 

the same pathways, sharing functions with their cellular homologues, as well as 

possessing distinct functions of their own (Table 1.1) (10, 89).  For example, the vIRFs 

have inhibitory roles in the induction of IFN and IFN-signaling, specifically 

antagonizing cellular IRFs, and KSHV vIRF-1 can also promote cellular transformation 
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[reviewed in (170)].  A separate section will further detail the functions of vIRFs and 

their potential role in KSHV pathogenesis.    

 

The viral cytokine/chemokine proteins, vIL-6 and vCCLs, possess similar functions as 

their cellular counterparts.  For example, cellular IL-6 and vIL-6 both bind to the same 

receptor, function to promote cellular proliferation (42, 110, 166), and also promote 

angiogenesis by inducing production of vascular endothelial growth factor (VEGF) (9).  

Differentially, vIL-6, but not cellular IL-6, also functions to antagonize IFN-α-mediated 

cell cycle arrest by inhibiting the IFN-stimulated gene factor 3 (ISGF3) complex from 

driving transcription (42).  Moreover, because vIL-6 is one of the few viral proteins 

readily detectable in PEL and MCD tumors (11, 223), it is potentially a crucial player in 

development of these B cell disorders.  The vCCL proteins show homology to 

macrophage inflammatory proteins (MIPs), and they function to initiate similar 

signaling cascades, regulate chemotaxis, and drive a Th2-polarized response that 

provides a potential immune evasion strategy (194).  Additionally, KSHV vCCLs (45), 

along with vBcl-2 and vFLIP (89), can all inhibit apoptotic signaling, potentially 

functioning in an oncogenic capacity during disease development.   

 

KSHV also encodes viral homologues that are expressed on the surface of the infected 

cell.  KSHV vCD200 shares sequence and functional homology with cellular CD200, a 

cell surface molecule with a broad expression profile (78).  Both the viral and cellular 

CD200 proteins bind to the CD200 receptor, present mostly on T cells and myeloid 

cells, and inhibit Th1 cytokine production and neutrophil function (78, 195).  KSHV 
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vGPCR is also expressed on the cell surface, and shares homology with cellular IL-8 

receptor.  Binding of IL-8 to cellular IL-8R or the viral homologue (vGPCR) induces a 

signaling cascade that promotes neutrophil migration and inflammatory signaling (218).  

KSHV vGPCR, however, encodes a mutation in a highly conserved sequence that 

renders the vGPCR constitutively active, removing the need for IL-8 binding.  

Expression of vGPCR on the cell surface results in an upregulation of mitogenic 

pathways and increased production of cytokines and chemokines in theose cells (218), 

and can independently promote cellular transformation (160, 218).   

 

The current collection of data establishes a multitude of functions for the KSHV 

immunomodulatory proteins (Table 1.1), including manipulation of innate and adaptive 

immune responses, as well as potentiating transformation (10).  Many of these findings, 

however, have yet to be validated during disease progression in vivo due to constraints 

within the current systems available for studying KSHV pathogenesis (169).      
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Abbreviations:  CCL, chemokine ligand; CCR, CC chemokine receptor; FLIP, FLICE-like inhibitory 

protein; RTA, replication and transcription activator; IAP, inhibitor of apoptosis; LANA, latency-

associated antigen; MIR, modulator of immune recognition; KCP, KSHV complement protein; SOX, 

shutoff and exonuclease protein.  Table reprinted with permission (51). 
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D.  Models of KSHV Pathogenesis  

Studying KSHV pathogenesis has proved difficult for two main reasons.  First, there is 

inefficient KSHV lytic replication within cultured cells.  In cultured B cells and 

endothelial cells, KSHV infection predominantly results in a latent infection.  Use of 

phorbol esters can induce lytic replication within latently infected PEL cells, but only in 

~25% of these cells (39), and only a quarter of those cells actually complete the lytic 

cycle (193).  Since the majority of viral genes are expressed during lytic replication, 

examination of specific viral genes has been mostly outside the context of infection.  

Secondly, it has been difficult to develop an animal model due to the species specificity 

of KSHV.  Efforts to develop an animal model to study KSHV pathogenesis will be 

discussed further.   

 

Initial attempts to develop an in vivo model of KSHV focused on utilizing an immuno-

compromised mouse (61, 180, 182).  An early study transferred KSHV-infected PEL 

cells into a SCID-hu mouse, resulting in development of a B cell tumor, but the tumor 

consisted solely of the grafted PEL cells (182).  Moreover, KSHV did not spread to 

murine tissues, or even to human PBMCs when they were grafted at the same time as 

the PEL cells (182).  Another study utilized SCID-hu Thy/Liv mice that were infected 

via direct inoculation of purified KSHV into the grafted human thymus and liver tissue 

under the kidney capsule (61).  Lytic and latent antigens were detected via RT-PCR 

within the transplanted B cell population, but no human cells were detected outside of 

the transplant, nor were KSHV antigens detected within any murine tissues/cells (61).  

A subsequent study utilized NOD/SCID mice, which were infected with purified KSHV 
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(180).  This potential model demonstrated KSHV infection of murine cells via lytic and 

latent transcript detection, as well as LANA protein expression during latency.  

Additionally, productive KSHV infection was also determined via detection of virus via 

electron microscopy, and KSHV maintained latency for >4 months PI within the B cell 

population, a major site of latency in KSHV-infected humans.  However, the total cell 

population infected with KSHV was less than 1% in these mice, and these animals did 

not develop any KSHV-associated diseases (180).  Overall, the use of small animal 

models does not allow for study of pathogenesis, as the development of KSHV-

associated diseases is limited and usually confined to transplanted human tissues (77, 

180).  Likewise, these animals have an impaired immune system, so it is not possible to 

study immune evasion or the immune response unless human PBMCs are also 

transplanted within these mice (61, 180, 182).  The utilization of small animal models is 

limited in its utility with a focus on latency, but not on disease, lytic replication, or 

immune response.   

 

Due to the troubles developing a small animal model, it was hypothesized that KSHV 

infection of non-human primates may yield better results due to the higher order of 

similarity between primate species (192).  However, KSHV infection of Simian 

Immunodeficiency Virus (SIV)+ and SIV- rhesus macaques (RM) did not result in 

detectable levels of lytic or latent KSHV transcripts or the development of anti-KSHV 

antibodies.  Viral DNA was detected in the first 6 months and at necropsy within the 

bone marrow and spleen, demonstrating persistence within the RMs.  Collectively, the 

low level of infection, lack of anti-KSHV humoral response, and lack of KSHV-
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associated diseases also makes KSHV infection of RMs an ineffective model (192).  

KSHV infection of common marmosets,  a more recently developed primate model, has 

also been explored as a potential system for studying KSHV pathogenesis (40).  The 

infected marmosets did not demonstrate any B cell hyperplasia, but KSHV established a 

persistent infection within B cells.  Additionally, KSHV infection of marmosets induced 

a robust humoral response, and one of the marmosets even developed a KS-like lesion 

(40).  However, similar to KSHV infection of RMs, this group was also unable to detect 

viral transcripts or recover virus from the infected animals (40).  Common marmosets 

are new world monkeys, taxonomically distinct from the more closely related old world 

monkeys and humans.  Moreover, common marmosets also have fewer MHC-I alleles, 

which could make them susceptible to a broader range of pathogens, and likely why 

these animals were susceptible to KSHV infection and development of KS-like disease 

(40).  Therefore, it’s important to consider that the interaction between the host immune 

system and the virus will be different in the context of a polymorphic MHC locus, and 

could account for differences in KSHV pathogenesis in humans, old world monkeys 

(RM), and new world monkeys (marmoset).    

 

Another approach to study KSHV pathogenesis is to utilize a virus similar to KSHV and 

study infection in its natural host.  There are two γ-herpesviruses with homology to 

KSHV that are being utilized as models, murine herpesvirus 68 (MHV-68) and rhesus 

macaque rhadinovirus (RRV).  MHV-68 is a natural pathogen within mice and also 

maintains homology and co-linear genomic organization with KSHV (242).  Utilization 

of a species-specific model of virus infection facilitates study of more precise virus-host 
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interactions, the immune response, and direct development of disease.  Indeed, MHV-

68 infection of mice results in development of lymphoproliferative disorders and clonal 

B cell lymphoma in ~9% of mice following MHV-68 infection (224).  Lymphomas are 

associated with lymph nodes and extranodal sites, similar to MCD, and viral DNA 

could be detected within the tumor, demonstrating latency.  However, lytic MHV-68 

antigens were not detected in these animals (224).  Another drawback, in addition to the 

lack of detectable lytic replication, is that MHV-68 does not encode a number of the 

unique, cellular homologues that are potentially novel and essential players in KSHV-

associated disease.  These genes include vMIP, vIL-6, vFLIP, vCD200, and vIRF (242), 

which have each been demonstrated to have specific tumorigenic and immune evasion 

functions (249).  Moreover, KSHV infection results in more dramatic pathologies in 

immune-compromised individuals, as during HIV co-infection, and specifically 

addressing KSHV-associated disease in the context of an underlying HIV infection 

cannot be adequately modeled within a mouse, due to the absence of a murine 

homologue of HIV.   

 

The other γ-herpesvirus being used as a model of KSHV pathogenesis is RRV, a natural 

pathogen in RMs.  RRV shares a higher degree of co-linearity with KSHV, and can be 

analyzed in the context of SIV co-infection in RMs.  This model system will be 

discussed in detail in the subsequent section.  
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III.  Rhesus Rhadinovirus  

A.  Identification and General Characteristics 

Rhesus macaque rhadinovirus (RRV) was independently isolated from RMs at two 

different primate centers in the late 1990s (58, 207), and sequence analysis 

demonstrated considerable homology to the most recently identified human herpesvirus, 

KSHV (7, 41, 207).  The first strain, RRV26-85, was isolated from a healthy RM at the 

New England Primate Research Center, and ELISA analyses proved that RRV was 

pervasive throughout that colony, as well as two additional colonies that were sampled 

(58).  Shortly thereafter, a highly homologous strain of RRV (RRV17577) was isolated 

from a RM at the Oregon National Primate Research Center that was infected with SIV 

and presenting with a lymphoproliferative disorder (256).  Sequence characterization of 

RRV placed it within the γ2-herpesvirinae subfamily, in which KSHV and Herpesvirus 

saimiri (HVS) are also members, and it’s now known that RRV naturally infects >95% 

of the RMs in primate centers around the US (251).  However, experimental RRV 

infection of RMs has only associated strain 17577 with development of specific 

pathologies (69, 147, 172, 256).   

 

RRV has a 131kb dsDNA genome with an essentially co-linear organization with 

KSHV (7, 207), and is considered to be the RM homologue of KSHV (Figure 1.2).   

RRV encodes 79 ORFs, 68 of which align with those encoded in KSHV, including a 

collection of ORFs with homology to cellular genes (207).  Novel RRV ORFs and their 

homology with KSHV ORFs will be discussed further in a subsequent section.  
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RRV infection of fibroblasts in culture results in predominantly lytic replication, 

allowing for easy study of the lytic replication cycle and for analysis of specific viral 

genes.  In general, propagation of RRV is also easier in comparison to the limited 

amount of lytic replication that can be induced in KSHV culture systems (59).  B cells 

can also be infected by RRV in culture (18) (personal observation), but propagation of 

latently infected B cells has been difficult, and is achieved only in the presence of EBV 

co-infection (18).   

 

B.  RRV-associated Pathologies 

Since the initial isolation of RRV, experimental infection of RMs with RRV17577 

validated the role of RRV in development of B cell disorders and lymphomas in 

SIV/RRV co-infected RMs (69, 171, 172).  De novo RRV infection of RMs results in 

acute viremia during the first 4 weeks following infection which subsides to 

undetectable levels within the following weeks, with intermittent spikes in viral loads 

often coinciding with immune-suppression due to SIV infection or development of 

RRV-associated diseases (172, 256).  Initially, RRV infection results in development of 

a characteristic B cell hyperplasia within 4-6 weeks post-infection.  Subsequently, 

within the context of SIV infection, RRV infection is also associated with non-

Hodgkin’s lymphoma and other B cell lymphomas in about 25% of cases (69, 172, 

256).  Development of RRV-associated lymphoproliferative disorder includes an 

increase in total B cells in peripheral blood and lymph nodes, persistent 

lymphadenopathy, splenomegaly, and hypergammaglobulinemia, closely resembling 

the pathology of MCD in patients co-infected with KSHV/HIV (172, 256).  Also similar 
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to KSHV infection in humans, an important site of latency in RRV-infected RMs is 

within B cells (16).   

 

Additionally, one RM that was experimentally co-infected with SIV and RRV17577 

developed retroperitoneal fibromatosis (RF) (85, 172), which closely resembles KS in 

humans.  However, other documented cases of RF have not been associated solely with 

RRV, so the direct link to RF is uncertain (29, 85).    

 

C.  Novel RRV Genes and Differences/Similarities with KSHV 

All identified ORFs encoded within KSHV have at least one homologous ORF within 

RRV, save ORFs K3 and K5 [modulator of immune recognition 1 (MIR1) and MIR2], 

K7 [viral inhibitor of apoptosis (vIAP)], and K12 (kaposin) (Fig. 1.2).  Therefore, 

similar to KSHV, RRV also encodes a number of ORFs with homology to cellular 

genes, and overall, RRV dedicates a large percentage of its genome to ORFs that code 

for proteins involved in immune evasion and pathogenesis (10) (Table 1.1).  In vitro 

examination of some of these RRV ORFs has verified they possess similar functions as 

those demonstrated for the related ORFs within KSHV.  For example, RRV vGPCR 

(ORF 74), which shares homology with cellular IL-8 receptor, induces secretion of 

VEGF and possesses transforming potential in vitro and in vivo, similar to KSHV 

GPCR (68).  RRV also encodes a viral homologue to CD200 (vCD200/ORF R15), 

which is expressed on the surface of infected cells and inhibits monocyte function 

similar to cellular CD200 and KSHV vCD200, but RRV vCD200 is also secreted, a 

characteristic specific to the RRV protein (129).  KSHV and RRV also encode 
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complement control proteins (ORF 4 in both) that are each expressed on the surface of 

the virion, and function to inhibit the classical complement cascade (149, 221).  RRV 

vIL-6 also functions similarly to KSHV vIL-6, as well as cellular IL-6 (i.e., driving 

proliferation of B cells) (99, 113), and of particular significance is that vIL-6 is 

expressed within tumors in RRV-infected RMs (171), similar to KSHV-infected 

individuals with PEL and MCD (11, 179).  These findings suggest that vIL-6, along 

with cellular IL-6, are likely important factors for driving B cell proliferation in KSHV-

associated malignancies (11, 179, 223). Further study of these RRV proteins in disease 

development and immune evasion in infected RMs will hopefully provide unique 

insight into the impact of their KSHV homologues in KSHV-infected individuals.   

 

Additionally, RRV encodes 8 vIRFs, similar to the 4 vIRFs encoded within KSHV, and 

thus, are hypothesized to similarly function to inhibit IFN signaling and promote 

tumorigenesis (7, 170, 207).  This thesis focuses on the role of vIRFs during RRV 

infection, and further analyzes key mechanisms involved in vIRF function in hopes of 

better understanding the role of vIRFs in KSHV-associated disease.     
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FIGURE 1.2.  Alignment of KSHV and RRV genomes.  ORFs are colored according 

to their inclusion within specific herpesvirus subfamilies, and are oriented with the 

pointed end at the 3’ end of each ORF.  ORF, open reading frame. TR, terminal repeats.  

Figure and legend adapted from (7) and reprinted with permission.   
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D.  RRV Infection of RMs as a Model for Studying KSHV Pathogenesis 

RRV has been demonstrated to be a great model for studying KSHV pathogenesis for a 

number of reasons.  First, RRV and KSHV have co-linear genomes, and almost all of 

the unique genes encoded within KSHV are present within RRV (7, 207).  Additionally, 

KSHV encodes several genes unique to itself and RRV, providing an exclusive 

opportunity for direct analysis of the functions of these viral proteins during disease in 

the natural host.  Secondly, RRV infection in culture results in a predominantly lytic 

infection, allowing for easy study of viral genes during the context of de novo infection.  

Of significant importance is that RRV and KSHV infection of their respective hosts 

results in similar pathologies (69, 172, 256), and we can recapitulate complications and 

disease associated with KSHV and HIV co-infection through RRV and SIV co-infection 

in the RM.  Specifically, the ability to co-infect RMs with SIV, and the inclusion of 

many of the unique KSHV genes in the RRV genome, promote RRV as a more ideal 

model when compared to the  MHV-68 infection in mice.  RRV infection of RMs 

provides a more comparable system for studying the roles of specific viral proteins in 

KSHV pathogenesis, the specific immune response and latency.  Moreover, recent 

development of a bacterial artificial chromosome (BAC) clone of RRV has provided a 

tool to target viral genes for deletion to specifically analyze their molecular function in 

vitro, as well as their impact during RRV infection and disease in the RM (69).   
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IV.  The Immune Response to Primary Herpesvirus Infection 

A.  General Aspects of Innate immunity 

The innate immune response is the initial line of defense against invading pathogens, 

and is separated from the adaptive response due to its immediate and non-specific 

recognition of pathogens, and lack of memory.  The innate response includes 

mechanical (e.g., epithelial barrier), chemical (e.g., lysozyme in tears/sweat) and 

microbiological (e.g., normal flora) barriers, activation of complement within the 

plasma, and cellular components including phagocytic cells, Natural Killer (NK) cells, 

and antigen-presenting cells (APCs) (105).  Phagocytic cells and APCs will engulf and 

destroy pathogens, and their indiscriminate recognition of pathogens initiates 

production of IFN and other cytokines and chemokines that comprise an immediate 

inflammatory response, which will help shape the adaptive immune response.  Aspects 

of pathogen recognition, induction of the IFN response, and initiation of an adaptive 

response will be discussed in the following sections. 

 

B.  Pathogen Recognition - (PRRs and PAMPs) 

Incoming pathogens are immediately sensed via innate immune recognition molecules 

present on host cell membranes and within the cytoplasm.  These innate recognition 

molecules are collectively referred to as pattern-recognition receptors (PRRs), aptly 

named for their capacity to recognize pathogen-associated molecular patterns (PAMPs), 

unique to invading pathogens (115, 176, 255).  PAMPs can be lipids, sugars, proteins, 

or nucleic acids, distinct from that found within the host based on their structure and 

composition, as well as their localization within the cell (176).  Following recognition 
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of their cognate PAMPs, PRRs initiate signaling cascades through specific adaptor 

molecules that result in activation of IκB kinase (IKK)-related kinases, Tank-binding 

kinase (TBK) and IKK-ε, and subsequently converges on the activation of NFκB and 

cellular IRFs which promote transcription of type I IFNs and other pro-inflammatory 

cytokines (94) (Figure 1.3).  Specifically, activation of NFκB leads to induction of pro-

inflammatory cytokines including IL-1, IL-6, TNF-α and IL-15 (3, 175).  Induction of 

NFκB alongside activation of IRF-3 leads to induction of IFN-β, and activation of IRF-

7 and/or IRF-3 leads to induction of multiple subtypes of IFN-α (115) (Figure 1.3).  

These type I IFNs are a vital part of the innate immune response, and also important for 

initiating an effective adaptive immune response (93, 146).   

 

The most well-studied PRRs are the Toll-like receptors (TLRs).  TLRs are a family of 

membrane-associated glycoproteins (9 defined receptors in humans), whose expression 

on APCs, including B cells, monocytes, macrophages, and DCs, is crucial for innate 

antigen detection (115).  TLRs 1, 2, 4, 5, and 6 are expressed on the plasma membrane 

and can recognize an array of PAMPs found on bacteria, fungi, and viruses.  TLRs 3, 7, 

8, and 9 are expressed within endosomal and lysosomal membranes; each recognizes a 

specific type of nucleic acid, and are thought to have evolved to primarily recognize 

viruses (115).  TLR9 specifically recognizes unmethylated CpG-containing motifs 

present in bacterial and viral DNA, making herpervirus genomic DNA a potential 

ligand within an infected cell.  Indeed, TLR9 plays a role in recognizing alpha-, beta-, 

and gamma-herpesviruses, including KSHV (176, 250) (Table 1.2).  Studies have 

demonstrated that viral entry is necessary for TLR9 recognition and induced signaling 
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(74, 144, 226, 238), but there may be variations on the exact ligand for TLR9 between 

herpesviruses.  Infection of murine plasmacytoid DCs (pDCs) with UV-inactivated 

HSV-1 still resulted in stimulation of the TLR9 pathway, which demonstrates viral 

replication is not necessary for TLR9-induced signaling (124) and suggests genomic 

DNA is the TLR9 ligand for HSV-1.  However, UV-inactivated KSHV did not 

stimulate IFN-α production in pDC cultures (250), suggesting the TLR9 ligand may be 

a replication intermediate or that UV-inactivation of the virus disrupted the TLR9 

ligand.    

 

TLRs 2, 3, and 4 also recognize other components found on the herpes virion, as well as 

products of herpesvirus replication in the infected cell (176) (Table 1.2, Figure 1.3).  

TLR2, which recognizes lipopeptides, was the first TLR demonstrated to recognize 

herpesviruses (50).  Specifically, TLR2 is thought to recognize glycoproteins on the 

virion envelope, as demonstrated for HCMV (23), and TLR2 mediates innate signaling 

following recognition of HSV-1 (126), HSV-2 (219), HCMV (23, 50), and VZV (246) 

at the cell surface.  Of interest, KSHV is the only human herpesvirus recognized by 

TLR4 (128), whose most notable ligand is lipopolysaccharide (LPS) found on Gram-

negative bacteria.  The TLR4 ligand on KSHV has not been identified, but is 

hypothesized to be an envelope glycoprotein or other virion component as UV-

inactivated virus is also able to trigger TLR4 signaling (128). 

 

Cytosolic PRRs include the RNA-helicase domain-containing proteins, RIG-I and 

MDA5, which recognize and bind to specific species of RNA (255) and have been 
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demonstrated to play a role in innate signaling via recognition of replication 

intermediates during HSV and EBV infection (1, 44, 153).  A number of cytosolic 

PRRs that recognize dsDNA have also been demonstrated to recognize human 

herpesviruses, including the DNA-dependent activator of IFN-regulatory factors (DAI) 

(56, 227), IFN-γ-inducible protein 16 (IFI16) (117, 235), and DEAH box protein 9 

(DHX9) and DHX36 (119) (Table 1.2, Fig. 1.3).   

 

Although recognition of herpesviruses by multiple PRRs induces similar signaling 

cascades all resulting in the induction of type I IFNs and other cytokines, it does not 

mean the multiple PPR interactions are necessarily redundant. Cell-specific expression 

of PRRs elevates the necessity of certain receptors.  For example, TLR7 and TLR9 are 

the sole TLRs expressed in pDCs, the main IFN-α producing cell type in the body (47, 

215), making TLR9 recognition of herepsviruses a potentially crucial step in the innate 

response to herpesvirus infection (91, 145). 

 

C.  The Interferon Response during Virus Infection 

1.  Type I and Type II IFN  

Interferons are a family of secreted proteins with a variety of roles in innate immunity, 

cell growth regulation, and immune activation.  IFNs can be divided into three groups 

(Type I-III), based on biological activities and receptor use (73).  Type I IFNs were 

initially identified in the 1950s due to their potent antiviral properties (101).  Type I 

IFNs include multiple subtypes of IFN-α (13 in humans), as well as a single type each 

of IFN-β, IFN-ω, IFN-κ, and IFN-ε (146).  IFN-α and IFN-β are the most extensively 
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studied type I IFNs and have the most biological impact due to expression in a variety 

of cell types, and will be the focus of further discussion.   IFN-α is produced primarily 

by pDCs, the main producers of type I IFN in the blood (75). Differentially, IFN-β is 

produced by a variety of cell types, including fibroblasts and epithelial cells (146).  

There are two waves of type I IFN production.  The first wave is driven by PRR 

recognition of virus and results in activation of IRF-3, IRF-7, and NFκB, which drive 

transcription of IFN-β (112, 138, 260) and IFN-α1 (84, 136) (Fig. 1.3).   

 

The initial wave of type I IFN potentiates transcription of more type I IFN, consisting 

mostly of different subtypes of IFN-α (146).  The potentiated induction of type I IFN 

constitutes the second wave of IFN production.  The second wave of type I IFN 

production relies heavily on IRF-7, which, itself, is also IFN-inducible.  Type I IFN 

subsequently binds to its cognate receptor, which consists of 2 distinct chains, IFNaR1 

and IFNaR2, on the cell surface.  Binding of IFN to its receptor activates specific 

receptor-associated kinases, Tyk1 and Jak2, which then phosphorylate signal transducer 

and activator of transcription 1 (STAT1) and STAT2.  The heterodimer of 

phosphorylated STAT1 and STAT2 associates with IRF-9 to form the IFN-stimulated 

gene factor 3 (ISGF3) complex, which, through IRF9 binding to the IFN-stimulated 

response element (ISRE), drives transcription of 100s of IFN-stimulated genes (ISGs) 

that orchestrate the antiviral state (101, 244) (Fig. 1.3).   
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FIGURE 1.3.  Schematic representation of PRRs and IFN signaling.  During viral 

infection, a two-wave antiviral response takes place.  In the first wave, PRRs recognize 

viral PAMPs such as dsDNA, dsRNA, ssRNA, and 5’-PPP ssRNA.  PRRs that 

recognize nucleic acids in human herpesviruses include TLR3, TLR9, DAI, RIG-I, and 

MDA5, and are shaded in blue. These PRRs initiate a signaling cascade that includes 

TBK1 and IKK kinases, and converges on the activation of c-Jun, IRF-3, IRF-7, and 

NFκB (p65/p50).  These transcription factors cooperate to induce transcription of IFN-β 

that is then secreted.  In response to TLR7 and TLR9 stimulation, IRF-7 is specifically 

activated which leads to expression and secretion of various subtypes of IFN-α.  IFN-

α/β signals through its cognate receptor composed of two subunits, IFNAR1 and 

IFNAR2.  Following binding, the signal is transduced to the associated-receptor 

kinases, Jak1 and Tyk2, which respectively phosphorylate STAT1 and STAT2.  

Phosphorylated STAT1 and STAT2 heterodimerize and associate with IRF-9 (also 

known as p48) to form a complex called ISGF3.  This complex translocates into the 

nucleus to induce the expression of ISGs encoding antiviral effectors which amplify the 

antiviral state.  Type II IFN, IFN-γ, is not induced following PRR signaling, but is a 

crucial cytokine in development of an adaptive antiviral immune response.  IFN-γ 

signals through a similar pathway as IFN-α/β, but it uses a specific receptor, adapters 

and STATs, and drives transcription of a different set of genes.  ISGF3, IFN-stimulated 

gene factor 3; ISRE, IFN-stimulated response element; GAS, IFN-γ activated sequence.  

Figure and legend adapted and reprinted from (237).   
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Abbreviations:  PRR, pattern recognition receptor; PAMP, pathogen-associated molecular 

pattern; TLR, toll-like receptor; DAI, DNA-dependent activator of interferon regulatory factors; 

MDA, melanoma differentiation-associated gene 5; DHX, DEAH box protein; HSV, herpes 

simplex virus; VZV, varicella-zoster virus; HCMV, human cytomegalovirus; EBV, Epstein-

Barr virus; KSHV, Kaposi’s sarcoma-associated herpesvirus; EBER, EBV-encoded small RNA; 

gB, glycoprotein B.  Table data collected from (117, 128, 176, 250). 
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Type II IFN includes a single member, IFN-γ, and is critical for an effective adaptive 

immune response during a virus infection.  IFN-γ induction is mediated via T-cell 

receptor engagement and cytokine signaling, including type I IFNs, IL-12, and IL-18. 

The expression of IFN-γ is generally restricted to NK cells and activated T-cells, and is 

mediated by the collective cooperation of numerous transcription factors, including 

NFκB, T-bet, STATs and others (146).  IFN-γ is distinct from type I IFNs, and thus, 

signals through a unique receptor.  However, the type II IFN receptor is similar to the 

type I IFN receptor in that it is composed of two distinct chains and induces a similar 

signaling pathway.  Following engagement of the receptor, Jak1 and Jak2 kinases 

phosphorylate STAT1, which then dimerizes, translocates to the nucleus, and drives 

transcription via binding to IFN-γ activated sequences (GAS) in the promoter of target 

genes (184) (Fig 1.3).  

 

It should be noted that there is a third classification of IFN, type III IFN (-λ1, -λ2, and -

λ3), which has similar antiviral effects as type I IFN (64).  However, type III IFNs 

signal through a different receptor than type I IFN, suggesting additional, disparate 

effects that have yet to be fully characterized and will not be discussed here. 

 

2.  Interferon Regulatory Factors  

Interferon regulatory factors (IRFs) are a family of transcription factors that direct 

transcription of IFN, as well as other cytokines and chemokines (94).  There are nine 

characterized IRFs in human cells, each with specific roles and expression patterns (94) 

(Table 1.3).  IRFs have a DNA binding domain within the N-terminus that includes a 
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pentad tryptophan motif, required for binding to ISRE within promoters of IFN-

responsive genes (94).  The C-terminus of IRFs includes protein-interaction domains 

that mediate interactions between other IRFs and transcriptional cofactors, and may also 

serve as a regulatory domain (66, 94).   

 

The first IRF identified as a positive regulator of type I IFN transcription was IRF-1 

(157).  Since these initial studies, it’s been demonstrated that IRF-3 and IRF-7 are the 

critical IRFs involved in virus-induced production of type I IFN (115, 203).  IRF-3 is 

constitutively expressed in most cell types, but constitutive expression of IRF-7 is 

restricted to some lymphoid cells and pDCs and is IFN-inducible in other cell types 

(94).  Under normal conditions, IRF-3 and IRF-7 are maintained mostly in the 

cytoplasm in an inactive state.  Following virus infection, PRR-induced signaling 

activates IKK-related kinases, TBK-1 and IKKε, which phosphorylate IRF-3 and IRF-7 

at the C-terminus.  Phosphorylated IRF-3 and IRF-7 form homo- or hetero-dimers that 

subsequently accumulate in the nucleus to direct transcription of type I IFN (94) (Fig 

1.3).   

 

Due to the constitutive expression of IRF-3 in most cell types, it is a crucial player in 

driving transcription of IFN-β in direct response to virus infection (112, 138, 260).  The 

IFN-β promoter contains four distinct positive regulatory domains (PRD I-IV), two of 

which have sequence similar to the ISRE (PRD I/III), and are binding sites for IRF-3 (2) 

(Fig. 1.3).  Additionally, IRF-3 must also bind p300/CBP (138, 248, 260), a 

transcriptional cofactor and histone acetyltransferase, and associate with other cellular 
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factors, including NFκB and c-Jun, which collectively form the ‘enhancesome’ required 

to induce transcription of IFN-β (Fig. 1.3) (94, 231).  Therefore, induction of IFN-β is 

possible in most cell types and occurs quickly following virus infection, but requires the 

cooperation of several distinct transcription factors.   

 

IRF-7 is only constitutively expressed in some lymphoid cells and pDCs, but is IFN-

inducible in most cell types.  IRF-7 does not require NFκB or p300/CBP for its 

transcriptional activities, and is crucial for driving transcription of most subtypes of 

IFN-α (95, 148, 202) (Table 1.3).  Specifically, IRF-7 can drive transcription of IFN-β 

and IFN-α1 directly following virus infection (84), and because of its expression 

pattern, IRF-7 plays a special role in IFN-α production in pDCs (53).  Moreover, 

because expression of IRF-7 is induced upon IFN signaling in most cell types, IRF-7 

plays a significant role in amplification of the IFN response, which involves 

transcription of the various subtypes of IFN-α (95, 202).  

 

In addition to IRF-3 and IRF-7, IRF-5 is also an important factor in virus-induced 

innate signaling.  However, IRF-5 doesn’t seem to play a role in induction of type I 

IFNs, but is vital for induction of other pro-inflammatory cytokines, including IL-6, 

TNF-α, and IL-12 (94, 123, 228).  Specifically, IRF-5 is a critical downstream regulator 

of TLR9 mediated signaling, and is necessary for transcription of IL-12p40 via binding 

the ISRE in the promoter (228).  The necessity of IRF-5 induction of other pro-

inflammatory cytokines is not fully understood, but IRF-5 likely cooperates with NFκB 

for induction of IL-6 and TNF-α (123).    
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Another essential IRF involved in type I IFN signaling is IRF-9, also known as ISGF3γ 

(94) (Table 1.3).  Following type I IFN binding to the IFNα/β receptor, JAK-STAT 

signaling culminates in formation of ISGF3, which includes STAT1, STAT2 and IRF9, 

which drives transcription of 100s of ISGs (57, 244) (Fig. 1.3).  Thus, IRF-9 is a key 

player in the amplification phase of IFN-signaling. 

 

The remaining IRFs have various roles in enhancing or inhibiting transcription of other 

cytokines/chemokines in response to specific stimuli and within specific cell subsets. 

Overall, the IRFs are crucial players in orchestrating immune signaling spanning from 

virus-induced induction of IFN to Th1-promoting cytokines during the adaptive 

immune response (94) (Table 1.3).   
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3. The Role of IFN in the Adaptive Immune Response 

An adaptive immune response is distinguished from innate responses due to antigen 

specificity and memory (105).  The adaptive response develops more slowly than innate 

immune responses, involves antigen processing and presentation, as well as 

development of T cell and antibody responses that are specific to each pathogen (105).  

However, development of an effective adaptive immune response also relies on the 

innate immune response, including Type I IFN (Fig. 1.4).  Type I IFNs are important 

for maturation and activation of DCs (102, 143, 161), which promote antigen 

presentation necessary for driving a specific T cell response.  Additionally, type I IFNs 

can also directly affect T cell development, function, proliferation and survival (100, 

150, 232).  Moreover, type I IFNs, along with IL-12, IL-18 and type II IFN, have a role 

in specifically driving a Th1 T cell response, important in antiviral immunity.  In 

addition to directly inducing cytokines for development of a Th1 response, type I IFNs 

further promote the Th1 response by simultaneously blocking the development of an IL-

4 mediated Th2 response (100).  These findings collectively show the importance of 

type I IFNs, not only for orchestrating an antiviral state, but also for driving an effective 

adaptive immune response during virus infection.   
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FIGURE 1.4.  Schematic representation of the role of type I IFN on the innate and 

adaptive immune response.  Plasmacytoid dendritic cells (pDCs) respond to KSHV 

stimulation with the production of IFN-α and pro-inflammatory cytokines.  IFN-α then 

functions to activate other components of the innate immune response, including natural killer 

(NK) cells, which respond by targeting infected cells for lysis and by making IFN-γ, which can 

further activate monocytes (Mo) and macrophages.  IFN-α can also promote activation of 

myeloid DCs (mDCs), which help promote the Th1 response.  Activated pDCs can move into 

the lymph node, upregulate co-stimulatory molecules and present antigen, but also continue to 

make IFN-α.  IFN-α has been implicated in aiding IL-12 in driving a Th1 response, as well as 

directly promoting immunological memory.  Simultaneously, IFN-α can directly inhibit Th2 

cytokine production by interfering with IL-4 signaling.    
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V.   Mechanisms of Immune Evasion  

A.  General Strategies 

In order to establish a persistent, lifelong infection, herpesviruses have developed a 

number of mechanisms to evade the host immune response (237).  Viruses can target 4 

main areas of the immune response: 1. inhibition of the IFN response, 2. inhibition of 

chemokines/cytokines and their signaling, 3. inhibition of lymphocyte (T cells, B cells, 

NK cells) molecules/receptors, and 4. inhibition of antigen processing and presentation 

(105).  The subsequent sections will focus predominantly on evasion of the IFN 

response during herpesvirus infection, highlighting distinct mechanisms and functions 

of a few specific viral proteins. 

 

B.  Evasion of the IFN Response during Herpesvirus Infection  

1.  Inhibition of the IFN response during CMV, HSV, VZV, and EBV infection 

The ability to inhibit the innate antiviral response is crucial during establishment of 

herpesvirus infection, as well as for persistence of the virus.  Due to the virtually 

immediate induction of type I IFNs following virus infection, herpesviruses encode a 

number of immediate early (IE) proteins that have redundant functions and/or function 

at various steps within the IFN signaling pathway (Fig. 1.5) (237), demonstrating how 

crucial it is for viruses to inhibit this response.  These viral proteins interfere with 

pathogen detection, directly inhibit a range of proteins in subsequent signaling cascades, 

and ultimately disrupt transcription of IFN and IFN-stimulated genes (Fig. 1.5).   
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During CMV infection, one of the IE proteins, IE86, can independently inhibit IFN-β 

transcription, as well as transcription of IL-8, MIP-1α, and RANTES by interfering 

with NFκB activation (229, 230) (Fig. 1.4).  Similarly, HSV-1 encodes several IE 

proteins that inhibit the induction of IFN-β at multiple points in the pathway.  HSV 

infected cell protein 0 (ICP0) can disrupt the induction of type I IFN by inhibiting the 

nuclear accumulation of IRF-3 (237).  Moreover, ICP0 also functions to disrupt TLR2 

mediated induction of pro-inflammatory cytokines, likely through degradation of an 

adaptor molecule upstream of NFκB activation (236).  Additionally, HSV ICP34.5 

interacts with TBK and blocks phosphorylation and activation of IRF-3 (240) (Fig. 1.5).  

The end result of all these disparate functions is inhibition of type I IFN transcription.   

 

Similarly, VZV also inhibits induction of type I IFN via multiple mechanisms.  VZV 

infection results in stabilization of IκB which retains NFκB in the cytoplasm (237), and 

VZV IE62 specifically inhibits IRF-3 phosphorylation (209), blocking two critical 

factors needed for IFN-β transcription.   

 

EBV expresses an IE protein, BGLF4, that doesn’t inhibit phosphorylation or activation 

of IRF-3, but blocks its binding at the IFN-β promoter (247).  Additionally, EBV 

encodes two other proteins, BZLF1 and LF2, that interfere with the dimerization and 

activation of IRF-7, which also leads to inhibition of type I IFN (92, 257).  Furthermore, 

because pCDs constitutively express IRF-7 and are the main IFN-α producing cells in 

the body, these 2 EBV proteins have an important role in inhibiting the majority of IFN-

α production during EBV infection. 
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There are also viral proteins that inhibit subsequent IFN-induced signaling and 

transcription (Fig. 1.5).  For example, EBV encodes two latent proteins, LMP2A and 

LMP2B, that induce the degradation of IFN receptors, reducing IFN signaling at the 

initiation point (214).  Likewise, HCMV infection leads to decreased expression of 

several components in the type I IFN signaling pathways, including Jak1 and IRF-9, 

which results in decreased expression of IFN-regulated genes, such as MHC-I (156).  

HSV-1 encodes another IE protein, ICP27, that blocks IFN-induced signaling cascade 

either directly by inhibiting STAT1 phosphorylation  (109), or indirectly by inducing 

secretion of another protein that acts upstream of Jak1  (108); both mechanisms would 

ultimately block IFN-stimulated gene transcription.   
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FIGURE 1.5.  Herpesvirus Inhibition of PRR-induced and IFN-induced signaling.  

Schematic overview of herpesvirus interference with the IFN response.  Herpesviruses enocode 

proteins that interfere with PRR-induced signaling, as well was IFN-induced signaling 

pathways.  The cellular targets are depicted with colored bars for each of the 4 herpesviruses 

listed.  HSV-1, herpes simplex virus 1; VZV, varicella-zoster virus; HCMV, human 

cytomegalovirus;  EBV, Epstein-Barr virus.   Figure and legend adapted and reprinted with 

permission (237).   
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2. Inhibition of the IFN Response during KSHV Infection 

KSHV infection is detected by at least 2 different PRRs, TLR4 on the cell membrane 

(128), and TLR9 in the endosome (250), which initiate innate signaling cascades.  

Therefore, similar to other human herpesviruses, KSHV also encodes multiple proteins 

that interfere with PRR-induced signaling and the IFN pathway (Fig. 1.6).  The most 

notable are vIRFs because of their unique homology to cellular IRFs.  KSHV vIRFs 

have been extensively studied, and will be detailed in a later section. 

 

KSHV encodes several proteins that have inhibitory functions in the IFN pathway.  

KSHV replication and transcription activator (RTA/ORF 50), which is necessary for 

initiating lytic replication and is the master regulator of viral gene transcription, can 

inhibit induction of IFN-α by promoting IRF-7 degradation (261).  Likewise, virion-

associated IRF-7 binding protein (IRF-7 BP/ORF 45) binds IRF-7 and prohibits IRF-7 

phosphorylation, and thus, inhibits IRF-7 mediated transcription of IFN-α (265).  Both 

of these KSHV proteins are present early during lytic infection, RTA because it’s the 

necessary driving factor for lytic replication and IRF-7 BP because it’s carried in with 

the virion.  Additionally, KSHV basic-region leucine zipper protein (KbZIP/ORF K8) 

also interferes with the induction of type I IFN by binding to the PRD I/III regions of 

the IFN-β promoter and blocking IRF-3 binding and transcription (132).  Moreover, 

KbZIP also binds to p53, inhibiting p53-induced transcription and blocking apoptosis 

(178).  Inhibiting apoptosis is a significant aspect of driving transformation; thus, 

KbZIP has potential functions in both tumorigenesis and immune evasion.   
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Subsequent to the initial PRR-induced signaling, KSHV also functions to inhibit type I 

and type II IFN-induced signaling.  KSHV regulator of IFN function (RIF/ORF 10) 

functions by binding to Jak1 and Tyk2, inhibiting their activation and the 

phosphorylation and activation of STAT1 and STAT2, ultimately blocking type I IFN-

induced signaling (21).  KSHV vIL-6, in addition to its potential role in driving B cell 

malignancies (99), is also capable of inhibiting type I IFN activity (42).  The capacity of 

vIL-6 to inhibit the IFN response and promote cellular proliferation are at least partially 

linked in that vIL-6 specifically inhibits IFN-α induced transcription of p21, the cyclin-

dependent kinase inhibitor, resulting in unrestrained proliferation of PEL cells (42).  

Two additional viral proteins, MIR1 and MIR2 (ORFs K3 and K5), inhibit type II IFN 

signaling via targeting the IFN-γ receptor for degradation (135) (Fig. 1.6).  

 

VI.  Viral Interferon Regulatory Factors 

A. KSHV vIRFs 

1.  vIRF-1 

KSHV vIRF-1 is a 449 AA protein encoded by ORF K9, and was the first vIRF 

identified based on its sequence similarity (~13% AA identity) to cellular IRFs, 

specifically cellular IRF-8 (ICSBP) and IRF-9 (ISGF3γ) (162).  Despite the similarities 

with cellular IRFs, vIRF-1 lacks the typical tryptophan cluster within the N-terminal 

DNA-binding domain that is necessary for cellular IRFs to bind to DNA and drive 

transcription (162).   
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Transcription of vIRFs was analyzed in KSHV-infected PEL cells via northern blot 

analysis.  The data demonstrated vIRF-1, as well as vIRF-2, -3, and -4, is expressed on 

its own transcript with an independent promoter and polyadenylation signal (52).  

KSHV vIRF-1 is expressed at low levels in latently infected PEL cells (52) and within 

KS lesions, which are comprised of mostly latently infected cells (62), but vIRF-1 

expression is induced to much higher levels during lytic KSHV replication in PEL cell 

lines (52, 162, 185) and expression is mostly nuclear (185, Inagi, 1999 #70).  During 

lytic expression of vIRF-1, transactivation is at least partially reliant on the viral 

transactivator, Rta, encoded by ORF 50 (43).  These expression analyses suggest vIRF-

1 functions both in latency and during lytic replication, and its association with all 

forms of KSHV-associated malignancies further suggests vIRF-1 fulfills a variety of 

crucial functions during KSHV infection.  

 

Due to the sequence similarity with cellular IRFs, KSHV vIRF-1 was initially 

hypothesized to interfere with cellular IRFs and their role in transcriptional regulation.  

Indeed, vIRF-1 inhibits virus-induced transcription of IFN (31, 137), type I and type II 

IFN-induced transcription (76, 82, 134, 267), and specifically inhibits IRF-1 (31, 76, 

267) and IRF-3 (31, 137) mediated transcription in transient expression assays.  

Inhibition of transcription is not mediated via vIRF-1 directly binding to the ISRE (76, 

137, 267) or the similar PRD elements in the IFN-β promoter (31, 137); nor does vIRF-

1 inhibit transcription via blocking cellular IRFs from binding to DNA.  And despite 

studies demonstrating that vIRF-1 can bind to cellular IRF-1 (31), IRF-2 (31), IRF-3 

(31, 137), IRF-7 (137), and IRF-8 (31), these interactions are generally weak and do not 
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block activation of the cellular IRFs or inhibit them from binding DNA (31, 137).  

Rather, KSHV vIRF-1 binds to the transcriptional co-activators, p300 and CBP, and 

inhibits the crucial binding of p300/CBP to IRF-3 (31, 133, 137, 210), as well as 

inhibits p300 histone acetyltransferase activity (133).  Therefore, vIRF-1 mediated 

inhibition of cellular IRFs is via competition for binding to co-activators, p300/CBP.  

This mechanism of inhibition supports the failure of vIRF-1 to inhibit IRF-7 mediated 

transcription (137), as IRF-7 does not require p300/CBP to induce transcription (136).  

Additional studies have demonstrated that through interactions with p300/CBP, vIRF-1 

can also inhibit transcription of MHC-1 (127).  KSHV vIRF-1 likely functions to inhibit 

the interaction between p300 and STAT proteins (17, 98, 262) resulting in vIRF-1 

mediated inhibition of IFN-induced transcription.  More recently, vIRF-1 has been 

demonstrated to independently downregulate TLR-4 transcript and protein, and 

downregulation of TLR-4 results in increased rates of KSHV infection (128).  These 

findings are significant, because HIV-infected individuals with an inhibitory mutation 

in their TLR-4 allele demonstrated higher incidence of MCD and higher KSHV viral 

loads (128), demonstrating another potential role for vIRF-1 in the promotion of KSHV 

pathogenesis. 

 
Although the majority of the data suggests vIRF-1 inhibits transcription, one study has 

demonstrated that vIRF-1 can activate transcription of genes if it’s directed to the DNA 

through interactions with a DNA binding protein (198).  Likewise, vIRF-1 may also 

serve to activate transcription of viral genes, as well (177).  Testing a pool of random 

oligonucleotides, Park et al identified a consensus sequence that is bound by vIRF-1, 

which closely aligned with sequence in the promoter region of three viral genes, vIL-6 
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(ORF K2), vDHFR (ORF 2) and MIR1 (ORF K3) (177).  Accordingly, siRNA knock 

down of vIRF-1 in latently infected PEL cells resulted in a decrease in vIL-6 (134), 

suggesting vIRF-1 is critical for vIL-6 expression which potentiates B cell proliferation.   

 

KSHV vIRF-1 also has oncogenic potential and functions to inhibit apoptosis by a 

variety of mechanisms (170).  Initial studies of vIRF-1 demonstrated expression in 

NIH3T3 cells led to increased cellular proliferation, loss of contact inhibition, and these 

cells induced tumor formation when introduced into nude mice (82, 134).  Specifically, 

vIRF-1 can stimulate expression of the oncogene, c-myc (106), as well as bind to p53 

and inhibit p53-induced transcription, resulting in decreased apoptosis and unrestrained 

growth potential (164, 212).  Likewise vIRF-1 also reduces control of cellular 

proliferation induced by TGF-β via binding to SMAD3 and SMAD4 and inhibiting their 

binding to DNA in TGF-β-responsive promoters (211).  KSHV vIRF-1 also inhibits 

apoptosis through another unique mechanism, binding and sequestering Bim in the 

nucleus.  Bim is a pro-apoptotic protein that would normally act with other Bcl-2 family 

proteins at the mitochondrial membrane (46).  These data demonstrate the emphasis 

KSHV has on interfering with cell cycle controls, as vIRF-1 alone utilizes at least 4 

distinct mechanisms to promote cellular proliferation and inhibit cell death.     

 

Most of these studies have been performed in latently infected PEL cells, and in 

transient expression assays, and little is known about the role of vIRF-1 during de novo 

KSHV infection.  A BAC clone of KSHV was generated to easily target viral genes for 

deletion (263), and vIRF-1 (ORF K9) was deleted to validate the utility of this system 
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for generating recombinant KSHV clones.  However, additional analyses of the vIRF-1 

deletion mutant were not performed, and we do not know whether deletion of vIRF-1 

alters KSHV viral replication, virion production, or changes the IFN response during de 

novo KSHV infection (263).   Regardless, the wildtype BAC clone of KSHV is still 

predisposed to go latent after infection in cell culture, so addressing the role of vIRF-1 

during de novo lytic infection is still problematic in this system.   

 

2.  vIRF-2 

KSHV vIRF-2 is a 2.4kb spliced transcript, encoded by ORF K11/K11.1 (52).  KSHV 

vIRF-2 is constitutively expressed in latently infected PEL cells, and is induced further 

following induction of lytic replication (52).  Similar to vIRF-1, vIRF-2 is capable of 

inhibiting type I IFN-induced transcription, as well as type III IFN-induced transcription 

(80), and can specifically inhibit IRF-1 and IRF-3 mediated transcription when either is 

co-expressed with vIRF-2 in transient reporter assays (80).  KSHV vIRF-2 was also 

unable to inhibit IRF-7 mediated transcription (80), but unlike vIRF-1, however, vIRF-2 

was also unable to inhibit IFN-γ induced transcription (80).     

 
Prior to the aforementioned studies, there were also functional studies on exon 1 of 

vIRF-2 (vIRF-2x1), encoded by ORF K11.1 (30, 32, 120).  vIRF-2x1 encodes a 20kDa 

protein that inhibits transcription mediated by NFκB, IRF-1 and IRF-3 (32).  One study 

demonstrated that vIRF-2x1-mediated inhibition of IRF-1 specifically abolished 

transcription of CD95L (FasL), a potent pro-apoptotic protein, and thus, vIRF-2x1 has 

an anti-apoptotic function, as well (120).  Transcriptional inhibition may be attributed to 

direct binding of vIRF-2x1 to the NFκB binding sequence (32); however, vIRF-2x1 can 
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also bind to IRF-1, IRF-2, IRF-8, NFκB p65, and CBP/p300, and any of these 

interactions could also play a role in inhibiting transcription (32).  And yet, another 

study demonstrated vIRF-2x1 can also bind PKR and release the PKR-mediated block 

of protein translation during viral infection (30).  However, northern analysis on RNA 

collected from stimulated (to induce lytic replication) and unstimulated PEL cells failed 

to demonstrate the predicted 0.6kb transcript for vIRF-2x1; instead, a 2.2 kb transcript 

was detected in three separate analyses, which corresponds to full-length vIRF-2 (32, 

52, 107).  It should be noted, however, that vIRF-2x1 was detected within KSHV-

infected PEL cells via western analysis in one study (30).  Therefore, whether 

expression of vIRF-2x1 occurs naturally during KSHV infection is still under debate.  

Thus, the functions attributed to vIRF-2x1 may be insignificant in a natural setting.   

 

3.  vIRF-3 

KSHV vIRF-3 is a 73kDa protein generated from a 1.9kb spliced transcript encoded by 

ORF K10.5 (52, 142).  vIRF-3 shares the most sequence similarity with cellular IRF-4, 

a lymphoid-specific IRF (142, 197).   vIRF-3 is constitutively expressed in latently 

infected B cells, and in almost all KSHV-infected cells in MCD tumors (197). Due to its 

expression during latency, as well as its nuclear localization, vIRF-3 has also been 

named latency-associated nuclear antigen 2 (LANA-2) (197).   

 

Similar to vIRF-1, vIRF-3 can inhibit IFN-γ mediated gene transcription, which was 

shown to result in a decrease in MHC-II expression in infected PEL cells (206).  

Likewise, KSHV vIRF-3 also interferes with the type I IFN pathway via blocking 
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cellular IRF-3 (142), IRF-5 (253), IRF-7 (111, 142) and NFκB mediated transcription 

(213), as well as by inhibiting PKR (67).  The ability to interfere with IRF-7 mediated 

transcription would give vIRF-3 a specific role in inhibiting induction of IFN-α.  This 

appears to be unique to vIRF-3, as neither vIRF-1 nor vIRF-2 demonstrated this 

function, but also seems appropriate given that vIRF-3 expression is restricted to 

hematopoietic cells, the main site of IRF-7 expression (94).  In contrast to these 

findings, another study demonstrated that vIRF-3 expression enhances IRF-3 and IRF-7 

mediated transcription following Sendai Virus infection (140).  These studies were done 

in two different cell culture systems, which could explain the disparity, but the latter 

results may also indicate that vIRF-3 could have a stimulatory function in certain cell 

types.  Moreover, since these studies were done outside of the context of KSHV 

infection, the intended stimulatory activity of vIRF-3 may be directed toward a viral 

gene, rather than toward induction of IFNs.  Indeed, the promoter of vIL-6 contains two 

ISRE that are responsive to IFN-induced signaling (42), and vIL-6 plays an important 

role in driving proliferation in KSHV-associated B cell disorders.  Therefore, vIRF-3 

may play a role in driving transcription of vIL-6 to promote B cell proliferation during 

KSHV infection.     

 

Moreover, inhibition of IRF-5 (253), p53 (197), and stimulation of c-myc-dependent 

transcription (141) also demonstrate vIRF-3 has a role in enhancing cellular 

proliferation and limiting apoptosis.  Indeed, one study has demonstrated that vIRF-3 is 

required for continuous proliferation of PEL cells in culture, demonstrating its true 

oncogenic capacity (254).   
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4.  vIRF-4 

KSHV vIRF-4 is a 2.9kb spliced transcript, encoded by ORFs K10 and K10.1, and is 

strongly induced during lytic replication (52).  There have been fewer functional studies 

on this vIRF, and it has not been demonstrated to be important for inhibition of IFN 

signaling.  However, one study demonstrated that vIRF-4 functions to downregulate 

p53-induced apoptosis (131).  KSHV vIRF-4 binds to murine double minute 2 

(MDM2), a protein that negatively regulates p53 via two proposed mechanisms: 

ubiquitination and degradation of p53 (71), and/or blocking the transactivation domain 

of p53 (96).  Binding of vIRF-4 to MDM2 stabilizes MDM2, increases ubiquitination of 

p53, and results in decreased levels of apoptosis (131).  These findings implicate a role 

for vIRF-4, along with other vIRFs, in promoting tumorigenesis during KSHV 

infection.   

 

B. RRV vIRFs 

1.  Identification and Comparison with KSHV vIRFs 

RRV encodes eight vIRFs (ORFs R6-R13) in a cluster between ORFs 57 and 58, and all 

8 vIRFs are predicted to be unspliced transcripts (7, 207) (Fig. 1.2).  The RRV vIRFs 

share sequence similarity with KSHV vIRF-1, which was identified and named due to 

its sequence similarity to cellular IRFs, specifically IRF-8 (ICSBP) and IRF-9 (ISGF3) 

(162).  Therefore, the 8 RRV vIRFs were also compared to human (207) and rhesus 

(data not shown) cellular IRF-8 and IRF-9.  Of the 8 RRV vIRFs, R10 vIRF shares the 

highest similarity with rhesus cellular IRF-8 and IRF-9, about 16% and 18% identity, 

respectively.   The other 7 RRV vIRFs share between 11-15% identity with cellular 
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IRF-8 and IRF-9 (data not shown).  Also similar to KSHV vIRF-1, the 8 RRV vIRFs do 

not have the 5 characteristic tryptophans that are required for DNA binding (207) (Fig. 

1.7).  Therefore, it is hypothesized that the RRV vIRFs do not function via directly 

binding to promoter elements of target genes.  Additionally, 5 of the RRV vIRFs (R6, 

R7, R8, R10, R11) share about 25% AA identity with KSHV vIRF-1, but there does not 

appear to be significant sequence similarities between the RRV vIRFs and KSHV vIRF-

2, -3, or -4 (207) (Fig. 1.7, Table 1.4).  Further sequence analysis amongst the 8 RRV 

vIRFs suggests the first 4 vIRFs (ORF R6-R9) were likely acquired initially, and these 

4 later underwent a duplication event, resulting in a total of 8 vIRFs (207).  The amino 

acid identities between the RRV vIRFs are listed in Table 1.4, and sequence alignments 

are shown in Fig. 1.7.  Whether this equates to functional redundancy between the first 

4 vIRFs and each of their respective duplicate vIRFs is a question of interest.  

Additionally, RRV vIRFs R6 and R10, which represent one pair of potential duplicated 

genes, share the most similarity with KSHV vIRF-1 (Table 1.4), which leads one to 

posit that R6 and R10 vIRFs may show the most functional overlap with KSHV vIRF-1.   

 

B.  Project Summary and Rationale 

Although there has been considerable characterization of the molecular functions of the 

4 KSHV vIRFs, there has been difficulty studying their role during infection due to 

poor lytic replication in culture and inadequate animal models (169).  Due to the unique 

nature of these viral proteins, it’s hypothesized that they play novel roles in 

pathogenesis and immune evasion.  To our knowledge, RRV is the only other virus that 

encodes vIRFs, in addition to several other genes that are specific to KSHV and RRV 



  64

(7, 207).  Moreover, the genomic organization of KSHV and RRV is very similar (Fig. 

1.2), and RRV infection results in mostly lytic replication in culture and results in 

KSHV-like diseases in its natural host, collectively making RRV infection an ideal 

system for further study of vIRFs.  Recent development of a BAC clone of RRV allows 

for targeted deletion of specific viral ORFs to assess their role during de novo infection 

in vitro and in vivo (69).  Studying the role(s) of vIRFs, and other novel viral genes, 

within the context of RRV infection is the most relevant way to assess their impact on 

the immune response and pathogenesis, with the ultimate objective to relate these 

findings to KSHV-associated pathologies.   

 

C.  Author’s Contributions 

All the work in Chapter 2 was performed by the author with the exception of Figure 2.1 

A (S.W.W.).  In Chapter 3, the author performed all experiments except Figure 3.1A, 

3.1B (H.L.), and Figure 3.5 (F.E), and the author contributed 50% to Figures 3.2A and 

3.2B, Figure 3.3, and Figure 3.4 (M.A.O.).  The author performed all experiments in 

Chapter 4. 
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FIGURE 1.7.  Alignment of RRV vIRFs and KSHV vIRF-1.  The ClustalW alignment of the 

8 RRV vIRFs (ORFs R6-R13) and KSHV vIRF-1 (ORF K9).  Amino acids are colored 

according to the following classifications: basic residues in blue (H,K,R), acidic residues in 

green (D,E), polar residues in red (C, N, S, T, Q, Y), and non-polar residues in black (A, F, G, I, 

L, M, P, V, W).  The five tryptophan residues (W) conserved within the N-terminal DNA-

binding domain of cellular IRFs are labeled 1-5.  There is a conserved cysteine at the position of 

the fourth tryptophan in all the RRV vIRFs, and a conserved change to an arginine in 6 of the 

RRV vIRFs at the position of the fifth tryptophan.  Positions with homologous residues in more 

than half of the vIRFs are labeled with an asterisk (*), and positions with conserved residue 

classification are marked with a period (.).   
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ABSTRACT 

 

Kaposi’s sarcoma-associated herpesvirus and rhesus macaque rhadinovirus (RRV), two 

closely related γ-herpesviruses, are unique in their expression of viral homologs of 

cellular interferon regulatory factors (IRFs), termed viral IRFs (vIRFs).  To assess the 

role of the vIRFs during de novo infection, we have utilized the bacterial artificial 

chromosome clone of RRV17577 (WTBAC RRV) to generate a recombinant virus with all 

8 of the vIRFs deleted (vIRF-ko RRV).  Infection of primary rhesus fibroblasts and 

peripheral blood mononuclear cells (PBMCs) with vIRF-ko RRV results in earlier and 

increased induction of type I (-α/β) and type II (-γ) interferon (IFN).  Additionally, 

plasmacytoid dendritic cells maintained higher levels of IFN-α production in PBMC 

cultures infected with vIRF-ko RRV, as compared to WTBAC RRV infection.  Moreover, 

nuclear accumulation of IRF-3, which is necessary for induction of type I IFN, was also 

inhibited following WTBAC RRV infection.  These findings demonstrate that during de 

novo RRV infection, the vIRFs are inhibiting induction of IFN at the transcriptional 

level, and one potential mechanism is via disruption of cellular IRF-3 localization.   
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INTRODUCTION 

 

The interferon (IFN) response is integral to a host’s antiviral defenses.  IFNs are divided 

into three distinct types (Type I-III), characterized by sequence, receptor usage and 

biological activity (146).  There are two well-studied type I IFNs (IFN-α and -β).  IFN-

α, which is expressed as multiple subtypes (13 in humans), is primarily produced by 

plasmacytoid dendritic cells (pDCs) (75).  IFN-β, on the other hand, is produced by a 

wide variety of cell types, including fibroblasts and epithelial cells (146).  One of the 

most important and earliest studied functions of type I IFNs is the promotion of an 

antiviral state within a virus-infected cell, as well as surrounding cells (101).  Moreover, 

type I IFN signaling also stimulates the adaptive immune response through promotion 

of T cell survival, function, and proliferation (100, 150, 232), activation of natural killer 

(NK) cells (165), and maturation and activation of dendritic cells (DCs) (102, 143, 161).  

Type II IFN (IFN-γ) is produced by activated T cells and NK cells, promotes activation 

of monocytes and macrophages (244), and is crucial for an effective Th1 adaptive 

response.  Type III IFNs (IFN-λ1, λ2, and λ3) are the most recently identified.  They 

exhibit innate and antiviral properties similar to type I IFNs, but they signal through a 

different receptor, so their biological impact is likely distinct (64). 

 

The expression of IFN is governed by a family of transcription factors known as 

interferon regulatory factors (IRFs) (94).  In particular, transcription of type I IFN (IFN-

α/β) relies on the activation of IRF-3 and IRF-7, highly homologous proteins that 

become activated via C-terminal phosphorylation (203).  IRF-3 is constitutively 
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expressed in most cell types and becomes phosphorylated following recognition of a 

variety of pathogen-associated molecular patterns (PAMPs) (122), including viral 

nucleic acids (259).  Following C-terminal phosphorylation of IRF-3, homodimeric 

complexes accumulate in the nucleus where interaction with the transcriptional cofactor 

p300/CBP potentiates transcription of IFN-β (112, 138, 260), human IFNα1 (84, 136), 

and murine IFN-α4 (203).  Activation of IRF-7 occurs in a similar manner, except it has 

a more restricted expression profile; IRF-7 is constitutively expressed in some lymphoid 

cells and pDCs, and is transcriptionally up-regulated following type I IFN signaling in a 

variety of cell types (148, 202).  Because of the specific cell-type expression and 

regulation, IRF-7 plays a vital role in the induction of IFN-α in pDCs (53), and is 

crucial for induction of most IFN-α subtypes that constitute the second wave of type I 

IFN production (148, 202, 203).  To efficiently withstand IRF-dependent antiviral 

responses and establish an infection within the host, viruses have evolved a number of 

mechanisms to interfere with cellular IRFs, the induction of IFN, and subsequent IFN-

induced signaling (10, 26). 

 

Kaposi’s sarcoma-associated herpesvirus (KSHV) and rhesus macaque rhadinovirus 

(RRV), two highly-related γ-herpesviruses, are unique in that they are the only viruses 

known to encode genes with significant homology to cellular IRFs, aptly named viral 

interferon regulatory factors (vIRFs) (7, 194, 201, 207).  Because of their unique 

homology to cellular IRFs, it has been hypothesized that the vIRFs employ novel 

mechanisms of immune evasion.  Indeed, 3 of the 4 vIRFs encoded within KSHV can 

individually inhibit induction of IFN and IFN-induced signaling by disrupting the 
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functions of cellular IRF-1, IRF-3, IRF-5, and IRF-7 (31, 32, 76, 80, 82, 111, 142, 253, 

267).  The inhibitory mechanisms employed by each of the vIRFs are varied, suggesting 

each vIRF plays a unique and significant role.  For example, KSHV vIRF-1 binds to the 

transcriptional co-activator p300/CBP and blocks the necessary interaction between 

p300/CBP and cellular IRF-3, effectively inhibiting transcription of type I IFNs and 

other p300-dependent cytokines (31, 133, 137, 210).  KSHV vIRF-3 can directly 

interact with cellular IRF-7 to block IRF-7 binding at promoter regions, thus, inhibiting 

subsequent transcription of several subtypes of IFN-α (111).  Moreover, KSHV vIRFs 

also interfere with cell cycle control proteins and apoptosis [reviewed in (170)].  The 

aforementioned studies have provided insight into the molecular strategies employed by 

the KSHV vIRFs to inhibit IFN induction and signaling, but have not thoroughly 

defined their roles in the context of de novo KSHV infection due to inefficient lytic 

replication in vitro [reviewed in (169)].  In contrast, RRV displays robust lytic 

replication in vitro and encodes 8 vIRFs (ORFs R6-R13) with similarity to KSHV 

vIRF-1 (207), providing a unique opportunity to study the roles of the vIRFs during the 

early phase of de novo infection.  Sequence analysis suggests that RRV likely acquired 

the first 4 vIRFs (ORFs R6-R9) initially, and that these genes later underwent a 

duplication event to result in a total of 8 vIRFs within the RRV genome (207).  

Therefore, it is plausible that the duplicated vIRFs (R10-R13) share redundant functions 

with their respective antecedents.  Even despite the duplication of these genes, the 

vIRFs potentially have overlapping functions on the pathways they impact, as is the 

case for the KSHV vIRFs.  For example, KSHV vIRFs 1-3 have disparate molecular 

functions, but they collectively interfere with IFN induction and signaling (170).    
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In this study, we tested the hypothesis that the RRV vIRFs have antagonistic effects on 

cellular IRFs, and IRF-dependent induction of interferon (IFN).  To do so, we have 

generated a recombinant RRV clone lacking all 8 vIRF genes (vIRF-ko RRV) using the 

WTBAC RRV17577 (69). Results presented herein demonstrate that vIRF-ko RRV can 

infect rhesus fibroblasts (RFs) and peripheral blood mononuclear cells (PBMCs) with 

similar efficiency as WTBAC RRV.  Moreover, deletion of the vIRFs resulted in 

increased induction of type I and type II IFN in RRV-infected RFs and rhesus PBMCs, 

along with increased production of IFN-α within pDCs.  The increased induction of 

type I IFN was preceded by an increase in IRF-3 nuclear accumulation, which is 

significantly inhibited during WTBAC RRV infection.  These data suggest the vIRFs play 

a critical role in dampening antiviral responses early during RRV infection, which may 

be necessary for subsequent evasion of the adaptive immune response, development of 

latency, and/or pathogenesis.   
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MATERIALS AND METHODS  

Cells, Virus, Drugs, and Cytokines.  Primary rhesus fibroblasts (RFs) and telomerized 

RFs (tRFs) (121) were grown in DMEM (Mediatech, Herndon, VA) supplemented with 

10% fetal bovine serum (FBS) (HyClone, Ogden, UT).  Peripheral blood mononuclear 

cells (PBMCs) were isolated from whole blood of Expanded Specific Pathogen-Free 

(ESPF) rhesus macaques (RMs) using Histopaque (Sigma Aldrich, St. Louis, MO), per 

the manufacturer’s guidelines, and cultured in RPMI (Mediatech).  ESPF RMs are 

serologically negative for Rhesus Rhadinovirus (RRV), Simian Immunodeficiency 

Virus (SIV), Type D Simian Retrovirus (SRV), Herpesvirus Simiae (B virus), Simian 

T-lymphotropic Virus (STLV-1), Rhesus Cytomegalovirus (RCMV) and Simian Foamy 

Virus (SFV).   

A plaque purified isolate of wildtype RRV, WT RRV17577 (256), was used exclusively 

for the microarray analyses.  The remainder of the studies utilized a plaque-purified 

isolate of bacterial artificial chromosome (BAC)-derived RRV17577 (WTBAC RRV17577) 

(69).  All RRV stocks were purified through a 30% sorbitol cushion and re-suspended 

in PBS, and viral titers were determined using serial dilution plaque assay in RFs.  The 

Cantell strain of Sendai Virus (SeV) was purchased from Charles River (Wilmington, 

MA), and Herpes Simplex Virus 1 (HSV-1), strain F, was a generous gift from Dr. 

David Johnson (Oregon Health & Science University).   

Cycloheximide (CHX) (Sigma) was re-suspended in EtOH and used at a final 

concentration of 50μg/ml to inhibit protein synthesis during RRV infection.  

Phosphonoacetic acid (PAA) (Sigma) was re-suspended in PBS and used at a final 
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concentration of 300μM to inhibit viral replication.  Poly(I:C) (Sigma) was re-

suspended in PBS and transfected into cells using TransIT LT1 transfection reagent 

(Mirus, Madison, WI).  Recombinant human IFN-α2 (PBL, Piscataway, NJ) was re-

suspended in PBS with 0.1% BSA and used at a final concentration of 10 U/ml.   

 

Construction of a vIRF-ko RRV clone using the WT RRV17577 Bacterial Artificial 

Chromosome (BAC).  Construction of vIRF-ko RRV was performed using the WTBAC 

RRV17577 DNA as a template (69).  First, an FRT-flanked kanamycin-resistance cassette 

(KanR) was engineered with 40bp arms of homologous RRV sequence to target the 

10.9kb region (nucleotides 78436-89386) encoding the 8 vIRFs (ORF R6 – ORF R13) 

within RRV.  The KanR cassette with RRV homology arms was then cloned into pSP73 

and sequenced before the linearized cassette was electroporated into the 

recombinogenic E. coli strain, EL250 (130), which contains WT RRV17577 BAC.  

Recombinant EL250 clones were selected for kanamycin resistance, and BAC-DNA 

was subsequently isolated using a standard alkaline lysis method to identify potential 

clones containing the KanR cassette in place of the vIRFs.  EL250 clones with 

successful recombination of the vIRF region were then treated with arabinose to induce 

Flp recombination within the EL250 system for removal of the KanR cassette within the 

BAC. 

For Southern blot analysis, BAC-derived DNA was isolated from EL250 clones, 

digested with Hind III overnight at 37oC, visualized on a 0.7% agarose gel, and 

subsequently transferred to Duralon-UV membrane (Stratagene, La Jolla, CA).  Probes 

were DIG-labeled using the DIG-High Prime kit (Roche, Indianapolis, IN), and 
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hybridization, washing, and detection were done per kit protocol.  Probes were made for 

the vIRF deleted region (KanR cassette), the intact vIRF region (ORF R9), and an 

additional RRV gene (ORF 4), as a control.   

 

Generation of infectious virus using the vIRF-ko RRV BAC DNA.  Infectious virus 

was isolated from RRV17577 BAC DNA as previously described (69).  Briefly, vIRF-ko 

RRV17577 BAC DNA from EL250 clones was transfected into RFs using TransIT LT1 

reagent (Mirus Bio, Madison, WI).  After the development of RRV-associated 

cytopathic effect (256), supernatant and cells were collected, freeze-thawed once, and 

sonicated to release any cell-associated virus.  The virus collected after this transfection 

underwent two rounds of infection in RFs transiently transfected with Cre-recombinase, 

to remove the floxed BAC cassette.  To confirm removal of the BAC cassette, the BAC 

cassette insertion site between ORF57 and R6 was amplified and sequenced using 

purified viral DNA as a template.  The recombinant virus subsequently went through 

two rounds of plaque purification in RFs to obtain a purified clone of vIRF-ko RRV.  

 

Viral DNA Isolation and Complete Genome Hybridization.  As previously described 

(69), RFs were infected with BAC-derived WT or vIRF-ko RRV (MOI=.01) and 

allowed to progress to complete CPE before supernatant and cells were collected and 

digested overnight with proteinase K. Viral DNA was then isolated via cesium chloride 

centrifugation (77,400xg for 72h).  Fractions containing viral DNA were pooled and 

dialyzed against Tris-EDTA.  Viral DNA from vIRF-ko RRV-infected cells was 

subsequently analyzed via Complete Genome Hybridization (CGH) at NimbleGen 
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Systems, Inc. (Madison, WI), as described (69).  WTBAC RRV17577 DNA was used as a 

reference genome, and data was analyzed using SignalMap software (NimbleGen 

Systems, Inc.) to identify potential nucleotide changes in vIRF-ko RRV. 

 

In vitro growth curves.  Single-step (MOI=2.5) and multistep (MOI=0.1) growth curve 

analyses were carried out in rhesus fibroblasts (RFs).  Cells were seeded in culture tubes  

(Corning, Aston, MA) at a density of 2x105 cells per tube, and infected in duplicate the 

following day.  After a 2h adsorption period, tubes were washed twice with phosphate-

buffered saline to remove any unbound virus, and fresh media was added.  Cells and 

supernatants were collected at 2, 12, 24, 48, 72, and 96h post-infection.  Samples were 

freeze-thawed once, then sonicated to release any remaining cell-associated virus before 

titers were determined via plaque assay in RFs.   

 

RNA Isolation, RT-PCR and Real Time PCR.  RNA was isolated from tRFs and 

rhesus PBMCs using the RNeasy kit (Qiagen, Valencia, CA) and DNased with RQ1 

DNase (Promega, Madison, WI) per kit protocols. To assess RRV transcripts and IFN-β 

expression in WTBAC RRV-infected tRFs and rhesus PBMCs, RT-PCR was performed 

using the Superscript III One-step RT-PCR with Platinum Taq (Invitrogen, Carlsbad, 

CA). Transcripts were detected with specific oligo pairs for each of the eight RRV 

vIRFs (ORF R6-R13), RRV vMIP (ORF R3), rhesus IFN-β, and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) (Table 2.1).   

For expression analyses of type I and type II IFNs, first strand cDNA synthesis was 

carried out using the High Capacity cDNA RT kit (ABI, Foster City, CA), and cDNA 
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was subsequently amplified using the TaqMan PreAmp master mix (ABI) and TaqMan 

gene expression assays specific for the following transcripts: IFN-β (Rh_03648734), 

IFN-α1/13 (Rh_03456606), IFN-γ (Rh-02621721), and GAPDH (Rh_02621745) (ABI).  

All data was normalized to the levels of GAPDH in each sample, and normalized levels 

of IFN transcripts were made relative to a standard sample included on each plate; 

either poly:IC-treated tRFs (10ug, 6h), or rhesus PBMCs treated with recombinant 

human IFN-α (10U, 6h).  

 

3’ RACE.  Primary rhesus fibroblasts were infected (MOI=2) for 72h, followed by 

RNA extraction and first-strand cDNA synthesis (described above).  Rapid 

amplification of 3’ cDNA ends (3’ RACE) was performed using the GeneRacer Kit 

(Invitrogen) with gene-specific primers upstream of the stop codon of ORF 57 (ORF-

57gsp 5’ ACG CGC AAA AAC ACG CTA GCG 3’) or ORF 58 (ORF-58gsp 5’ GCT 

CCT CGG ACT TGT ACA CTA TT 3’).  3’ RACE products were analyzed on a 1% 

agarose gel, purified, and cloned into pCR4-TOPO (Invitrogen), and at least 3 clones of 

each product were subsequently sequenced.   

 

Microarray analyses.  RFs were infected with WT RRV17577 (MOI=5) for 24, 48, and 

72 hours post-infection (hpi), in the presence of cycloheximide (CHX), 

phosphonoacetic acid (PAA), or EtOH for each time point, respectively.  CHX, PAA, or 

EtOH (control) was added 2h prior to infection and maintained throughout infection.  

RNA extraction was performed with an RNA isolation kit, per kit protocol (Ambion, 

Austin, TX).  Further RNA processing, Cy3/Cy5 labeling, hybridizations, washes and 
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scans were performed by the Spotted Microarray Core (SMC).  Samples were analyzed 

using an RRV-specific DNA-spotted microarray, as detailed previously (172).  Each of 

the 84 RRV ORFs were represented by three 70mers, 2 of which detected each 

transcript, and a 3rd 70mer that detected a hypothetical transcript in the antisense 

direction.  Sequences for the 70mers used for the RRV-specific microarray were also 

published previously (172).  Duplicate experimental samples were analyzed with a 

comparative based method, using uninfected RFs as the common reference sample.   

 

Native PAGE and Immunoblotting.  Protocols for native PAGE analysis of dimeric 

forms of cellular IRF-3 was originally described (103).  Briefly, 7.5% Ready Gels (Bio-

Rad, Hercules, CA) were pre-run (30 min at 40 mA, 4C) with 25 mM Tris (pH8.4) and 

192 mM glycine with and without 1% sodium deoxycholate (Sigma) in the cathode and 

anode chamber, respectively. Lysates were re-suspended in native sample buffer and 

electrophoresed for 60 min at 25 mA.  Proteins were then transferred to PVDF 

membrane (Bio-Rad) via semi-dry transfer (60min at 100mA, R.T.), and probed with 

anti-human IRF-3 pAb (FL-423) (Santa Cruz, Santa Cruz, CA).  Data was analyzed 

using densitometry to quantify the intensity of IRF-3 within the dimerized band 

compared to the intensity of total IRF-3 (total intensity of IRF-3 within the dimeric and 

monomeric bands).   

   

Immunofluorescence.  Telomerized RFs (tRFs) were grown on glass coverslips in 12-

well plates, and fixed with 4% paraformaldehyde in PBS (20min, R.T.).  Cells were 

then permeabilized and blocked in 5% normal goat serum (ngs)/0.1% Triton X in PBS 
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(PBST) (1h, R.T.) prior to staining, and all subsequent steps were performed in 1% 

ngs/PBST.  Cells on coverslips were stained with anti-human IRF-3 mAb (clone 

SL012.1) (BD Pharmingen, San Diego, CA) overnight at 4C, and subsequently stained 

with anti-mouse IgG-Texas Red (Vector Labs, Burlingame, CA).  Nuclei/DNA were 

detected using Hoechst 33258 dye.  Cells on coverslips were mounted onto slides using 

Vectashield mounting medium (Vector Labs) and examined on a Zeiss Axio Imager.M1 

microscope (Zeiss Imaging Solutions, Thornwood, NY).  Images were acquired using a 

Zeiss Axiocam camera (MRm) with Axiovision software (version 4.6), and 

subsequently processed using Adobe Photoshop (Adobe Systems, San Jose, CA).  

  

Intracellular Cytokine Staining.  Peripheral blood mononuclear cells (PBMCs) were 

freshly isolated from six individual ESPF rhesus macaques (described above), and 

maintained in serum-free media.  Three to four million PBMCs were infected (MOI=1) 

and treated with Brefeldin A (0.02 μg/μl) (Sigma) during the final 6h of each 

experiment to block cytokine secretion.  PBMCs were then surface stained with the 

following antibodies: CD3 (SP34), CD20 (B9E9), CD14 (M5E2), HLA-DR (L243), 

CD11c (3.9), and CD123 (6H6) to delineate myeloid dendritic cells (mDCs) (CD3-, 

CD20-, CD14-, HLA-DR+, CD11c+, CD123-) and plasmacytoid DCs (CD3-, CD20-, 

CD14-, HLA-DR+, CD11c-, CD123+).  Cells were subsequently fixed in fixation buffer 

(BioLegend) for 20min at 4C, permeabilized and stained for intracellular IFN-α 

(MMHA-2).  IFN-α was labeled using Zenon labeling technology, per kit protocol 

(Molecular Probes, Eugene, OR).  Samples were acquired on an LSRII instrument (BD, 

San Jose, CA), and data were analyzed using FlowJo software (TreeStar, Ashland, OR). 



  81

 

Statistical Analysis.  Data were analyzed using GraphPad Instat (GraphPad Software, 

La Jolla, CA), and significant differences were determined via paired t-test, with values 

of p ≤ 0.05 considered significant.   
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RESULTS 

RRV vIRFs are expressed early during infection.  We initially examined the 

transcriptional expression of the 8 vIRFs during WT RRV17577 infection of rhesus 

fibroblasts (RFs).  To do so, we used chemical inhibitors to inspect the ordered kinetic 

expression of viral genes, typical of Herpesvirus infection (97).  Using a RRV-specific 

oligonucleotide-based microarray (172), we utilized a comparative hybridization-based 

approach to determine vIRF expression as immediate early [(cycloheximide (CHX)-

resistant at 24 hours post-infection (hpi)], early (phosphonoacetic acid-resistant at 48 

hpi), or late (accumulation at 72 hpi).  Total RNA was collected from infected cells, 

labeled cDNA was then hybridized to the array, and data was analyzed using a common 

reference sample, uninfected RFs.  These data clearly show immediate-early expression 

kinetics for R6, R8, R10, and R12 vIRFs, demonstrated by the marked increase in 

transcript at 24 hpi in the presence of CHX (Fig. 2.1A).  Interestingly, R6, R8, and R10 

vIRFs are also expressed with distinct late kinetics, demonstrated by a second increase 

in expression at 72 hpi, rather than a progressive accumulation of transcript over time 

(Fig. 2.1A).   

 

To verify the immediate-early expression of the vIRFs, we performed reverse-

transcription PCR (RT-PCR) to analyze the vIRF transcripts during the first 24h of 

WTBAC RRV infection in the absence of drug.  RT-PCR revealed early and sustained 

expression of all eight vIRFs during the first 24h of infection (Fig. 2.1B).  Specifically, 

R10 already demonstrated strong expression at 3 hpi, and R6, R7, and R11 were all 
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present by 6 hpi (Fig. 2.1B).  Four of the vIRFs (R7, R9, R11, and R13) demonstrated 

sensitivity to CHX (Fig. 2.1A), yet we detected transcript within the first 24 hpi in the 

absence of drug (Fig. 2.1B).  This suggests that efficient expression of these vIRFs in 

RRV-infected RFs is enhanced by, or requires, additional viral proteins not included in 

the virion.  Moreover, the expression pattern of the first four vIRFs (R6-R9) closely 

parallels the expression pattern of the duplicated vIRFs (R10-R13) (207), demonstrating 

the sequence-related vIRFs are similar in their temporal expression.  Overall, these data 

demonstrate early expression of the vIRFs during RRV infection of RFs, and would 

position their respective proteins to be present during virus-stimulated induction of IFN.  

 

Generation of vIRF-ko RRV using WTBAC RRV17577.  To determine the collective 

role of the vIRFs during RRV infection, we utilized an infectious BAC-derived clone of 

RRV17577 (69) to generate a recombinant clone lacking all 8 vIRFs, designated vIRF-ko 

RRV.  Because the vIRFs are encoded within a cluster in the RRV genome (Fig. 2.2A), 

we were able to delete all 8 concurrently.  To achieve this, we replaced the vIRFs with a 

single kanamycin resistance (KanR) cassette via homologous recombination using the 

FLP/FRT recombination system within the E. coli strain, EL250 (130) (Fig. 2.2A).  To 

verify targeted recombination of the vIRFs, BAC-derived DNA was digested and 

examined via Southern analysis after the initial recombination of the vIRF region, and 

again after FLP removal of the KanR cassette (Fig. 2.2B).  Deletion of the vIRFs and 

FLP removal of the KanR cassette resulted in a 199bp lesion including a single FRT site 

(48bp) in the genomic region where the vIRFs were deleted.  To verify this, BAC-DNA 

from the vIRF-ko RRV clone was isolated, and the genomic region containing the vIRF 
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deletion was amplified and sequenced to confirm targeted deletion and that there were 

no changes in surrounding genomic sequence (data not shown).   

 

BAC DNA from the vIRF-ko EL250 clone was subsequently transfected into RFs, 

resulting in the production of infectious virus.  This virus was subsequently used to 

infect RFs transiently expressing Cre recombinase to remove the LoxP-flanked BAC 

cassette (69), and then subjected to two rounds of plaque purification in RFs to obtain a 

purified isolate of vIRF-ko RRV.  Viral DNA was then purified and analyzed via 

comparative genomic hybridization (CGH) to compare the complete genomic sequence 

of vIRF-ko RRV viral DNA to that of WTBAC RRV17577.  Previous studies have 

demonstrated the utility of CGH for identification of single nucleotide changes, 

insertions, and deletions within different strains of RRV, as well as WTBAC RRV17577 

viral isolates (69).  No other nucleotide changes were detected in the vIRF-ko RRV 

isolate using this method (Fig. 2.3), indicating that WTBAC RRV and vIRF-ko RRV have 

identical sequence outside the deleted vIRF region. 

 

WTBAC and vIRF-ko RRV infect RFs and rhesus PBMCs, and have similar in vitro 

growth potential.  To evaluate viral replication in the absence of the vIRFs, single-step 

(MOI=2.5) and multistep (MOI=0.1) growth curves were performed to assess viral 

growth and spread, respectively. In both the single-step (Fig. 2.4A) and multi-step (Fig. 

2.4B) growth analyses, vIRF-ko RRV displayed similar growth kinetics and magnitude 

as WTBAC RRV.  We conclude that the vIRFs are not essential for RRV infection, 
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replication or spread during RRV infection of RFs in vitro.  Thus, any phenotypic 

differences between WTBAC and vIRF-ko RRV infection in RFs cannot be simply 

attributed to altered growth potential.  

 

Although RRV infection of fibroblasts is easily studied, peripheral blood mononuclear 

cells (PBMCs), and B cells specifically, represent an important cellular target for RRV 

in the rhesus macaque (16).  Therefore, to determine if lack of the vIRFs alters RRV 

infection in a more relevant cell type, we also assessed WTBAC and vIRF-ko RRV 

infection of rhesus PBMCs.  Because such a small percentage of PBMCs get infected 

with RRV in vitro (data not shown), we were unable to compare growth properties 

within PBMCs using standard plaque assay.  Thus, we instead utilized RT-PCR to 

verify the presence of RRV transcripts to demonstrate RRV infection of rhesus PBMCs.  

We first assayed for viral Macrophage Inflammatory Protein (vMIP), encoded by ORF 

R3 (207), since we can readily detect vMIP sequence (DNA and RNA) in RRV-infected 

PBMCs, even at low levels of infection (data not shown).  In fact, we were able to 

detect vMIP transcript in both WTBAC and vIRF-ko RRV-infected PBMCs throughout 

the entire 48h time course (Fig. 2.4C).  Additionally, we looked for the presence of one 

of the vIRF transcripts to verify that the vIRFs are also expressed during RRV infection 

of PBMCs.  We chose the vIRF encoded by ORF R10, because it was transcribed early 

and persisted during the first 24h in RRV-infected RFs (Fig. 2.1B). As expected, vIRF 

R10 transcript was only present in WTBAC RRV-infected PBMCs, and transcript was 

present at 3 hpi, and persisted through 48 hpi (Fig. 2.4C).  Although we were unable to 

efficiently compare growth properties of WTBAC and vIRF-ko RRV in PBMCs, these 
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data demonstrate that removal of the vIRFs did not prevent RRV infection of rhesus 

PBMCs, and that vIRF expression also occurs early during infection of PBMCs, 

represented by R10 vIRF.     

 

Deletion of the vIRFs did not alter gene expression of adjacent ORFs.  We next 

confirmed that gene expression of the ORFs directly upstream (ORF 57) and 

downstream (ORF 58) of the deleted vIRFs was still intact during vIRF-ko RRV 

infection.  RRV ORF 57 encodes a protein with immediate early expression and shares 

similarity with ORF 57 of other γ-herpesviruses, which function in nuclear export of 

unspliced viral mRNA (27, 169, 225). RRV ORF 58 is also conserved among γ-

herpesviruses (169), and encodes a protein with putative epithelial binding function, as 

was demonstrated for Epstein-Barr virus (234).  The coding regions for ORF 57 and 

ORF 58 are oriented in opposing directions, both being transcribed toward the vIRF 

region (Fig. 2.2A), so we utilized 3’ RACE with gene-specific primers within ORF 57 

and ORF 58 to verify maintenance of both transcripts during vIRF-ko RRV infection.  

We identified two poly(A) sites that yielded full-length ORF 57 transcripts in WTBAC 

and vIRF-ko RRV-infected tRFs (Fig. 2.5A and B).  The poly(A) site further 

downstream of the stop codon is preferentially used during vIRF-ko RRV infection, 

while the poly(A) site that overlaps with the stop codon is preferentially used during 

WTBAC RRV infection (Fig. 2.5B). There was also a third, less abundant product 

identified for ORF 57 in vIRF-ko RRV-infected cells (Fig. 2.5), which resulted in an 

abbreviated transcript.  Transcription of ORF 58 also utilizes multiple poly(A) sites 

during WTBAC and vIRF-ko RRV infection, but the dominant transcript used the same 
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poly(A) site (Fig. 2.5C), and resulted in a full-length transcript (Fig. 2.5D). These data 

suggest that removal of the vIRFs did not significantly impact transcription of adjacent 

ORFs during RRV infection of tRFs.  

 

Deletion of the vIRFs results in increased induction of type I and type II IFNs 

during RRV infection.  To examine whether the vIRFs collectively function to inhibit 

induction of IFNs, we measured the induction of type I (IFN-β and IFN-α) and type II 

(IFN-γ) IFN in WTBAC and vIRF-ko RRV-infected tRFs and rhesus PBMCs.  Induction 

of IFN-β occurs early during viral infection in a variety of cell types, including 

fibroblasts, so we initially assayed levels of IFN-β transcript within the first 24h of 

RRV infection in tRFs.  Using reverse transcription (RT)-PCR, it was evident that WT 

RRV infection induced very little IFN-β, only faintly detectable at 12 hpi (Fig. 2.6A).  

Deletion of the vIRFs, however, resulted in increasing levels of IFN-β transcript 

between 12-24 h post-RRV infection (Fig. 2.6A), demonstrating that the vIRFs inhibit 

the induction of IFN-β during RRV infection of tRFs.   

 

To quantify the induction IFNs during WTBAC and vIRF-ko RRV infection in tRFs, we 

measured type I and type II IFN transcripts during a 72h time course via semi-

quantitative real time-PCR.  Each sample was normalized to GAPDH levels, and made 

relative to a positive control sample (IFN-α-treated PBMCs or poly(I:C)-treated tRFs).  

As described above, WTBAC RRV is not a robust inducer of IFN-β (Fig. 2.6A), and it’s 

especially evident when compared to a known stimulus, poly(IC), which induced 105 
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times more IFN-β (Fig 2.6B).  However, deletion of the vIRFs resulted in an average 2-

fold increase in IFN-β transcript at 72 hpi as compared to WTBAC RRV, although these 

data were not statistically significant (Fig. 2.6B).  In contrast to the tRFs, we were 

unable to detect any IFN-β message within mock or RRV-infected rhesus PBMCs in 

these studies (Fig. 2.6B).   

 

To further assess type I IFN response during RRV, we also examined induction of IFN-

α1, as it is the only IFN-α subtype that is induced upon viral infection (84, 136).  As 

measured by real time RT-PCR, the induction of IFN-α1 in WTBAC RRV-infected tRFs 

was unremarkable throughout the 72h time course, with levels between 0.5-1% of the 

magnitude of IFN-α1 induction after poly(IC) stimulation (Fig. 2.6C).  However, vIRF-

ko RRV infection of tRFs resulted in a progressive increase in IFN-α1 transcript that 

culminated in 3-fold higher induction at 72 hpi compared to WTBAC infection (Fig. 

2.6C).  Within PBMCs, the levels of IFN-α1 transcript peaked much earlier, at 12h post-

RRV infection, with nearly 2-fold higher induction during vIRF-ko RRV infection 

compared to WTBAC RRV (Fig. 2.6C).  Moreover, the induction IFN-α1 at 6 hpi in 

vIRF-ko RRV-infected PBMCs was 12-fold higher than during WTBAC RRV infection 

(Fig. 2.6C).  These data further demonstrate that the vIRFs are effectively inhibiting the 

induction of type I IFNs during RRV infection in tRFs and PBMCs.   

 

Lastly, we assessed the impact of vIRFs on induction of type II IFN, IFN-γ, during 

RRV infection.  Within tRFs, vIRF-ko RRV induced IFN-γ expression at 48-72 hpi, 
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whereas WTBAC RRV infection completely inhibited induction (Fig. 2.6D).  RRV 

infection of PBMCs induced IFN-γ with similar kinetics as IFN-α1 induction, peaking at 

12 hpi (Fig. 2.6D), and vIRF-ko RRV infection induced significantly more IFN-γ at 6 

hpi (Fig. 2.6D).  Collectively, these data demonstrate the vIRFs can significantly reduce 

and delay induction of both type I and type II IFN during RRV infection.   

 

The vIRFs limit IFN-α production by pDCs in RRV-infected PBMCs.  To 

determine if the vIRF-dependent inhibition of IFN transcripts correlates with reduced 

IFN production, we examined IFN-α production in RRV-infected PBMCs via 

intracellular cytokine staining (ICCS). Freshly isolated PBMCs from six expanded 

specific pathogen free (ESPF) rhesus macaques were infected with WTBAC or vIRF-ko 

RRV (MOI=1) for 12, 24, and 48h.  For all samples, Brefeldin A was added during the 

last 6h of incubation to inhibit cytokine secretion.  Subsequently, PBMCs were surface 

stained to delineate plasmactyoid dendritic cells (pDCs) (CD3-, CD20-, CD14-, HLA-

DR+, CD11c-, CD123+) (28) (outlined in Fig. 2.7A), as they are the major producers of 

type I IFN in PBMCs (47, 215).  Subsequently, IFN-α production was measured using 

ICCS.  HSV-1 stimulation of rhesus PBMCs, used as a positive control, resulted in 

marked production of IFN-α specifically within the pDC population (Fig. 2.7A), similar 

to previous findings (47, 215).  Likewise, approximately 15% of the pDC population 

was producing IFN-α at 12 hpi in both WTBAC and vIRF-ko RRV-infected PBMC 

cultures (Fig. 2.7B and C).  Interestingly, IFN-α production was sustained in vIRF-ko 

RRV-infected cultures, with approximately 17% of the pDCs still producing IFN-α at 

24 hpi (Fig. 2.7B and C).  In contrast, only 6% of the pDCs still produced IFN-α at 24 
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hpi in WTBAC RRV-infected cultures (Fig. 2.7B and C).  Thus, we conclude that 

deletion of the vIRFs results in sustained production of IFN-α following RRV infection 

of PBMCs.   

 

The vIRFs alter the localization of cellular IRF-3 during RRV infection.  IRF-3 is a 

vital component of the transcription machinery that drives transcription of type I IFN 

(84, 136, 203) following viral infection.  Therefore, we monitored activation of cellular 

IRF-3 during the initial 24h of infection with RRV.  We did not detect a decrease in 

overall levels of IRF-3 after WTBAC or vIRF-ko RRV infection, as measured by total 

IRF-3 present in whole cell extracts (data not shown).  Moreover, both WTBAC and 

vIRF-ko RRV induced similar levels of IRF-3 dimerization, which peaked at 6-12 hpi, 

as measured via native PAGE and western analysis (Fig. 2.8A and B).  However, 

deletion of the vIRFs resulted in increased nuclear accumulation of IRF-3 at 6 hpi (Fig. 

2.8C and D).  Indirect immunofluorescence of total IRF-3 demonstrated that 61% of 

cells contained IRF-3 in the nucleus at 6 hpi in vIRF-ko RRV-infected cells, compared 

to only 30% in cultures infected with WTBAC RRV (Fig. 2.8C and D).  This observation 

suggests that interference with nuclear accumulation of IRF-3 is one potential 

mechanism utilized by vIRFs to inhibit induction of type I IFN during RRV infection.   
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DISCUSSION 

KSHV allocates a significant portion of its genome to encoding immunomodulatory 

proteins (10).  Of particular interest are the viral interferon regulatory factors (vIRFs), 

unique to KSHV and RRV, a closely related simian γ-Herpesvirus (7, 194, 201, 207).  

KSHV vIRF-1 was initially identified and named because of its sequence similarities 

with cellular IRFs; specifically, it shares 13% sequence identity with IRF-8 and IRF-9 

(162).  Moreover, in vitro studies have demonstrated that KSHV vIRF-1, -2, and -3 

have various inhibitory effects on the cellular IRFs (170).  Similarly, RRV encodes 

eight vIRFs that also share homology with cellular IRF-8 and IRF-9, as well as 

approximately 20% AA identity with KSHV vIRF-1 (207), and are also proposed to 

interfere with the transcriptional functions of cellular IRFs.  Deletion of the vIRFs using 

WTBAC RRV, presented herein, has finally enabled us to assess the impact of vIRFs 

during de novo RRV infection; something that has proved difficult with KSHV, due to 

poor lytic replication.  These data are the first to demonstrate that deletion of the vIRFs 

results in increased gene expression/production of IFN and increased nuclear 

accumulation of IRF-3 during de novo RRV infection.  These results suggest that the 

vIRFs can inhibit the innate, antiviral response, thereby providing an advantage to 

RRV.    

 

The IFN response is an important component to a cell’s antiviral defenses.  To 

effectively circumvent the induction of IFN, an invading pathogen must also act 

quickly.  Accordingly, our transcriptional analysis has demonstrated that all 8 vIRFs are 

detected by 12 hpi via RT-PCR, and vIRF R10 was expressed as early as 3 hpi in RRV-
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infected tRFs and PBMCs (Fig. 2.1 and 2.4).  Additionally, we performed a more 

stringent kinetic examination of vIRF expression in our microarray analysis, and 

identified that 4 of the vIRFs (R6, R8, R10, and R12) were expressed with true, 

immediate early kinetics, as demonstrated by their expression in the presence of 

cycloheximide (CHX).  Thus, because their expression is independent of new viral 

protein synthesis, these four vIRFs may be the key players in inhibiting induction of 

IFN during RRV infection (Fig. 2.6).  The remaining four vIRFs (R7, R9, R11, and 

R13), however, were sensitive to CHX, demonstrating their early expression is 

dependent on newly synthesized viral proteins not present within the virion.  Moreover, 

our inability to detect significant expression of these 4 vIRFs at any time point in our 

microarray analyses suggests that efficient expression of R7, R9, R11, and R13 may 

also be dependent on cell-specific factors not present in RFs.  Previous transcriptional 

studies of RRV26-95 also demonstrated variable expression for all 8 vIRFs, but did not 

see the paralleled expression between the first four vIRFs (R6-R9) and their respective, 

duplicated vIRFs (R10-R13) as we demonstrated during RRV17577 infection (Fig. 2.1) 

(63).  Nonetheless, the transcriptional analyses of RRV26-95 did demonstrate that at least 

2 vIRFs (corresponding to R6 and R10) were expressed as early as 6-12 hpi (63).  

Likewise, KSHV vIRF-1 is also transcriptionally up-regulated upon induction of lytic 

replication in KSHV-infected B cells (62).  Accordingly, three of the KSHV vIRFs 

possess a variety of mechanisms to independently inhibit induction of IFNs and IFN-

induced signaling (170).  Therefore, the early expression of the vIRFs during RRV 

infection suggests they play a role in inhibiting the innate antiviral response, including 

induction of IFN.   
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Comparison of WTBAC and vIRF-ko RRV de novo infection has demonstrated that 

deletion of the vIRFs did not significantly alter infection in RFs and PBMCs.  Viral 

growth and spread in RFs is comparable between WTBAC and vIRF-ko RRV infection, 

and deletion of the vIRFs resulted in minimal effects on expression of ORFs adjacent to 

the deleted region.  We did detect an additional, truncated ORF57 transcript in vIRF-ko 

RRV infection, but it was not as abundant as the 2 full-length transcripts.  Moreover, 

because viral growth appeared unaltered, it’s unlikely the additional, truncated 

transcript interferes with efficient expression of ORF57.  Our analyses of RRV-infected 

cultures of PBMCs, however, did not allow for quantification of viral infection and 

growth, but we can conclude that vIRF-ko RRV can still infect PBMC cultures, as 

demonstrated by the expression of viral transcripts during the first 48 hpi (Fig. 2.4).  

Likewise, we have yet to thoroughly analyze the specific populations infected with 

RRV in the peripheral blood, and whether this is altered after deletion of the vIRFs.  

Still, we have demonstrated that presence of the RRV vIRFs significantly decreases and 

delays the induction of type I and type II IFN during RRV infection of tRFs and 

PBMCs.  The magnitude of the response was dramatically lower in tRFs, which likely 

explains comparable growth of vIRF-ko RRV (Fig. 2.4), despite induction of IFN.  

However, vIRF-ko RRV infection of PBMCs resulted in early induction of type I and 

type II IFN transcripts, as well as sustained production of IFN-α protein, compared to a 

significantly abbreviated response after WTBAC RRV infection.  Not surprisingly, the 

IFN-α produced within RRV-infected PBMCs was restricted to pDCs, which are known 

to produce large amounts of IFN-α in response to a number of different viruses (72, 75).  

These data do not directly demonstrate the pDCs producing IFN-α are infected.  
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However, pDCs are unique in their sole expression of toll-like receptor 7 (TLR7) and 

TLR9, specifically equipping them to recognize bacterial and viral nucleic acids, 

including genomic DNA from several herpesviruses (118, 176).  Moreover, it’s recently 

been demonstrated that KSHV infection of pDCs induces production of IFN-α in a 

TLR9-dependent manner (250).  Therefore, the detection of RRV transcripts by 3 hpi in 

RRV-infected PBMC cultures, and the dramatic increase in IFN transcript at 6 hpi 

imply the pDCs are responding to direct infection with RRV, likely through recognition 

of its genomic DNA.   

 

Induction of type I IFNs is orchestrated by IRF-3, constitutively expressed in most cell 

types, and IRF-7, constitutively expressed in pDCs.  These IRFs are quickly activated 

following viral infection, and subsequently accumulate in the nucleus where they drive 

transcription of type I IFNs.  We’ve demonstrated that the presence of the vIRFs 

inhibits IRF-3 nuclear accumulation within the first six hours of RRV infection, 

preceding the inhibition of type I IFN induction during RRV infection.  Distinct 

mechanism(s) of IRF-3 dysregulation have yet to be determined, but the vIRFs likely 

target multiple cellular proteins as demonstrated for the KSHV vIRFs.  For example, 

KSHV vIRF-1 can bind p300/CBP and inhibit its essential interaction with IRF-3 (31, 

137), and KSHV vIRF-3 can bind to and retain NFκB in the cytoplasm (213). Thus, 

both vIRFs are independently interfering with two necessary factors in the induction of 

type I IFN.  Further examination is required to determine the exact functions of the 

individual RRV vIRFs in the inhibition of IFN, and specifically define the 

mechanism(s) of IRF-3 dysregulation.   
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In addition to establishing an antiviral state early during viral infection, type I IFNs 

(α/β) also have effects on NK cells (20, 165), T cells (100, 150, 232) and DCs (102, 

143, 161), directly impacting the adaptive immune response. Therefore, the inhibition 

of type I IFNs by vIRFs could disrupt both the innate and adaptive immune responses 

during in vivo RRV infection.  Additionally, our data demonstrate the RRV vIRFs also 

inhibit the induction of type II IFN, IFN-γ, which is essential for promoting an efficient 

Th1 immune response.  In fact, previous in vitro analyses demonstrated KSHV vIRF-1 

and vIRF-3 can also interfere with type II IFN signaling.  Specifically, KSHV vIRF-1 

inhibits transcription induced by IFN-γ (134, 267), and results in decreased surface 

expression of MHC-I (127).  Likewise, KSHV vIRF-3 similarly inhibits IFN-γ-

responsive promoters, resulting in decreased expression of MHC-II on latently infected 

B cells (206).  The distinct late expression of a subset of the RRV vIRFs may translate 

to additional roles that specifically target IFN-γ, or other IRF-dependent cytokines, to 

further interfere with the adaptive immune response.  Our preliminary examination of 

IFN-γ production in RRV-infected PBMC cultures, T cells and DCs specifically, did not 

show any measurable production over mock-infected cultures in the first 24 hpi (data 

not shown), despite the significant induction at the transcript level in vIRF-ko RRV 

infection (Fig. 2.5).  However, the vIRF-mediated inhibition of IFN-γ may be important 

in other cell types that weren’t examined here, such as natural killer cells (20, 233), or 

at later times during RRV infection, potentially in response to other cytokines, such as 

IL-12 (165).  Differentially, individual RRV vIRFs may enhance transcription of some 

cellular genes, as shown for KSHV vIRF-1 (198) and vIRF-3 (140, 141).  Moreover, a 
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role for vIRFs in stimulation of IRF-mediated transcription (140) could promote 

cytokine-enhanced reactivation of the virus (159).  Future studies will utilize vIRF-ko 

RRV to focus on the impact of vIRFs during in vivo RRV infection of the rhesus 

macaque to further our understanding of their role(s) in immune evasion and 

pathogenesis. 
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FIGURE. 2.1.  Expression of 8 vIRFs during Rhesus Rhadinovirus infection.   (A) To 

analyze immediate early, early, and late transcripts during WT RRV17577 infection, RFs were 

infected (MOI=5) for 24h in the presence of cycloheximide (CHX) (50μg/ml), 48h in the 

presence of phosphonoacetic acid (PAA) (300μM), or 72h without drug (EtOH only), 

respectively.  Transcript expression was analyzed using an RRV-specific spotted microarray.  

The level of expression of the 8 vIRFs in RRV-infected RFs was determined using a 

comparative-based method (Cy3/Cy5), using mock-infected cells as the reference sample.  Each 

vIRF transcript was detected using two separate probes (a and b), and this data is a 

representative of 2 biological replicates. (B) tRFs were infected (MOI=2) and RNA was 

extracted at 3, 6, 12, and 24 hpi, and analyzed via RT-PCR using 8 vIRF-specific oligo pairs 

(Table 2.1).  As controls for RNA input and purity, levels of GAPDH were analyzed in each 

sample, as well as a reaction run without reverse transcriptase.  hpi, hours post-infection. 

GAPDH, glyceraldehyde 3-phosphate dehydrogenase.   
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FIGURE 2.2.  Construction and molecular characterization of vIRF-ko RRV using WTBAC 

RRV17577.  (A) A schematic representation of the RRV genome illustrating the location and 

orientation of the eight vIRFs (ORFs R6 – R13) encoded within a 10.95kb region (nucleotides 

78436-89386) between ORF57 and ORF58.  The genomic region encompassing the 8 vIRFs 

was targeted for deletion via homologous recombination within the recombinant E. coli strain, 

EL250.  The entire region was recombined with an FRT-flanked kanamycin resistance (KanR) 

cassette with 40bp homology arms (shaded regions) to recombine with sequence directly 

upstream and downstream of the vIRF region.  FRT sites are illustrated with an asterisk (*).  (B) 

WTBAC RRV17577 DNA was isolated from EL250s before and after recombination of the vIRF 

region, and again after the KanR cassette was removed via Flp recombination.  DNA was 

digested with HindIII, run on an agarose gel and Southern blot analysis was performed using 

DIG-labeled probes against the vIRF region, the KanR gene, and another RRV gene (ORF4), as 

a control.  TR, terminal repeats. FRT, Flp recognition target. Flp, Flippase. 
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FIGURE. 2.3  Comparative Genome Hybridization.  An array was designed containing 

oligos spanning the entire RRV17577 genome (forward and reverse strands).  WTBAC RRV17577 

DNA was used as a reference sample, and we directly compared viral DNA from the vIRF-ko 

RRV recombinant clone to identify potential nucleotide changes, deletions, and insertions.  Any 

alterations within the vIRF-ko RRV genome resulted in incomplete hybridization to the array, 

depicted in the ratio of vIRF-ko:WT, and signaled a potential mismatch in the identified 

genomic region (nt 78436-89386).  This comparison identified the region of vIRF deletion as 

shown, but no other changes were detected within the vIRF-ko RRV genome.   
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FIGURE 2.4.  WTBAC RRV and vIRF-ko RRV infection of RFs and rhesus PBMCs.  RFs 

were infected with WTBAC RRV and vIRF-ko RRV in (A) single step (MOI=2.5) and (B) multi-

step (MOI=0.1) growth curves.  Infected RFs were harvested at specified time points and 

subjected to serial-dilution plaque assay on RFs to ascertain viral titer, displayed as plaque 

forming units (PFU) / ml (±SEM).  (C) Rhesus PBMCs were isolated from ESPF rhesus 

macaques and infected with WTBAC RRV or vIRF-ko RRV (MOI=1).  RNA was harvested at 

indicated time points, and analyzed via RT-PCR for RRV vMIP (ORF R3), RRV vIRF (ORF 

R10), and GAPDH, as a loading control.  Oligo pairs used for each transcript are listed in Table 

2.1, and viral transcripts were detected using 300ng RNA, and GAPDH was detected using 

50ng RNA per sample.  Samples were simultaneously run with Taq polymerase only (-RT) to 

verify absence of contaminating DNA, and purified RRV DNA was used as a positive control 

(+).  PBMCs, peripheral blood mononuclear cells; ESPF, expanded specific-pathogen free; 

vMIP, viral macrophage inflammatory protein; GAPDH, glyceraldehyde 3-phosphate 

dehydrogenase. 
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FIGURE 2.5.  3’ RACE analysis of ORFs adjacent to deleted vIRF region.  Rhesus 

fibroblasts were infected with WTBAC RRV or vIRF-ko RRV (MOI=1), and RNA was harvested 

at 72 hpi and analyzed via 3’ RACE to verify transcription of ORF 57 and ORF 58, the two 

ORFs directly upstream and downstream of the vIRF region.  (A)  3’ RACE analysis of ORF 57 

demonstrated 2 products in WTBAC and VIRF-ko RRV infection (arrows, labeled a and b).  A 

third transcript was detected in vIRF-ko RRV infection, but resulted in a truncated transcript 

(#).  (B) Both full-length products were cloned and sequenced, and correspond to transcripts 

using 2 distinct poly(A) sites (shaded in gray).  The stop codon is underlined, and the addition 

of the poly(A) tail is noted with the symbol, >.  (C)  3’ RACE analysis of ORF 58 demonstrated 

a dominant, full-length product in WTBAC and vIRF-ko RRV infection (arrow).  (D) This 

product was subsequently cloned and sequenced to identify a single poly(A) site (shaded in 

gray) upstream of the stop codon (underlined), and the addition of the poly(A) tail is marked (>) 

downstream of the stop codon.      
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FIGURE 2.6.  Induction of type I and type II IFN during RRV infection.  Telomerized RFs 

(tRFs) and ESPF rhesus PBMCs were infected with WTBAC RRV or vIRF-ko RRV (MOI=1), 

and RNA was analyzed at indicated time points via (A) RT-PCR or (B-D) real-time PCR.  (A) 

RT-PCR was performed using 300ng RNA per sample for detection of IFN-β in RRV-infected 

tRFs.  Detection of GAPDH was used as a loading control, and samples were run with Taq 

polymerase only (-RT) to demonstrate absence of contaminating DNA.  Oligos used for RT-

PCR are listed in Table 2.1.  (B-D) RNA from infected tRFs and infected PBMCs was also used 

to prepare and amplify cDNA for semi-quantitative real time PCR specific for (B) IFN-β, (C) 

IFN-α1, and (D) IFN-γ using the Taqman PreAmp master mix and GeneExpression Assays 

(ABI) specific for rhesus transcripts.  All transcripts were normalized to levels of GAPDH in 

each sample, and made relative to a positive control sample included on each plate.  The 

positive control for IFN-α and IFN-β transcripts was cDNA from tRFs transfected with 

poly(IC) (10ug/ml, 6h), and the positive control for IFN-γ was cDNA from PBMCs treated with 

recombinant human IFN-α2 (10Units/ml, 6h).  Data are averaged (± SEM) from at least three 

independent experiments each in tRFs and PBMCs.  **, p ≤ 0.01.  *, p ≤ 0.05.  N.S., not 

significant. ND, not detected. 
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FIGURE. 2.7.  Production of IFN-α by pDCs in RRV-infected PBMC cultures.  Freshly 

collected peripheral blood mononuclear cells (PBMCs) from six ESPF rhesus macaques (RM) 

were used for the following experiments.  Four million PBMCs were mock-infected, or infected 

with WTBAC or vIRF-ko RRV (MOI=1) in serum-free media.  During the last 6h of infection, 

brefeldin A (0.02 μg/μl) was added to inhibit cytokine secretion, and at 12, 24, and 48 hpi, cells 

were surface stained for CD3, CD20, CD14, HLA-DR (MHC-II), CD11c, and CD123.  PBMCs 

were then subsequently fixed and IFN-α production was measured via intracellular cytokine 

staining, and cells were analyzed via flow cytometry.  (A) Surface marker expression was 

utilized to delineate cellular populations within the PBMC cultures: T cells (CD3+), B cells 

(CD20+), monocytes (Lin-, MHC II+, CD14+), and dendritic cells (DCs)  (Lin-, MHC II+,   

CD14-).  The DC population was further delineated into myeloid DC (CD11c+, CD123dim) and 

plasmacytoid DC (CD11c-, CD123+) subsets.  IFN-α production was then measured in the mDC 

and pDC populations, as well as the total DC population, and the percentage of cells producing 

IFN-α is shown in each histogram.  (B) IFN-α production within the pDCs is shown from a 

representative experiment at 12, 24, and 48 hpi.  PBMCs were stimulated with HSV-1 for 12h 

as a positive control for IFN-α production.  (C) Comparison of the percentage of pDCs 

producing IFN-α at each time point in WTBAC or vIRF-ko RRV-infected PBMC cultures (n = 

6).  PBMCs from each of the 6 RMs are represented by the same symbol at all time points.   

N.S., not significant. 
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FIGURE 2.8.  Nuclear accumulation of IRF-3 is inhibited during RRV infection of RFs.  

Telomerized RFs (tRFs) were infected with WTBAC RRV or vIRF-ko RRV (MOI=1). (A) Native 

cellular lysates (40ug) were run on a 7.5% polyacrylamide, non-denaturing gel, with 1% sodium 

deoxycholate in the cathode chamber.  Proteins were transferred to a PVDF membrane, and 

probed for total cellular IRF-3 to distinguish monomeric and dimeric forms (α-hu IRF-3 pAb 

FL-423, Santa Cruz).  (B) Data were analyzed using densitometry to quantify the amount of 

IRF-3 present in the dimeric form (slower migrating band), compared to the total IRF-3 within 

each lysate.  Data is expressed as a percentage based on this ratio (% of IRF3 present in dimeric 

form), and presented as an average (± SEM) of 3 independent experiments. (C) A representative 

image of tRFs that were fixed and analyzed via indirect immunofluorescence for total cellular 

IRF-3 (α-hu IRF-3 mAb, clone SL012.1) at 6hpi (shown in red).  Nuclei were detected using 

DAPI (blue).  tRFs were transfected with Poly(IC) (10ug, 6h) as a positive control for IRF-3 

activation/nuclear localization.  Magnification, x400.  (D) Cells were analyzed at time points 

indicated, and the percentage of cells expressing IRF-3 in the nucleus was calculated by 

counting ~200 cells in each sample.  Data are represented as a mean of 5 separate experiments 

(± SEM).   N.S., not significant. *, p≤ 0.05.   
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ABSTRACT 

Kaposi’s Sarcoma-associated herpesvirus (KSHV), and the closely related γ2-

herpesvirus, rhesus macaque rhadinovirus (RRV), are the only known viruses to encode 

viral homologues of the cellular interferon (IFN) regulatory factors (IRFs).  Recent 

characterization of a vIRF deletion clone of RRV (vIRF-ko RRV) demonstrated that 

vIRFs inhibit production of type I and type II IFN during RRV infection of peripheral 

blood mononuclear cells.  Because the IFN response is a key component to a host’s 

antiviral defenses, this study has investigated the role of vIRFs in viral replication and 

the development of the immune response during in vivo infection in rhesus macaques 

(RMs), the natural host of RRV.  Experimental infection of RMs with vIRF-ko RRV 

resulted in decreased viral loads and diminished B cell hyperplasia, a characteristic 

pathology during acute RRV infection that often develops into more severe 

lymphoproliferative disorders in immune-compromised animals, similar to pathologies 

in KSHV-infected individuals.   Moreover, in vivo infection with vIRF-ko RRV resulted 

in earlier and sustained production of pro-inflammatory cytokines and earlier induction 

of an anti-RRV T cell response, when compared to wildtype RRV infection.  These 

findings demonstrate the broad impact vIRFs have on pathogenesis and the immune 

response in vivo, and are the first to validate the importance of vIRFs during de novo 

infection in the host.   
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INTRODUCTION 

Kaposi’s Sarcoma-associated Herpesvirus (KSHV) is a γ2-herpesvirus that was 

identified in 1994 as the cause of AIDS-related Kaposi’s Sarcoma (KS) (41), one of the 

most common malignancies within HIV-infected individuals.  KSHV establishes a 

persistent infection within B cells (8, 55) and is also associated with the malignant B 

cell disorders, multicentric Castleman’s disease (MCD) and primary effusion lymphoma 

(PEL) (37, 220).  Patients who develop MCD and PEL often have a poor outcome, 

especially if these B cell disorders develop before the introduction of HAART (33).  

Moreover, recent studies have documented an increase in KS within individuals on 

long-term HAART therapy, despite maintenance of low HIV viral loads and high CD4 

T cell numbers (152).  These findings now suggest that the development of KSHV-

associated diseases is dependent on other unidentified factors and not simply just 

immune-suppression. 

 

Studying host-pathogen interactions during de novo KSHV infection and disease 

pathogenesis has been hindered by the scarcity of animal models that recapitulate the 

human disease (40, 61, 192).  Rhesus macaque rhadinovirus (RRV) is a closely related 

γ-herpesvirus (7, 54, 58, 207) that naturally infects rhesus macaques (RMs) and 

establishes latency within B cells (16).  Moreover, RRV infection of RMs induces an 

acute hyperproliferation of B cells (69, 256) that often develops into diseases that 

resemble non-Hodgkin’s lymphoma and MCD in immune-compromised animals (172).  

The striking similarities between KSHV and RRV-associated pathologies (16, 69, 172, 

256), along with the nearly co-linear genomic organization (7, 207), make RRV 
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infection of RMs an ideal model for studying KSHV disease.  Moreover, we have 

recently generated a bacterial artificial chromosome (BAC) clone of RRV17577 (WTBAC 

RRV) (69) which allows us to target specific genes for deletion to effectively address 

their roles during infection.   

 

KSHV and RRV encode a number of viral homologues of cellular genes involved in 

immune signaling, apoptosis, and cellular growth and differentiation.  Accordingly, 

these viral homologues play critical roles in subverting the immune response (10).  In 

particular, KSHV and RRV both encode a cluster of viral interferon regulatory factors 

(vIRFs) (7, 162, 201, 207) which bear significant homology with cellular IRFs, a family 

of transcription factors that coordinate induction of IFN and other pro-inflammatory 

cytokines during virus infection (94).  RRV encodes eight vIRFs (ORFs R6-R13) within 

the same genomic region as the 4 vIRFs encoded within KSHV (7, 207).  KSHV vIRF-

1, -2, and -3 inhibit the induction of interferon (IFN) and subsequent IFN-induced 

signaling, via direct and indirect interference with cellular IRFs (31, 32, 76, 80, 82, 111, 

142, 253, 267).  Furthermore, KSHV vIRF-1 demonstrated tumorigenic potential in 

NIH3T3 cells and nude mice (82), and KSHV vIRF-1, -3, and -4 independently disrupt 

p53 function, inhibiting p53-induced apoptosis and/or cell cycle control (131, 164, 197, 

212).  Additional anti-apoptotic functions have also been attributed to KSHV vIRF-1 

and vIRF-3.  For example, KSHV vIRF-1 binds and sequesters the pro-apoptotic 

protein, Bim, reducing levels of apoptosis (46), and RNAi knockdown of KSHV vIRF-3 

results in increased activity of effector caspases in KSHV-infected PEL cells (254).  

Collectively, these data demonstrate the functional breadth and diversity of 
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pathways/cellular functions that are targeted by the vIRFs, but these data do not 

adequately address the role of vIRFs during in vivo infection.  

 

A recombinant clone of RRV lacking all 8 vIRFs (vIRF-ko RRV) was recently 

generated, and it was demonstrated that RRV vIRFs inhibit the induction of IFN during 

de novo RRV infection in peripheral blood mononuclear cells (PBMCs) and rhesus 

fibroblasts (Chapter 2).  Specifically, infection of PBMCs with vIRF-ko RRV induced 

significantly more type I (α/β) and type II (γ) IFN compared to WTBAC RRV.  

Moreover, increased production of IFN-α was most evident within plasmacytoid DCs, 

which are also important in TLR9-mediated detection of KSHV (250).  Therefore, we 

hypothesized that vIRF-ko RRV infection of RMs would result in increased induction 

of IFN, promoting a more effective adaptive immune response and potentially limiting 

viral replication, persistence, and/or acute RRV-associated pathology.  This hypothesis 

was tested by infecting immune-competent RMs with either WTBAC RRV or vIRF-ko 

RRV, and comparing viral replication and the development of the adaptive immune 

response.  These data show for the first time that vIRFs are critical for efficient viral 

growth, subversion of early cytokine production and delay of the T cell response, as 

well as important in development of acute B cell pathologies during RRV infection in 

RMs.   
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MATERIALS and METHODS 

Cells and Virus.  Primary rhesus fibroblasts (RFs) were grown in DMEM (Mediatech, 

Herndon, VA) supplemented with 10% fetal bovine serum (HyClone, Ogden, UT).  

Viruses used in these studies include wildtype BAC-derived RRV17577 (WTBAC 

RRV17577) (69), and vIRF-ko BAC-derived RRV17577 (vIRF-ko RRV) (Chapter 2).  All 

virus stocks were purified through a 30% sorbitol cushion and re-suspended in PBS, and 

titers were determined using standard plaque assay in 1o RFs.  

 

Experimental Inoculation of Rhesus Macaques with BAC-generated WT RRV and 

vIRF-ko RRV.  All aspects of the experimental animal studies were performed 

according to institutional guidelines for animal care and use at the Oregon National 

Primate Research Center, Beaverton, OR. Expanded specific pathogen-free (ESPF) 

[sero-negative for RRV, Simian Immunodeficiency Virus (SIV), Type D Simian 

Retrovirus (SRV), Herpesvirus Simiae (B virus), Simian T-lymphotropic Virus (STLV-

1), Rhesus Cytomegalovirus (RCMV) and Simian Foamy Virus (SFV)], were 

inoculated intravenously with 5x106 plaque-forming units (pfu).  Six RMs were infected 

with BAC-derived WT RRV17577 (WTBAC RRV17577) (identification numbers 24807, 

24896, 24996, 24916, 21963, and 26473), and 8 RMs were infected with BAC-derived 

vIRF-ko RRV (identification numbers 24875, 25491, 24799, 25000, 21287, 26448, 

26937, and 25241).  RM #25241 developed neurological symptoms unrelated to RRV 

infection at 16 dpi and underwent necropsy 2 days later, so there is no data for this 

animal after 14 dpi.       
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Blood was collected on days 1, 3, 5, and 7 post-infection (PI), then weekly for the 

duration of the experiment, to obtain peripheral blood mononuclear cells (PBMCs).  

Bronchoalveolar lavage (BAL) was also performed weekly to collect infiltrating 

immune cells in the lung.  Pre-infection samples were collected 4 and 2 weeks prior to 

RRV infection, as well as on day 0, to establish baseline readings for each animal.  

PBMCs were isolated from whole blood using Histopaque (Sigma Aldrich, St Louis, 

MO) per the manufacturer’s guidelines.  

 

Viral loads, Persistence, and Detection of WT or vIRF-ko RRV in RMs.  To 

measure viral loads in the infected RMs, total DNA was isolated from whole blood and 

genome copies were calculated using Taqman primers/probe specific for RRV ORF3 

(vMIP): vMIP-1 (5’ CCT ATG GGC TCC ATG AGC 3’), vMIP-2 (5’ ATC GTC AAT 

CAG GCT GCG 3’), and vMIP probe (5’ TCA TCT GCC GCC ACC CGG TTT A 3’) 

as previously described (69).   

 

The presence of infectious virus was measured via co-culture of PBMCs onto RFs, as 

described previously (69).   Briefly, 2x105 PBMCs were added in duplicate onto 

confluent monolayers of RFs, serially diluted 1:3 across a 24-well plate, and the 

presence of cytopathic effect (CPE), and scored accordingly (69).  A maximum score of 

5 indicates CPE was present at the highest dilution (2.5x103 PBMCs/well), and half 

scores represent CPE in only 1 of the replicate wells at that respective dilution.  At peak 

days of viremia, co-culture supernatant/cells were collected and directly used as 

template to verify the presence of RRV via nested PCR for RRV ORF3 (vMIP).  These 
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analyses utilized the vMIP-1 and vMIP-2 oligos (above) for the initial reaction, and 

vMIP-3 (5’ CCC GAA CTC TGC TGT TTG 3’) and vMIP-4 (5’ TGG GAC GCT TGT 

CCA CCG 3’) for the nested reaction.  We also amplified a fragment within ORF R10 

(vIRF) to differentiate WT and vIRF-ko RRV using the following oligos, R10-1 (5’ 

CGT TTC CCA ATT ATG ATT ATC 3’) and R10-2 ( 5’ CCG ATA CCG TCT CTC 

TTG ATC 3’).   

 

To check for persistence of the RRV genome, CD20+ B cells were isolated via FACS 

from 5-10x107 PBMCs collected between 3 and 6 months PI.  DNA was extracted from 

CD20+ cells with the PureGene DNA extraction kit, per manufacturer’s protocol 

(Qiagen, Valencia, CA), and analyzed via nested PCR for RRV ORF3 (vMIP), as 

described above.   

 

Measurement of T and B cell Proliferation.  PBMCs and BAL cells were stained for 

extracellular markers CD8b (Beckman Coulter, Brea, CA) and CD4 (eBioscience, San 

Diego, CA) to define CD4 and CD8 T cell subsets, as well as CD20 (Biolegend, San 

Diego, CA), CD27 (eBioscience), and IgD (Southern Biotech, Birmingham, AL) to 

define naïve, marginal zone (MZ)-like, and memory B cell subsets, as described 

previously (154).  Cells were subsequently fixed and permeabilized per manufacturer’s 

protocol (BioLegend) and then stained for Ki67 (BD Pharmingen, San Jose, CA), a 

nuclear antigen involved in DNA replication. Samples were acquired on an LSRII 

instrument (BD), and data were analyzed using FlowJo software (TreeStar, Ashland, 

OR).  Complete blood counts were obtained to determine peripheral lymphocyte 
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numbers for each RM, and used to convert the percentages of Ki67+ CD4 and CD8 T 

cells into total cell numbers/μl blood.  Total lymphocyte counts in the BAL cannot be 

accurately determined, so only percentages of Ki67+ CD4 and CD8 T cells are shown.  

Baseline levels of Ki67+ cells were measured at two time points prior to RRV infection, 

averaged, and set to 1.  Subsequent time points were then calculated and expressed as a 

fold change in Ki67+ population compared to baseline in each RM.   

 

Intracellular Cytokine Staining.  PBMCs and BAL cells were stimulated overnight 

with RRV at MOI=1, followed by a 6h incubation with Brefeldin A (Sigma, St Louis, 

MO) to block cytokine secretion.  Stimulation with either an anti-CD3 antibody (FN18, 

Invitrogen Biosource, Carlsbad, CA) or Vaccinia Virus (VV) were used as positive and 

negative controls, respectively.  Cells were then stained to define T cell populations 

using CD8b and CD4, followed by intracellular staining for IFN-γ and TNF-α. Cells 

were acquired on an LSR II (BD), and data analysis was carried out using FlowJo 

software.   Final data is represented as the percentage of total CD4 or CD8 T cells that 

expressed IFN-γ after ex vivo stimulation with RRV, and non-specific responses (to VV 

stimulation) were subtracted for each time point.  These non-specific responses never 

exceeded 0.5% of responding cells. 

 

Measuring Serum RRV Antibodies.  Plasma was collected from RMs weekly, and 

antiviral IgG levels were measured using a standard ELISA assay with plates coated 

with optimized amounts of RRV-infected cell lysate.  Serial three-fold dilutions of RM 

plasma were incubated in triplicate on ELISA plates for 1 hr, washed, and signal was 
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detected and quantified using anti-IgG-HRP and chromagen substrate.  Log-log 

transformation of the linear portion of the curve was then performed, and a value of 0.1 

OD units was used as the cut-off point to calculate end point titers. Each plate included 

a positive control sample that allowed normalization of ELISA titers between assays, 

and a negative control sample to ensure the specificity of the assay conditions. 

 

Luminex Analysis.  To measure cytokines in infected RMs, plasma was collected from 

blood on 0, 1, 3, 5, 7 and 14 days post-infection (dpi).  Twenty-three cytokines were 

simultaneously measured using the MILLIPLEX Non-human primate 23-plex cytokine 

kit (Millipore, Billerica, MA) in an initial survey.  Later analyses focused on 8 

cytokines (IFN-γ, IL-12/23 p40, IL-18, sCD40L, IL-1ra, IL-6, and IL-8) found to be 

differentially upregulated during RRV infection.  Analysis was performed on the 

Luminex 100/200 system.  Baseline readings of cytokines (pg/ml) in each macaque 

were measured on 0 dpi and subtracted from each time point for normalization of the 

data.   

 

Measuring IFN-α in the Plasma.  Plasma was obtained during the first 2 weeks post-

RRV infection was stored at -80C until all time points could be assayed simultaneously.  

To assay for biologically active type I IFN, we generated an IFN-responsive cell line.  

RFs stably expressing human telomerase (tRFs) (121) were transduced with a 

replication defective lentivirus encoding firefly luciferase downstream of an IFN-

stimulated response element (ISRE) (Qiagen). Transduced tRF-ISRE cell cultures were 
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then purified by exposure to 3ug/mL puromycin, resistance to which is conferred by the 

lentivirus.   

 

To normalize luciferase expression, the tRF-ISRE cells were transiently transfected 

with pRL-SV40 (Promega, Madison, WI) 24h prior to assay using the Amaxa 

nucleofection system (Kit L, program T-30) (Lonza, Köln, Germany).  Plasma was then 

added to the reporter cells for 6h, and firefly and renilla luciferase expression were 

individually measured in succession using the Dual-glo Luciferase Assay system, per 

the manufacturer’s protocol (Promega).  Data is represented as a ratio of firefly:renilla 

expression, and any background signal at 0 dpi was subtracted from all subsequent time 

points.   

 

Statistical Analysis.  Data were analyzed using GraphPad Instat (GraphPad Software, 

La Jolla, CA), and significant differences were determined via unpaired t-test for 

averaged data, and via the Mann-Whitney test for T cell responses and cytokine 

production, with values of p ≤ 0.05 considered significant.   
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RESULTS  

Infection of Rhesus Macaques with vIRF-ko RRV results in lower viral loads and 

earlier detection of lytic virus.  Immune-competent, expanded specific pathogen free 

(ESPF) rhesus macaques (RMs) were infected intravenously with 5x106 plaque forming 

units (pfu) of either WTBAC RRV (n = 6), or vIRF-ko RRV (n = 8).  The infected RMs 

were monitored for 10 weeks post-infection to assess viral loads, lymphocyte 

proliferation, anti-RRV T cell and antibody responses, and changes in plasma cytokine 

levels.  RRV DNA was initially detected 14 days post-infection (dpi) in 3 animals, and 

viral loads peaked at 28 dpi in all 6 WTBAC RRV-infected RMs (Fig. 3.1A).  In contrast, 

viral loads in 6 of the 8 RMs infected with vIRF-ko RRV remained below the level of 

detection for this assay during the entire study (Fig. 3.1B).  Interestingly, the remaining 

2 vIRF-ko RRV-infected animals (RM# 21287 and 25241) presented with quantifiable 

viral loads at 7 dpi (Fig. 3.1B).  Although peak viral loads in the 2 vIRF-ko RRV-

infected animals were much lower than WT RRV-infected macaques, quantifiable viral 

loads were detected 1-2 weeks earlier than the WTBAC RRV-infected RMs (Fig. 3.1A). 

 

Co-culture methods were utilized to measure infectious virus and validate the presence 

of RRV.  Peripheral blood mononuclear cells (PBMCs) from infected RMs were co-

cultured with 1o RFs weekly, monitored for cytopathic effect (CPE) and subsequently 

given a viremic score (69).  Viremia was detected at 21 dpi and peaked at 28 dpi in all 

WTBAC RRV-infected RMs (Fig. 3.1C), which correlated with viral loads (Fig. 3.1A).  

Although viral loads were below the limit of detection by qPCR in 6 of the vIRF-ko 

RRV-infected animals (Fig. 3.1B), we were able to detect the presence of infectious 
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virus in 7 of the vIRF-ko RRV infected animals, with peak viremic scores between 0.5-

2.5 (Fig. 3.1D).  Moreover, we were able to detect infectious virus at 7 dpi in 4 vIRF-ko 

RRV-infected animals, and in 7 animals at 14 dpi, 1-2weeks earlier than in WTBAC 

RRV-infected animals (Fig. 3.1C).  Earlier detection of infectious virus correlated with 

the earlier detection of viral loads in 2 of the vIRF-ko RRV-infected RMs (Fig. 3.1B).  

When co-culture wells reached full CPE on 14 and 28 dpi for the vIRF-ko and WTBAC 

RRV-infected animals, respectively, cells and supernatant were collected and subjected 

to PCR analyses to verify the presence of RRV and differentiate between WTBAC and 

vIRF-ko RRV.  Nested PCR within RRV ORF3 (vMIP) verified that infectious virus 

recovered from the infected RMs was RRV (Fig. 3.1E), including the vIRF-ko RRV-

infected animals with undetectable viral loads (Fig. 3.1B).  Additionally, a second PCR 

analysis distinguished WT RRV from vIRF-ko RRV via amplification of a region 

within ORF R10 (vIRF), confirming that the vIRF-ko RRV infected animals only 

received the recombinant virus (Fig. 3.1E).  

 

The vIRFs are important for the induction of the characteristic B cell hyperplasia 

during acute RRV infection.  Acute B cell hyperplasia is a defining form of pathology 

observed early during RRV infection (69, 172, 256).  In these studies, all 6 WTBAC 

RRV-infected RMs developed B cell hyperplasia between 28-42 dpi, with peak 

numbers of CD20+ B cells averaging 6-fold higher than day 0 (Fig. 3.2A).  Furthermore, 

after this initial proliferative burst, WTBAC RRV-infected RMs continued to maintain a 

higher baseline of total CD20+ cells at 56 and 63 dpi, compared to levels prior to 

infection (p ≤ 0.002) (Fig. 3.2A).  In contrast, the vIRF-ko-infected RMs experienced 
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only a modest increase (~ 2 fold) in total CD20+ B cells, with peak numbers 

significantly lower (p <0.05) than WTBAC RRV-infected RMs (Fig. 3.2A).  

 

To further characterize the CD20+ population during this hyperplastic phase, we 

assessed the proliferative burst within naïve (CD27neg, IgDpos), marginal zone (MZ)-like 

(CD27pos, IgDpos), and memory (CD27pos, IgDneg) B cell populations by measuring 

changes in the expression of the proliferation marker Ki67 (183).  Upon antigen 

encounter, naïve B cells simultaneously acquire memory markers and begin a robust 

proliferative burst.  In WTBAC RRV–infected RMs, the increase in total CD20+ B cell 

coincided with a distinct increase in Ki67+ memory B cells (Fig. 3.2B), but here were 

no obvious proliferative bursts within naïve or MZ-like B cell populations (data not 

shown).  Thus, these observations suggest that B cell hyperplasia is driven by naive B 

cells converting into memory B cells. and potentially bystander proliferation of memory 

B cells, as well.  Not surprisingly, there was a less significant increase in Ki67+ B cells 

in the vIRF-ko RRV-infected RMs (Fig. 3.2B and data not shown), which is in 

accordance with the lack of B cell hyperplasia in these animals.  

 

Deletion of the vIRFs does not inhibit persistence of RRV.  To examine whether 

deletion of the vIRFs would inhibit viral persistence of RRV within B cells, the main 

site of RRV persistence (16), nested PCR analysis was used to look for RRV DNA 

within a purified B cell population (CD20+) at ≥3 months post-infection.  These 

analyses confirmed the presence of RRV genomes within CD20+ B cells in both WTBAC 
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and vIRF-ko RRV-infected RMs (Fig. 3.2C), indicating that vIRF-ko RRV can infect 

and persist within B cells, despite lower viral loads initially (Fig. 3.1).   

 

Reduced T cell proliferation after infection with vIRF-ko RRV.  T cells typically 

undergo a burst of proliferation following antigenic stimulation, which can be assessed 

by measuring changes in the frequency of Ki67+ cells (154). PBMCs were analyzed 

weekly to measure the kinetics and the magnitude of the CD4 and CD8 T cell 

proliferative response (Fig. 3.3A-D).  T cell proliferation was detected in the blood of 

both WTBAC and vIRF-ko RRV-infected RMs at 14 dpi, peaked between 28-35 dpi, and 

contracted by 49 dpi in both CD4 (Fig. 3.3A) and CD8 (Fig. 3.3B) subsets.  Overall, 

however, T cell proliferation within the blood was less robust in the animals infected 

with vIRF-ko RRV (Fig. 3.3A and B).   Simultaneously, proliferative T cell responses 

were also analyzed in the lung via bronchoalveolar lavage (BAL).  Within the BAL, 

proliferation of CD4 and CD8 T cells was more temporally distinct than in the blood, 

with a marked increase in Ki67+ cells specifically at 35 dpi in both WTBAC and vIRF-ko 

RRV-infected animals (Fig. 3.3C and D).  Moreover, similar to responses in the blood, 

the level of T cell proliferation in the BAL of vIRF-ko infected animals was slightly 

lower than that of WTBAC RRV infected animals (Fig. 3.3C and D).   

 

 Frequency of RRV-specific T cells is higher in the absence of vIRFs.  To further 

characterize the T cell response, the frequency of RRV-specific CD4 and CD8 T cells 

was measured by intracellular cytokine staining following ex vivo stimulation with 
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RRV.  Due to blood volume constraints, not every animal could be evaluated at all the 

time points.   

 

Within the PBMCs, RRV-specific CD4 T cells were detected 7-14 days earlier in vIRF-

ko RRV-infected RMs compared to WTBAC RRV-infected animals (Fig. 3.4A and B). 

Specifically, 5 of the 6 vIRF-ko RRV-infected RMs analyzed had a measurable CD4 

response in the blood on 7 dpi (Fig. 3.4B), whereas none of the WTBAC RRV-infected 

RMs had a measured response (Fig 3.4A). Moreover, the peak median CD4 response 

occurred 7 dpi in the vIRF-ko RRV infected animals, but not until 21 dpi after WTBAC 

RRV-infected RMs  (Fig. 3.4A).  Similarly, the CD8 response in the blood was also 

initiated at 7 dpi in the vIRF-ko RRV-infected RMs (Fig. 3.4D), while WTBAC RRV-

infected animals did not develop a CD8 response in the blood until 21 dpi (Fig. 3.4C).   

 

The RRV-specific CD4 (Fig. 3.4E and F) and CD8 (Fig. 3.4G and H) T cell responses 

in the lung (BAL cells) were also detected 7 dpi in the vIRF-ko RRV-infected RMs, and 

the median response peaked at 21 dpi (Fig. 3.4F and H).   Moreover, the responding T 

cell population persisted in BAL cells within the first 63 dpi, with 2-4% of CD4 T cells 

and 4-7% of CD8 T cells responding to RRV stimulation in the vIRF-ko RRV-infected 

animals (Fig. 3.4F and H).  In WTBAC RRV-infected animals, only 2 animals had 

measurable T cell responses on 7 dpi in BAL cells and persisted at 1-2% and 3-4% of 

CD4 (Fig. 3.4E) and CD8 (Fig. 3.4G) T cell populations, respectively.  Overall, in 

comparison to WTBAC RRV infection, there is earlier initiation of the anti-RRV T cell 

response in vIRF-ko RRV-infected RMs, most significant in the blood on 7 dpi (CD4, p 
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= 0.03; CD8, p = 0.07) (Fig. 3.4A-D).  Likewise, the vIRF-ko RRV-infected RMs 

maintained higher median responses in the lung during the first 2 months post-RRV 

infection (Fig. 3.4E-H).   

 

Similar antibody response in WTBAC RRV and vIRF-ko RRV-infected RMs.  To 

determine whether the RRV antibody response was also influenced by the vIRFs, 

plasma was collected weekly and assayed using an anti-RRV IgG ELISA.  Interestingly, 

despite earlier detection of RRV via real-time PCR and in co-cultures (Fig. 3.1), and 

earlier T cell responses in the vIRF-ko RRV-infected RMs (Fig. 3.4), the anti-RRV IgG 

response in these animals displayed similar kinetics and magnitude as the WTBAC RRV-

infected RMs (Fig. 3.5).  Peak antibody titers were reached at approximately 35 dpi, and 

maintained throughout 63 dpi in all the RMs in this study.   

 

vIRFs disrupt early cytokine production during de novo RRV infection.  The 

adaptive immune response is greatly influenced by the innate immune response.  

Therefore, innate cytokine production was assayed by measuring plasma levels of 

several key cytokines using a non-human primate (NHP)-specific luminex kit.  To 

identify cytokines with differential expression patterns between WT and vIRF-ko RRV-

infected RMs, plasma was initially analyzed from 4 WTBAC and 4 vIRF-ko RRV-

infected animals with the 23-plex NHP cytokine kit.  Of the 23 cytokines measured, 

only 12 were present at quantifiable levels after RRV infection: G-CSF, IL-13, IL-15, 

IL-17, MCP-1 TGF-α, IL-12/23 p40, IL-18, IFN-γ, IL-1ra, sCD40L, and IL-8 (Fig. 3.6 

and Fig. S3.1).  The final 6 cytokines in that list demonstrated potential differences 



  129

between WTBAC RRV and vIRF-ko RRV infection, and were further analyzed in all the 

animals in this study (Fig 3.6).   

 

An increase in plasma levels of measured cytokines was detected 1 dpi in most of the 

RRV-infected animals in this study (Fig. 3.6).  However, several cytokines were 

differentially expressed in WTBAC and vIRF-ko RRV-infected RMs.  Specifically, 

plasma levels of IFN-γ quickly peaked at 1 dpi in both groups, but levels of IFN-γ were 

maintained through the first 7 days only in the vIRF-ko RRV-infected animals (Fig. 

3.6A and B).  Peak levels of IL-12p40 were observed at 1 dpi in animals infected with 

vIRF-ko RRV (Fig 3.6D), whereas there was a delay in IL-12p40 production in the 

WTBAC RRV-infected RMs, which peaked at 14 dpi (Fig 3.6C).  Production of IL-1ra 

also occurred early (1-3 dpi), but demonstrated a second wave of production between 7-

14 dpi only in the vIRF-ko RRV-infected animals (Fig. 3.6G and H).  Levels of 

sCD40L were also quite different between vIRF-ko and WTBAC RRV-infected RMs 

(Fig. 3.6I and J).  Six of the seven vIRF-ko RRV-infected RMs has measureable 

sCD40L in the plasma at 1 dpi, and all 7 RMs had a measurable sCD40L response at 7 

dpi (Fig 3.6J).  The WT RRV-infected animals, however, showed minimal sCD40L 

production, even at 7 dpi (Fig. 3.6I).  In total, these data demonstrate the importance of 

vIRFs in inhibiting early and sustained production of several Th1-specific and pro-

inflammatory cytokines after RRV infection. 

 

vIRFs inhibit production of IFN-alpha after RRV infection.  In recent comparisons 

of WTBAC RRV and vIRF-ko RRV, it was demonstrated that vIRFs play a role in 
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inhibiting production of type I IFN, particularly in plasmacytoid dendritic cells (pDCs) 

(Chapter 2).  Therefore, to determine whether the vIRFs effectively inhibited IFN 

production during in vivo infection in the RM, we developed a type I IFN-responsive 

cell line to assay for the presence of biologically active IFN in the plasma of the 

infected RMs.  Telomerized rhesus fibroblasts (tRFs) were generated to stably express 

firefly luciferase under the control of an IFN-stimulated response element (ISRE) in the 

promoter, tRF-ISRE cells.  The tRF-ISRE cell line was demonstrated to be responsive 

to IFN-α stimulation in a dose-dependent manner (Fig. 3.7C).  To standardize luciferase 

readings, tRF-ISRE cells were also transiently transfected with a plasmid constitutively 

expressing renilla luciferase 24h prior to addition of RM plasma.  To normalize IFN-α 

responses in each animal, any background response measured at 0 dpi was subtracted 

from all subsequent time points.  Type I IFN production was detected in six of the 8 

vIRF-ko RRV-infected RMs at 1 dpi, and was maintained through the first 2 weeks 

post-infection (Fig. 3.7B).  Additionally, there was an increase in the median response 

at 7 and 14 dpi, with all of the vIRF-ko RRV-infected RMs producing measurable IFN-

α at the later time points (Fig. 3.7B).  In contrast, IFN production was not detected in 

WTBAC RRV-infected RMs until 7-14 dpi, and only in 3 of the 6 WTBAC RRV-infected 

RMs, and at half the magnitude of the vIRF-ko RRV-infected animals (Fig. 3.7A-B).  
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DISCUSSION 

Herpesviruses have evolved a number of strategies to overcome the innate immune 

response and evade the subsequent adaptive response (10, 237) in order to initiate a 

productive infection and establish latency.  These immune evasion strategies include 

disruption of the interferon (IFN) response, cytokine/chemokine production and 

signaling, as well as interference with antigen processing and presentation.  KSHV and 

RRV, in particular, are equipped with a set of unique immune evasion molecules, 

including viral interferon regulatory factors (vIRFs) (170).  The data presented here 

demonstrate an inhibitory role for vIRFs in development of the immune response during 

primary RRV infection in the rhesus macaque (RM).   

 

WTBAC and vIRF-ko RRV share similar growth kinetics in vitro (Chapter 2); however, 

the significant reduction in viral loads detected following vIRF-ko infection of RMs 

clearly establishes a critical role for vIRFs during RRV infection in vivo.  Despite the 

overall lower viral loads in the vIRF-ko RRV-infected RMs, we were able to detect 

RRV viral DNA in 2 RMs at 7 dpi, which was 1-2 weeks earlier than following WTBAC 

RRV infection (Fig 3.1, (172)).   Likewise, detection of infectious virus in the vIRF-ko 

RRV-infected RMs also peaked 2 weeks earlier.  This demonstrates deletion of vIRFs 

did not completely inhibit viral replication in the RM, but rather that vIRF-ko RRV 

infection results in earlier lytic replication that is quickly brought under control, never 

reaching the same magnitude as in WTBAC RRV infection.  There are potentially 

multiple reasons for the differences in viral loads and lytic replication.  One likely 

reason is that early and maintained production of type I IFN in the absence of vIRFs 
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induces an antiviral state that efficiently inhibits vIRF-ko RRV replication and limits 

viral spread.  In fact, all of the vIRF-ko RRV-infected RMs generated a sustained IFN-α 

response in the first 14 dpi, whereas only 2 of the WTBAC RRV-infected RMs (RM# 

24896 and 26473) demonstrated sustained type I IFN production.  Similarly, IFN-α 

production by pDCs was significantly higher following in vitro infection with vIRF-ko 

RRV compared to WTBAC RRV infection (Chapter 2).  Alternatively, earlier detection 

of lytic replication and decreased viral loads in vIRF-ko RRV-infected RMs could be 

due to the reduced ability of this virus to inhibit apoptosis.  Deletion of the vIRFs may 

result in a potential increase in apoptotic, infected cells in the animal, which could 

increase clearance of these cells and effectively limit the detection of viral DNA.  This 

hypothesis is supported by the observations that KSHV vIRF-1 and vIRF-3 have anti-

apoptotic functions necessary for lytic viral production (46), and for in vitro survival of 

KSHV-infected PEL cells, respectively (254).  A third possibility is the vIRFs are 

important for driving transcription of viral immune modulation genes needed to 

promote viral replication, as has been shown by the ability of KSHV vIRF-1 to drive 

transcription of vIL-6 (177).  Therefore, it is likely that, along with inhibition of IFN, 

the RRV vIRFs are also targeting apoptotic signaling and viral gene transcription, 

which would collectively disrupt viral replication in the RM.  These possibilities will 

need to be individually addressed in future studies.   

 

An earlier induction of the anti-RRV T cell response was also detected in vIRF-ko 

RRV-infected RMs, which may also be contributing to decreased viral loads.  

Additionally, the increased IFN-α levels in the vIRF-ko RRV-infected animals may 
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serve to directly enhance the development and/or maintenance of memory T cells (100).  

Moreover, IFN-α can also enhance differentiation and activation of DCs (143), thereby 

promoting antigen presentation in the vIRF-ko RRV-infected RMs.  Alternatively, 

earlier T cell responses in the vIRF-ko RRV infected animals may be mediated by direct 

vIRF modulation of antigen presentation.  Indeed, previous studies have shown that 

KSHV vIRF-1 plays a role in inhibiting IFN-γ-induced expression of MHC-I (127).  

Moreover, data presented here and elsewhere show that RRV vIRFs also act upstream 

by inhibiting the production of IFN-γ [Fig. 3.6 and (Chapter 2)], a key cytokine in an 

effective Th1 immune response.  Additionally, vIRF-ko RRV infection also resulted in 

earlier production of IL-12, another pivotal cytokine in the development of an antiviral 

adaptive immune response.  Therefore, deletion of vIRFs results in increased and 

sustained type I IFN and Th1 cytokine responses, which collectively could orchestrate a 

more efficient T cell response in the vIRF-ko RRV infected RMs.      

 

Deletion of the vIRFs resulted in significantly decreased B cell hyperplasia, a hallmark 

of RRV infection (172).  One reason for the reduced B cell hyperplasia may be 

decreased viral loads in the vIRF-ko RRV-infected animals.  However, the comparable 

anti-RRV IgG response in WTBAC and vIRF-ko RRV-infected RMs suggests that 

hyperplastic B cells are not all RRV-specific.  Indeed, B cell hyperplasia is thought to 

be driven by vIL-6, a functional homologue of its cellular counterpart (113, 171-173).  

Previous studies showed that KSHV vIRF-1 can bind to the KSHV vIL-6 promoter and 

drive its transcription in latently-infected PEL cells in vitro (177).  Therefore, if vIL-6 
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expression is even partially controlled by any of the vIRF(s) during RRV infection, this 

may be the basis of the decreased B cell hyperplasia following vIRF-ko RRV infection.   

 

In summary, the findings presented here demonstrate a broad impact of vIRFs on the 

immune response and pathogenesis during in vivo RRV infection.  Further 

characterization of the molecular functions of RRV vIRFs will provide insight into 

novel antiviral therapies and advance our understanding of host-pathogen interactions 

during KSHV infection. 
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FIGURE 3.3.  CD4 and CD8 T cell proliferation in peripheral blood and bronchoalveolar 

lavage.   The frequency of proliferating (Ki67+) CD4 and CD8 T cells within (A,B) PBMCs 

and (C,D) BAL cells was determined by surface staining for CD4 and CD8, followed by 

intracellular cytokine staining for Ki67.  Cells were then analyzed via flow cytometry.  Pre-

infection samples were used to establish a baseline of 1, and fold change in Ki67+ populations 

were calculated for each time point in each animal.  Data are presented as an average (± SEM) 

among the WTBAC RRV-infected RMs and the vIRF-ko RRV-infected RMs.   

 

 

 

 

 

 



  138

 

 

 

 

 

 

 

 

 

 

FIGURE 3.4.  Infection of RMs with vIRF-ko RRV initiates an earlier RRV-specific T cell 

response.  The frequency of RRV-specific T cells within (A-D) PBMCs and (E-H) BAL cells 

was determined after ex vivo stimulation with RRV (O/N), followed by surface staining for CD4 

and CD8, and intracellular cytokine staining for IFN-γ and TNF-α.  WTBAC RRV-infected RMs 

are represented in graphs on the left, and vIRF-ko RRV-infected RMs are represented in graphs 

on the right.  Baseline (pre-infection) and non-specific responses are subtracted from all time 

points.  Median responses are displayed on the graphs as horizontal lines at each time point.  

Boxed time points indicate where significantly different responses were calculated between 

WTBAC and vIRF-ko RRV-infected animals (7 dpi in CD4, p = 0.03; 7 dpi in CD8, p = 0.07).  
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FIGURE 3.5
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FIGURE 3.6.  Cytokine levels in the plasma of RRV-infected RMs.  Plasma cytokine levels 

were measured using the rhesus-specific luminex kit: (A,B) IFN-γ, (C,D) IL-12p40, (E,F) IL-

18, (G,H) IL-1ra, (I,J) sCD40L, and (K,L) IL-8.  Cytokine responses measured prior to infection 

were subtracted from subsequent time points, and are graphed as pg/ml, with median responses 

represented as horizontal bars at each time point.  WTBAC RRV-infected RMs are graphed on the 

left, and vIRF-ko RRV-infected RMs are graphed on the right.  
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ABSTRACT 

The eight viral interferon (IFN) regulatory factors (vIRFs) (ORFs R6-R13) encoded 

within rhesus macaque rhadinovirus (RRV) share unique similarity with cellular IRFs, 

key factors in IFN signaling pathways.  Collectively, RRV vIRFs serve to inhibit 

induction of type I and type II IFNs, and dysregulate cellular IRF-3 during de novo 

RRV infection; recently demonstrated through utilization of a vIRF deletion mutant of 

RRV, vIRF-ko RRV.  Moreover, vIRF-ko RRV infection of rhesus macaques further 

demonstrated the role of vIRFs in inhibiting the host immune response and promoting 

acute B cell hyperplasia.  To characterize the eight RRV vIRFs, this study undertook a 

functional evaluation of each vIRF to assess their role in inhibiting induction of IFN and 

IFN-stimulated genes, as well as their transforming potential in NIH3T3 cells.  Reporter 

assays revealed that R6 vIRF can independently inhibit transcription mediated by IRF-3 

and by type I IFN.  Additionally, stable expression of R7, R8, and R9 vIRFs resulted in 

increased growth potential and anchorage-independent growth in NIH3T3 cells, 

suggesting these viral proteins have oncogenic potential.  This data supports the role of 

vIRFs in evasion of the IFN response and promoting tumorigenesis.   Furthermore, our 

findings establish the 8 vIRFs have unique functions, and thus, will need to be 

individually analzyed during de novo RRV infection.   
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INTRODUCTION 

The interferon (IFN) response is a key element in a host’s innate immune defenses, and 

is coordinated by IFN regulatory factors (IRFs), a family of 9 transcription factors that 

orchestrate transcription of IFN and IFN-induced genes (94).  Cellular IRF-3 is 

constitutively expressed in virtually all cell types and is crucial for potentiating the type 

I IFN (IFN-α/β) response during virus infection.  Viruses are quickly detected by a 

number of pathogen recognition receptors (PRRs) present on the plasma membrane, the 

endosomal membrane and within the cytosol (125, 176).  PRRs induce a signaling 

cascade that converges on C-terminal phosphorylation of IRF-3, which is normally 

maintained in the cytoplasm in a hypophosphorylated, inactive state (94).  

Phosphorylated IRF-3 homodimerizes and translocates into the nucleus, and through 

cooperation with other factors, including the transcription cofactor p300/CBP, it 

orchestrates transcription of type I IFNs, IFN-β (112, 138, 260) and IFNα1 (84, 136).  

Type I IFNs are then charged with inducing transcription of 100s of genes that facilitate 

the antiviral response (101, 244). 

 

Rhesus macaque rhadinovirus (RRV) and Kaposi’s sarcoma-associated herpesvirus 

(KSHV) are two closely related γ-herpesviruses that infect rhesus macaques (RMs) and 

humans, respectively (7, 207).  Immune-compromised persons infected with KSHV can 

develop distinct B cell malignancies, multicentric Castleman’s disease (MCD) and 

primary effusion lymphoma (PEL) (89, 223).  Similarly, RRV infection of immune-

compromised RMs can also result in an MCD-like disease (172).   Because RRV and 

KSHV establish life-long infections in their respective hosts and can cause a variety of 
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malignancies, these viruses encode a number of genes that both induce transformation 

and evade the host immune response (10).  Of particular interest are the viral interferon 

regulatory factors (vIRFs), unique to KSHV and RRV (170). The vIRFs are so named 

because of their homology to cellular IRFs (162, 207). 

 

RRV encodes 8 vIRFs (ORFs R6-R13) that share ~12-18% identity with human and 

rhesus cellular IRF-8, also known as IFN consensus sequence binding protein (ICSBP), 

and cellular IRF-9, also known as IFN-stimulated gene factor 3γ (ISGF3γ) (7, 207).  

IRF-9 is a necessary component of ISGF3, which drives transcription induced by type I 

IFN (239), and IRF-8 is important for transcription of IL-12 and IL-18, which promote 

an effective Th1 immune response (86, 205).  Additionally, IRF-8 is also required for 

development of plasmacytoid dendritic cells (pDCs) (204), potent IFN-α producing 

cells in the blood.  The eight RRV vIRFs also share ~25% AA identity with KSHV 

vIRF-1 (ORF K9), which functions to inhibit transcription mediated by IRF-1 and IRF-

3, as well as type I and type II IFN (31, 76, 82, 127, 134, 162, 267).  And in addition to 

directly disrupting IRF functions, KSHV vIRF-1 also inhibits apoptosis by disrupting 

TGF-β signaling (211), and through binding and inhibiting p53 (164), as well as another 

pro-apoptotic protein, Bim (46).  In fact, vIRF-1 was the first KSHV protein that 

demonstrated transforming activity in vivo (82).  However, it has been difficult to 

evaluate the function of vIRFs during de novo KSHV infection due to poor lytic 

replication, and inadequate in vivo models (169).   
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Recent characterization of a vIRF deletion mutant of RRV (vIRF-ko RRV) has provided 

evidence that vIRFs function to inhibit induction of type I and type II IFN during de 

novo infection (Chapter 2).  Moreover, vIRF-ko RRV infection resulted in a significant 

increase in nuclear IRF-3 at early times post-infection, suggesting one or more vIRFs 

inhibits IRF-3 activation or nuclear translocation during WT RRV infection.  Our 

current study focused on the functions of individual RRV vIRFs with regards to their 

ability to disrupt IRF-3 function and subsequent transcription, as well as IFN-mediated 

transcription.  And because each vIRF likely has multiple functions, we also did an 

initial survey of their transforming potential in vitro.  We’ve found that R7, R8 and R9 

vIRFs demonstrate increased proliferative capacity and anchorage-independent growth 

in NIH3T3 cells, suggesting each has potential oncogenic capacity.  Additionally, R6 

vIRF significantly inhibited IFN-induced transcription and IRF-3-mediated 

transcription of genes driven by an IFN-stimulated response element (ISRE) in the 

promoter.  Moreover, we also demonstrate that R6 vIRF can bind to cellular IRF-3, and 

this interaction increases following IRF-3 activation in the cell, providing a potential 

mechanism for the vIRF-mediated inhibition of transcription.   
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MATERIALS and METHODS 

Cell culture, nucleofection, transfection and other reagents.  Telomerized rhesus 

fibroblasts (tRFs) (121), and HEK293 endothelial cells were maintained in DMEM 

(Mediatech, Herndon, VA) supplemented with 10% FBS (HyClone, Ogden, UT).  NIH 

3T3 mouse fibroblasts were maintained in DMEM with 5% bovine calf serum 

(HyClone).  For transient expression, vIRF expression plasmids was electroporated into 

tRFs with the AMAXA Nucleofector II (AMAXA Biosystems, Gaithersburg, MD) 

using cell line Kit L and the T-030 program.  Two million cells were resuspended in 

100 µl AMAXA solution with 1-2 µg of DNA.  After electroporation, cells were 

recovered in 500 µl pre-warmed RPMI for 30min at 37°C and plated in complete 

DMEM.  For luciferase assays and to generate stable vIRF clones, DNA was transfected 

into 293 or 3T3 cells using TransIT LT1 reagent per manufacturer’s protocol (Mirus, 

Madison, WI).   

 

Poly(I:C) (Sigma, St. Louis, MO) was resuspended in PBS and used to stimulate cells 

via transfection using TransIT LT1 (Mirus).  Recombinant human IFN-α2 (PBL, 

Piscataway, NJ) was resuspended in PBS with 0.1% BSA, and stored at -70C.  The 

Cantell strain of Sendai Virus (SeV) was purchased from Charles River (Wilmington, 

MA). 

 

Cloning the 8 vIRFs for transient expression assays.  Each of the 8 vIRFs (ORF R6-

R13) were amplified from purified WTBAC RRV17577 DNA, and engineered with a C-

terminal hemagglutinin (HA) tag just upstream of the stop codon.  Oligos used for 
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amplification are listed in Table 4.1.  Each vIRF was cloned into pcDNA3.1(-), and 

each clone was subsequently sequenced to verify the HA epitope was in-frame and the 

vIRF sequence was correct.  For transient expression of the HA-tagged vIRF constructs, 

2ug plasmid DNA was nucleofected into 2x106 tRFs. 

 

Luciferase assays.  To measure IRF-mediated transcription, we used a reporter plasmid 

encoding firefly luciferase driven by 5 ISRE in the promoter (pISRE-LUC) (Promega, 

Madison, WI).  We normalized luciferase readings with dual, constitutive expression of 

renilla luciferase (pRL-SV40) (Promega).  HEK293 cells were seeded into 24well plates 

and transfected overnight with 500ng DNA total [250ng pISRE-LUC/ 10ng pRL-SV40/ 

50ng vIRF-HA-pcDNA3.1/ 190ng empty pcDNA3.1(-)].  Negative controls did not 

include any vIRF-HA-pcDNA3.1(-), but 240ng empty plasmid instead. Cells were then 

stimulated with IFN-α (50U) or transfected with poly(IC) (10ug) for 6h, and cells were 

transferred to 96well, white luminometer plates and reporter assays were conducted 

using the Dual-Glo Luciferase assay per protocol guidelines (Promega).  Data was made 

relative to luciferase units recorded for empty vector plus stimulus [IFN or poly(IC)].    

 

Immunofluorescene and microscopy.  Telomerized RFs were grown on glass 

coverslips in 12-well plates, and fixed with 4% paraformaldehyde in PBS (20min, 

R.T.).  Cells were then permeabilized and blocked in 5% normal goat serum (ngs)/0.1% 

Triton X in PBS (PBST) (1h, R.T.) prior to staining, and all subsequent steps were 

performed in 1% ngs/PBST.  Cells on coverslips were stained with anti-human IRF-3 

mAb (clone SL012.1) (BD Pharmingen, San Diego, CA) and then stained with anti-
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mouse IgG-Texas Red (Vector Labs, Burlingame, CA).  Subsequently, cells were also 

stained with anti-HA-FITC (Sigma), and nuclei/DNA were detected using Hoechst 

33258 dye.  Cells on coverslips were mounted onto slides using Vectashield (Vector 

Labs) and examined on a Zeiss Axio Imager.M1 microscope (Zeiss Imaging Solutions, 

Thornwood, NY).  Images were acquired using a Zeiss Axiocam camera (MRm) with 

Axiovision software (version 4.6), and subsequently processed using Adobe Photoshop 

(Adobe Systems, San Jose, CA).  

 

Co-Immunoprecipitation and immunoblotting.  1.5-2x106 tRFs were collected for 

co-immunoprecipitation (co-IP) in native lysis buffer (50mM Tris-Cl (pH 8), 150mM 

NaCl, 1% NP40) with freshly added protease inhibitors and phosphatase inhibitors 

(Sigma), and immunoprecipitated with IRF-3 pAb (FL-423) (Santa Cruz, Santa Cruz, 

CA) or HA mAb (Sigma) O/N at 4C.  Subsequently, 20ul Protein A/G beads (Sigma) 

were incubated with IP lysates for 4h at 4C.  Beads and lysate were then washed 4x 

with 1X PBS at 4C, and beads were then resuspended in 100ul RIPA buffer (1X PBS, 

1% NP-40, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate) with freshly 

added protease and phosphatase inhibitors (Sigma).  

 

Nuclear and cytoplasmic fractions were collected per kit protocol (NE-PER, 

ThermoScientific, Pittsburgh, PA).  Protein concentrations for all lysates were measured 

by Bradford analysis, and equivalent amounts of protein samples were loaded and run 

on a 10% SDS-polyacrylamide gel and protein was transferred to nitrocellulose 

membrane via semi-dry transfer.  Membranes were blocked with 5% BSA/TBST and 
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probed with anti-human IRF-3 pAb (FL-423) (Santa Cruz) or anti-HA mAb (Sigma).  

Secondary, anti-mouse or anti-rabbit, IgG-HRP antibody (Sigma) was subsequently 

added, and signal was detected via chemiluminescence.   

 

Stable vIRF clones, proliferation and soft agarose assays.  Transfected NIH 3T3 

cells expressing each vIRF clone were selected for neomycin resistance using G418 (1 

mg/ml), and individual cell clones were isolated using cylinders and maintained under 

G418 selection (0.75 mg/ml).  To monitor proliferation and development of foci, 

2.5x105 NIH 3T3 cells, stably-expressing a single vIRF clone, were plated into each 

well of a 6-well dish and monitored for 6 days.  Each day, one well was trypsinized and 

total live cells were counted.  Development of foci was monitored and photographed at 

7 days post-infection.    

 

For soft agar assays, 5x103 NIH 3T3 cells, stably transfected with a single RRV vIRF 

clone, were mixed in 1.5ml DMEM with 5% BCS and 0.3% melted agarose, then plated 

on top of a 1.5ml bottom layer of DMEM with 0.6% agarose in a 35mm dish.  Each 

clone was plated in triplicate wells.  Cells were fed with ~300μl medium every 3 days, 

and foci in soft agar were photographed after 3-4 weeks. 

 

RNA extraction and RT-PCR.  Stable NIH 3T3 clones of each RRV vIRF were 

harvested for RNA using an RNA extraction kit, per manufacturers protocol (Qiagen, 

Valencia, CA).  RNA was treated with DNase (Promega), and expression of each 
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transcript was verified via RT-PCR using vIRF specific oligos, as previously published 

(Chapter 2, Table 2.1).   

 

Statistical analyses.  Data were analyzed using GraphPad Instat (GraphPad Software, 

La Jolla, CA), and significant differences were determined via unpaired t-test, with 

values of p ≤ 0.05 considered significant.   
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RESULTS 

Differential spatial expression of RRV vIRFs.  To individually analyze each of the 

eight RRV vIRFs (ORF R6-R13), we generated vIRF clones within pcDNA3.1(-) with a 

C-terminal HA tag for ectopic expression in cell culture.  Oligos used to make these 

constructs are listed in Table 4.1.  Telomerized rhesus fibroblasts (tRFs) were 

nucleofected with individual vIRF constructs, and expression was examined 24h later.  

Expression of each vIRF was detected using an antibody against the HA epitope at the 

C terminus of the protein, and indirect immunofluorscence analysis (IFA) demonstrated 

that each vIRF displayed unique spatial expression within tRFs (Fig. 4.1).  RRV vIRFs 

encoded by ORFs R9 and R13 did not demonstrate efficient expression in tRFs, but we 

were able to verify expression via IFA in HEK 293 cells (data not shown).  R6 vIRF 

demonstrated cytoplasmic and nuclear expression, but was also expressed in a distinct 

punctate, perinuclear pattern in most cells (Fig. 4.1).  R7 vIRF was expressed with a 

more diffuse pattern throughout the nucleus and cytoplasm, but also demonstrated 

unique, localized nuclear expression within about half of the cells (Fig. 4.1).  R8, R10, 

and R11 vIRFs were expressed in the nucleus, as well as diffusely in the cytoplasm.  

The most unique expression pattern was demonstrated by R12 vIRF, which was 

expressed as small rings within the nucleus (Fig. 4.1, and inset).  The disparate spatial 

expression patterns of the RRV vIRFs suggest each may be unique in its function.  

Simply stated, each vIRF may impact different cellular proteins/functions based upon 

the specific intracellular compartment in which each vIRF is expressed.       
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R6 vIRF inhibits IRF-3 mediated transcription.  Through utilization of a 

recombinant clone of RRV with all 8 vIRFs deleted (vIRF-ko RRV), we’ve recently 

demonstrated that the vIRFs inhibit induction of IFN during RRV infection (Chapter 2).  

To further characterize which vIRFs mediate inhibition of IFN, we analyzed each vIRF 

clone for its ability to inhibit induction of IRF-3 mediated transcription.  Using 

poly(I:C) as a stimulus for IRF-3 activation (87), we analyzed whether expression of 

individual vIRFs would inhibit IRF-3-mediated transcription in a reporter assay.  

HEK293 cells were transiently transfected with a firefly luciferase plasmid under the 

control of an IFN-stimulated response element (ISRE)-containing promoter, along with 

a single C-terminally HA-tagged vIRF clone.  Overnight expression resulted in 

approximately 40% of the cells expressing each vIRF construct, as determined via 

immunofluorescence (data not shown).  Cells were then transfected with poly(I:C) to 

induce activation of IRF-3, and firefly luciferase levels were normalized by dual 

expression of a constitutively expressed renilla luciferase.  As a positive control for this 

assay, we included KSHV vIRF-1 (ORF K9), which inhibited IRF-3 mediated 

transcription by approximately 80% (Fig. 4.2).  These analyses demonstrated each of 

the 8 RRV vIRFs has a distinct effect on IRF-3 mediated transcription.  R6 vIRF 

expression resulted in the most significant inhibitory effect in this assay with 60% 

inhibition of poly(IC)-induced transcription (Fig. 4.2A).  R9-R13 vIRFs each 

demonstrated moderate inhibition (20-40%), and R8 vIRF seemed to have no effect on 

IRF-3 mediated transcription in this assay.  Interestingly, expression of R7 vIRF further 

enhanced IRF-3-induced transcription by 3-fold over poly(IC) stimulation alone (Fig. 

4.2A).   
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To further analyze the inhibitory effect of R6 vIRF, we performed a dose-response 

curve and demonstrated increasing amounts of R6 vIRF correlated with increased 

inhibition of IRF-3-mediated transcription, upwards of 80% inhibition at the highest 

concentration (Fig. 4.2B).  Furthermore, co-transfection of R6 and R7 vIRFs established 

the inhibitory effect mediated by R6 is dominant to the transcriptional enhancement 

mediated by R7 vIRF expression (Fig. 4.2C).  These findings suggest that individual 

RRV vIRFs are sufficient for inhibiting or enhancing IRF-3 mediated transcription.   

 

R6 vIRF inhibits IFN-induced transcription.  Whether individual RRV vIRFs also 

impact the induction of IFN-mediated transcription was addressed in a similar reporter 

assay using pISRE-LUC to measure transcription, and pRL-SV40 for normalization.  

Cells were transfected with reporter plasmids and a single vIRF-HA construct 

overnight, then stimulated with recombinant IFN-α2 for 6h prior to analysis.  KSHV 

vIRF-1 (ORF K9) was used as a positive control for inhibition of IFN-stimulated 

transcription (31, 82, 134) (Fig. 4.3A).  Similar to KSHV vIRF-1, R6 vIRF expression 

resulted in 50% inhibition of IFN-mediated transcription (Fig. 4.3A).  The inhibition 

mediated by R6 was shown to be dose-dependent, but increasing the amount of R6 

expression vector did not increase inhibition more than 50% (Fig. 4.3B).  Overall, the 

remaining RRV vIRFs demonstrated a less dramatic effect (0-25% inhibition) on IFN-

stimulated transcription (Fig. 4.3A).  R7 vIRF expression showed no inhibition, but 

rather a slight increase in IFN-mediated transcription in these assays (Fig. 4.3A).  
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Moreover, even in the absence of a stimulus (IFN or poly(IC)), expression of R7 vIRF 

still enhanced transcription of ISRE-driven genes over the control (data not shown).  

 

R6 vIRF interacts with cellular IRF-3.  Pathogen recognition results in a signaling 

cascade that converges on the activation of IRF-3 and induction of type I IFN (125).  

Since R6 vIRF can independently inhibit this pathway (Fig. 4.2), the question remained 

as to whether R6 vIRF may be imparting this inhibitory effect through interactions with 

cellular IRF-3.  tRFs were transfected with HA-tagged R6 or R7 vIRF clones and native 

cellular lysates were collected 48h later, immunoprecipitated (IP’d) with an IRF-3 or 

HA antibody, and analyzed via SDS-PAGE and western.  These analyses demonstrated 

that R6-HA co-immunoprecipitates with cellular IRF-3 when expressed in tRFs.  This 

interaction appears to be specific for R6 vIRF, as R7-HA was not pulled down with 

IRF-3 in this same assay (Fig. 4.4A).   

 

To further analyze the interaction between R6 vIRF and IRF-3, immunofluorescence 

microscopy was used to examine their co-localization in tRFs transiently transfected 

with R6-HA vIRF.  In unstimulated cells, IRF-3 is mainly expressed within the 

cytoplasm, as demonstrated by tRFs expressed with pEGFP (Fig. 4.4B).  Likewise, 

transfection of R6 vIRF or R7 vIRF does not remarkably alter expression of cellular 

IRF-3, and R6 vIRF is expressed with some co-localization with cellular IRF-3 in tRFs 

(Fig. 4.4B).  When cells are stimulated with poly(IC), IRF-3 becomes activated and is 

more readily detected in the nucleus (Fig. 4.4B).  Moreover, there is increased co-

localization of R6 vIRF and cellular IRF-3 within the nucleus and cytoplasm following 



  159

poly(IC) stimulation (Fig. 4.4B).  Conversely, co-localization is not apparent between 

R7 vIRF and cellular IRF-3, regardless of poly(IC) stimulation (Fig. 4.4B).  Also of 

note, vIRF expression did not ablate nuclear localization of IRF-3 following poly(IC) 

stimulation, nor did the stimulation result in a dramatic change in vIRF expression, as 

both R6 and R7 vIRFs were still detected within both the cytoplasm and nucleus.  These 

results demonstrate that R6 vIRF, but not R7 vIRF, interacts and co-localizes with 

cellular IRF-3, and this interaction seems to be enhanced following an IRF-3-activating 

stimulus [poly(IC)].  

 

Although there was an apparent increase in interaction between R6 vIRF and IRF-3 

following poly(IC) stimulation, it was difficult to determine if there was any change in 

localized expression of the R6 vIRF.  Therefore, we analyzed expression of R6 vIRF 

and cellular IRF-3 in nuclear and cytoplasmic lysates for a more quantified analysis of 

spatial expression (Fig. 4.4C).  In unstimulated tRFs, cellular IRF-3 is expressed mainly 

in the cytoplasm (Fig. 4.4C), as we have shown via immunofluorescence, as well (Fig. 

4.4B).  Following infection with Sendai Virus (SeV), IRF-3 becomes activated and 

moves into the nucleus (Fig. 4.4C), similar to what is seen after poly(IC) stimulation 

(Fig. 4.4B). In In unstimulated tRFs, the majority of R6 vIRF is expressed in the 

nucleus, but following IRF-3 activation via SeV infection, an increased portion of R6 

vIRF was expressed within the cytosol (Fig. 4.4C).  The whole of these data 

demonstrate that R6 vIRF binds to cellular IRF-3, and their co-localization is enhanced 

following IRF-3 stimulation.  Moreover, cytoplasmic expression of R6 vIRF is also 

increased following IRF-3-activating stimulus [poly(IC) or SeV infection], suggesting 
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the interaction between R6 vIRF and IRF-3 may be enhanced within the cytosol (Fig. 

4.2). 

 

Individual vIRFs have transforming potential.  To further examine the function(s) of 

the RRV vIRFs, we generated stable clones within NIH 3T3 cells to assess transforming 

potential of individual vIRFs within these cells.  We also generated a stable clone of 

KSHV vIRF-1 (ORF K9) as a positive control, because its transforming potential has 

already been established within this system (82, 134).  Expression of each stable 3T3 

vIRF clone was verified via RT-PCR (data not shown).  Transformative properties 

include uncontrolled proliferation, loss of contact inhibition, and anchorage-

independent growth.  So, to initially assess these properties, we monitored proliferation 

of each of the stable vIRF clones over a 6d period.   Stably expressing 3T3 clones were 

plated at equal densities on day 0, and counted on each day thereafter. This analysis 

demonstrated a significant increase in cellular proliferation in R8 vIRF stably 

expressing cells (>2-fold higher than empty pcDNA3.1), most evident between 3-6d 

after cells were seeded (Fig. 4.5A).  Additionally, vIRFs encoded by R7, R9, and R12, 

as well as KSHV vIRF-1 (K9), also demonstrated an increase in growth kinetics 

between 3-6d, but proliferation was not significantly higher than cells expressing empty 

vector (Fig. 4.5A).  Differentially, R0 and R12 vIRFs demonstrated proliferation 

kinetics similar to that of control cells, and expression of R11 vIRF induced an increase 

in cell growth at day 4, but this proliferation was quickly attenuated at day 5 (Fig. 

4.5A). Proliferation was sustained throughout the 6d time course in cells expressing R6, 

R7, R8, and R9 vIRFs.  Additionally, after a week in culture, cells stably expressing R7 
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vIRF clones developed foci in the 3T3 monolayer (Fig. 4.5B).  However, further 

analysis of the other 7 vIRF clones demonstrated that increased proliferative capacity 

did not always correlate with foci formation, as demonstrated by the lack of foci 

formation in the cells expressing R8 and R9 vIRF (data not shown).   RRV vIRF clones 

that did not enhance proliferative capacity also did not promote foci formation, as 

demonstrated by R12 vIRF (Fig. 4.5B).  The increased growth potential of 3T3 clones 

expressing R6, R7, R8, and R9 vIRFs, as well as the development of foci in R7 vIRF-

expressing cells, demonstrate that expression of specific vIRFs results in a loss of 

contact inhibition. 

 

Anchorage-independent growth, another common characteristic in transformed cells, 

was assayed by plating single cell suspensions within soft agarose and monitoring 

development of foci.  Cells from each stable vIRF expression clone were mixed with 

soft agarose medium and complete medium, and monitored over the course of 4 weeks.  

For positive controls, we included a constitutively active Ras (V12Ras), a known 

oncogenic protein, as well as KSHV vIRF-1 (ORF K9), both of which demonstrate 

tumorigenic properties (82, 186) (Fig. 4.5C).  We noted the formation of foci within 

clones expressing R7, R8, and R9 vIRFs after 4 weeks in soft agar medium (Fig. 4.5C).  

Examination of ~100 individual cells in each vIRF expressing 3T3 clone, we noted 

expression of R7, R8, and R9 vIRFs resulted in anchorage-independent growth 33-44% 

of the time, versus ~1% in cells expressing empty vector (Table 4.2).   Likewise, the 

remaining 5 vIRFs did not display any anchorage independent growth, and behaved 

similarly to cells expressing empty vector (Fig. 4.5C, Table 4.2).  These data 
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demonstrate that R7, R8, and R9 vIRFs have varying degrees of transforming potential 

in NIH 3T3 cells in vitro.   
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DISCUSSION   

KSHV and RRV have pirated a number of cellular genes, including the viral IRFs 

(vIRFs), that functionally disrupt innate and adaptive immune responses (10, 170).  Due 

to their sequence similarity with cellular IRFs, it was hypothesized that vIRFs inhibit 

the functions of IRFs, including IFN signaling.  Indeed, 3 of the 4 KSHV vIRFs disrupt 

IRF functions in vitro, and thus, inhibit the induction of IFN and IFN-induced 

transcription (170).  Moreover, initial studies of a vIRF deletion mutant of RRV (vIRF-

ko RRV) demonstrated the vIRFs collectively inhibit induction of type I and type II IFN 

during de novo infection (Chapter 2).  Therefore, to understand the function of each of 

the eight RRV vIRFs, we utilized reporter assays to induce ISRE-driven gene 

expression via IRF-3 activation [poly(IC) or SeV infection] or IFN-induced signaling.  

We have demonstrated that expression of individual RRV vIRFs inhibited IRF-3 

mediated transcription between 20-60% in our reporter assays, with R6 vIRF 

demonstrating the most significant inhibition.  Moreover, we’ve also demonstrated R6 

vIRF binds to cellular IRF-3, suggesting this interaction could potentially serve to 

disrupt nuclear accumulation of IRF-3 and inhibit subsequent transcription.  

Additionally, expression of R6 vIRF also inhibited IFN-α-induced transcription, 

suggesting R6 vIRF functions to inhibit this pathway in a capacity independent of IRF-3 

inhibition, or potentially disrupts another cellular function common to both pathways.  

The inhibitory nature of the RRV vIRFs is similar to that of KSHV vIRF-1, which can 

independently inhibit induction of IFN-β, as well as transcription of genes induced by 

type I and type II IFN signaling (76, 82, 127, 134, 267).  KSHV vIRF-1 functions via 

binding and sequestering the transcriptional cofactor, p300/CBP, which is necessary for 
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IRF-3 mediated transcription (31, 133, 137, 210).  Likewise, KSHV vIRF-1 may 

function in a similar manner to inhibit IFN-induced transcription, as deletion of the 

p300-binding region on vIRF-1 eliminated its inhibitory effect on IFN signaling (127).  

Whether R6 vIRF functionally inhibits transcription via binding to IRF-3, or whether 

R6 vIRF employs disparate functions to inhibit IRF-3 and IFN-mediated transcription 

will need to be explored further.     

 

Of interest, R7 vIRF expression consistently increased poly(IC)-induced transcription in 

our reporter assay by 2.5 fold over poly(IC) stimulation alone (Fig. 4.2).  Likewise, in 

the absence of a stimulus, R7 vIRF expression also stimulated the ISRE promoter 

approximately 3-fold over unstimulated, mock cells (data not shown), suggesting R7 

vIRF enhances transcription independent of activated IRF-3.  There is evidence that 

KSHV vIRF-3 can enhance IRF-3 and IRF-7 mediated transcription when it’s binding 

to these IRFs at the promoter (140).  More recently, KSHV vIRF-3 has been shown to 

bind to Myc modulator 1 (MM1-α), a c-Myc suppressor, resulting in uncontrolled 

growth and differentiation mediated by unchecked transcription of c-Myc regulated 

genes (141).  KSHV vIRF-1 is also able to stimulate transcription, but does so more 

directly, via binding to a viral promoter driving transcription of modulator of immune 

recognition 1 (MIR1/ORF K3), viral dihydrofolate reductase (vDHFR/ORF 2) and viral 

IL-6 (vIL-6/ORF K2) (177).  RRV and KSHV vIL-6 similarly function to induce 

proliferation of B cells in vitro (99, 113), and vIL-6 is hypothesized to be a key 

component in the development of B cell malignances in KSHV-infected persons (11, 

179) and RRV-infected RMs (171).  There are two ISRE-like elements within the vIL-6 
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promoter that confer responsiveness to type I IFN (42).  Therefore, R7 vIRF may be 

enhancing cellular IRF functions to drive transcription of IFN to indirectly increase 

transcription of vIL-6, effectively promoting cellular proliferation during infection.  

Interestingly, R7 vIRF expression also resulted in increased growth potential and 

anchorage independent growth when stably expressed in NIH3T3 cells.  Although the 

mechanism of transformation in these analyses is independent of other viral genes, our 

data suggest R7 vIRF possesses pro-oncogenic properties that may be related to its 

enhancement of transcription of target genes, which could potentially also include other 

RRV genes.     

 

We’ve demonstrated that individual vIRFs can inhibit or enhance induction of IFN and 

IFN-induced transcription, and these roles may be linked to transforming potential of 

specific vIRFs.  These data correlate with recent findings demonstrating that deletion of 

the eight vIRFs results in an increase in IFN production and initiation of an earlier 

adaptive immune response during de novo RRV infection (Chapters 2 and 3).  

Additionally, the distinct spatial expression of each of the vIRFs could also be an 

indication to their function(s) during infection.  Future analyses will focus on individual 

vIRFs to precisely define their roles in the context of RRV infection and in the 

development of RRV-associated malignancies.    
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FUTURE DIRECTIONS 

To complete these studies, further characterization of the interaction between R6 vIRF 

and cellular IRF-3 will need to be carried out.  We’ve demonstrated that R6 expression 

inhibits IRF-3 mediated transcription, and R6 vIRF can bind to IRF-3.  However, 

because we looked at total IRF-3, we do not know if R6 vIRF binds to activated, 

phosphorylated IRF-3.  This could be addressed via co-IP using a phospho-specific 

IRF-3 antibody.  Moreover, we can also assess differences in levels of phospho-IRF-3 

following a stimulus (poly(IC)) to determine if expression of R6 vIRF-1 inhibits 

activation/phosphorylation of IRF-3.  

 

The overall spatial expression of R6 vIRF changes from mostly nuclear, to nuclear and 

cytoplasmic after an IRF-3 stimulus (poly(IC)).  However, we still don’t know the exact 

mechanism by which R6 vIRF inhibits IRF-3-mediated transcription.  It’s possible that 

phosphorylated IRF-3 is shuttled out of the nucleus via its binding to R6 vIRF, or that 

the R6 vIRF:IRF-3 interaction blocks IRF-3 from binding with some other protein or to 

the DNA.  These possibilities could be addressed by examining co-IPs of R6 vIRF and 

phosphorylated IRF-3 following an IRF-3 activating stimulus, such as polyIC treatment, 

and comparing nuclear and cytoplasmic lysates.  If R6 vIRF is shuttling phospho-IRF-3 

out of the nucleus, one would expect an increase in the R6 vIRF:phospho-IRF-3 

interaction within the cytoplasm following an IRF-3 stimulus.  Furthermore, if R6 vIRF 

is blocking IRF-3 from binding DNA, this question could be addressed using 

electrophoretic mobility shift assay (EMSA) with IFN-β promoter elements (PRD I/III) 

or ISRE as target DNA.  If R6 vIRF does play a role in blocking cellular IRF-3 from 
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binding DNA, we should see a decrease in cellular IRF-3 binding to and ISRE probe as 

increased amounts of R6 vIRF are added.    

 

We also cannot assume R6 vIRF binding to IRF-3 mediates transcriptional inhibition, as 

it’s been demonstrated KSHV vIRF-1 can bind to several IRFs, but it’s the interaction 

with p300/CBP that is responsible for transcriptional inhibition (31, 133, 137, 210).  

Therefore, by disrupting the binding of R6 vIRF and cellular IRF-3 via mutation of the 

binding region, we could determine whether R6 expression inhibits IRF-3 mediated 

transcription without directly binding IRF-3.   

 

As an additional point of interest, the spatial expression of R12 vIRF was specifically 

unique; distinct rings within the nucleus.  This organization is similar to the 

organization of PML bodies, which are organizational and regulatory centers for a 

number of cellular processes, including DNA repair, transcription, IFN responses, and 

apoptosis (190).  Moreover, several herpesviruses specifically target and disrupt PML 

bodies during infection (70), suggesting the potential antiviral nature of these structures, 

and the likelihood of  being a target during RRV infection, as well.  The potential 

interaction between vIRF R12 and PML bodies, and the function of such an interaction, 

is also currently being investigated. 
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FIGURE 4.1.  Expression of RRV vIRFs.  The RRV vIRFs were cloned into pcDNA3.1(-) 

with an HA tag at the C-terminus.  Six of the vIRF constructs (ORFs R6, R7, R8, R10, R11, 

R12) were each ectopically expressed in tRFs via nucleofection.  Nucleofected cells were plated 

onto coverslips and fixed 48h later.  Expression of each vIRF was visualized using an anti-HA-

FITC mAb (green), and nuclei were stained with Hoechst 33258 (blue).  The inset in the R12 

field is a magnified version of the boxed region.  Magnification, 200x and 400x (R12). 
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FIGURE 4.2.  Individual vIRFs inhibit poly(IC)-induced transcription.  HEK293 cells were 

transfected overnight with an individual vIRF-HA construct (50ng or 0ng), pISRE-luc (250ng), 

pRL_SV40 (10ng), and empty pcDNA3.1 (190ng or 240ng).  Cells were then transfected with 

poly(IC), and assayed 6h later.  Firefly luciferase levels were normalized to renilla luciferase in 

each well, and all conditions were made relative to the positive control [empty vector + 

poly(IC)].  (A)  Each RRV vIRF was analyzed independently, and KSHV vIRF-1  (K9) was 

included as a control.  (B)  Cells were transfected with increasing amounts of R6-HA-

pcDNA3.1 (5ng, 25ng, 50ng, 100ng) and a corresponding decrease in empty pcDNA3.1 to 

equal 500ng total DNA per well.  (C)  Total amount of DNA transfected per well was 500ng 

including 50ng vIRF-HA construct; either 50ng of R6-HA or R7-HA or  and co-transfection of 

25ng of each construct.  Data are averaged (±SEM) from 4 (A) and 2 (B,C) independent 

experiments.  N.S, not significant;  ***, p ≤ .001; **,  p ≤  0.01;  *, p ≤ 0.05. 
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FIGURE 4.3.  Individual vIRFs inhibit IFN-α induced transcription.  HEK293 cells were 

transfected overnight with individual vIRF-HA constructs (50ng or 0ng), pISRE-luc (250ng), 

pRL_SV40 (10ng), and empty pcDNA3.1 (190ng or 240ng).  Cells were then stimulated with 

rhIFN-α2 (100Units/well) and assayed for firefly and renilla luciferase 6h later using the Dual-

glo luciferase assay kit (Promega).  (A) As a control, KSHV vIRF-1 (K9) was also included.  

(B) Cells were transfected with increasing amounts of R6-HA-pcDNA3.1 (5ng, 25ng, 50ng, 

100ng) and a corresponding decrease in empty pcDNA3.1 to equal 500ng total DNA per well.  

N.S, not significant;  ***, p ≤ 0.001;  **   p ≤  0.01;  *, p ≤ 0.05. 
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FIGURE 4.4.  R6 vIRF interacts with cellular IRF-3.  tRFs were nucleofected with R6-HA-

pcDNA3.1, R7-HA-pcDNA3.1, pEGFP or nothing (mock).  (A) Native lysates were collected 

48h later and divided in half to IP with either α-IRF3 pAb or α-HA mAb O/N at 4C.  IP lysates 

were then incubated for 4h with Protein A/G beads, washed and analyzed via western blot for 

IRF-3 and HA.  (B)  Cells transiently expressing R6-HA or R7-HA constructs were grown on 

coverslips O/N.  Subsequently, these cells were transfected with 0 or 10ug poly(IC) for 6h, then 

fixed and permeabilized.  Cells were stained for α-IRF3 pAb (red), followed by α-HA mAb 

(green), and Hoechst 33258 (blue) for nuclei detection.  (C)  Cells transiently expressing R6-

HA pcDNA3.1 for 36h, were subsequently stimulated with SeV (0 or 100 HA units/1x106 cells) 

for 6h and then nuclear and cytoplasmic lysates were collected and analyzed via western for 

total IRF-3 and HA expression, to detect R6 vIRF.   O/N, overnight;  α, anti;  IP, 

immunoprecipitate;  WB, western blot;  SeV, Sendai Virus. 
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Fig. 4.5.  R7, R8, and R9 vIRFs have oncogenic potential in vitro.  NIH3T3 cells were stably 

transfected with each vIRF construct, and individual clones were monitored for increased 

growth potential and foci formation.  A stable clone of empty pcDNA3.1 was included as a 

negative control and used to determine statistical significance, and a clone of K9-HA (KSHV 

vIRF-1) was included as a positive control.  (A, B)  NIH3T3 cells stably transfected with a 

vIRF-HA clone were plated into each well of a 6-well plate at a density of 2x105 cells/well. (A)  

One well was harvested and counted each day for 6 days, and (B) wells were monitored for the 

development of foci formation after a week in culture.  Magnification, 50x.  (C)  Cells (5x103) 

from each stable vIRF-HA clone were individually mixed with 0.3% agarose as a single-cell 

suspension and plated into one well of a 6-well plate.  Single cell suspensions were monitored 

for anchorage-independent growth via development of foci within 3-4 weeks.  A clone of a 

constitutively active Ras (V12Ras) was included as a second positive control.  Magnification, 

320x.  *** p ≤ 0.001;  **, p ≤  0.01;  *, p ≤ 0.05. 
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CHAPTER 5 

 
SUMMARY and CONCLUSIONS 

 
 

I.  The role of vIRFs during RRV Infection 

A.   Generation and characterization of vIRF-ko RRV 

In Chapter 2 of this thesis, we characterized a vIRF deletion mutant of RRV, vIRF-ko 

RRV.  Using the RRV17577 BAC (69), we deleted all 8 vIRFs from the genome to assess 

their overall role during de novo RRV infection.  Our initial analysis demonstrated that 

deletion of the vIRFs did not alter the growth properties of RRV in fibroblasts, nor 

inhibit RRV infection of rhesus PBMCs, which include critical cell populations during 

in vivo infection, such as B cells (16).  Additionally, we analyzed the sequence of the 

entire genome by directly comparing it to WTBAC RRV DNA using complete genome 

hybridization.  Our findings confirmed that deletion of the vIRFs did not result in any 

unintended nucleotide changes outside of the deleted region.  Therefore, we determined 

we could effectively utilize the vIRF-ko recombinant clone to further study the impact 

of vIRFs during RRV infection.   

 

The significance of generating such a recombinant virus is noteworthy, because it has 

been difficult to study the role of any particular viral gene during de novo KSHV 

infection (169).  Also, because KSHV and RRV are the only viruses known to encode 

proteins with homology to cellular IRFs, studying the vIRFs during RRV infection 

offers the opportunity to study their impact on immune responses and pathogenesis 

during in vivo infection, as well.  Moreover, given that KSHV vIRF-1 and vIRF-3 are 
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two of the few viral proteins detected in KSHV-associated malignancies (89, 179), and 

that there is overwhelming in vitro evidence demonstrating vIRFs function in 

tumorigenesis and immune evasion, the potentially critical role of these proteins in 

KSHV pathogenesis is undeniable.  Thus, if we can better understand their impact 

during infection, the vIRFs could be prospective targets of future antiviral therapies.   

 

B.  Functional characterization of vIRFs 

1. vIRFs modulate the IFN response during de novo RRV infection 

In vitro comparison of WT RRV and vIRF-ko RRV infection demonstrated the presence 

of vIRFs significantly inhibits induction of type I and type II IFN.  Because RRV 

encodes other viral proteins that potentially inhibit the IFN response as well (10), the 

fact that we observed such a significant difference demonstrates the considerable impact 

vIRFs have on the innate immune response during de novo infection.  Specifically, we 

noted that vIRF-ko RRV infection resulted in increased type I IFN production within 

pDCs within the first 48 hpi.  pDCs are the most potent IFN-α producing cells in the 

body (75), and the impact of these findings is important when considering what’s 

happening during in vivo RRV infection.  In general, DCs are one of the first cell types 

to encounter and take up antigen following virus infection, and coupled with the ability 

of pDCs to recognize and respond to KSHV in vitro (250), these findings could account 

for the sustained IFN-α production detected in the plasma of the RMs infected with 

vIRF-ko RRV (Chapter 3).  If the vIRFs can inhibit IFN production by this critical cell 

population within the infected animal, then this would offer a lengthened window of 

time for the virus to establish infection and delay the initiation of an effective immune 
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response. This could explain what we observed in the RRV-infected RMs, and the 

impact of vIRFs on the adaptive immune response will be discussed further in a later 

section.   

 

We did not look for RRV within pDCs in our experimentally infected animals, as this 

population is so small (<1% of the total PBMC population) (48) it would be difficult to 

get an adequate number of pDCs from our routine tissue and blood collections.  

However, a preliminary in vitro experiment, utilizing GFP expressing clones of WT 

RRV and vIRF-ko RRV, has demonstrated both viruses can infect pDCs, as measured 

via flow cytometry (data not shown).  Collectively, the in vitro and in vivo analysis of 

type I IFN production within pDCs and RM plasma samples, suggest that one or more 

vIRFs are inhibiting production of type I IFN within RRV-infected pDCs.   

 

Transcription of type I IFN relies heavily on cellular IRF-3, as it is expressed in most 

cell types and is activated upon viral infection (94, 112, 138).  Therefore, it wasn’t 

surprising that the inhibition of type I IFN was preceded by a spatial dysregulation of 

IRF-3 during WT RRV infection, as described in Chapter 2.  We also analyzed IFN-

induced signaling, the Jak/STAT pathway (Fig 1.3), via analysis of phosphorylation and 

nuclear localization of STAT1 and STAT2 (data not shown), but did not observe 

obvious differences between WT RRV and vIRF-ko RRV infection.  However, the 

temporal role vIRFs play in inhibiting this pathway is difficult to assess, and the overall 

lower levels of type I IFN induction in fibroblasts (Chapter 2) may indicate IFN 

signaling is limited in these cells, and should be examined in a different cell type.  
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Differentially, the effect of vIRFs on the activation of proteins within the Jak/STAT 

pathway may be better understood by examining IFN-induced signaling in the context 

of individually expressed vIRFs.    

 

Infection with vIRF-ko RRV also resulted in increased induction of type II IFN, IFN-γ.  

The production of IFN-γ is restricted mostly to NK cells and activated T cells, as part of 

the innate and adaptive immune responses, respectively.  Because the induction of IFN-

γ was observed so early after vIRF-ko RRV infection (6 hpi in vitro, and by 1 dpi in 

vivo), it’s likely the source is from NK cells, which may be activated via the early 

production of type I IFN (165) (Fig. 1.4).  We have not examined whether NK cells are 

specifically infected in vitro, but the possibility that vIRFs are playing a direct role in 

inhibiting IFN-γ within infected NK cells cannot be excluded. 

 

2.  Modulation of the IFN response by individual RRV vIRFs 

In Chapter 4, we characterized individual vIRFs as to their function in transcription of 

ISRE-driven genes following IRF-3 activation and IFN stimulation.  We demonstrated 

that the eight vIRFs had varying ranges of inhibition and enhancement of transcription 

in these reporter assays.  Of significant note is that R6 vIRF specifically demonstrated 

marked inhibition of transcription mediated by both IRF-3 and type I IFN, functioning 

similarly to KSHV vIRF-1 (Chapter 4) (76, 82, 127, 134, 267).  Moreover, R6 vIRF is 

also able to bind cellular IRF-3, and this interaction is enhanced following IRF-3 

stimulation.  Therefore, this interaction could be responsible for the decreased nuclear 
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accumulation of IRF-3 following WT RRV infection, but this hypothesis has yet to be 

tested directly.  

 

Another interesting finding was that expression of R7 vIRF actually enhanced 

transcription in response to IRF-3 activation and IFN stimulation. Similar 

characteristics have been assigned to KSHV vIRF-3, which can enhance IRF-3 and 

IRF-7 mediated transcription, as well as promote c-Myc mediated transcription.  The 

latter has a distinct role in aiding transformation, which could be the intended effect of 

R7 vIRF mediated transcription.  Indeed, stable expression of R7 vIRF resulted in 

increased growth potential and anchorage-independent growth in NIH3T3 cells 

(Chapter 4).  If not induction of a cellular oncogene, R7 vIRF may be driving 

transcription of viral genes, as demonstrated by the ability of KSHV vIRF-1 to drive 

transcription of vIL-6 (177).  vIL-6 is thought to be a key component of KSHV and 

RRV-associated B cell malignancies (11, 99, 113, 171).  Another possibility is that the 

intended target of R7 vIRF is enhancement of transcription of type I IFNs, which in turn 

drives transcription of vIL-6 (42), and thus, R7 vIRF may indirectly promote cellular 

proliferation and tumorigenesis.  Whether the RRV vIL-6 gene is also responsive to 

IFN, and whether RRV vIRFs are able to promote its transcription have not yet been 

examined.   

 

As mentioned previously, sequence analyses suggested RRV initially acquired 4 vIRFs 

(ORFs R6-R9), and these four genes later underwent a duplication to result in a total of 

8 vIRFs (207).  The data presented within suggest the duplicated vIRFs (ORFs R10-
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R13) do not possess completely redundant functions with R6-R9 vIRFs.  A prime 

example of this is the functional disparities between R7 and R11 vIRFs.  Although they 

share >50% sequence similarity, R7 vIRF enhances IRF-3-mediated transcription, but 

R11 vIRF appeared to have little affect on IRF-3 mediated transcription (Chapter 4).  

Additionally, R7 vIRF demonstrated tumorigenic potential in NIH3T3 cells, and R11 

vIRF did not (Chapter 4).  This example demonstrates the disparity of function between 

the RRV vIRFs, and suggests that the sequence similarities in the 4 duplicated vIRFs 

does not equate to redundancy in function.  Therefore, future analyses will need to 

address the roles of all 8 vIRFs as distinct genes with unique properties.    

 

C.  The role of RRV vIRFs on the Host Immune Response and Pathogenesis  

1.  Impact on viral replication and latency 

In Chapter 3 of this thesis, we utilized the vIRF-ko RRV recombinant clone to assess 

the impact of vIRFs on RRV infection of rhesus macaques, the natural host.  In acute 

WT RRV infection, viral loads were measured by 2 weeks PI, and peaked at 4 weeks 

PI.  Infection of RMs with vIRF-ko RRV resulted in undetectable viral loads in all but 2 

RMs, in which very low levels were detected as early as 1 week PI.  Again, this 

supports the hypothesis that deletion of the vIRFs results in lower levels of antigen due 

to earlier detection and immunological control of the virus.  

 

Deletion of the vIRFs does not appear to impact persistence of RRV within the CD20+ 

population.  However, because there was a more robust immune response during acute 

infection, it’s plausible that vIRF-ko RRV will be easily controlled during the future if 
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the animal becomes immune-compromised.  These studies are currently ongoing, as the 

vIRF-ko RRV-infected animals have subsequently been infected with SIVmac239 and 

are being monitored for changes in RRV-specific T cell responses and for the 

development of lymphoproliferative disorders.  Additional analysis of persistence 

within the RMs has demonstrated RRV can also be detected within T cells and antigen 

presenting cells (HLA-DR+) (data not shown).  This is the first demonstration that RRV 

is persistent within cell types other than B cells;  however, these preliminary analyses 

do not suggest the vIRFs alter or change persistence within specific cellular populations 

(data not shown).   

 

2.  Impact on cytokine production 

The induction of most cytokines is controlled at the level of transcription.  Thus, vIRFs 

could potentially interfere with the production of any number of pro-inflammatory 

cytokines to control the immune response during RRV infection.  Indeed, the vIRF-ko 

RRV-infected animals demonstrated prolonged production of both IFN-γ and IL-12, an 

important mediator of an effective Th1 response during viral infections.  IL-12 is 

regulated by IRF-1 and IRF-8, as well as NFκB, all of which could be direct targets of 

the vIRFs.  Preliminary analysis of IL-12 and IL-18 transcripts in RRV infected PBMCs 

in vitro did not demonstrate a difference between WT and vIRF-ko RRV infected 

cultures (data not shown).  However, vIRF-ko RRV infection did result in an increase in 

cellular IRF-8 transcript, which is upregulated by IFN-γ signaling (data not shown).  

Therefore, an increase in IRF-8 could translate to an increase in IL-12 production at 

later time points.  It’s difficult to recapitulate development of an immune response in 
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cell culture, so if vIRFs are indirectly inhibiting levels of certain cytokines, this may be 

difficult to measure during an in vitro infection.     

 

3.  Impact on T cell response 

By measuring the non-specific proliferation of T cells in the RMs, we can assess their 

overall activation, which is assumed to be due to RRV infection in the ESPF animals.  

Although the kinetics of T cell proliferation are similar in all the animals, these 

responses demonstrate a trend towards lessened proliferation within the vIRF-ko RRV-

infected RMs.  This may be due to the lower viral loads in these animals (i.e., earlier 

detection and control of vIRF-ko RRV means less available antigen, which results in a 

lessened response).  It is also likely that the lower antigen stimulus in the vIRF-ko 

RRV-infected RMs also results in lessened bystander proliferation.  Interestingly, 

however, even if there is less antigen and decreased proliferation of T cells, the vIRF-ko 

RRV-infected animals develop an RRV-specific T cell response at 7 dpi, 2 weeks 

earlier than WT RRV-infected animals.  As mentioned earlier, this indicates the vIRFs 

are functioning to inhibit early immune responses to avoid detection, thus, allowing 

RRV more time to replicate to higher levels and delay the onset of the specific T cell 

response.   

 

We measured T cell responses based on IFN-γ production following RRV stimulation.  

Additionally, there is prolonged detection of IFN-γ within the plasma of vIRF-ko RRV 

infected RMs, lasting from 1 dpi to 7 dpi.  The early production of IFN-γ is likely from 

NK cells, but we cannot exclude the possibility that the sustained production (> 7dpi) 
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may also be attributed to activated T cells, as these animals did have specific CD4 and 

CD8 responses at 7 dpi.  The extent of IFN-γ production from either NK cells or T cells, 

and the role vIRFs play in inhibiting the induction of IFN-γ, will need to be further 

evaluated in RRV-infected PBMC cultures in vitro.   

 

 

4.  Impact on RRV-associated pathologies 

In Chapter 4, our in vitro analysis of individual vIRFs demonstrated that R7, R8, and R9 

vIRFs all possess oncogenic potential in NIH3T3 cells, suggesting these vIRFs could 

play a role in development of RRV-associated B cell malignancies.  Indeed, vIRF-ko 

RRV infection of RMs resulted in a significant decrease in acute B cell hyperplasia 

(Chapter 3).  Whether this is a direct result of the vIRF functions, or a byproduct of 

decreased viral replication will need to be further examined.  Determining whether any 

of the vIRFs are still expressed after acute viral replication would potentially highlight 

their role in pathogenesis, as KSHV and RRV infection result in pathologies while in a 

latent state (81).  It has been demonstrated that KSHV vIRF-1 and vIRF-3 are present 

within infected cells in KSHV-associated tumors, but only within a subset of the 

infected cells (89, 179).  Likewise, expression of specific vIRFs may only be evident 

during development of disease, and the RMs used in these studies were not immune-

compromised, and therefore, were not likely to develop RRV-associated B cell 

disorders.  Nonetheless, the significant decrease in acute B cell hyperplasia is a likely 

indication that vIRF-ko RRV lacks something necessary for development of RRV-

associated malignancies. 
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II.  Future Directions 

The findings communicated in this thesis clearly demonstrate the collectively crucial 

impact vIRFs have during RRV infection; with effects ranging from inhibition of the 

IFN response to diminishing acute pathologies during RRV infection of RMs.  These 

data offer important strides in understanding the roles of vIRFs during infection and 

disease, but also present new questions to investigate.  Some of the unknowns have 

been mentioned above, but I’ll expand on a couple key questions.   

 

First, I’ll mention again that it will be necessary to delineate the specific functions of 

each of the RRV vIRFs to completely understand our findings.  The data presented here 

demonstrates that each vIRF appears to have unique properties, and these proteins 

should therefore, be assessed individually.   

 

The ability of vIRFs to inhibit the IFN response can have an immediate impact on 

development of the antiviral state, and we’ve shown that deletion of the vIRFs also 

initiates an earlier adaptive immune response in the RM, as well.  What this data does 

not differentiate is whether the vIRFs have a direct or indirect impact on the adaptive 

immune response (Fig 1.4).  Most likely, the answer is both.  We can start by positing 

that the roles of vIRFs are likely restricted to inhibiting signaling and transcription, as 

has been shown for the KSHV vIRFs (170).  Specific RRV vIRFs have direct roles in 

IFN inhibition, as we’ve demonstrated in Chapter 4, which then shapes the adaptive 

response accordingly.  Additionally, specific vIRFs may also directly affect the adaptive 

response by inhibiting expression of proteins involved in antigen 
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processing/presentation or by disrupting the production or signaling of Th1 cytokines.  

KSHV vIRF-1 has been shown to specifically inhibit transcription of MHC-I (127), 

which would impede antigen presentation during the course of infection.  The fact that 

we see earlier T cell responses in the vIRF-ko RRV animals suggests the vIRFs may not 

only be inhibiting the induction of type I IFN, but could be directly inhibiting antigen 

presentation, as well.  The role of RRV vIRFs in directly inhibiting the adaptive 

immune response will need to be addressed by initially characterizing individual vIRFs 

in vitro with specific analyses designed to look at the adaptive response independent of 

IFN signaling.  Also, utilizing the RRV BAC, systematic characterization of viruses 

deleted for each vIRF will need to be carried out to determine the different roles of each 

vIRF during RRV infection, as well.      

 

Another fundamental question is whether the vIRFs are important for promoting 

tumorigenesis during in vivo RRV infection.  We have yet to directly address whether 

RMs infected with vIRF-ko RRV still develop B cell malignancies.  Due to the 

significantly diminished B cell hyperplasia during acute vIRF-ko RRV infection, it’s 

rational to hypothesize that these animals may lack some component necessary for 

development of lymphoproliferative disorders.  Indeed, if deletion of the vIRFs results 

in an infection that never develops into the characteristic B cell malignancies, this 

would be an incredible advancement in understanding and targeting KSHV-associated 

diseases.  However, since vIRF-ko RRV can still persist within these RMs, the potential 

for this virus to cause disease still exists.  We are currently conducting studies in 
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immune-compromised RMs to examine whether deletion of the vIRFs inhibits the 

development of disease, or reduces the incidence B cell malignancies. 
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MATERIALS and METHODS 

 

This section is meant to augment the materials and methods sections within chapters 2-

4.  These detailed methods include additional information for new protocols, protocols 

in which I’ve made specific changes, or those that are not routinely performed within 

Dr. Scott Wong’s laboratory. 

 

Co-cultures and viremic score for RRV-infected rhesus macaques  

A 24-well plate of 1o rhesus fibroblasts (RFs) was seeded (5x104 cells/well) the day 

before collection of blood from rhesus macaques (RMs).  Blood was collected weekly 

from infected RMs, and PBMCs were isolated using Histopaque, per manufacturer’s 

protocol.  Serial dilutions of PBMCs are then added to the RFs in duplicate, as follows.  

In the first 2 rows of the plate, add 2x105 PBMCs (suspended in 100ul complete RPMI) 

to the first wells.  Subsequently, 1:3 dilutions of PBMCs are made across 5 wells (i.e., 

6x104 PBMCs in the second well, 2x104 PBMCs in the third well, 6x103 PBMCs in the 

fourth well, and 2x103 PBMCs in the fifth well).  Leave the 6th well as mock-treated 

RFs.  Monitor the plate every few days for the development of RRV-specific cytopathic 

effect (CPE), and mark which wells are positive for CPE.  Development of CPE should 

be complete within 4-6weeks after plating; I found that PBMC co-cultures from vIRF-

ko RRV-infected RMs resulted in CPE much later than WT RRV, and needed to 

monitor these plates until 6 weeks post-plating.   
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To generate a viremic score (0-5), CPE is monitored within individual wells.  A score of 

1 indicates CPE in the wells with 2x105 PBMCs (the lowest dilution), and a score of 5 

indicates CPE in wells with 2x103 PBMCs (the highest dilution).  Since PBMCs were 

co-cultured in duplicate, each well of the duplicate dilution is scored 0.5.    

 

When RFs in the co-culture plates reached complete CPE, cells and supernatants from 

individual wells were collected and stored at -80C.  The collected cells/supernatant was 

then used directly as template for PCR reactions to validate the presence of RRV DNA.  

Alternatively, if the level of viremia is low, as in the case of the vIRF-ko RRV-infected 

animals, DNA can be purified from the cells/supernatant and used as template.   

 

PCR and RT-PCR analyses 

1. nested vMIP in co-cultures.  Use 10ul of the cells/supernatant from co-culture 

plates, or purified DNA from the cells/supernatant, as template for PCR reactions to 

screen for vMIP (ORF R3) to verify the presence of RRV lytic replication in 

PBMCs from infected RMs.  Initial vMIP reactions are performed in a 50ul reaction 

with the following settings: 1 cycle of 95C for 3min; 40 cycles of 95C for 20sec, 

58C for 30sec, 68C for 30sec; 1 cycle of 68C for 7min; and leave at 4C.  Oligos 

used are vMIP-1 (#171) (5’ CCT ATG GGC TCC ATG AGC 3’) and vMIP-2 

(#172) (5’ ATC GTC AAT CAG GCT GCG 3’) and this reaction produces a 255bp 

product.  To perform the nested reaction, use 10ul of reaction 1 as template in a 50ul 

reaction with the following settings:  1 cycle at 95C for 3min; 40 cycles of 95C for 

30sec, 56C for 30sec, 68C for 1min; 1 cycle of 68C for 7min; and leave at 4C until 
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you can run your product out on a 1% agarose gel.  Oligos used for the nested 

reaction are vMIP-3 (#169) (5’CCC GAA CTC TGC TGT TTG 3’) and vMIP-4 

(#170) (5’ TGG GAC GCT TGT CCA CCG 3’) and this reaction produces a 190bp 

product.     

 

2. Real-time PCR (type I and type II IFNs).  RNA was extracted from infected cells 

using a Qiagen RNA extraction kit, resuspended in 40ul RNase-free H20, and 

treated with RQ1 DNase (5ul DNase + 5ul buffer) for 1.5h at 37C.  The DNase 

reaction was terminated via incubation at 68C, 10min.  First strand cDNA synthesis 

was carried out with 1ug RNA and using the High-Capacity cDNA reverse 

transcription kit (ABI).  cDNA was then amplified using the Taqman PreAmp 

master mix kit (ABI) with TaqMan Gene Expression assays (ABI) specific for 

rhesus IFN-β (Rh_03648734), IFN-α1/13 (Rh_03456606), IFN-γ (Rh_02621721), 

IL-12 (Rh_02621748), IL-18 (Rh_02787951), IRF-1 (Rh_00971962), IRF-3 

(Rh_02839170), IRF-7 (Rh_02839175), IRF-8 (Rh_02841197), IRF-9 

(Hs_00196051), ISG15 (Rh_02879913), IFNaR2 (Rh-02829927), and IFNgR1 

(Rh_02787824).  Amplification was performed in a 50ul reaction with 14 

amplification cycles, per kit protocol (ABI), and subsequently resuspended 1:10 in 

TE, pH 8, and stored at -20C.  (Do not include the GAPDH expression assay kit 

when performing the cDNA amplification as it is already present in high enough 

levels which negates the need for amplification).  
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To perform real-time PCR analysis to quantify individual transcripts, 20ul reactions 

were performed in duplicate wells on the same plate.  The TaqMan Gene Expression 

Assays were used for the primer/probes, as listed above, and rhesus GAPDH 

(Rh_02621745) was used as a normalization control, and was also performed in 

duplicate on each sample and included on the same plate.  For experimental 

samples, 10ul of the amplified cDNA were used per well, and reactions were run 

with 2 initial steps (50C for 2min, and 95C for 10min) followed by 40 amplification 

cycles (95C for 15sec, 60C for 1min), then held at 4C.   

 

Standard curves (5, 3-fold dilutions: the quantity (ng RNA) and range of the 

standard curve, and the source material, need to be determined empirically for each 

transcript) were included on each plate for each transcript being analyzed, and 

GAPDH was always included for normalization.  To normalize between plates, you 

need to generate one stock for each standard curve;  either use a cDNA clone of the 

transcript and calculate exact copies of the transcript/ng nucleic acid, or have one 

consistently used sample of cells.  These studies utilized the latter.  Mock tRFs were 

used to make standard curves for GAPDH, IRF-1, IRF-3, IRF-9, IL-12, and IL-18.  

Poly(IC)-treated tRFs were used for standard curves for IFN-α1/13, and IFN-β.  

PBMCs treated with IFN-α2 were used to make standard curves for IRF-7, IRF-8, 

and IFN-γ. 

 

Using the CT values generated following the real-time PCR reaction, along with the 

calculated ng RNA used to make the standard curve, an equation is formulated for 
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each transcript.  The CT values from each experimental sample can then be put into 

the calculation to determine the amount of transcript.  (The computer software does 

this for you now).  The ng of target RNA are calculated for each sample are then 

you need to divide that by the ng GAPDH RNA in that same sample to normalize 

the data [(target ng RNA/GAPDH ng RNA) = normalized amount of target].  Using 

this system, you cannot quantify the exact amounts of RNA and everything needs to 

be made relative to another control included on the plate.  Also, some experimental 

systems or cell types may require a different normalization gene; the normalization 

transcript should be abundant and should not be altered in your experimental 

system.   

 

3. Expression of each RRV vIRF (RNA and DNA).  Unique oligo pairs were 

designed to amplify a ~300bp fragment within each RRV vIRF to identify mRNA 

transcripts in infected cells, as well as for differentiation of WT RRV genomic DNA 

compare to vIRF-ko RRV genomic DNA from infected RMs.   

 

 

In vitro RRV infections (tRFs and 1o rhesus PBMCs) 

Cells were infected with WTBAC RRV (clone 13) or vIRF-ko RRV (clone 11) at MOI=1 

in complete DMEM (tRFs) or serum-free RPMI (PBMCs).  Infection of tRFs was 

carried out in 200ul/well in a 12well plate with coverslips, with continuous rocking for 

2h at 37C, and 1.5ml complete DMEM was added back, and cells were kept at 37C for 

the remainder of the experiment. If multiple time points are being analyzed, plate them 
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in separate plates so the plate can be removed and fixed individually (4% 

paraformaldehyde, 20min, r.t.).  PBMCs were cultured in serum-free RPMI and all time 

points were infected simultaneously in serum-free RPMI (total of 200ul media/well) in 

a flat-bottom 96well plate at 37C.  Specific wells of PBMCs were transferred to a 

round-bottom 96well plate at designated time points post-infection for staining.   

 

Immunofluorescence analysis 

Untreated cells are seeded onto glass coverslips in 12 well plates at a density of 0.5x105 

cells/well.  Cells transfected via nucleofection are seeded at 0.8x105 due to some 

expected cell death following nucleofection.  After treatment/infection cells are fixed in 

freshly made 3% paraformaldehyde/PBS for 20min at room temperature, washed twice 

with 1X PBS, and can be stored at 4C in PBS.  Cells are blocked in 5% normal goat 

serum (ngs)/1X PBS with 0.1% tween20 for at least 1h at room temperature.  

Immunofluorescence staining is performed in a humidity chamber protected from the 

light, i.e., wet paper towels are lined in an opaque container with a sealed lid or covered 

with foil.  Parafilm is placed in the humidity chamber, and all staining will take place on 

the parafilm.  Antibody is diluted in 1% ngs/PBS with 0.1% tween20 and ~10-15ul is 

pipetted onto the parafilm for each coverslip.  Coverslips are then placed cell-side down 

onto the 15ul antibody and stained with primary antibody O/N at 4C.  Coverslips are 

returned to the 12well plate and washed 3X in 1X PBS/0.1% tween20.  Cells are then 

stained with fluorescently labeled secondary for at least 1h at room temperature, 

followed by Hoechst (1:500) for 1min at room temperature. Coverslips are finally 

washed 3X in 1X PBS/0.1% tween20, and mounted cell-side down onto glass slides 
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using Vectashield (Vector Labs), and then sealed with nail polish.  Dilutions and 

antibodies used for these studies are as follows, α-IRF-3 mAb (clone SL012.1, BD 

Pharmingen) (1:50); α-Rabbit-IgG-Texas Red (1:100); α-HA-FITC mAb (clone HA-7, 

Sigma) (1:250).  To look specifically at cell surface expression, exclude the use of 

tween20 when blocking and washing.   

 

ICCS for IFN-α 

Fresh PBMCs were isolated from whole blood (max bleed to get ~30x106 cells for one 

experiment) from an ESPF RM, and plated at 1x106 cells/well in a 96well flat-bottom 

plate.  Three or four wells (3-4 million) were used for each condition.  Cells were 

infected at MOI=1 in a total of 200ul serum-free RPMI for 12, 24, and 48 hpi.  

Uninfected PBMCs were included as a negative control, and HSV-1 infection (MOI=1) 

was included as a positive control for IFN-α production.  At each time point, cells were 

transferred to a 96well round-bottom plate for staining.  Cells were washed once in 

PBS, and surface stained in 50ul PBS with the following antibodies CD3-pacific blue 

(SP34), CD20-ECD (B9E9), CD14-A700 (M5E2), HLA DR-APC Cy7 (L243), CD11c-

APC (3.9), and CD123-PerCp Cy5.5 (6H6) for 1h at 4C.  Cells were washed 2 times in 

PBS and subsequently fixed in fixation buffer (BioLegend) for 20min at 4C, 

permeabilized and stained for intracellular IFN-α (MMHA-2) (PBL).  IFN-α was 

labeled using Zenon labeling technology (FITC), per kit protocol (Molecular Probes, 

Eugene, OR).  INF-α was labeled [1ug Ab:5ul labeling reagent (3:1 molar ratio of 

labeled Fab: antibody)] for 5min at r.t., followed by incubation with 5ul blocking 

reagent for an additional 5min at r.t., just prior to use.  Zenon labeling with PE and 
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pacific blue were also successful when using this Ab to detect IFN-α via ICCS.  Cells 

were washed 2 times with wash buffer, followed by once in PBS, and resuspended in 

100ul PBS.  Samples were acquired on an LSRII instrument (BD, San Jose, CA), and 

data were analyzed using FlowJo software (TreeStar, Ashland, OR). 

 

Native Western for IRF-3 

Collect cells in native lysis buffer (50mM Tris-Cl, pH 8, 150mM NaCl, 1% NP40) plus 

freshly added inhibitors (protease and phosphatase);  approximately 100ul buffer for 

2x106 cells, but should be determined empirically.  Resuspend via vortexing and 

pipetting up and down, and always keep at 4C or on ice.   

For native IRF-3 western analysis, prepare separate running buffers for the lower 

chamber (25mM Tris-Cl pH 6.8, 192mM glycine) and the upper chamber [25mM Tris-

Cl pH 8.4, 192mM glycine, 1% deoxycholate (DOC) (Sigma, D 6750)].  The upper 

chamber buffer should be pH’d after addition of DOC.  Use pre-cast 7.5% READY 

GELS (BioRad) (7.5% Acrylamide/bis=29/1; .375 M Tris-Cl, pH 8,8, NO SDS).  Pre-

run the gel at a constant current (40mA) for 30min at 4C.  Make sure the buffers aren’t 

leaking;  to ensure a proper seal and that the upper and lower buffers don’t mix, use KY 

lubricant along the gel bottom and sides before clamping it into the BioRad running 

box.  Keep buffers and pre-cast gels at 4C and always use buffers that are < 3months 

old. 

 

Mix native lysate with n equal amount of 2x native loading buffer (125mM Tris-Cl pH 

6.8, 30% glycerol, BPB), and load into gel (maximum of ~30ul per well in 10well-do 
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not overload).  Run gel at 4C using a constant current (40mA) for 50minutes, or until 

the dye reaches the bottom of the gel.   

 

Soak the gel in SDS electrophoresis buffer for 30minutes at r.t. prior to transfer.  This 

removes the DOC that may inhibit protein transfer (particularly the monomeric form of 

IRF-3).  Transfer gel to PVDF membrane (remember to equilibrate the membrane in 

methanol first) that has been equilibrated in semi-dry transfer buffer (18.6mM Tris, 143 

mM glycine, 20% methanol) for 15min at r.t.  Perform a semi-dry transfer for 60min at 

100mA.  Proceed with blocking (5% milk/TBS) for 1h at r.t. and incubation with anti-

IRF-3 pAb (FL-423, Santa Cruz) (1:750) O/N at 4C.  Wash membrane in TBST 

(3x5min) and incubate with secondary anti-rabbit IgG-HRP (1:2000) (1h, r.t.) wash in 

TBST (5x5min), and detect via chemiluminescence. There should be 2 bands in each 

lane, the lower band is the monomeric form of IRF-3 and the upper band is dimerized 

IRF-3.     

 

Luminex Analysis 

Plasma samples (~1ml) were saved and aliquoted (50ul or 100ul per tube) during the 

collection of PBMCs, and stored at -80C.  For luminex analysis, follow kit protocol 

(milliplex NHP-plex) using 25ul plasma per well, and perform in duplicate.  Make sure 

the bottom of the luminex plate does not touch anything during the staining and 

washing of the procedure (tape another 96well lid on the bottom of the plate to assure 

the liquid does not get wicked out of the wells).   
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