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Abstract of the Dissertation 

Murine gammaherpesvirus ORF75A tegument protein promotes virus replication and is 

required for the efficient establishment of latency in vivo.  

by 

Nana Kwaku Minkah 

Doctor of Philosophy 

in 

Molecular Genetics and Microbiology 

Stony Brook University 

2015 

Herpesviruses establish a chronic infection in the host that is characterized by intervals of lytic 

replication, quiescent latency, and reactivation from latency. Understanding the viral 

determinants of productive replication is critical for the development of novel therapeutic 

interventions against chronic infection with oncogenic gammaherpesviruses. Herpesviruses 

package proteins and RNA of host and virus origin into the viral tegument, a proteinaceous layer 

located between the nucleocapsid and envelope. Tegument proteins may function immediately 

upon deposition with the virion and throughout virus replication. Each gammaherpesvirus 

encodes one or more tegument proteins with homology to the cellular purine metabolism 

enzyme, formyl-glycineamide-phosphoribosyl-amidotransferases (FGARAT). These viral 

FGARATs (vFGARATs) do not retain enzymatic activity, but share a common strategy of 

inactivating components of ND10-nuclear bodies to counteract host intrinsic defenses. Murine 

gammaherpesvirus 68 (MHV68) encodes three vFGARATs: ORF75A, ORF75B, and ORF75C. 

ORF75C is essential for replication, but functions for ORF75A and ORF75B have not been 

identified. To investigate the functions of ORF75A and ORF75B, we generated a series of 

mutant viruses lacking ORF75A or ORF75B. MHV68∆75B had no phenotype in culture or in 

mice, and was not pursued further. In contrast, MHV68∆75A exhibited replication defects in 

fibroblasts and, to a greater extent, in primary macrophages. The replication defect in 

macrophages was accompanied by an increase in viral gene expression across all kinetic classes 

and a decrease in cell viability. Furthermore, the levels of newly delivered ORF75C tegument 

protein were increased in the absence of ORF75A. We next examined the contribution of 

ORF75A to MHV68 pathogenesis in mice. After intranasal infection, MHV68∆75A exhibited a 
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transient one-log reduction in acute replication in the lungs that preceded a severe defect in the 

establishment of latency in the spleen. Intraperitoneal inoculation partially rescued the ORF75A 

latency defect with no added impact on reactivation from latency. These studies identify a novel 

role for a gammaherpesvirus vFGARAT tegument protein in replication and pathogenesis in the 

host. We propose a model whereby ORF75A influences the levels of tegument proteins in the 

virion that impact early infection events, leading to a loss of pathogenesis in vivo.
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Chapter 1: Introduction 

1.1 Herpesviridae 
 The Herpesviridae is a family of large, enveloped DNA viruses that establish life-long 

infections in their hosts. Herpesviruses infect both vertebrates and invertebrates and over one 

hundred herpesviruses have been identified. A herpes virion comprises a linear, double-stranded 

DNA molecule of 100 to 250 kilobase pairs enclosed in an icosahedral capsid, an outer lipid 

envelope containing the viral glycoproteins necessary for attachment and entry into target cells, 

and an ordered proteinaceous matrix located between the nucleocapsid and the lipid envelope 

termed the tegument (Fig. 1.1). All herpesviruses exhibit a dynamic life cycle. Upon initial 

infection of a host, a herpesvirus will often undergo a period of lytic, productive replication 

followed by the establishment of a quiescent latent infection, typically in a distinct cell-type. 

Periodic reactivation from latency into lytic replication seeds new latency reservoirs and is 

critical for dissemination to naïve hosts.  

In general, herpesviruses exhibit strict host tropism, with most herpesviruses co-evolving 

with their cognate hosts over time (1). As such, herpesvirus infections are typically not 

associated with severe disease, although in very young or immunocompromised individuals, life-

threatening infections can occur. In livestock, the economic consequences of herpesvirus 

infection can be quite significant with herpes-related mass mortality events in fish (2), oysters 

(3),(4) and cattle (5) recorded over the last decade. Herpesvirus infection is ubiquitous in humans 

with over 90% of all adults infected with at least one herpesvirus. Nine human herpesviruses 

have been discovered and these are further divided into three sub-families: Alphaherpesvirinae, 

Betaherpesvirinae and Gammaherpesvirinae. This classification is based on genome architecture, 

the site of latency within the infected host and the length of their productive lytic replication 

cycle.  
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Figure 1.1. Structural features of a herpesvirus virion. 
Electron micrograph of a herpesvirus virion. The electron dense core is the herpesvirus double 
stranded genome. This is surrounded by the viral nucleocapsid. The lipid envelope contains the 
glycoproteins necessary for cell entry. The tegument lies between the nucleocapsid and the lipid 
envelope. 
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Alphaherpesvirinae 

Alphaherpesviruses have a broad host range, are neurotropic and have rapid replication 

rates in cultured cells and in the animal (6). Human simplex virus serotypes 1 and 2 (HSV-1 and 

HSV-2) and varicella zoster virus (VZV) are the human alphaherpesviruses.  Alphaherpesvirus 

infection typically begins with infection and replication in mucosal epithelial cells followed by 

dissemination to the nervous system. Alphaherpesviruses enter the nerve termini of the 

peripheral nervous system (PNS) and utilize retrograde transport towards the cell body of these 

non-dividing cells to establish latency that can be maintained for days to decades. Anterograde 

transport back towards the periphery is critical for reactivation (6). In rare cases, 

alphaherpesvirus infection results in a fatal infection of the central nervous system (7). HSV-1 

and HSV-2 are primarily associated with oral-facial, ocular or genital mucosal infections (8, 9). 

Primary VZV infection causes chicken pox while reactivating VZV results in zoster/shingles. No 

vaccines exist for HSV, although treatment with multiple antivirals limits virus shedding at 

mucosal tissues in the periphery (10), (11). An effective live attenuated vaccine exists for VZV, 

and mass vaccination programs have reduced VZV associated disease. However in 

immunocompromised individuals, administration of this vaccine can result in VZV associated 

disease (12). 

 

Betaherpesvirinae 

Human cytomegalovirus (HCMV) and the Roseoloviruses (Human herpesvirus 6A, 

Human herpesvirus 6B and Human herpesvirus 7) are all members of the human betaherpesvirus 

subfamily. These viruses have slow replication cycles and HCMV, the most studied member of 

this subfamily infects and establishes latency in multiple cell types including monocytes, 

lymphocytes, hematopoietic progenitor cells and epithelial cells (13-15). HCMV infection causes 

severe disease in immunocompromised individuals and is associated with graft loss after organ 

transplants, retinitis and blindness in AIDS patients and birth defects in neonates (16, 17). There 

is no vaccine to prevent HCMV infection and current HCMV antivirals exhibit low 

bioavailability and significant toxicity (18). Although the Roseoloviruses are ubiquitous in the 
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human population, they remain grossly understudied. HHV 6B and HHV 7 cause roseola 

infantum and febrile illnesses and are associated with early childhood diseases. No antivirals 

exist for these viruses and very little is known about the molecular mechanisms underlining viral 

latency (19), (20). 

 

Gammaherpesvirinae 

 The work presented in this dissertation is focused on the replication of a member of the 

gammaherpesvirus subfamily. Gammaherpesviruses are subdivided into two groups: the 

lymphocryptoviruses, of which the human Epstein-Barr virus (EBV/HHV4) is the prototypical 

member and the rhadinoviruses typified by Kaposi’s sarcoma associated herpesvirus 

(KSHV/HHV8). Gammaherpesviruses infect multiple cell types including epithelial and 

endothelial cells but establish long-term latency in lymphocytes, specifically B cells for EBV and 

KSHV. These viruses are also associated with the development of numerous lymphomas and 

lymphoproliferative diseases (21-24).  

The initial discovery of EBV was by electron microscopy analysis of virus particles 

isolated from suspension cultures of Burkitt’s lymphoma in 1964 (25). Henle and colleagues then 

linked EBV infection to the development of infectious mononucleosis (26). Approximately 90% 

of adults over the age of 40 have antibodies to EBV. A little under half of these adults presented 

with infectious mononucleosis at primary infection. EBV is thought to infect via the oral (mainly 

tonsilar) compartment after which the virus replicates in the epithelial cells and lymphocytes of 

the oralpharynx. EBV infection before the age of 10 usually results in asymptomatic or mild 

acute infection. On the other hand, primary infection in adolescents and young adults can present 

as infectious mononucleosis. There is no vaccine for EBV and most adults suffering from 

primary EBV infection are treated with palliative measures including rest, fluid administration 

and over the counter pain relievers to treat fevers and aches. Of concern is the impact of EBV 

infection on cancers and lymphoproliferative diseases. EBV DNA has been identified in 

nasopharyngeal carcinomas, non-Hodgkin’s lymphomas, oral hairy leukoplakia, and T cell 

lymphomas (27). During normal EBV pathogenesis in the host the virus utilizes several viral 
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factors to activate the B cell growth program, to drive immune evasion and to inactivate tumor 

suppressors. All of these likely contribute to EBV-driven oncogenesis (28). Another concern of 

EBV infection is the development of lymproliferative complications that arise after organ 

transplants. Immunosuppression of patients undergoing organ transplants can result in the 

reactivation of latent EBV into the lytic program and the development of post-transplant 

lymphoproliferative disorder (PTLD) (29). This disease can be fatal and is characterized by 

uncontrolled B cell proliferation, plasmacytic hyperplasia in younger patients and the 

development of lymphomas (30). Effective treatment for PTLD involves the reduction of 

immunosuppression which compromises graft tolerance, or adoptive immunotherapy with 

primed CD8+ cytotoxic T cells to control lytic EBV replication (31, 32). Additionally 

chemotherapy might also be utilized to control the EBV-driven lymphomas. Overall, these 

strategies are costly and in the case of chemotherapy against the lymphoma, are not very well 

tolerated by patients. Numerous antivirals have been shown to possess in vitro efficacy against 

EBV replication although in vivo efficacy remains to be determined. 

 KSHV also has etiological associations with cancers and lymphoproliferative diseases, 

including Kaposi’s sarcoma (KS), multicentric castleman’s disease (MCD) (33) and primary 

effusion lymphoma (PEL). Prior to the AIDS epidemic, KS was a rare disease restricted mainly 

to elderly men of Mediterranean and Middle-eastern lineage (34). In the early days of the AIDS 

epidemic, KS was recognized as one of the leading causes of death in HIV infected patients (35). 

KSHV was first isolated in 1994 from Kaposi’s sarcoma (KS) lesions in HIV+ patients suffering 

from acquired immunodeficiency syndrome (AIDS) (35) and is now unequivocally recognized as 

the pathogen responsible for KS. The incidence of KS-associated death in HIV infection has 

significantly fallen with the advent of Highly active antiretroviral therapy (HAART) against 

HIV. However KS remains the most common oral malignancy in HIV-infected individuals 

leading to the majority of all HIV associated-oral cancers.  

Although the latent KSHV program contributes to KSHV-induced disease, multiple lines 

of evidence indicate that lytic KSHV replication is an important contributor to tumorigenesis. 

Treatment of patients with antivirals that target lytic KSHV production and not latency reduces 
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KS lesions as well as KS development in HIV-infected patients (36). Moreover, lytic KSHV 

replication from reactivating latent KSHV is critical for sustaining the pool of latent genomes, as 

well as seeding the new target cells critical for KSHV-induced tumorigenesis. 

Many of the molecular aspects of lytic replication remain woefully understudied in EBV 

and KSHV infections. EBV and KSHV exhibit strict host tropism, precluding studies of 

productive replication in laboratory animals. Additionally, most of the existing tissue culture 

systems for the human gammaherpesviruses recapitulate latency.  Recent tissue culture models 

for lytic EBV replication in stratified epithelial cells (37) and KSHV (38) will likely be useful in 

understanding the contribution of viral factors to lytic replication in stromal cells. However, 

since the severity and prevalence of gammaherpesvirus malignancies are increased in 

immunocompromised hosts, it is likely that the examination of productive events in the absence 

of complete host immunity will be unable to provide a comprehensive picture of pathogenesis. 

To that end, major advances in the identification of viral and host factors critical for the 

understanding of lytic replication, host immune regulation and virion assembly and egress have 

utilized animal models of gammaherpesvirus replication. Our laboratory utilizes a rodent 

gammaherpesvirus (discussed in section 1.2) to examine the contribution of viral and host factors 

to gammaherpesvirus pathogenesis. 
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1.2 MHV68 infection of mice as a model of gammaherpesvirus pathogenesis 
 

To identify and understand virus and host determinants, our laboratory uses the murine 

gammaherpesvirus pathogen system. MHV68 was first isolated from bank voles and yellow-

necked mice in the former Soviet state of Czechoslovakia (39).  Recent serologic and PCR 

analysis has also identified MHV68 as a natural pathogen of wood mice (Apodemus sylvaticus) 

in England (40, 41) implying that MHV68 likely has a large host range in Europe. Serological 

analysis has also confirmed that this virus is present in other rodent species, deer and wild boars 

as well (42). The unique region of the MHV68 genome is approximately 120 kb and encodes 79 

open reading frames (ORFs) (43). MHV68 was classified as a gammaherpesvirus based on the 

organization of the genome and the identification of significant sequence homology to the 

sequences of the human gammaherpesviruses (43). MHV68 has been further characterized as a 

rhadinovirus in the gammaherpesvirus subfamily based on greater sequence similarity to 

herpesvirus saimiri and KSHV. The MHV68 genome retains blocks of conserved genes 

interspersed with MHV68-specific genes (labeled M1-M12).  MHV68 is colinear with KSHV 

and replicates to high titer in vitro with a 12-18 hr single round of lytic replication (44). In 

addition, genetic systems based on homologous recombination in a bacterial artificial 

chromosome allow rapid genetic engineering of recombinant MHV68 (45).  
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A typical round of lytic MHV68 is depicted in Figure 1.2. Receptor engagement by the 

MHV68 glycoproteins with cell surface receptors results in the entry of MHV68 into target cells 

either by cell fusion or receptor-mediated endocytosis (46, 47) (step 1 Fig. 1.2). Next, the viral 

capsid is released into the cytoplasm and traffics along the microtubule network to reach the 

nuclear pore (step 2 Fig 1.2). Some tegument proteins stay attached to the viral capsid while 

others are released into the cytoplasm to modulate the host intracellular environment (47). The 

viral capsid docks at nuclear pores and the genome is then injected into the nucleus. The linear 

genome circularizes and initiates an ordered cascade of viral gene expression and DNA 

replication. Viral genes are subdivided into three classes of successively expressed transcripts 

(immediate early, early and late genes) (Step 3 Fig 1.2). Newly synthesized viral DNA is 

packaged into progeny nucleocapsids. Capsids bud through the inner nuclear membrane leading 

to the formation of enveloped viral capsid in the perinuclear space where some inner tegument 

proteins are acquired (48). Egress from the perinuclear space leads to de-envelopment in the 

cytoplasm where outer tegument proteins are acquired. Re-envelopment of the capsid and 

glycosylation of the glycoproteins in the trans-Golgi completes the maturation of progeny 

virions. Final egress via exocytosis results in the release of the mature virus into the extracellular 

space (49, 50). 
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Figure 1.2 The MHV68 lytic replication cycle. 
The lytic MHV68 cycle begins with attachment and entry into the cell (1), followed by the 
trafficking of the viral capsid to nucleus (2). The capsid docks at the nuclear pore, and deposits 
the viral genome into the nucleus. In the nucleus, the linear genome is circularized and begins the 
ordered cascade of gene expression and DNA replication (3). Finally, progeny capsids are made 
and undergo a series of envelopment and de-envelopment steps to acquire tegument components 
and glycoproteins prior to egress from the infected cell (4). 
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The MHV68 system has tissue culture systems permissive for lytic replication and to 

model latency (51) and tumorigenesis (52). This model system is vital for the examination of the 

biological relevance of cell culture phenotypes and the identification of roles for viral and host 

factors that do not manifest in culture. Two main routes of infection have been adopted in the 

MHV68 system. Intranasal infection enables the examination of acute viral replication in the 

lungs of infected mice prior to establishment of latency in the spleen. This route of infection 

requires virus replication in stromal cells of the lung mucosa such as epithelial, endothelial and 

fibroblast cells (Fig 1.3) (44, 53). An inflammatory infiltrate composed of dendritic cells, 

macrophages and B cells are then recruited to the lung and mediate the dissemination of the virus 

to lymphoid cells in the spleen (54-56).  Within two weeks, actively replicating virus is cleared 

from the mouse lung, and disseminates to the spleen where there is a slight amount of acute 

replication in the mouse spleen with the initial establishment of latency in B cells, macrophages 

and to a lesser extent in dendritic cells (53, 57-59) (Fig 1.3 green curve).  The peak of latency is 

16-18 dpi and long-term latency is maintained in immunoglobulin switched memory B cell (60). 

The second route of infection is intraperitoneal inoculation that bypasses the respiratory tract, 

allowing direct latency establishment independent of replication in the lung prior to 

dissemination. 

Infection of mice recapitulates many aspects of the gammaherpesvirus infection of humans. 

The expansion of the Vβ4 CD8+ T cell population, polyclonal B cell activation and 

splenomegaly (61, 62) parallels the infectious mononucleosis observed with EBV infection. 

MHV68 infection leads to pneumonitis marked by an inflammation of alveoli walls in the lung 

after intranasal infection and also leads to vasculitis (57, 58, 63). The infection of 

immunocompromised mice is associated with lymphoproliferative disease from infection of 

immunocompromised mice (64, 65)  

The MHV68 system affords a robust examination of virus and host factors that influence all 

aspects of the gammaherpesvirus life cycle including productive replication, immune evasion, 

dissemination, latency and tumorigenesis in a natural rodent host. 
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Figure 1.3 Course of an MHV68 infection in mice. 
The course of an MHV68 infection in the mouse includes bouts of lytic replication in the stromal 
cells of the lung (intranasal infection) or the spleen (intraperitoneal infection). Latency is 
established in the lymphoid and myeloid cells of the spleen and maintained for the lifetime of the 
host in memory B cells. Peak latency is measured 16-18 dpi. Maintenance of latency is scored at 
42 dpi. Lymphomas arise at late stages in immunocompromised animals. 
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1.3 The tegument as a critical component of a herpesvirus infection. 

 
Characteristics of the Gammaherpesviruses tegument 

As previously described, all herpesvirus virions contain a unique structure between the 

viral nucleocapsid which houses the herpesvirus genome and the viral envelope containing the 

glycoproteins necessary for attachment and entry into target cells (Fig 1.1). The herpesvirus 

tegument was initially assumed to be an amorphous structure containing viral and host proteins 

and nucleic acids. However recent high-resolution structures for HSV-1, HCMV, and MHV68 

(66, 67), HCMV (68) and MHV68 (69) indicate that the tegument is more ordered, with two 

independent layers. The inner tegument proteins interact with capsid proteins while outer 

tegument proteins associate with the cytoplasmic tails of the transmembrane glycoproteins. In 

addition to the ordered arrangement of viral proteins within the tegument, accumulating evidence 

has identified the presence of both coding and non-coding viral nucleic acids in the tegument. 

Viral mRNAs are packaged into HSV-1 (70), (71), HCMV (72-74) and KSHV tegument (75). 

Moreover, in alpha and gammaherpesvirus tegument, non-coding viral RNAs are also packaged 

into the virion (76, 77). In the betaherpesviruses, RNA packaging correlates with RNA 

abundance in the cell and likely correlates with RNA species available at the site of assembly 

since most of the viral mRNAs are from the late kinetic class species. (72, 74).  Packaging seems 

to be more selective in the alpha and gammaherpesviruses (76). In multiple cases, the packaged 

RNAs do not correspond to the most abundant transcripts in the cell (71, 75). This implies that, 

similar to the tegument proteins, viral RNAs are not incorporated through a stochastic, arbitrary 

event. Interestingly, some HSV-1 tegument proteins retain RNA binding ability and one of these 

tegument proteins can mediate cell-to-cell transfer of RNA (70). The role of the tegumented 

RNA species in herpesvirus biology remains an area of active research. Identifying the functions 

of tegument proteins in the different herpesvirus families will likely unveil additional roles for 

tegument proteins in the packaging and regulation of viral RNA species. 
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  The viral proteins of the herpesvirus tegument have been well characterized for the 

alpha and beta herpesviruses with tegument proteins possessing annotated function in entry, gene 

expression, immune evasion, assembly and egress (78),(79). In the gammaherpesviruses, the 

tegument is woefully understudied, and most of the knowledge gleaned so far has focused on 

tegument proteins of KSHV and MHV68. Eleven proteins have been characterized in the 

tegument of KSHV virions: ORF11, ORF21, ORF50, ORF52, ORF63, ORF64, ORF75 (80), 

ORF19 and ORF32 (81). In MHV68, two proteomic studies have identified 13 tegument proteins 

(82, 83). Bortz and colleagues (82) identified ORF45, ORF52, and ORF75C in the MHV68 

tegument. In addition to the proteins identified by Bortz and colleagues the Gillet laboratory (83) 

identified 10 other proteins in the MHV68 virion including ORF11, ORF21, ORF23, ORF33, 

ORF36, ORF38, ORF55, ORF63, ORF64, and ORF75B have been identified. Additionally, 

MHV68 ORF49 (84) and ORF75A (85) have also been characterized as tegument proteins. The 

roles of the tegument proteins characterized in either KSHV or MHV68 are briefly discussed 

below. 

 

ORF11 

ORF11 is unique to gammaherpesviruses. The MHV68 ORF11 gene encodes a 388 amino acid 

protein and was identified in a screen for viral factors responsible for the impairment of IFN 

signaling (86). An MHV68 mutant with a transposon insertion in ORF11 was unable to decrease 

the activation of an IFNβ-dependent luciferase reporter. A stop-disrupted ORF11 mutant 

exhibited a slight replication defect in MEFs and resulted in a significant release of IFNβ into the 

supernatant after infection of primary macrophages (86). Lastly, overexpression of ORF11 

reduced IRF-3, TBK1 and sendai virus-induced IFNβ production. During MHV68 infection, 

ORF11 bound to TBK1 and reduced TBK1 interaction with IRF3 to limit TBK- dependent, IRF3 

activation of IFN signaling. KSHV ORF11 has not been characterized. 

 

 

ORF45 
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ORF45 encodes a 407 amino acid protein specifically conserved in the 

gammaherpesviruses.  KSHV viruses lacking ORF45 exhibit a defect in lytic virus production 

(87) without defects in DNA replication or viral gene expression. Subsequent studies identified a 

role for ORF45 in recruitment of the microtubule associated motor protein, KIF3A, to the virus 

capsid to mediate newly formed capsid along the microtubule network towards the cell periphery 

(88). Additionally, KSHV ORF45 was also identified to antagonize IFN signaling by inhibiting 

the phosphorylation and nuclear translocation of IRF-7 (87). MHV68 ORF45 encodes a 207 

amino acid protein, is expressed with early kinetics similar to KSHV ORF45. An MHV68 

ORF45-null virus is defective for virus replication with dramatically reduced viral gene 

transcription and DNA replication (89). Although the function of the MHV68 ORF45 protein has 

not been found, the MHV68 ORF45-null virus defects are partially rescued with expression of 

KSHV ORF45 in trans (89). This indicates that MHV68 ORF45 and KSHV ORF45 share some 

functions. 

 

ORF33 

MHV68 ORF33 is a 334 amino acid protein. ORF33-null MHV68 viruses do not exhibit 

defects in viral gene expression, viral DNA replication or capsid assembly but rather in the 

release of newly formed capsids from the nucleus into the cytoplasm (90). Moreover a recent 

study has found that MHV68 ORF33 colocalized with capsid proteins, ORF25 and ORF26, in 

the nucleus and likely drives the recruitment of early tegument proteins that form the inner 

tegument (48). A role for the KSHV ORF33 protein in KSHV replication has not been examined. 

However, KSHV ORF33 is found in complex with KSHV ORF64, a tegument protein that 

interacts with the ORF25 capsid protein (91). It remains to be determined if the MHV68 ORF33 

interaction with the ORF25 and ORF26 capsid proteins is through ORF64 as well. 

 

ORF49 

ORF49 has not been described as a component of the KSHV virion. In MHV68, a single 

study identified ORF49 as a tegument protein made late during replication (84). MHV68 ORF49 
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complexes with MHV68 ORF64 in the virion, and overexpression of the MHV68 ORF49 protein 

enhances the activity of an RTA promoter by displacing the negative regulator PARP-1 from the 

RTA promoter. An ORF49 null virus was impaired for replication in culture and latency 

establishment in the mouse (84)  

 

ORF52 

MHV68 ORF52 is a small 21-kDa protein and shares 28% amino acid identity with 

KSHV ORF52. Loss of MHV68 ORF52 impairs secondary envelopment of MHV68 virions 

resulting in the absence of enveloped virions in the trans-golgi membrane of infected cells (50) 

Additionally virions isolated from ORF52-null infected cells lack the ORF45 tegument protein 

(50) implying that MHV68 might be required to recruit MHV68 ORF45 into the tegument of 

virions. The KSHV ORF52 tegument protein has not been characterized in KSHV infection, 

although KSHV ORF52 was found to interact with KSHV ORF45 in a yeast-two hybrid analysis 

to examine interactions between KSHV virion components (91) 

 

ORF63 

KSHV ORF63 shares sequence homology with NLRP1, an upstream activator of the 

inflammasome, a multi-molecular complex that drives the secretion of host inflammatory 

cytokines. NLRP1 is a member of the nucleotide binding and oligomerization, leucine-rich 

(NLR) family of proteins. NLRs belong to a larger family of pattern recognition receptors 

responsible for recognizing generic molecular patterns on incoming pathogens. Sensing of the 

molecular patterns by NLRP1 promotes the formation of the multimeric inflammasome complex, 

which in turn results in the production of the cytokines, Il-18 and Il-1β to recruit neutrophils and 

inflammatory monocytes to the site of infection (92). Knockdown of KSHV ORF63 in the latent 

KSHV cell line, BCBL-1 impaired KSHV lytic replication after the induction of reactivation 

(93). Expression of KSHV ORF63 impairs the oligomerization or NLRP1 and its association 

with other components of the inflammasome. A role for the MHV68 ORF63 in the antagonism 
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of the inflammasome has not been documented, although ORF63 is essential for MHV68 

replication (94). 

 

 

ORF64 

The KSHV ORF64 proteins encode a viral deubiquitinase protein (DUB) (95). ORF64 homologs 

in EBV (96) and MHV68 (97) also retain DUB activity. Knockdown of ORF64 in latent B cells 

impairs KSHV reactivation from latency (95). Additionally KSHV ORF64 has also been shown 

to important in inhibiting the RIG-I-dependent activation of IFN signaling (98). A recent role for 

the MHV68 ORF64 in limiting IFN signaling by the cytosolic DNA sensor STING was recently 

described (99). In this study, DUB-deficient MHV68 ORF64 viruses induce type I IFN signaling 

through the activation of a cytosolic DNA sensor. Additionally, this mutant virus is impaired for 

latency establishment in WT but not STING-deficient mice indicating that MHV68 utilizes the 

DUB activity of ORF64 to limit IFN signaling induced by the STING pathway (99). Thus both 

KSHV ORF64 and MHV68 ORF64 play roles in limiting IFN signaling induced by the host 

upon infection.  

Overall, only a subset of the predicted tegument proteins in gammaherpesvirus virions 

has been characterized so far. Of note, in most cases these proteins play structural roles in lytic 

gammaherpesvirus replication and are usually important in modulating early events critical for 

kick starting replication. The MHV68 system has been critical to the identification and 

characterization of tegument dependent functions in gammaherpesvirus replication.  
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1.4 The gammaherpesvirus vFGARAT family of tegument proteins 

 
All gammaherpesviruses encode one to three large tegument proteins (145-160 kDa) with 

an approximate 140 amino acid stretch of homology to a cellular enzyme critical for de novo 

purine biosynthesis (100, 101)(Fig 1.4). This enzyme, formyl-glycineamide-phosphoribosyl-

amidotransferase (FGARAT/FGAMs) catalyzes the fourth step in the de novo purine 

biosynthetic pathway (100, 101). The viral homologs (herein termed vFGARATs) have not 

preserved the known active sites of the host enzyme and, as such, are not predicted to retain 

enzymatic FGARAT activity. In support of this, transfections of MHV68 vFGARATs do not 

rescue growth of Chinese hamster ovary (CHO) cells lacking host FGARAT in purine-depleted 

media. We modeled one of the MHV68 vFGARATs, ORF75C, onto the crystal structure of the 

PurL FGARAT of Salmonella Typhimurium (102) and observed that the vFGARATs have 

retained sequences corresponding to the auxiliary nucleotide-binding pocket of PurL (Nick van 

Skike and Dr. Jarrod French, data not shown). Additionally, an alignment of the host FGARAT 

with various viral FGARATs identified several regions of highly conserved residues that form 

this putative NTP binding pocket and may constitute an important structural feature necessary 

for function (Fig 1.4 boxed regions). The vFGARAT genes have undergone duplications and 

divergence in the course of gammaherpesvirus evolution(100, 103). Six gammaherpesviruses, 

including herpesvirus saimiri, have two vFGARATs. MHV68 and wood mouse herpesvirus have 

three (ORF75A, ORF75B and ORF75C) (43, 104, 105). In MHV68, the pairwise amino acid 

identity of each ORF75 to the other is about 25%. This is the same as the amino acid identity 

between each MHV68 ORF75 and the human vFGARATs (85, 106). EBV BNRF1 and KSHV 

ORF75 exhibit a slightly higher amino acid identity to each other ~ 29% (data not shown). The 

conservation of the FGARAT domains indicates selective pressure for shared essential functions 

during chronic infection. So far three functions have been described for vFGRARTs: ND10 

antagonism, NF-κB activation and nuclear cytoplasmic trafficking. Each function will be 

described below.  
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Figure 1.4 Comparison of the host FGARAT to the characterized vFGARATs. 
Alignment of human FGARAT protein with the vFGARAT amino acid sequences from EBV 
BNRF1, HVS Saimiri, KSHV ORF75 and MHV68 ORF75A, ORF75B and ORF75C showing 
regions of high conservation (highlighted with colored boxes). 
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ND10 antagonism is a conserved feature of gammaherpevirus vFGARATs. 

Nuclear Domain (ND) 10, collectively refers to an antiviral subnuclear complex made up 

of three permanent components, PML, Daxx and Sp100 (107-110). PML is the nucleating 

protein and is required for maintaining the integrity of the ND10 complex (111). Interestingly, 

most proteins recruited to PML nuclear bodies share the capability to be postranslationally 

modified by SUMO (112); covalent and non-covalent SUMO interactions form the basis of 

ND10 complex formation. Only sumoylated PML is capable of promoting ND10 formation and 

PML degradation leads to the disruption of the complex, limiting the antiviral properties of the 

ND10. Recent findings indicate individual ND10 components have antiviral functions in the 

absence of a competent ND10 signaling complex. As such, multiple herpesviruses encode 

multiple ND10 antagonists or encode antagonists that target multiple components of the ND10 

complex. HCMV antagonizes PML and Sp100 with the immediate early protein, IE1 (113) and 

degrades hDaxx with the tegument protein pp71 (114). EBV utilizes EBNA1 to drives the 

phosphorylation, polyubiquitination and subsequent degradation of PML (115), BZLF1 to 

disperse PML (116). KSHV also encodes multiple ND10 antagonists. The vIRF3 degrades PML 

and displaces Sp100 from ND10 bodies (117). Lastly k-RTA retains SUMO-targeting Ubiquitin 

ligase (STUBL) function to degrade SUMO-modified PML (118). 

ND10 antagonism is a conserved function of the vFGARAT family of gammaherpesvirus 

tegument proteins. The specific functions of these proteins in ND10 antagonism are discussed 

herein. EBV BNRF1 displaces hDaxx from its cognate partner ATRX, limiting the formation of 

the repressive hDaxx/ATRX/H3.3 chromatin on viral genomes (119, 120). Of note, BNRF1 

dissociation of ATRX from hDaxx is dependent on binding to hDaxx via a Daxx interaction 

domain of BNRF1. Additionally, deletion of BNRF1 sequences with conservation to host 

FGARATs did not impair Daxx binding but inhibited dissociation of Daxx from ATRX (120), 

indicating a role for the conserved FGARAT motifs in BNRF1 function.  KSHV ORF75 

relocalizes PML, depletes ATRX, and disperses Sp100 (121). Silencing of ATRX, but not Daxx 

complements reactivation of BNRF1-knock down indicating that ATRX, not Daxx, is the 

important component targeted by BNRF1 (120). Herpesvirus Saimiri (HVS) encodes two 
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vFGARATs: ORF3 and ORF75. HVS ORF3 drives the degradation of Sp100 to enhance viral 

replication. Depletion of Sp100 rescues the replication defect of HVS ORF3-null virus. HVS 

ORF75 exhibits a slight replication defect and does not degrade Sp100 (122). No function has 

been described for HVS ORF75, but loss of ORF75 results in an increase in the kinetics of viral 

gene expression, a phenotype observed in this dissertation with ORF75A-null viruses (122). 

Interestingly a HVS ORF3/ORF75 double mutant is completely dead for virus replication 

implying that HVS ORF75 shares function with HVS ORF3 (121). MHV68 encodes three 

vFGARATs: ORF75A, ORF75B and ORF75C. MHV68 ORF75C is expressed in both the 

nucleus and cytoplasm of infected cells (85). ORF75C encodes an E3-ligase domain and during 

MHV68 infection, tegument delivered ORF75C degrades PML within the first two hours of a 

fibroblast infection (106,123). 

 
Modulation of NF-κB signaling 

Thus far two vFGARATs, KSHV ORF75 and MHV68 ORF75C, have been identified to 

modulate NF-κB signaling. KSHV ORF75 was identified in a screen for viral factors that 

promote NF-κB signaling (124). However the mechanism of NF-κB activation has not been 

determined. In contrast, a recent study by He and colleagues (125) identified ORF75C as the 

MHV68 viral factor critical for activating the upstream NF-κB signaling molecule, IKK2. The 

authors had previously shown that MHV68 hijacks the retinoic acid-induced gene 

I/mitochondrial antiviral signaling protein (RIG-I/MAVS) innate immune signaling pathway to 

activate NF-κB signaling (126, 127). In normal innate immune signaling, the cytosolic sensor 

RIG-I senses viral RNA, oligomerizes, complexes with its adaptor MAVS and activates 

upstream NF-κB signaling and the interferon pathway promote the establishment of a potent 

antiviral state early in viral infection (128),(129). In this study, the authors found MHV68 

ORF75C recruits host FGARAT/PFAS to deamidate RIG-I, thereby promoting RIG-I 

oligomerization and activation. Activated RIG-I, in turn, complexes with MAVS and results in 

the activation of the upstream NF-κB signaling kinase, IKK2. Activated IKK2 then 

phosphorylates the MHV68 lytic transactivator, RTA to promote lytic gene expression (125). 
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MHV68 RTA degrades the p65 NF-κB subunit, thereby limiting the transcription of NF-κB 

dependent antiviral genes early in infection (126). 
 

Cytoplasm-nucleus trafficking. 

After entry of a herpesvirus virion into a cell, inner tegument proteins remain bound to 

the alpha and beta herpesvirus nucleocapsids and mediate trafficking of the virus capsid towards 

the nucleus where it docks at the nuclear pore. There, the viral genome is injected into the host 

cell nucleus, and commences the transcription of immediate early genes (6, 130). The virion 

component that promotes nuclear trafficking of incoming gammaherpesviruses virions has not 

been identified. Interestingly, capsids from MHV68 viruses lacking ORF75C accumulate in the 

cytoplasm and not at nuclear pores (85). Likewise, BNRF1-null EBV viruses fail to reach the B 

cell nucleus after entry, once again implying a defect in trafficking with loss of the EBV 

vFGARAT, BNRF1 (131) 
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1.5 MHV68 ORF75A and ORF75B vFGARAT tegument proteins and 

rationale for this study. 

 
As outlined in section 1.4, the vFGARATs are routinely duplicated in gammaherpesvirus 

genomes, yet the selective pressure behind these duplication events is not understood (1). The 

MHV68 genome encodes three vFGARATs: ORF75A, ORF75B and ORF75C. ORF75C is a 

tegument protein that is expressed de novo with late kinetics (82, 132). Transfected ORF75C is 

mainly nuclear (85, 106), while both nuclear and cytoplasmic ORF75C species are detected upon 

MHV68 infection (85). Lastly, ORF75C is essential for MHV68 replication and has documented 

roles in PML degradation (85, 106), NF-κB signaling (125) and cytoplasmic trafficking of 

incoming virions (85).  

The roles for ORF75A and ORF75B have not been defined in MHV68 replication. 

Similar to ORF75C, transfected ORF75A or ORF75B is predominantly nuclear (85, 106) while 

cytoplasmic ORF75A and ORF75B are also detected upon MHV68 infection (85). Neither 

ORF75A nor ORF75B degrades PML or activates NF-κB (106, 125). ORF75B is found in the 

MHV68 tegument (83) and microarray analysis of the MHV68 transcriptome indicated that 

ORF75B is expressed with early kinetics (133). In this same microarray analysis, ORF75A did 

not exhibit typical kinetics of gene expression, as it did not cluster with any other genes after 

hierarchical clustering (133). ORF75A was not identified in either of two proteomic analyses for 

MHV68 virion-associated components, but has been classified as a tegument protein due to 

homology to the other vFGARAT tegument proteins. Using an antibody to MHV68 ORF75A, 

Gaspar and colleagues (85) immunoprecipitated ORF75A from MHV68 virions.  

Given that multiple gammaherpesvirus genomes encode one or more vFGARATs, we set 

out to determine if the other vFGARATs encoded by MHV68 retained unique, novel functions or 

whether they shared functions with ORF75C. Additionally, we were interested in identifying the 

role of the captured host FGARAT motifs in vFGARAT function. The host FGARAT is part of a 

larger macromolecular complex known as the purinosome. Interestingly, the purinosome is 
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tethered to the microtubule network by the host FGARAT and requires host FGARAT for the 

protein-protein interaction required for purinosome formation (101). Examining whether these 

captured FGARAT motifs drive attachment to the cell cytoskeleton or mediate vFGARAT 

interactions with binding partners is long-term aim of this project. 

We hypothesize that ORF75A and ORF75B encode functions distinct from ORF75C and 

that these functions are dependent on the captured FGARAT motifs. 
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Chapter 2: Identification of transposon-disrupted ORF75A and 

ORF75B as modulators of MHV68 replication  

 

Introduction 

NF-κB signaling is hijacked by the gammaherpesviruses to promote the establishment of 

viral latency and the survival of host cells (134-136). The role of NF-κB signaling in MHV68 is 

complex. Loss of NF-κB signaling does not impact MHV68 replication within fibroblast or lung 

epithelial cells in culture (132, 137, 138). In contrast, either the infection of WT mice with a 

recombinant MHV68 virus expressing a dominant inhibitor of the NF-κB signaling pathway or 

infection of mice lacking the host p50 NF-κB subunit resulted in reduced latency establishment 

(132, 137, 138). Additionally, mice lacking the p50 NF-κB subunit also exhibited higher acute 

lung replication after intranasal infection (137). Thus NF-κB signaling is dispensable for 

MHV68 replication in fibroblasts and immortalized lung epithelial cells, but is critical for control 

of virus replication in the lung and latency establishment in the spleen (132, 137, 138). 

The studies utilizing dominant negative inhibitors of NF-κB signaling or cells lacking the 

p50 NF-κB subunit indicated that the disruption of the NF-κB signaling pathway at the level of 

subunit activation did not lead to deleterious effects on MHV68 replication. Recently, a 

collection of studies from the Feng laboratory supports a model wherein MHV68 utilizes the 

ORF75C tegument protein to hijack the RIG-I/MAVS signaling cascade to activate the upstream 

NF-κB kinase, IKK2 (125-127). Of note, while typical engagement of this signaling axis results 

in the activation of host innate immunity to restrict viral replication (129, 139), MHV68 utilizes 

this pathway to activate the viral lytic transactivator, RTA to drive the degradation of the p65 

NF-κB subunit (126, 127) and promote viral transcription. Loss of MAVS or impairment of the 

E3-ligase domain of RTA stabilizes the p65 subunit in infected cells and results in increased 

cytokine production in fibroblasts and murine lungs (126, 127). Taken together, early during 

lytic infection MHV68 activates upstream NF-κB signaling to drive lytic gene expression, but 
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limits downstream NF-κB subunit activation to prevent inflammatory cytokines and host 

immune activation. Interestingly, studies from our laboratory observed NF-κB subunit activation 

in MHV68-infected fibroblasts at late timepoints, from 12-24 hpi (137, 138). Whether this late 

activation indicates a positive role for NF-κB signaling driven by a MHV68 factor or rather 

represents the response by the host to infection remains to be answered. Additionally, although 

NF-κB subunits are dispensable for replication in fibroblasts, this late activation might imply 

uncharacterized roles for NF-κB signaling in other cell types infected by MHV68 (e.g. 

endothelial cell, dendritic cells and macrophages). Indeed, KSHV utilizes two viral proteins, the 

viral G protein coupled receptor (vGPCR) and the viral-flice inhibitory protein (vFLIP) to drive 

the constitutive activation of NF-κB signaling and promote cell survival and inflammatory 

responses in endothelial cells (140, 141). No constitutive activators of NF-κB signaling have 

been identified in MHV68; the MHV68 vGPCR activates NF-κB signaling in response to the 

addition of chemokines (142). 

To identify MHV68 genes important for the activation of the NF-κB signaling pathway at 

late timepoints, we developed a rapid, high-throughput assay to measure NF-κB activation in 

infected cells by the quantification of firefly luciferase expressed under the control of  an NF-κB 

dependent promoter. Using this assay we screened a transposon (TN) library of 32 recombinant 

MHV68 mutant viruses previously identified to be dispensable for replication in culture (94). We 

identified two recombinant viruses encoding TN insertions in ORF75A or ORF75B that were 

impaired for NF-κB signaling. ORF75A and ORF75B belong to a family of tegument proteins 

conserved in the gammaherpesviruses. There are three members of this family in MHV68: 

ORF75A, ORF75B and ORF75C. ORF75C is essential for replication and promotes PML 

degradation, NF-κB signaling and nuclear-cytoplasmic trafficking of the incoming virion (85, 

106, 125). Roles for ORF75A and ORF75B had not been described.  

We examined the ability of ORF75A.TN and ORF75B.TN viruses to replicate in primary 

fibroblasts and observed distinct growth defects. ORF75A.TN was defective early in infection 

while ORF75B.TN exhibited a late replication defect. Coupled with these in vitro defects, 

intranasal inoculation of mice led to significant defects in acute lung replication and the 
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establishment of latency in the mouse spleen. Thus, we identified roles for two previously 

uncharacterized viral genes in productive replication in culture and in the establishment of 

latency in vivo. It remains to be determined whether defects in NF-κB signaling account for the 

observed phenotypes. Moreover, the phenotypes of the TN disrupted viruses described in this 

chapter will be compared to the stop-disrupted mutant phenotypes defined in Chapters 3 and 4. 
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Materials and Methods 

Mice, cells, and viruses. WT C57BL/6 mice were purchased from Jackson laboratories (Bar 

Harbor, Maine) or bred at the Stony Brook University Division of Laboratory Animal Research 

(DLAR) facility. All protocols were approved by the Institutional Animal Care and Use 

Committee of Stony Brook University. Primary murine embryonic fibroblast (MEF) cells were 

isolated from C57BL/6 mice and maintained in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal calf serum, 100 U of penicillin per ml and 100 mg of streptomycin 

per ml at 37oC in 5% CO2. Immortalized murine fibroblast cells (NIH 3T12) were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 8% fetal calf serum, 100 U 

of penicillin per ml and 100 mg of streptomycin per ml at 37oC in 5% CO2. The transposon-

disrupted viruses were a kind gift from Ren Sun, UCLA (94). 

 

Screen for MHV68 modulators of NF-κB signaling. 8 x 105 3T12 cells were seeded into a 

100-mm cell culture dish one day prior to transfection with 10 µg of the pGL4.32 NF-κB 

luciferase reporter plasmid (Promega Corporation, Madison, WI) or p57luc a luciferase reporter 

plasmid that contains the promoter region of MHV68 ORF57, an immediate-early lytic gene 

responsive the viral lytic transactivator RTA (kindly provided by Dr. Samuel H. Speck). Twenty-

four hours post-transfection, the cells were seeded at 0.9 x 105 cell per well into 12-well plates 

and then infected with MHV68 at a multiplicity of infection (MOI) of 5 plaque-forming units per 

cell the next day. 24 hours post-infection, triplicate cell lysates were harvested in 100 µl of 1X 

passive lysis buffer (Promega Corporation, Madison, WI). Firefly luciferase activity was 

measured per manufacturer recommendations (Lumat LB9507 luminometer, EG&G Berthold, 

Bad Wildbad, Germany) 

Virus growth curves. To measure virus replication, 0.9 x 105 primary murine embryonic 

fibroblasts were seeded into each well of a 12-well tissue culture plate one day prior to infection 

with recombinant MHV68 at an MOI of 5. Triplicate wells were harvested for each timepoint, 

and the cells with the conditioned medium were stored at -80°C. Serial dilutions of cell 
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homogenate were used to infect NIH 3T12 cells and then overlayed with 1.5% methylcellulose 

in DMEM supplemented with 5% FBS. One week later, the methylcellulose was removed and 

cells were washed twice with PBS prior to methanol fixation and staining with a 0.1% crystal 

violet solution in 10% methanol. 

 

Efficiency of plating. To assay the efficiency of plating on different cell types, 0.9 x 105 of 

immortalized NIH 3T12 fibroblasts stably expressing MHV68 LANA (ORF73) or the empty 

plasmid (143) were seeded in 12-well tissue culture plates one day prior to infection with 

recombinant MHV68 at a multiplicity of infection (MOI) of 5. 

 

Infections and organ harvests. 8 to 10 week old WT C57BL/6 mice were infected by intranasal 

inoculation with 1000 PFU of MHV68 in a 20 µl bolus under isoflurane anesthesia. The 

inoculum was back-titered to confirm the infectious dose. Mice were sacrificed by terminal 

isoflurane anesthesia. For acute titers, mouse lungs were harvested in 1 ml of DMEM 

supplemented with 10% FBS and stored at -800C prior to disruption in a Mini-BeadBeater 

(BioSpec, Bartlesville, OK). The homogenates were titered by plaque assay. For latency and 

reactivation experiments, mouse spleens were homogenized, treated to remove red blood cells, 

and then filtered through a 100 µm nylon filter. For peritoneal cells, 10 ml of media was injected 

into the peritoneal cavity and an 18-gauge needle was used to withdraw approximately 7 ml of 

media from each mouse. The peritoneal exudate cells were pelleted by centrifugation and then 

resuspended in 1 ml of DMEM supplemented with 10% FBS. 

 

Limiting dilution PCR detection of genome positive cells. To determine the frequency of cells 

harboring the viral genome, single cell suspensions were prepared and used in a single-copy 

nested PCR reaction. Six three-fold serial dilutions of cells were plated in a 96-well PCR plate in 

a background of NIH 3T12 cells and lysed overnight at 560C with proteinase K. The plate was 

subjected to an 80-cycle nested PCR with primers specific for MHV68 ORF50 (58). Twelve 
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replicates were analyzed at each serial dilution and plasmid DNA at 0.1, 1 and 10 copies was 

included to verify the single-copy sensitivity of the assay. 

 

Limiting dilution ex vivo reactivation assay. To determine the frequency of cells harboring 

latent virus capable of reactivation upon explant, single cell suspensions were prepared from 

mice 16 or 18 dpi, resuspended in DMEM supplemented with 10% FBS and plated in twelve 

serial two-fold dilutions onto a monolayer of MEFs prepared from C57BL/6 mice in 96-well 

tissue culture plates. Twenty-four replicates were plated per serial dilution. The wells were 

scored for cytopathic effect (CPE) two and three weeks after plating. To differentiate pre-formed 

infectious virus from virus spontaneously reactivating upon cell explant, parallel samples were 

mechanically disrupted using a mini-bead beater prior to plating on the monolayer of MEFs to 

release preformed virus that is scored as CPE (58). 

 

Statistical analyses. Data were analyzed using GraphPad Prism Software (Prism 5, La Jolla 

CA). Statistical significance was determined using a non-paired two-tailed t-test. Under Poisson 

distribution analysis, the frequencies of latency establishment and reactivation from latency were 

determined by the intersection of nonlinear regression curves with the line at 63.2.  
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Results 

Development of a screen for viral activators of NF-κB signaling 

NF-κB subunits are activated in latent B cells and late during a productive fibroblast 

infection (137). NF-κB signaling promotes MHV68 latency in B cells (132, 144-146). To 

identify MHV68 factors that may modulate the NF-κB signaling pathway, we set up a screen of a 

library of transposon-insertion mutants (94). NIH 3T12 fibroblasts that had been previously 

transfected with an NF-κB dependent luciferase reporter were infected and assayed for changes 

in firefly luciferase. Infection with WT MHV68 at an MOI of 5 led to a steady increase in firefly 

luciferase after 12 hpi that continued through 36 hpi (Fig. 2.1A). To confirm that the luciferase 

readings corresponded to NF-κB signaling in the cell, we compared readings from cells 

transfected with a known activator of NF-κB signaling, MEKK1. In addition, we also infected 

the cells with a mutant virus encoding a repressor of NF-κB, MHV68 IκBαM, or the marker 

rescue virus, MHV68 IκBαM.MR, where the mutation has been repaired back to WT (138). 

MEKK1 transfection results in a potent activation of NF-κB signaling as evidenced by high 

levels of firefly luciferase in these cell lysates. In contrast, we did not measure any significant 

luciferase readings from MHV68.IκBαM-infected lysates. Infection with the IκBαM.MR virus 

restores NF-κB activation levels comparable to WT. However, lysates harvested from cells 

infected with UV-inactivated MHV68 failed to activate NF-κB signaling over mock (Fig 2.1B). 

This indicates that virus gene expression or genome replication is required to trigger NF-κB 

activation.  

 Given that UV-inactivated viruses are unable to activate NF-κB signaling, we performed 

a secondary screen to distinguish between viruses that are attenuated for lytic replication from 

replication-competent viruses. To this end, we infected fibroblast cells expressing a luciferase 

plasmid driven by activation of the ORF57 promoter. ORF57 encodes an immediate early gene 

that is directly regulated by the MHV68 master lytic transactivator, RTA. Viruses with 

competent RTA activation will drive potent ORF57-luc expression. Transfection of an RTA 

expressing plasmid or infection with WT virus leads to ORF57-luc expression. As expected, 
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infection with the UV-inactivated WT virus fails to activate the ORF57-luc reporter. Infection 

with the MHV68.IκBαM does not impair ORF57-luc levels but rather seems to increase 

luciferase levels (Fig. 2.1C).  

In MHV68-infected cells, we found that NF-κB signaling is dependent on virus gene 

expression as UV inactivated viruses fail to drive NF-κB signaling. Using the ORF57-luciferase 

reporter as a secondary screen, we are able to distinguish mutant viruses that fail to activate NF-

κB signaling due to a failure in replication from viruses that have lost a bona fide NF-κB 

activator.  
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Figure 2.1. Characterization of NF-κB signaling in MHV68 infected fibroblasts. NIH 3T12 
fibroblast cells were transfected with either the pGL4.32 NF-κB luciferase reporter (A&B) or 
p57luc (C), a plasmid that contains the promoter region of MHV68 ORF57 prior to infection 
with WT or the recombinant viruses IkBaM or IkBaM.MR, MOI 5. (A) Timecourse of NF-κB 
activation in immortalized fibroblasts infected with WT MHV68. (B) Examination of NF-κB 
activation with a transfected NF-κB activator, MEKK1, a UV inactivated virus, a recombinant 
virus harboring a dominant inhibitor of NF-κB signaling (IκBαM) or the repaired virus, 
IκBαM.MR (C) Examination of ORF57-luc activation upon transfection with the viral lytic 
transactivator, RTA, a UV inactivated virus, a recombinant virus harboring a dominant inhibitor 
of NF-κB signaling (IκBαM) or the repaired virus, IκBαM.MR. 
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ORF75A.TN and ORF75B.TN viruses are defective in NF-κB signaling. 

To identify viral determinants of NF-κB signaling, we employed a library of mutant 

MHV68 viruses whereby each open reading frame is disrupted with the insertion of a 1.2 kb 

transposon (TN) construct (94). Given our previous observation that the absence of virus 

replication renders MHV68 unable to activate NF-κB signaling (Fig. 2.1A), we utilized the 32 

replication-competent TN mutants (94). We infected NIH 3T12 cells expressing the NF-κB-

dependent luciferase reporter with the TN-disrupted viruses and measured firefly luciferase from 

lysates harvested 24 hpi. Infection with two viruses, ORF75A.TN or ORF75B.TN led to a 

significant two-fold reduction in firefly luciferase as compared to the WT viruses (Fig. 2.2A 

blue and red boxes). An additional test of the two viruses with WT MHV68 confirmed the 

defect in NF-κB luciferase levels. The ORF75A.TN mutant, but not the ORF75B.TN mutant, had 

a defect in the activation of the ORF57 promoter-reporter, suggesting a potential loss of lytic 

transactivation and defect in virus replication (Fig. 2.2B). Thus we conclude that both 

ORF75A.TN and ORF75B.TN viruses are unable to activate NF-κB signaling. ORF75B might 

play a specific role in the engagement of NF-κB signaling, but we suspect that the defect in NF-

κB signaling for an ORF75A.TN virus is likely secondary to the defect in replication 
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Figure 2.2. Screen of replication-competent transposon mutants identified two open 
reading frames (ORF75A and ORF75B) that when disrupted lead to a loss in NF-κB 
activation. NIH 3T12 fibroblast cells were transfected with either pGL4.32, an NF-κB luciferase 
reporter or p57luc, a plasmid that contains the promoter region of MHV68 ORF57, an 
immediate-early lytic gene activated by the viral transactivator, RTA prior to infection with the 
indicated viruses at a Multiplicity of Infection (MOI) of 5 for 24hrs. (A) 29 MHV68 viruses with 
unique transposon (TN) insertions in various open reading frames (ORFs) were screened for 
their ability to activate NF-κB. (B) Validation of the two strongest hits. 6-21(ORF75A TN mut) 
and 8-58 (ORF75B TN mut) were re-screened using concentrated stocks to confirm the NF-κB 
activation defect.   
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ORF75A.TN and ORF75A.TN mutant viruses exhibit distinct defects in fibroblast 

replication. 

Our screen identified two viruses with defects in NF-κB signaling that exhibited distinct 

profiles in lytic ORF57 gene expression. ORF75A and ORF75B belong to a family of genes 

encoding tegument proteins unique to the gammaherpesvirus family of herpesviruses. These 

proteins all encode regions of similarity to a host enzyme involved in de novo purine 

biosynthesis (85, 106). MHV68 encodes three members of this family: ORF75A, ORF75B and 

ORF75C. ORF75C is essential for replication (85, 94, 106). The TN-disrupted ORF75A and 

ORF75B viruses were dispensable for replication in immortalized fibroblasts in culture (94). In 

the original paper describing the TN mutants, the authors also noted a defect in acute lung 

replication with the ORF75A.TN virus (94). In these next experiments, we set out to examine the 

replication of ORF75A.TN and ORF75B.TN viruses in primary murine embryonic fibroblasts 

(MEFs) upon a high MOI of 5. In single-step growth curves, ORF75A.TN and ORF75B.TN had 

significant replication defects (Fig. 2.3). Notably, the ORF75A.TN mutant replication defect was 

apparent at the earliest stages of infection as an extended eclipse phase and a delay in 

exponential growth, resulting in only a 1.5 log increase in virus output over the input (Fig. 2.3). 

The ORF75B.TN mutant seemed fairly normal until 24 hpi when virus growth reached a plateau 

leading to a 1.5 log defect in virus production compared to the MHV68-WTBAC control virus. 

Therefore, although both the ORF75A and ORF75B genomic regions are critical to MHV68 

replication in culture, they likely play different roles in virus replication. We concluded that 

ORF75A functions early in infection, while ORF75B plays a role in the late stages of replication. 
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Figure 2.3. ORF75A.TN and ORF75B.TN viruses exhibit distinct defects in virus growth in 
primary MEFs. Single-step growth curve in primary murine embryonic fibroblasts (MEFs) at 
an MOI of 5.0 with WT MHV68, TN WT (WT virus generated from the same BAC as the 
mutants used in the transposon screen), 75A.TN and 75B.TN. 
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ORF75A.TN and ORF75A.TN mutant viruses exhibit distinct defects in pathogenesis in the 
mouse. 

We next sought to examine the role of ORF75A and ORF75B in the replication of 

MHV68 in the murine host. Intranasal inoculation of mice with MHV68 leads to a period of 

acute replication in the lungs of infected mice that peaks between 7 to 9 dpi. We infected mice 

with WT, ORF75A.TN and ORF75B.TN viruses and quantified the infectious virus output in the 

lungs of infected mice at 7 dpi (ORF75A.TN) or 9 dpi (ORF75B.TN). The ORF75A.TN virus 

exhibited a severe 2.5-log replication defect as compared to titers from the lungs of WT-infected 

mice. Loss of ORF75B also resulted in about a 1 to 1.5-log defect in replication at 9 dpi (Fig. 

2.4). Two weeks after intranasal infection, the virus is cleared from the lungs and traffics to the 

spleen to establish latency predominantly in B-lymphocytes (60). In the MHV68 pathogenesis 

system, peak latency occurs between 14 and 18 dpi. Latency is defined as the frequency of intact 

cells that harbor the MHV68 genome, upon an 80-cycle, nested limiting dilution PCR analysis 

with single copy sensitivity. Our method is distinct from the determination of latency using the 

genome load in a whole organ as it eliminates the impact of cells undergoing productive 

replication on the latent virus measure. We compared the frequency of splenic cells harboring 

virus genomes in WT, ORF75A.TN and ORF75B.TN infected spleens and observed that the 

spleens of mice infected with ORF75B.TN exhibited a ten-fold reduction in genome-positive 

cells as compared to WT (WT-1/131 vs. 75BTNmut- 1/1710), while spleens from mice infected 

with ORF75A.TN virus exhibited nearly a two-log reduction in latency establishment (WT-1/131 

vs. 75ATNmut- 1/9660) (Fig.2.5A). Splenocytes from mice infected with either ORF75A.TN or 

ORF75B.TN had a similar decrease of approximately one log as compared to WT in the 

frequency of reactivation (WT-1/12031 vs. 75A-/75BTNmut ~1/100,000) (Fig.2.5B and 

Fig.2.5C). To determine the level of preformed infectious virus, we examined the cytopathic 

effect (CPE) in wells infected with disrupted splenocytes. No substantial levels of pre-formed 

virus were observed upon ORF75A.TN or ORF75B.TN infection (Fig.2.5B and Fig.2.5C). As 

such we can conclude that the observed cytopathic effect was a measure of bona fide reactivation 

from latent splenocytes. Taken together, these defects indicate that the ORF75A and ORF75B 
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genomic regions are critical for the establishment of chronic gammaherpesvirus infection in the 

host. 
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Figure 2.4: ORF75A.TN and ORF75B.TN are defective for replication in the lungs of 
infected mice. C57BL/6 mice were infected at 1000 PFU by the intranasal route with viruses 
with TN insertions in either ORF75A or ORF75B (75A.TN and 75B.TN) or WT MHV68. Lung 
homogenates from mice were titered by plaque assay. Line indicates geometric mean titer. Each 
symbol represents an individual mouse. The dashed line depicts the limit of detection at 50 
PFU/ml of lung homogenate (log10 of 1.7), * p ≤ 0.05.  
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Figure 2.5: ORF75A.TN and ORF75B.TN exhibit severe defects in the establishment of 
splenic latency after intranasal infection. C57BL/6 mice were infected with 1000 PFU by the 
intranasal route with the indicated viruses. (A) Frequency of splenocytes harboring latent 
genomes. (B) Frequency of splenocytes undergoing reactivation from latency upon explant. (C) 
Frequency of disrupted splenocytes undergoing reactivation from latency upon explant. For the 
limiting dilution analyses, curve fit lines were determined by nonlinear regression analysis. The 
dashed lines represent 63.2%. Using Poisson distribution analysis, the intersection of the 
nonlinear regression curves with the dashed line was used to determine the frequency of cells 
that were either positive for the viral genome or reactivating virus. Data is generated from two 
independent experiments.  
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ORF73/LANA expression does not rescue ORF75A.TN or ORF75B.TN for replication. 

ORF75A.TN and ORF75B.TN viruses exhibit distinct defects in replication in culture 

and pathogenesis in the mouse. However, given the size of the transposon construct (1.2 kb) we 

were concerned about the influence of this large insertion on the transcription of neighboring 

genes. One gene of particular interest is the MHV68 latency associated nuclear antigen 

(mLANA/ORF73). ORF73 mutants exhibit a slight reduction in virus replication upon high MOI 

that is exacerbated in low-MOI infection (143, 147). Moreover loss of the MHV68 LANA 

protein impairs the establishment of splenic latency and reactivation from latency (148). ORF73 

transcripts splice across the ORF75A/ORF75B/ORF75C genomic region, leading us to examine 

whether the ORF75A.TN and ORF75B.TN replication defects could be attributed to a loss of 

ORF73. Our collaborator Dr. J. Craig Forrest, performed an efficiency of plating experiment by 

infecting NIH 3T12 fibroblast stably expressing ORF73 or control cells expressing an empty 

vector with our mutant viruses and examined virus production 24 hpi. ORF73 expression trans-

complemented an ORF73null MHV68 for replication. ORF75A.TN and ORF75B.TN virus 

production was at similar levels in either the control or ORF73-expressing cells (Fig. 2.6). The 

lack of rescue by ORF73 expression indicates that the ORF75A.TN and ORF75B.TN phenotypes 

are not attributable to a defect in ORF73 expression. 
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Figure 2.6: ORF75A and ORF75B transposon mutant virus replication defects are not 
complemented by exogenous mLANA/ORF73 expression. Titers from immortalized 3T12 
fibroblasts stably transduced with GFP- or mLANA-GFP-expressing retroviruses and 
subsequently infected with WT, ORF73.stop, 75A.TN and 75B.TN viruses (data kindly provided 
by Dr. J. Craig Forrest of the University of Arkansas Medical Science). 
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Discussion  
 

The MHV68 genome encodes 3 genes, ORF75A, ORF75B and ORF75C,  with regions of 

homology to a host enzyme involved in de novo purine synthesis. Initially identified as genes of 

interest in a screen of mutant viruses for changes in NF-κB signaling, this study describes our 

initial characterization of the consequences of TN insertion in the 75A and 75B genomic regions 

for virus replication and pathogenesis. We observed distinct defects in in vitro replication with 

loss of OR75A impacting an early stage in replication while ORF75B loss influences a late stage 

of replication in cell culture. This in vitro defect hindered pathogenesis. ORF75A.TN and 

ORF75B.TN viruses exhibited defects in acute lung replication and in both the establishment of 

latency and reactivation from latency in the spleen at 16 dpi in mice.  

The loss in NF-κB signaling observed with the ORF75A.TN and ORF75B.TN viruses is 

intriguing as a previous report examining KSHV proteins necessary for NF-κB signaling 

identified KSHV ORF75 as an activator of NF-κB signaling (124). This might indicate a 

conserved function of ORF75 family members. In support of this idea, a recent publication also 

identified a role for ORF75C in the activation of upstream NF-κB signaling via the deamidation 

of RIG-I (125). In this study the authors observed a lack of NF-κB activation with the 

overexpression of ORF75A and ORF75B. We have made similar observations and have 

confirmed that while overexpression of KSHV75 or MHV68 ORF75C is sufficient to drive NF-

κB signaling in 293T cells, ORF75A and ORF75B are not sufficient (data not shown). We 

propose that the defect in NF-κB signaling during ORF75A.TN infection is related to an early 

defect in lytic replication. ORF75B.TN exhibits a slight replication defect later during infection, 

thus it is possible that this is the reason behind its inability to drive NF-κB signaling. 

Alternatively, ORF75B.TN viruses might be impaired for another aspect of infection that 

influences host cell signaling that in turn feeds into the IKK signalosome to influence NF-κB 

signaling, such as PI3K signaling (149). Lastly, ORF75B might interact with another viral 

protein to drive NF-κB signaling in the context of infection such that overexpression of ORF75B 

alone is not sufficient to drive signaling. Identification of ORF75B binding partners or host 
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signaling pathways impacted by ORF75B.TN infection compared to WT infection might reveal a 

role for this protein in NF-κB signaling. 

Several groups have identified roles for ORF75C in NF-κB signaling, PML degradation 

and the cytoplasmic-nuclear trafficking of MHV68 genome to the nuclear periphery (85) yet no 

roles had been described for ORF75A or ORF75B. In this study, we identified distinct roles for 

the genomic regions encompassing ORF75A and ORF75B in promoting replication in cell 

culture and in the mouse. However, given the possibility that the TN disruption also influences 

the transcription of neighboring genes or even non-coding RNAs on the opposite strand, these 

observations need to be confirmed with stop mutations in ORF75A and ORF75B.  

Our data indicates that the ORF75A.TN and ORF75B.TN replication defects are not due 

to a defect in ORF73. However another gene, ORF72, which encodes the viral cyclin has splice 

variants that splice across the ORF75A to ORF75C locus. A spliced transcript for MHV68 

ORF72 initiates in the M12/M13 region upstream of the predicted ORF75A start site to terminate 

in ORF72 (150). Disruption of ORF72/viral-cyclin gene has no effect on replication in cell 

culture, but reduces acute replication in the lungs and the establishment of latency and 

reactivation from latency after intranasal inoculation (150, 151). The in vivo phenotypes of 

ORF75A.TN and ORF75B.TN virus phenotypes might be influenced by a transcriptional 

reduction in ORF72.  

Recent analyses of viral transcripts have identified even more complexity in the 

gammaherpesvirus transcriptome (118, 133, 152-157). Microarray analyses from our laboratory 

and others have revealed that similar to HCMV and KSHV, a large portion of the MHV68 

genome, both outside of and antisense to annotated ORFs, is transcribed in a productive 

fibroblast infection (133, 158). These transcripts have been named Expressed Genomic Regions 

(EGRs) and are predicted to be non-coding RNAs. However, in KSHV some of these antisense 

transcripts encode small regulatory peptides important for replication (159). MHV68 EGR 30 is 

transcribed antisense to ORF75A and ORF75B (160). It remains to be determined whether the 

insertion of the TN constructs into ORF75A or ORF75B influences the transcription of 

neighboring ORFs or antisense non-coding RNAs.  
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Our data identified roles for the genomic regions that comprise ORF5A and ORF75B in 

MHV68 replication. However given the complexity of MHV68 transcription and the potential 

for the TN insertion to disrupt neighboring transcripts, stop-codon disrupted ORF75A and 

ORF75B viruses were generated to test for ORF75A and ORF75B-specific contributions to 

MHV68 replication. These are reported in Chapter 3 and Chapter 4. 
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Chapter 3: An ORF75A.stop virus is impaired for pathogenesis in 

the mouse. 

 

Introduction 

All gammaherpesviruses encode tegument proteins with regions of similarity to host 

enzymes involved in de novo purine biosynthesis. ORF75 genes are often duplicated in gHV(85). 

MHV68 and the recently described wood mouse herpesvirus (WMHV), have two ORF75 

duplications. MHV68 ORF75A, ORF75B, and ORF75C have amino acid identities of 75%, 

88%, and 89%, respectively with their WMHV counterparts. However, there has been significant 

divergence. In a phylogenetic analysis each MHV68 ORF75 gene is nearly equidistant from each 

other and the primate ORF75 homologs, with ~25% amino acid identity in each pairwise 

comparison. Very limited functional data exists for the gHV ORF75 proteins. KSHV ORF75 

activates a NF-κB reporter in transfected 293T cells (124) and antagonizes ND10 components 

(121). EBV BNRF1 is thought to be involved in endosomal to nuclear transport of the capsid and 

disrupting Daxx-ATRX binding (119). ORF75C is critical for MHV68 replication, targets PML 

for degradation and plays a critical role in capsid transport to the nucleus(85). Interestingly, these 

functions are not conserved by ORF75A and ORF75B and they do not complement the 

replication defect of an MHV68-ΔORF75C(85). ORF75A and ORF75B were deemed 

dispensable for lytic replication in culture in a transposon mutant screen, but one of two 

ORF75A transposon mutants had a log defect in lung replication. These viral FGARATs do not 

retain enzymatic activity and have been implicated in the antagonism of the host antiviral ND10 

nuclear complex (85, 106, 119, 121, 122). In the previous chapter we developed a screen for 

viral modulators of NF-κB signaling, and identified transposon-disrupted ORF75A and ORF75B 

mutant viruses as defective in NF-κB signaling. These viruses had distinct defects in replication 

and pathogenesis in vivo. However, given the potential for the large transposon insertion to 

impair transcription of neighboring genes and preclude the identification of ORF-specific roles, 



	  
	  

	  

49 
	  
	  

	  

we set out to design and generate new recombinant viruses wherein either ORF75A or ORF75B 

is disrupted by the insertion of a series of stop codons. 

Here we report that we did not observe any influence of ORF75B disruption on either 

replication in cell culture or in mice infected with ORF75B-stop viruses. On the other hand, loss 

of ORF75A transiently reduced replication in the lungs of infected mice and led to a severe 

defect in latency establishment after intranasal infection. Although we could partially rescue this 

latency defect with a direct intraperitoneal inoculation, there remained a significant reduction in 

the frequency of cells harboring MHV68 with loss of ORF75A. We conclude that MHV68 

ORF75A and ORF75C have diverged and have non-overlapping roles in replication. ORF75B on 

the other hand may share functions with ORF75A and/or ORF75C, or retain a unique function 

not identified by our assays. 

 

	    



	  
	  

	  

50 
	  
	  

	  

Materials and Methods 

Mice and Cells. WT C57BL/6 mice were purchased from Jackson laboratories (Bar Harbor, 

Maine) or bred at the Stony Brook University Division of Laboratory Animal Research (DLAR) 

facility. All protocols were approved by the Institutional Animal Care and Use Committee of 

Stony Brook University. Primary murine embryonic fibroblast (MEF) cells were isolated from 

C57BL/6 mice and maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% 

fetal calf serum, 100 U of penicillin per ml and 100 mg of streptomycin per ml at 37oC in 5% 

CO2. Immortalized murine fibroblast cells (NIH 3T3 or NIH 3T12) were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 8% fetal calf serum, 100 U 

of penicillin per ml and 100 mg of streptomycin per ml at 37oC in 5% CO2.  
 

Generation of recombinant viruses. The modified MHV68-H2bYFP genome cloned into a 

BAC was a kind gift from the Speck laboratory (161). MHV68-H2bYFP-ORF75A-stop viruses 

(ORF75A.stop1, ORF75A.stop2 and ORF75A.dblstop) and the MHV68-H2bYFP-ORF75B-stop 

viruses (ORF75B.stop1 and ORF75B.dblstop) were all generated using en passant mutagenesis 

(45). Briefly, forward and reverse primers (Table 3.1) containing each ORF75 mutation 

mutation (underlined), flanking WT ORF75A or ORF75B sequences on either side of the 

mutation and sequences complementary to the kanamycin selection marker were used to amplify 

the kanamycin (kan) selection marker from plasmid pEPKanS2 (45) by PCR (One Taq DNA 

polymerase, New England Biolabs, Ipswich MA). This PCR product was excised from the gel, 

digested with DpnI to remove input template, and transformed into freshly prepared 

electrocompetent E. coli harboring the MHV68-H2bYFP BAC. After recovery, the bacterial cells 

were plated on dual chloramphenicol (34 µg/ml) and kan (50 µg/ml) plates and incubated at 30°C 

for 48 hrs. DNA was prepared from isolated colonies and the kan selection marker in Orf75A or 

Orf75B was PCR amplified to verify the insertion of the mutagenesis cassette into the MHV68-

H2bYFP BAC. The kanamycin selection marker was removed, leaving behind the desired 

ORF75A, ORF75B or ORF75C mutation. The Orf75A or Orf75B gene was PCR amplified from 
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the putative mutant BAC, digested with a restriction enzyme unique to each mutation to confirm 

the presence of each stop codon. To generate marker rescue viruses, primers flanking WT 

ORF75A or ORF75B sequence were used to generate a targeting construct, that was then used to 

repair the ORF75A-stop or ORF75B-stop disrupted viruses described above. Virus passage and 

titer determination were performed as previously described (58).  

 

Analysis of recombinant viral BAC DNA. BAC DNA was prepared by Qiagen column 

purification. For restriction analysis. 10 µg of BAC DNA was digested overnight with the 

desired enzyme and then resolved in a 0.8% agarose gel in 1X TAE. For complete genome 

sequencing, the BAC DNA samples were prepared for multiplex, 50 cycle single-end read 

sequencing on an Illumina HiSeq2000 by the SUNY-Buffalo Next Gen Sequencing Core. Reads 

were demultiplexed using the CASAVA 1.8.2 utility program. Whole genome sequencing data 

were analyzed for mutations using CLC Genomics Workbench 6.0.2 (CLC bio, Aarhus, 

Denmark). Illumina sequence data was analyzed using CLC Genomics Workbench 6 

(CLCbio/Qiagen, Aarhus, Denmark). Reads were aligned to a modified reference genome based 

on the WUMS Sequence (Genbank U97553) where the Kozinowski BAC sequence compiled by 

manual Sanger sequencing was appended to the left end. In order to spot any larger indels, 

contigs were generated using the CLC denovo assembler and aligned using Sequencher 5 

(Genecodes). The reference sequence was modified based on actual sequencing data. Variants 

from the reference sequence comprising at least 5% of reads were found by using the Quality-

based Variant detection algorithm in CLC Genomics Workbench, using a neighborhood radius of 

5, minimum neighborhood quality score of 25, and a minimum central quality score of 29. 

Variants had to be present in both read directions, and had to be contained in uniquely mapped 

reads. Importantly, engineered mutations were found in >93% of reads. 

 

Virus growth curves. To measure virus replication, 0.9 x 105 NIH 3T12 cells were seeded into 

each well of a 12-well tissue culture plate one day prior to infection with recombinant MHV68 at 

an MOI of 5. Triplicate wells were harvested for each timepoint, and the cells with the 
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conditioned medium were stored at -80°C. Serial dilutions of cell homogenate were used to 

infect NIH 3T12 cells and then overlayed with 1.5% methylcellulose in DMEM supplemented 

with 5% FBS. One week later, the methylcellulose was removed and cells were washed twice 

with PBS prior to methanol fixation and staining with a 0.1% crystal violet solution in 10% 

methanol. 

 

Infections and organ harvests. 8 to 10 week old WT mice were either infected by intranasal 

inoculation with 1000 PFU of MHV68 in a 20 µl bolus or by intraperitoneal injection of 0.5 ml 

with 1000 PFU of MHV68 under isoflurane anesthesia. The inoculum was back-titered to 

confirm the infectious dose. Mice were sacrificed by terminal isoflurane anesthesia. For acute 

titers, mouse lungs were harvested in 1 ml of DMEM supplemented with 10% FBS and stored at 

-80°C prior to disruption in a Mini-BeadBeater (BioSpec, Bartlesville, OK). The homogenates 

were titered by plaque assay. For latency and reactivation experiments, mouse spleens were 

homogenized, treated to remove red blood cells, and then filtered through a 100 µm nylon filter. 

For peritoneal cells, 10 ml of media was injected into the peritoneal cavity and an 18-gauge 

needle was used to withdraw approximately 7 ml of media from each mouse. The peritoneal 

exudate cells were pelleted by centrifugation and then resuspended in 1 ml of DMEM 

supplemented with 10% FBS. 

 

Limiting dilution PCR detection of MHV68 genome positive cells. To determine the 

frequency of cells harboring the viral genome, single cell suspensions were prepared and used in 

a single-copy nested PCR. Six three-fold serial dilutions of cells were plated in a 96-well PCR 

plate in a background of NIH 3T12 cells and lysed overnight at 56°C with proteinase K. The 

plate was subjected to an 80-cycle nested PCR with primers specific for MHV68 ORF50 (58). 

Twelve replicates were analyzed at each serial dilution and plasmid DNA at 0.1,1 and 10 copies 

was included to verify the sensitivity of the assay. 

 



	  
	  

	  

53 
	  
	  

	  

Limiting dilution ex vivo reactivation assay. To determine the frequency of cells harboring 

latent virus capable of reactivation upon explant, single cell suspensions were prepared from 

mice 16 or 18 dpi, resuspended in DMEM supplemented with 10% FBS and plated in twelve 

serial two-fold dilutions onto a monolayer of MEFs prepared from C57BL/6 mice in 96-well 

tissue culture plates. Twenty-four replicates were plated per serial dilution. The wells were 

scored for cytopathic effect (CPE) two and three weeks after plating. To differentiate between 

pre-formed infectious virus and virus spontaneously reactivating upon cell explant, parallel 

samples were mechanically disrupted using a mini-bead beater prior to plating on the monolayer 

of MEFs to release preformed virus that is scored as CPE (58). 

 

Statistical analyses. Data were analyzed using GraphPad Prism Software (Prism 5, La Jolla 

CA). Statistical significance was determined using either an ANOVA test followed by a 

Bonferroni correction or a non-paired two-tailed t-test. Under Poisson distribution analysis, the 

frequencies of latency establishment and reactivation from latency were determined by the 

intersection of nonlinear regression curves with the line at 63.2.  
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Results 

Disruption of ORF75A or ORF75B does not significantly impair replication in transformed 

fibroblasts.  

Using transposon-disrupted viruses we observed significant and distinct defects in 

MHV68 replication upon loss of either ORF75A or ORF75B (Chapter 2). The transposon (TN) 

was inserted 351 aa downstream of the first methionine in ORF75A and 428 aa downstream of 

the first methionine in ORF75B. We were concerned that the large 1.2 kbp TN insertion might 

have adverse effects on neighboring genes or antisense transcripts. Moreover, it is possible that a 

truncated N-terminal protein made up of the first 351 aa in ORF75A or the first 428 aa in 

ORF75B might have residual or interfering functions in MHV68 replication. To this end, new 

recombinant viruses were generated on the MHV68-H2bYFP marking virus platform using 

allelic exchange (45, 161).  

The first set of mutant viruses had either ORF75A or ORF75B disrupted in all frames by 

the insertion of a stop codon downstream of the first methionine, 101 aa and 78 aa into ORF75A 

and ORF75B, respectively (Fig. 3.1A and Fig. 3.2A). Insertion of the stop-codon into ORF75A 

results in the formation of a new Mlyl site whilst the stop-codon insertion in ORF75B leads to 

the loss of a Pst1 site in the gene (Fig. 3.1A and Fig. 3.2A). These proximal stop-codon 

disrupted viruses are herein classified as 75A.stop1 and 75B.stop1. To account for the presence 

of a downstream methionine in the translation initiation of either ORF75A or ORF75B that is 

disrupted by the transposon insertion, but not the proximal stop codons discussed above, we 

generated a second set ORF75A and ORF75B mutant viruses where the stop codon is inserted at 

exactly the same position in the MHV68 genome as the transposon (i.e 428 aa and 351 aa for 

ORF75A and ORF75B, respectively) (Fig. 3.1A and Fig. 3.2A). The insertion of a stop codon at 

the TN position in ORF75A results in the addition of a unique SpeI site into the ORF75A gene 

while a stop codon at the TN position of ORF75B results in a loss of an Ase1 site (Fig. 3.1A and 

Fig. 3.2A). These are referred to as 75A.stop2 and 75B.stop2. Finally, we generated ORF75A or 

ORF75B.stop viruses where either ORF75A or ORF75B harbors both stop codon insertions. 
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These double stop mutants have been termed 75A.dbl.stop or 75B.dbl.stop (Fig. 3.1A and Fig. 

3.2A). Using wild-type sequence primers for ORF75A and ORF75B, we repaired the proximal 

ORF75stop viruses, ORF75A.stop1 and ORF75B.stop1 back to wt ORF75A or ORF75B 

sequences, respectively. These viruses are herein referred to as 75A.stop1MR and 75B.stop1MR.  

The identity of each ORF75A mutant was confirmed by the digestion of a 1 kb PCR 

product amplified from ORF75A with MlyI and SpeI (Fig. 3.1B). The identity of each mutant 

ORF75B mutant was confirmed by the digestion of a 1 kb PCR product amplified from ORF75A 

with PstI and AseI (data not shown). We accounted for the absence of additional, unintended 

mutations in each MHV68 genome by whole genome sequencing and/or analysis of restriction 

fragment length polymorphisms in the BAC DNA (Fig. 3.1C and Fig. 3.2B).  

To examine the effects of the ORF75A.stop and ORF75B.stop mutations on MHV68 

replication, we compared replication in immortalized fibroblasts (NIH 3T12) following infection 

at an MOI of 5. In these single-step growth curves, loss of either ORF75A or ORF75B did not 

significantly impact MHV68 replication (Fig. 3.1D and Fig. 3.2C). Specifically each ORF75A-

stop virus (75A.stop1, 75A.stop2 and 75A.dbl.stop) replicated with similar kinetics to the 

parental MHV68-YFP and 75A.stop1MR virus for the first 24 hrs with the two control viruses 

(MHV68-YFP and 75A.stop1MR) leading to about 2-3 fold higher titers than the ORF75A-stop 

viruses from 24 hpi until the end of the experiment (Fig. 3.1D). 75B.stop1 and 75B.dbl.stop 

virus growth was indistinguishable from the kinetics of the 75B.stop1MR virus replication over 

the course of the experiment (Fig. 3.2C). Thus we conclude that ORF75A and ORF75B are 

largely dispensable for MHV68 replication in immortalized cells. 
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Table 3.1. Mutagenic primers used in the generation of the ORF75.stop viruses 
 

Mutant Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

75A.stop1MR 
CACCCACGAAAACCACGAATTGGGCTTTGTGGTCG
TTCACACCTCGACCACTTCCTCATTTAGGGATAACA
GGGTAATCGATTT 

GTCTCGTGGCAGTTTCGATCAAATGAGGAAGTGGTCGA
GGTGTGAACGACCACAAAGCCCAAGCCAGTGTTACAA
CCAATTAACC 

75A.stop1 
GTTCTTGCAGCGCTGTAGCTGGAGGCAAGCTTTGC
AGGTGAGAGTCATGCAAAATCCAGCAATTCGGGCC
TTCTGGGGAACCCCCTGGGGC  

CGAGACGAATTAGGCGATGGATACAGGTGGCAGCACG
CCTCACCTAGCAGCGATCTCACGCTTGATAGCACCAGA
GAGCCCCCAGATGATG 

75A.stop2 
CACCCACGAAAACCACGAATTGGGCTTTGTGGTCG
TTCACTAGTAACCTCGACCACTTCCTCATTTTAGGG
ATAACAGGGTAATCGATTT 

GTCTCGTGGCAGTTTCGATCAAATGAGGAAGTGGTCGA
GGTTACTAGTGAACGACCACAAAGCCCAGCCAGTGTTA
CAACCAATTAACC 

75A.dbl.stop 
GTTCTTGCAGCGCTGTAGCTGGAGGCAAGCTTTGC
AGGTGAGAGTCATGCAAAATCCAGCAATTCGGGCC
TTCTGGGGAACCCCCTGGGGC 

CGAGACGAATTAGGCGATGGATACAGGTGGCAGCACG
CCTCACCTAGCAGCGATCTCACGCTTGATAGCACCAGA
GAGCCCCCAGATGATG 

 
CACCCACGAAAACCACGAATTGGGCTTTGTGGTCG
TTCACTAGTAACCTCGACCACTTCCTCATTTTAGGG
ATAACAGGGTAATCGATTT 

GTCTCGTGGCAGTTTCGATCAAATGAGGAAGTGGTCGA
GGTTACTAGTGAACGACCACAAAGCCCAGCCAGTGTTA
CAACCAATTAACC 

75B.stop1MR 
AAGAAATACTCACTGAACTHTTATCTCCCATGGGAG
CATTGACATCAATGATTTGCTAGGGATAACAGGGTA
ATCGATTT 

ACCATGACATACTGGATCTGGCAAATCATTGATGTCAAT
TAATGCTCCCATGGGAGATAAGCCAGTGTTACAACCAA
TTAACC 

75B.stop1 
CGAGACGAATTAGGCGATGGATACAGGTGGCAGCA
CGCCTCACCTAGCAGCGATCTCACGCTTGATAGCA
CCAGAGAGCCCCCAGATGATG 

CATCATCTGGGGGCTCTCTGGTGCTATCAAGCGTGAGA
TCGCTGCTAGGTGAGGCGTGCTGCCACCTGTATCCAT
CGCCTAATTCGTCTCG 

75B.dbl.stop CGAGACGAATTAGGCGATGGATACAGGTGGCAGCA
CGCCTCACCTAGCAGCGATCTCACGCTTGATAGCA
CCAGAGAGCCCCCAGATGATG 

CATCATCTGGGGGCTCTCTGGTGCTATCAAGCGTGAGA
TCGCTGCTAGGTGAGGCGTGCTGCCACCTGTATCCAT
CGCCTAATTCGTCTCG 

 AAGAAATACTCACTGAACTGTTATCTCCCATGGGAA
GCATTTTGATAATTGACATCAATGATTTGCCATAGG
GATAACAGGGTAATCGATT 

AGACCATGACATACTGGATCTGGCAAATCATTGATGTC
AATTATCAAAATGCTCCCATGGGAGATAAGCCAGTGTT
ACAACCAATTAACC 
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Figure 3.1 Characterization of the ORF75A mutants. (A) Schematic of the ORF75A mutation 
(B) Agarose gel showing digestion of a PCR amplified targeting sequence in ORF75A. (C) 
Agarose gel of ORF75A-BAC DNA digested with BamHI. No aberrant bands are observed. (D) 
Single-step growth of ORF75A.stop mutants and WT viruses in the immortalized murine 
fibroblast line, NIH 3T3. 
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Figure 3.2 Characterization of the ORF75B mutants.  (A) Schematic of the ORF75B 
mutation. (B) Agarose gel of ORF75B-BAC DNA digested with BamHI. No aberrant bands are 
observed. (C) Single-step growth of ORF75A.stop mutants and WT viruses in the immortalized 
murine fibroblast line, NIH 3T3. 
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Loss of the MHV68 ORF75A reduces acute viral replication in the lungs. 

The absence of a significant replication defect for the ORF75A.stop and ORF75B.stop 

viruses in cell culture does not preclude a possible role for these genes in in vivo pathogenesis. 

To identify a role for either ORF75A or ORF75B in replication in the infected animal, we 

examined acute replication in the lungs of mice infected intranasally using 1000 PFU of each 

mutant and the respective marker rescue virus. At early timepoints post-infection (4 dpi), we 

observed robust replication of the 75A.stop1MR viruses in the lung with a mean titer of ~1000 

PFU per ml of lung homogenate. In contrast, virus titers from lung homogenate prepared from all 

five mice infected with 75A.stop1 was below the limit of detection. By 7 dpi, virus replication in 

the lungs of mice infected with the 75A.stop1MR virus had increased by thirty-five-fold, leading 

to a mean titer ~2.6 x 104 PFU/ml. In contrast, mean titers from the lungs of mice infected with 

either 75A.stop1, 75A.stop2 and 75A.dbl.stop were much lower, resulting in mean titers of 1.3 x 

103 PFU/ml, 4.2 x 103 PFU/ml and 9.6 x 102 PFU/ml, respectively. Interestingly while the 

75A.stop1 and 75A.dbl.stop viruses both exhibited about a 20-fold defect in replication within 

the mouse lung, we only observed a 6-fold reduction in 75A.stop2 lung replication as compared 

to the 75A.stop1MR virus at 7 dpi. At 9 dpi, we observed comparable levels of virus replication 

in the lungs of mice infected with either 75A.stop1 or the repaired virus, 75A.stop1MR and by 

day 12 both 75A.stop1 and 75A.stop1MR had been cleared from the lungs of infected mice. In 

contrast to the ORF75A mutants, the 75B.stop1 and 75B.dbl.stop viruses replicated to similar 

levels as the 75B.stop1MR viruses at 7 dpi. Of note, we did not observe any significant 

difference between peak titers at 7 dpi between our two repaired viruses, 75A.stop1MR and 

75B.stop1MR (Figure 3.3). Taken together, we conclude that ORF75A promotes replication in 

the lung while ORF75B is dispensable for replication. 
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Figure 3.3 ORF75A-stop viruses exhibit a transient defect in acute lung replication. 
C57BL/6 mice were infected at 1000 PFU by the intranasal route with the indicated viruses. 
Lung homogenates from mice were titered by plaque assay. Line indicates geometric mean titer. 
Each symbol represents an individual mouse.  WT control viruses are black, ORF75A mutants 
are blue, and ORF75B mutants are red. The dashed line depicts the limit of detection at 50 
PFU/ml of lung homogenate (log10 of 1.7), * p ≤ 0.05. and ** p ≤ 0.005. 
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ORF75A is required for the establishment of latency upon intranasal inoculation. 

Within two weeks of intranasal infection, virus replication in the lung is fully resolved 

and the virus transits to the spleen where it targets B lymphocytes. The peak in splenic latency 

occurs between 14 and 18 dpi and coincides with splenomegaly, which is driven mainly by the 

expansion of CD4+ T cells (162). Mice infected with the 75A.stop1MR virus exhibited a two-

fold increase in splenomegaly at 16 dpi. Mice infected with the 75A.stop1, 75A.stop2 and the 

75A.dbl.stop viruses did not exhibit significant splenomegaly as compared to the naïve mice 

(Fig. 3.4A). This defect in splenomegaly correlated with a severe two-log reduction in the 

frequency of splenocytes that harbor the viral genome in mice infected with the 75A.stop viruses 

as compared to 75A.stop1.MR (Fig. 3.4B). This impairment in latency establishment was 

accompanied by a similar reduction in the frequency of reactivation from latency upon explant 

(Fig. 3.4C, summarized in Table 3.2). The severity of the defect in the establishment of latency 

precluded a determination of whether ORF75A plays a role in splenic reactivation. In spite of a 

severe latency defect at 16 dpi, the frequency of genome-positive splenocytes six weeks after 

infection with the 75A.stop1 virus was nearly equivalent to 75A.stop1MR (Fig. 3.4D, 

summarized in Table 3.3). In contrast, infection of mice with either 75B.stop1 or 75B.dbl.stop 

did not significantly influence latency establishment. We observed no difference in the frequency 

of cells harboring MHV68 genomes between 75B.stop1 and 75B.stop1MR infections. Spleens 

from 75B.dbl.stop-infected mice exhibited a slight 2.4-fold reduction in the frequency of cells 

positive for the genome (Fig. 3.5). Taken together, this data implicates a role for ORF75A in the 

establishment but not the maintenance of latency in the spleen after intranasal inoculation of 

mice. Coupled with the absence of a requirement for ORF75B in acute replication in the lung, we 

did not observe a role for ORF75B in the establishment of splenic establishment after intranasal 

infection. 
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Figure 3.4 MHV68 ORF75A is essential for the establishment of latency in the spleen at 
early, but not late times during chronic infection after intranasal inoculation. C57BL/6 mice 
were infected at 1000 PFU by the intranasal route with the indicated viruses. (A) Weights of 
spleens harvested 16 dpi, *** p ≤ 0.001. (B) Frequency of splenocytes harboring latent genomes 
at 16 dpi. (C) Frequency of splenocytes undergoing reactivation from latency upon explant. (D) 
Frequency of splenocytes harboring latent genomes at six weeks post-infection. For the limiting 
dilution analyses, curve fit lines were determined by nonlinear regression analysis. The dashed 
lines represent 63.2%. Using Poisson distribution analysis, the intersection of the nonlinear 
regression curves with the dashed line was used to determine the frequency of cells that were 
either positive for the viral genome or reactivating virus. Data is generated from at least 2 
independent experiments for 16 dpi and one for 42 dpi. 

A. Splenomegaly, 16 dpi B. Latency, 16 dpi

C. Reactivation, 16 dpi D. Latency, 42 dpi
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Figure 3.5 MHV68 ORF75B is dispensable for the establishment of latency in the spleen. 
C57BL/6 mice were infected at 1000 PFU by the intranasal route with the indicated viruses. (A) 
Frequency of splenocytes harboring latent genomes at 16 dpi. (B) Frequency of splenocytes 
undergoing reactivation from latency upon explant. The limiting dilution analyses curve fit lines 
were determined by nonlinear regression analysis. The dashed lines represent 63.2%. Using 
Poisson distribution analysis, the intersection of the nonlinear regression curves with the dashed 
line was used to determine the frequency of cells that were either positive for the viral genome or 
reactivating virus. Data is generated from at least 3 independent experiments for 16 dpi.  

  

100 101 102 103 104

0

20

40

60

80

100

Cells per PCR

%
 R

ea
ct

io
ns

 P
os

iti
ve

75B.dbl.stop
75B.stop1MR

75B.stop1

100 101 102 103 104 105

0

20

40

60

80

100

Cells per Well

%
 W

el
ls

 P
os

iti
ve

 fo
r C

P
E

75B.stop1MR
75B.dbl.stop
75B.stop1

A. Latency, 16 dpi B. Reactivation, 16 dpi



	  
	  

	  

64 
	  
	  

	  

Bypassing the lung via intraperitoneal inoculation rescues the splenic latency defect of 

murine gammaherpesvirus lacking ORF75A.  

The intranasal route of infection identified a critical role for ORF75A in seeding the 

spleen. We next bypassed lung replication using direct administration of virus by intraperitoneal 

(IP) inoculation. We observed an increase in spleen weights in mice infected with 75A.stop1 or 

75A.stop1MR. However, while spleens harvested from 75A.stop1MR-infected mice were four-

fold larger than naïve mouse spleens, we observed only a two-fold increase in spleen weight in 

75A.stop1-infected mice (Fig. 3.6).  

In agreement with the reduced splenomegaly in 75A.stop1-infected spleens, we observed 

a five-fold reduction in the frequency of splenic cells harboring the viral genome upon 75A.stop1 

infection as compared to 75A.stop1MR infection (1/705 vs. 1/139). The frequency of cells 

reactivating virus was also reduced by four-fold in 75A.stop1 infections (1/54,005 vs. 1/12,202 

respectively) (Fig. 3.6). At six weeks post infection, we did not observe any differences in spleen 

weight or the frequency of genome-positive cells after 75A.stop1 or 75A.stop1MR infection 

(Fig. 3.7). Thus, although the defect in splenic latency establishment after intranasal 75A.stop1 

infection is reduced upon a change in the route of virus administration to a direct intraperitoneal 

inoculation, a significant role for ORF75A in the establishment of splenic latency remained. 
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Figure 3.6 Intraperitoneal administration of MHV68 largely rescues the ORF75A.stop1 
latency establishment defect. (A) Weights of spleens harvested from the indicated infections 18 
dpi. Each symbol represents an individual mouse, t-test *** p ≤ 0.001. (B) Frequency of 
splenocytes harboring latent genomes 18 dpi. (C) Frequency of splenocytes spontaneously 
reactivating from latency 18 dpi. For the limiting dilution analyses, curve fit lines were 
determined by nonlinear regression analysis. The dashed lines represent 63.2%. Using Poisson 
distribution analysis, the intersection of the nonlinear regression curves with the dashed line was 
used to determine the frequency of cells that were either positive for the viral genome or 
reactivating virus. Data is generated from three independent experiments for 18 dpi. 
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Figure 3.7 Loss of ORF75A does not impact maintenance of latency after intraperitoneal 
inoculation. (A) Weights of spleens harvested from the indicated infections 46 dpi. Each symbol 
represents an individual mouse. (B) Frequency of splenocytes harboring latent genomes 46 dpi. 
For the limiting dilution analyses, curve fit lines were determined by nonlinear regression 
analysis. The dashed lines represent 63.2%. Using Poisson distribution analysis, the intersection 
of the nonlinear regression curves with the dashed line was used to determine the frequency of 
cells that were either positive for the viral genome or reactivating virus.  
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ORF75A is dispensable for latency in peritoneal exudate cells.  

In addition to the major latency reservoir, B lymphocytes, MHV68 latency is also 

established in macrophages and dendritic cells (60). We examined the role for ORF75A in 

latency establishment in peritoneal exudate cells (PEC), which are comprised largely of 

macrophages. Loss of the ORF75A did not influence the frequency of genome positive cells 18 

days after IP inoculation. Additionally, we did not observe a reduction in explant reactivation 

from PECs following infection with 75A.stop1 as compared to 75A.stop1MR (Fig. 3.9, 

summarized in Table 3.2 and Table 3.3). We conclude that MHV68 latency establishment and 

reactivation from latency in the peritoneal compartment is independent of ORF75A. 
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Figure 3.8 MHV68 ORF75A is not required for the establishment or reactivation of latency 
in the peritoneal exudate compartment after intraperitoneal inoculation. C57BL/6 mice 
were infected at 1000 PFU by the intraperitoneal route with the indicated viruses. (A) Frequency 
of peritoneal exudate cells harboring latent genomes 18 dpi (B) Frequency of splenocytes 
spontaneously reactivating from latency 18 dpi. For the limiting dilution analyses, curve fit lines 
were determined by nonlinear regression analysis. The dashed lines represent 63.2%. Using 
Poisson distribution analysis, the intersection of the nonlinear regression curves with the dashed 
line was used to determine the frequency of cells that were either positive for the viral genome or 
reactivating virus. Data is generated from at least 2 independent experiments   
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Table 3.2. Frequencies of cells harboring viral genomes in C57BL/6 mice. 
 

Virusa Route of 
infectionb Organc dpi 

Total # of cells 
harvested 

Frequency of 
genome-positive 

cells (one in) d 

Total # of cells positive 
for latent virus e 

75A.stop1MR i.n. Spleen 16 1.7 x109 65 2.6 x 107 
   42 7.5 x108 1760 4.3 x 105 

75A.stop1 i.n. Spleen 16 0.6 x109 10841 5.5 x 104 
   42 7.5 x108 2282 3.3 x 105 

75A.stop2 i.n. Spleen 16 0.6 x109 2960 2.0 x 107 
75A.dbl.stop i.n. Spleen 16 0.7 x109 3727 1.9 x 105 
75A.stop1MR i.p. Spleen 18 1.2 x109 138 8.7 x 106 

 i.p.  46 4.3 x108 5269 8.2 x 104 
75A.stop1 i.p. Spleen 18 0.8 x109 699 1.1 x 106 

 i.p.  46 4.1 x108 4561 9.0 x 104 
75A.stop1MR  PEC 18 4.4 x107 55 8.0 x 105 

75A.stop1 i.p. PEC 18 3.5 x107 85 4.1 x 105 
75B.stop1 i.n. Spleen 16 1.3 x109 147 8.8 x 106 

75B.dbl.stop i.n. Spleen 16 0.9 x109 404 2.2 x 106 
75B.stop1MR i.n. Spleen 16 1.5 x109 123 1.2 x 107 

a Infection with recombinant MHV68 viruses 
b i.n., intranasal; i.p., intraperitoneal  
c Organ harvested for limiting dilution analysis 
d The frequency data were determined from the mean of at least two independent experiments with cells from the 
indicated organs. Organs were pooled from three to five mice per experiment.  
e  The total number of genome positive cells per mouse was extrapolated using the frequency value generated from the 
limiting dilution analysis together with the total number of splenocytes or PEC cells harvested. 
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Table 3.3. Frequencies of cell populations reactivating viral genomes in C57BL/6 mice. 
 

Virusa Route of 
infectionb Organc dpi 

Total # of cells 
harvested 

Frequency of 
genome-positive 

cells (one in) d 

Total # of cells 
reactivating latent virus e 

75A.stop1MR i.n. Spleen 16 1.7 x109 2,894 5.9 x 106 
   42 7.5 x108 n.d n.d 

75A.stop1 i.n. Spleen 16 0.6 x109 <100,000 <6.4 x 104 
   42 7.5 x108 n.d n.d 

75A.stop2 i.n. Spleen 16 0.6 x109 <100,000 <6.4 x 104 
75A.dbl.stop i.n. Spleen 16 0.7 x109 <100,000 <7.0 x 104 
75A.stop1MR i.p. Spleen 18 1.2 x109 12,030 9.9 x 104 

 i.p.  46 4.3 x108 n.d n.d 
75A.stop1 i.p. Spleen 18 0.8 x109 54,005 1.5 x 104 

 i.p.  46 4.1 x108 n.d n.d 
75A.stop1MR  PEC 18 4.4 x107 3,007 1.5 x 104 

75A.stop1 i.p. PEC 18 3.5 x107 2,126 1.6 x 104 
75B.stop1 i.n. Spleen 16 1.3 x109 6,095 2.1 x 105 

75B.dbl.stop i.n. Spleen 16 0.9 x109 6,751 1.3 x 105 
75B.stop1MR i.n. Spleen 16 1.5 x109 6,751 2.2 x 105 

a Infection with recombinant MHV68 viruses 
b i.n., intranasal; i.p., intraperitoneal  
c Organ harvested for limiting dilution analysis 
d The frequency data were determined from the mean of at least two independent experiments with cells from the 
indicated organs. Organs were pooled from three to five mice per experiment.  
e  The total number of cells reactivating latent virus per mouse was extrapolated using the frequency value generated 
from the limiting dilution analysis together with the total number of splenocytes or PEC cells harvested. 



	  
	  

	  

72 
	  
	  

	  

Discussion  
We previously identified roles for transposon-disrupted ORF75A and ORF75B mutants 

in cell culture replication and pathogenesis in mice (see Chapter 2). However, there were 

concerns about the influence of the large transposon insertion on the integrity of neighboring 

genes and uncharacterized transcripts antisense to the ORF75 locus. We disrupted ORF75A and 

ORF75B with the insertion of a series of all frame stops into the protein coding sequences of 

either ORF75A or ORF75B. Disruption of ORF75B did not influence replication in cell culture 

or pathogenesis in the infected mouse. ORF75A was largely dispensable for replication in 

immortalized fibroblasts in cell culture, yet intranasal infection of mice with the ORF75A.stop 

viruses led to a transient replication defect in the lungs of infected mice and a delay in latency 

establishment and reactivation in the spleen. By six weeks post-infection, the severe defect in the 

initial latency establishment at 16 dpi was not observed. A bypass of the respiratory tract 

infection by a direct intraperitoneal inoculation partially rescued the defect in latency 

establishment observed with the ORF75A mutant. Thus we identified route-dependent roles for 

ORF75A in MHV68 replication and latency in the host. These are the first in vivo roles identified 

for a member of the gammaherpesvirus vFGARAT tegument proteins. 

Intranasal infection with MHV68 ΔORF75A resulted in a transient reduction in 

replication in lung tissues that impaired latency establishment in the spleen. However, this 

latency defect was partially rescued by changing the route of virus administration to 

intraperitoneal inoculation to bypass the lung. This observation supports a role for ORF75A in 

MHV68 dissemination from initial sites of virus entry or replication to seed latent reservoirs. 

However, this finding is not limited to ORF75A. The influence of acute replication defects in the 

lung on the establishment of latency after intranasal inoculation is well documented. Indeed 

MHV68 genes necessary for gene expression (163, 164) or DNA replication (165-170) all fail to 

establish WT levels of latency in the spleens of infected mice after intranasal inoculation. Similar 

to the observation with ORF75A.stop infected mice, splenic latency could be partially (164) or 

fully restored (165-169) after altering the route of infection or dramatically increasing virus dose. 

Together, these observations imply a critical role for lytic replication in seeding the latent splenic 
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reservoir after intranasal inoculation. It remains to be determined if these phenotypes simply 

represent an inability to replicate in mucosal tissues at sites of entry or represent an inability to 

efficiently infect immune cells critical for the dissemination of MHV68 to the B cells in the 

spleen.  

MHV68 infection in vivo does not result in high levels of cell-free virus (162), and the 

virus depends on cell-to-cell spread for efficient propagation (171). Recent studies have extended 

these observations further to demonstrate that MHV68 exploits normal immune cell trafficking 

routes to seed the latent lymphoid reservoir. Using recombinant viruses that enabled the cell-

types that the MHV68 infects to be tracked over time, the authors found that virus recovered 

from the spleen after intranasal infection had passed through lysM+, CD11c-CD11b+ and CD11c+ 

myeloid cells (56, 172). Thus MHV68 utilizes dendritic cells and macrophages for dissemination 

from mucosal epithelia to B cells in secondary lymphoid tissues. Future experiments are required 

to determine whether the ORF75A latency defect in the spleen is mediated by defects in 

replication within specific subsets of cells in the lung or the draining mediastinal lymph node.  

The frequency of splenocytes harboring the viral genome was severely reduced with loss 

of ORF75A at 16 dpi. However by 42 dpi, we did not observe any differences in latency between 

75A.stop1 and 75A.stop1MR-infected spleen. Given the defects in latency establishment at 16 

days post-intranasal infection with 75A.stop viruses, it was surprising that the maintenance of 

latency was not influenced as well. Like EBV and KSHV, MHV68 persists in germinal center 

derived B cells and establishes long term latency in immunoglobulin isotype-switched memory B 

cells (60). Given the absence of a defect in the maintenance of viral latency we predict that loss 

of ORF75A does not influence MHV68 residency in these B cell subsets. Future experiments 

will require isolation of specific subsets by flow cytometry for latency analysis. 

While intraperitoneal infection partially rescued the ORF7A.stop splenic latency defect, 

the frequency of cells harboring MHV68 genomes was five-fold lower in spleens infected with 

the 75A mutant as compared to the marker rescue/WT virus. This observation of reduced latency 

implicates a role for ORF75A in promoting productive replication in B cells or a cell type that 

precedes B cell infection in the spleen. Prior studies with viruses mutated in genes essential for 
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lytic replication, reported a defect in the establishment of splenic latency after intraperitoneal 

infection (163, 170). This has established a working model in which early gene expression or 

early events in productive replication are required to seed the latency reservoir in the spleen. 

MHV68 may utilize cell-to-cell spread to disseminate from the lungs to the spleen. Moreover, 

once in the spleen, the virus is thought to exploit the normal routes of interaction between 

immune cells in the spleen to access germinal center B cells to establish latency. Specifically, 

upon entering the spleen, MHV68 infects marginal zone macrophages, which then transfer the 

virus to marginal zone B cells. The movement of the marginal zone B cells into the white pulp of 

the spleen enables the transfer of virus to follicular dendritic cells (55). Finally, the follicular 

dendritic cells are responsible for the transfer of MHV68 from the marginal zone B cells to 

germinal center B cells. Interestingly, an ORF50-null virus (replication-defective virus) is 

impaired in the seeding of marginal zone macrophages, implying a role for lytic replication at 

this early step of splenic colonization by MHV68 (55). On the other hand, a virus mutated in the 

ORF27 glycoprotein is slightly attenuated for lytic replication in cell culture, but after 

intraperitoneal inoculation remains in the marginal zone and does not seed B cells in the white 

pulp and is impaired for latency establishment (55). ORF27 encodes a glycoprotein that 

facilitates intercellular spread, implying a requirement for cell to cell spread in the establishment 

of latency (171). Thus, defects in lytic replication and intercellular spread can impact latency 

establishment in the spleen even after direct intraperitoneal infection. Future experiments might 

determine whether ORF75A.stop viruses exhibit any defects in transmission between the  

lymphoid and myeloid cell reservoirs, a process that is necessary for the efficient establishment 

of latency in the spleen. 

Interestingly, latency establishment in peritoneal exudate cells was not impacted with loss 

of ORF75A. This was not wholly surprising, as seeding of the PEC latency reservoir has been 

independent of many MHV68 genes with roles in lytic replication in cell culture or acute 

replication in the lungs of infected mice. Indeed, apart from the ORF50/RTA null virus, infection 

with other replication-defective viruses did not impair PEC latency (163, 170). We reason that 

intraperitoneal inoculation allows direct access to the cells within the peritoneum and so the 
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requirement for lytic expansion to produce virus to seed the latent reservoir is mostly eliminated. 

Therefore, only the most defective lytic viruses such as an ORF50/RTA null virus are impacted 

in this reservoir. As such, the requirements for viral gene expression in a cellular environment 

conducive to latency establishment may vary with cell-type. 

Our data define a role for the MHV68 ORF75A in promoting lytic replication at the site 

of initial infection in the host to influence the dissemination and establishment of latency in 

distal reservoirs. Additionally, we also identified a specific role for ORF75A in direct seeding of 

the splenic reservoir. The requirement for infecting the myeloid or the lymphoid cells in the 

spleen prior to germinal center B cell infection remains to be determined. Importantly we have 

identified a role for the gammaherpesvirus vFGARATs apart from ORF75C. We did not observe 

a role for ORF75B in cell culture replication or in the pathogenesis of mice. We propose that 

ORF75B may function in a cell-type not assayed thus far or it may posses overlapping functions 

with ORF75A and/or ORF75C such that its function is compensated by ORF75A or ORF75C. 

We next undertook a close examination of ORF75A in models of lytic replication in cell culture 

to elucidate the mechanisms that drive ORF75A.stop virus phenotypes.  
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Chapter 4: ORF75A.stop viruses exhibit profound defects in 

replication in Bone Marrow derived macrophages. 

 

Introduction 

In the preceding chapter, we generated and tested a panel of recombinant MHV68 viruses 

to identify roles for ORF75A in pathogenesis. ORF75A-null viruses exhibited a defect in acute 

replication in the lungs of infected mice that translated to over a 2-log defect in latency 

establishment after intranasal inoculation. Although we partially rescued this latency defect by 

intraperitoneal inoculation, we observed a 0.5-log defect in splenic latency upon infection with 

ORF75A.stop. MHV68 replicates in alveolar epithelial cells (59), traffics to the spleen after 

replication in myeloid cells and infects splenic macrophages and dendritic cells prior to 

establishing latency in B cells (55, 56, 172). Given that our largest defect is in latency 

establishment after intranasal inoculation, we reason that ORF75A is likely required for 

productive infection in multiple cell types. With respect to ORF75B, we hypothesize that the 

absence of a phenotype might imply an overlap of function with the other copies of vFGARATs 

encoded by MHV68.  

In this chapter we utilized replication defective ORF75C mutant viruses to examine 

overlap in function between ORF75B and ORF75C. Of note, ORF75A did not rescue ORF75C 

defective viruses for gene expression implying at least one unique role for ORF75A in MHV68 

replication. We confirmed that ORF75A is a bona fide protein made during MHV68 replication 

and developed a recombinant virus with an epitope tagged ORF75A virus to be used for further 

characterization. Lastly, we have established that loss of ORF75A impairs virus replication in 

culture with a concomitant dysregulation of tegument delivery and acceleration in the kinetics 

and levels of viral proteins. Additionally, in bone marrow derived macrophages, we also 

observed an enhancement in CPE induced by the ORF75A.stop virus. These data demonstrate 

that ORF75A is critical for lytic replication and influences both early and late events in MHV68.  
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Future studies will identify ORF75A binding partners as well as motifs critical for the 

aforementioned ORF75A.stop phenotypes. Additionally, It remains to be seen if ORF75A and 

ORF75B share other functions as well. 
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Materials and Methods 

Generation of recombinant viruses. The modified MHV68-H2bYFP genome cloned into a 

BAC was a kind gift from the Speck laboratory (161). MHV68-H2bYFP-3XFLAG ORF75A and 

the MHV68-H2bYFP-ORF75C.stop and ORF75CΔFGAM viruses were all generated using en 

passant mutagenesis (45). Briefly, forward and reverse primers (Table 4.1) containing each 

ORF75C mutation were used to amplify the kanamycin (Kan) selection marker from plasmid 

pEPKanS2 (45) by PCR (One Taq DNA polymerase, New England Biolabs, Ipswich MA). This 

PCR product was excised from the gel, digested with DpnI to remove input template, and 

transformed into freshly prepared electrocompetent E. coli harboring the MHV68-H2bYFP 

BAC. After recovery, the bacterial cells were plated on dual chloramphenicol (34 ug/ml) / Kan 

(50 ug/ml) plates and incubated at 30°C for 48 hrs. DNA was prepared from isolated colonies 

and the Kan selection marker in Orf75A or Orf75C was PCR amplified to verify the insertion of 

the mutagenesis cassette into the MHV68-H2bYFP BAC. The kanamycin selection marker was 

removed, leaving behind the desired ORF75A or ORF75C mutation. The Orf75A or Orf75C 

gene was PCR amplified from the putative mutant BAC, digested with a restriction enzyme 

unique to each mutation to confirm the presence of each stop codon. Virus passage and titer 

determination were performed as previously described (58).  

 

Analysis of recombinant viral BAC DNA. BAC DNA was prepared by Qiagen column 

purification. For restriction fragment length polymorphism analysis, 10 µg of BAC DNA was 

digested overnight with the desired restriction enzyme and then resolved in a 0.8% agarose gel in 

0.5X TAE.  

 

Cell Culture. Primary murine embryonic fibroblast (MEF) cells were isolated from C57BL/6 

mice and maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf 

serum, 100 U of penicillin per ml and 100 mg of streptomycin per ml at 37oC in 5% CO2. 

Immortalized murine fibroblast cells (NIH 3T3 or NIH 3T12) were maintained in Dulbecco’s 
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modified Eagle’s medium (DMEM) supplemented with 8% fetal calf serum, 100 U of penicillin 

per ml and 100 mg of streptomycin per ml at 37oC in 5% CO2. To generate bone marrow-derived 

macrophages (BMDMs), bone marrow from 8-12 week old mice was flushed from the femur and 

differentiated for 5 days in DMEM with Glutamax (Life Technologies, Grand Island, NY) 

containing 10% FBS and 30% L-supplement (BMM-Hi) in non-tissue culture treated plates. 

Cells were maintained in DMEM with Glutamax containing 10% FBS and 10% L-supplement 

(BMM-low) in non-tissue culture treated plates. 

 

Plasmids and Transfections.  

DNA encoding MHV68 ORF75A, ORF75B and ORF75C were generated by PCR 

amplification from WT MHV68 BAC DNA. ORF75A was amplified using PCR primers: 

Forward primer 5’GAGGCGGCCGCATCAGACGACTTTATTTGGACATTGAG3’and 

Reverse primer 5’CGCCAATTGTCAGGTTTCTCTTGCTGCCAGTGC 3’ prior to being cloned 

into the NotI and EcorI sites of p3XFLAGMyc-CMV-24. ORF75B was amplified using PCR 

primers: Forward primer 5’GCGAAGCTTGATGAGGACGTCTGGGCAATCCAAG3’and 

Reverse primer 5’GCGGTCGAC TTACAGACCATCGGTGGATAGTGTCC3’ prior to being 

cloned into the HindIII and SalI sites of p3XFLAGMyc-CMV-24. ORF75C was amplified using 

PCR primers: Forward primer 5’GCGAAGCTTGCTAGACACTTTGCCTTTATC3’and Reverse 

primer 5’GCGGTCGACCTAATCTCTAGATGCCAATGAC3’ prior to being cloned into the 

HindIII and SalI sites of the p3XFLAGMyc-CMV-24 expression vector (Sigma, St. Louis MO). 

For transient co-transfections, 4 x 105 HEK 293T cells were seeded into each well of a 

12-well tissue culture plate one day prior to transfection with 50 ng or 100 ng of MHV68-

H2bYFP-ORF75C-stop BAC DNA and 500 ng of the vFGARAT expression plasmid. All 

transient co-transfections were performed using TransIT-LT1 Transfection Reagent according to 

the manufacturer instructions (Mirus, Madison WI). Seventy-two hours later, the cell lysates 

were harvested for YFP expression by flow cytometry or for immunoblotting analysis. 

 

Fluorescence microscopy 
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Virus infection with MHV68-H2bYFP ORF75C.stop or MHV68-H2bYFP ORF75C∆FGAM 

was visualized by fluorescence microscopy. MHV68-H2bYFP ORF75C∆FGAM imaging was 

performed with a Zeiss Axiovert S100 inverted microscope (Carl Zeiss Microscopy GmbH, Jena 

Germany) equipped with a Luminera INFINITY 3-1UR 1.4 megapixel low light CCD digital 

camera (Lumenera, Ottawa ON Canada). Images were analyzed using Axiovision Software 

(Axiovision LE Rel.4.3, Carl Zeiss Microscopy GmbH, Jena Germany).  

 

Antibodies and immunoblotting. Total protein lysate was harvested in lysis buffer (150 mM 

sodium chloride, 1.0% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 

sulfate, 50 mM Tris pH 8.0) supplemented with a protease inhibitor cocktail (Sigma, St. Louis 

MO) and PMSF. 50 µg of each lysate was separated on a gradient 4-15% SDS PAGE gel (Bio 

rad, Hercules CA) and transferred to polyvinylidene fluoride membrane. ORF59 and ORF75C 

were detected using affinity-purified chicken anti-peptide antibodies against MHV68 ORF59 

(173) and ORF75C (169). For ORF65 detection, a rabbit polyclonal antibody was used (kind gift 

from Dr. Ren Sun, UCLA) (174). A rabbit polyclonal antibody to glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (Sigma) was used as a loading control. ORF57 was detected using a 

rabbit polyclonal antibody generously provided by Dr. Paul Ling, Baylor College of Medicine 

(106). Mouse PML was detected using a monoclonal antibody generated with a His-tagged PML 

fusion protein corresponding to amino-acids 1-581 of mouse PML (EMD Millipore Corporation, 

Temecula CA). FLAG-tagged vFGARAT protein expression was detected with a monoclonal 

mouse anti-FLAG antibody (F1804) (Sigma). HRP-conjugated secondary antibodies were 

detected using an enhanced chemiluminescence reagent (ECL, Thermo Scientific, Waltham 

MA). Immunoblot images were captured using the Image quant LAS 500 chemiluminescence 

imager (GE Healthcare Biosciences, Pittsburgh PA). 

 

Virus growth curves. To measure virus replication, 0.9 x 105 of primary murine embryonic 

fibroblasts were seeded into each well of a 12-well tissue culture plate one day prior to infection 

at a multiplicity of infection (MOI) of 5 or 0.05. For virus growth in bone-marrow derived 
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macrophages, 2 x 105 cells were seeded into each well of a 12-well tissue culture plate two days 

prior to infection at a MOI of 5. Triplicate wells were harvested for each timepoint, and the cell 

homogenate was stored at -80°C. Serial dilutions of cell homogenate were used to infect NIH 

3T12 cells and then overlayed with 1.5% methylcellulose in DMEM supplemented with 5% 

FBS. One week later, the methylcellulose was removed and cells were washed twice with PBS 

prior to methanol fixation and staining with a 0.1% crystal violet solution in 10% methanol. 

 

Statistical analyses. Data were analyzed using GraphPad Prism Software (Prism 5, La Jolla 

CA). Statistical significance was determined using a non-paired two-tailed t-test.  
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Results 

Expression of MHV68 ORF75B but not ORF75A complements gene expression and 

replication of ORF75C mutant viruses.  

The data in the preceding chapter identified a role for ORF75A but not ORF75B in 

MHV68 replication and pathogenesis. This observation implies that ORF75A plays a novel role 

in MHV68 replication that is distinct from ORF75C function. However we cannot rule out the 

possibility that ORF75A and ORF75C retain redundant functions and the phenotypes we observe 

for ORF75A.stop are simply due to a specific cell-type or a stage in the virus lifecycle where 

ORF75C expression is restricted. Moreover the lack of an ORF75B.stop phenotype may be due 

to an overlapping role with ORF75C. 

 To examine shared functions in MHV68 replication between ORF75A, ORF75B and 

ORF75C, we used a trans-complementation assay as reported for the rescue of replication of 

recombinant MHV68 viruses with mutations in essential genes (50, 90). We examined trans-

complementation of replication defective ORF75C mutants upon cotransfection of a BAC clone 

of the ORF75C mutant viruses with ORF75A and ORF75B expression constructs. The first 

mutant virus ORF75C.stop was generated based on a prior report (106). For the 

ORF75CΔFGAM virus, we targeted a region of high sequence conservation between the viral 

and host FGARATs predicted to encode a nucleotide-binding pocket and mutated this stretch of 

amino acids to alanines by allelic exchange. We confirmed the insertion of the stop and FGAM 

motif mutations by amplification and digestion of the target region encoding the mutation with 

novel restriction sites, BamHI (ORF75C.stop) or NsiI (ORF75CΔFGAM) (data not shown). 

Consistent with previous reports (85, 106), insertion of either mutation in ORF75C rendered the 

virus unable to replicate in fibroblasts or African green monkey kidney epithelial Vero cells such 

that we could not generate virus stocks upon transfection of the ORF75C mutant BAC. These 

data demonstrate that ORF75C is essential for MHV68 replication. 

We transfected HEK 293T cells with 100 ng of either the H2b-YFP ORF75C.stop BAC 

DNA or H2b-YFP ORF75CΔFGAM BAC DNA and 500 ng of either an empty plasmid or a 
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plasmid encoding the MHV68 vFGARAT genes, ORF75A, ORF75B and ORF75C. The MHV68 

ORF75C.stop and ORF75CΔFGAM viruses were generated on the H2b marking virus 

background allowing us to visualize infected cells by detection of histone 2B tethered YFP 

expression (161). YFP expression served as a visual indication of virus replication by 

fluorescence microscopy and was quantitated by flow cytometry. Protein lysates were examined 

in immunoblots to monitor the transiently expressed ORF75 proteins and other viral proteins. 

Cells co-transfected with the ORF75C.stop BAC and the empty vector of ORF75A exhibited 

limited YFP expression resulting in ~5% of YFP+ cells in the culture 72 hrs after transfection 

(Fig. 4.1A second and third panels and Fig. 4.1B). Co-transfection with either ORF75B or 

ORF75C rescued YFP expression and increased the number of YFP+ foci implying cell-to-cell 

spread of MHV68 within the culture (Fig. 4.3A fourth and 5th panels and Fig. 4.1B). Viral 

protein levels by immunoblot supported the YFP data. Lysates prepared from co-transfections 

with the empty plasmid contained low levels of the immediate early ORF57 that was increased 

with the expression of ORF75C. The exogenous addition of ORF75B DNA resulted in ORF57 

protein expression at levels similar to cells expressing ORF75C. In contrast to the 

complementation observed for ORF75B and ORF75C, exogenous addition of ORF75A did not 

complement an ORF75C.stop virus for ORF57 expression (Fig. 4.1C).  

We observed a similar trend upon trans-complementation of the ORF75CΔFGAM BAC 

with only the pCMV24-FLAG expression plasmid; the infection was predominatly limited to 

single YFP+ cells (Fig. 4.2A, first panel from left). In contrast, co-transfection with the 

ORF75C expressing plasmid resulted in multiple foci of YFP+ cells indicating that ORF75C 

rescues the ability of the virus to replicate and spread to neighboring cells (Fig. 4.2A, fourth 

panel). Co-transfection of ORF75B with the ORF75CΔFGAM BAC DNA also resulted in an 

increase in YFP+ foci (Fig. 4.2A,third panel). In contrast, co-transfection with ORF75A only 

slightly increased the number of YFP+ single cells and did not significantly increase the number 

of YFP+ foci in the infection (Fig. 4.2A, second panel). In agreement with the fluorescence 

microscopy data, expression of the early gene ORF59 (DNA polymerase processivity factor) was 

not detected upon co-transfection of the ORF75CΔFGAM BAC with the empty vector control. 



	  
	  

	  

84 
	  
	  

	  

Addition of either ORF75C or ORF75B resulted in detectable ORF59 protein expression. In 

contrast, the addition of ORF75A did not result in ORF59 protein expression (Fig. 4.2B). We 

identified a role for a region in the conserved FGAM motif of ORF75C and all vFGARAT and 

host FGARATs in MHV68 replication. Taken together, the trans-complementation of virus 

spread and lytic protein production by ORF75B implies overlapping roles in virus replication 

between ORF75B and ORF75C. In contrast, ORF75A does not seem to have conserved ORF75C 

functions. 
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Table 4.1. Mutagenic primers used in the generation of the ORF75C mutant viruses 
 

Mutant Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

75C.stop 
ATAACAAAACCACCAACAAGAACTGGTCCGTCTCG
CCATGTGAGGATCCTTTTGCCTTTATCTATTTTGGT
GATAGGATAACAGGGTAATCGATT 

CTGTCTCATTATATTGACTATCACCAAAATAGATAA
AGGCAAAAGGATCCTCACATGGCGAGACGGACCA
GTTGCCAGTGTTACAACCAATTAACC 

   

75C∆FGAM 

TCTGGCACATGCTCTGGAGATGTTGACATCACGCA
CCGCCGCACTAGCTATGGCCGCTGCAAGCGCCGC
CGCTGCAGCTGCCGCCGCCATTTTGGAGATGGCT
AGGGATAACAGGGTAATCGATTT 

ATCCCTTATTTCCAGCCATGGCCATCTCCAAAATG
GCGGCAGCTGCAGCGGCGGCGCTTGCAGCGGCC
ATAGCTAGTGCGGCGGTGCGTGATGTCAACAGCC
AGTGTTACAACCAATTAACC 
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Figure 4.1 Complementation of MHV68 ORF75C.stop by MHV68 vFGARATs. 
HEK 293T cells were co-transfected with MHV68 ORF75C.stop BAC and MHV68 vFGARAT 
expression plasmids or the empty plasmid. (A) Fluorescent microscopy of YFP+ cells and foci in 
co-transfected culture 2 days after transfection. (B) Triplicate flow cytometric analysis of the 
percentage of YFP+ in the cells cotransfected with the 75C.stop BAC DNA and the MHV68 
vFGARAT expression constructs or the empty plasmid control. **** p< 0.0001 (C) Immunoblot 
analysis of productive infection by expression of the immediate-early ORF57 gene product and 
Flag-tagged vFGARAT expression 3 days after co-transfection  
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Figure 4.2. Complementation of MHV68 ORF75CΔFGAM by MHV68 vFGARATs. 
HEK 293T cells were co-transfected with MHV68 ORF75CΔFGAM BAC DNA and MHV68 
vFGARAT expression plasmids or the empty vector. (A) Fluorescence microscopy of YFP+ 
cells and foci in co-transfected cultures at 48 hrs. (B) Immunoblot analysis of the early ORF59 
gene product and Flag-tagged vFGARAT expression at 48 hrs.  
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ORF75A is expressed during MHV68 infection and increases over time. 

 Given that both the in vivo pathogenesis (Chapter 3) and trans-complementation (Fig. 4.1 

and Fig 4.2) experiments pointed towards a distinct role for ORF75A in MHV68 replication we 

set out to characterize the mechanism by which ORF75A influences replication. First, we 

examined the expression of ORF75A protein during lytic infection. ORF75A had been 

previously identified as a viral protein expressed during infection and also present in the MHV68 

virion (85). However in this study, the authors also noted background staining of ORF75C-

transfected cells with their ORF75A antibody, indicating that the antibody could also be 

recognizing ORF75C (85). Since we were unable to generate an anti-peptide antibody to 

ORF75A, we constructed a recombinant MHV68 virus on the H2b-YFP MHV68 BAC template 

where the 3X-FLAG epitope tag is fused to the N terminus of ORF75A. We confirmed this 

genomic construct by whole genome sequencing. Primary MEFs were infected with the parental 

MHV68-(H2b) YFP virus and the FLAG-75A virus at an MOI of 5. The kinetics of viral protein 

expression (Fig. 4.3A) and replication (Fig. 4.3B) were examined at multiple timepoints after 

infection. We observed a delay and reduction in the immediate early gene ORF57, the late gene 

ORF65 and the late/tegument protein ORF75C in cells infected with the FLAG-75A virus as 

compared to the WT control (Fig. 4.3A). FLAG-75A protein was detected at 9 hpi. Similar to the 

late genes, ORF65 and ORF75C, ORF75A protein expression increased between 9 hpi and 18 

hpi (Fig. 4.3A). Although the FLAG-75A virus exhibited reduced ORF65 and ORF75C levels, 

we did not observe any defects in virus replication in primary MEFs (Fig. 4.3B). In contrast 

FLAG-75A virus titers were 1.5 to 2-fold higher at almost each timepoint tested as compared to 

the parental MHV68-YFP virus (Fig. 4.3B). These data indicate that ORF75A is a bona fide 

protein produced during MHV68 replication in fibroblasts with a kinetic pattern consistent with a 

late gene class. Moreover, the addition of the FLAG epitope to ORF75A does not impair 

MHV68 replication in primary fibroblasts. 
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Figure 4.3. Characterization of a recombinant FLAG-75A MHV68. (A) Single-step growth 
curve in primary MEFs at an MOI of 5 with 75A.stop1 and 75A.stop1MR. (B) Timecourse 
analysis of immediate-early (ORF57) and late (ORF65 and ORF75C) gene products upon a 
single-step infection of BMDMs.  
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Loss of ORF75A results in cell specific defects in replication. 

In the previous chapter we identified roles for ORF75A in acute replication in the lung 

and the establishment of latency after intranasal inoculation. Interestingly, this defect in latency 

establishment was largely rescued by direct intraperitoneal administration of the virus. This 

indicates a role for ORF75A in the dissemination of virus from the lung to the spleen. Productive 

MHV68 replication in the lung occurs mainly in alveolar epithelial cells (59). However, 

dissemination to the spleen after intranasal inoculation is dependent on MHV68 replication in 

macrophages and dendritic cells (56, 172). Initial colonization of the spleen is dependent on lytic 

replication in marginal zone macrophages and B cells (55). Thus we reasoned that the severity of 

the ORF75A defect might be dependent on the cell type engaged by the ORF75A.stop virus. To 

this end we set out to compare ORF75A.stop1 and ORF75A.stop1MR replication in primary 

murine embryonic fibroblasts (MEFs) and primary bone marrow derived macrophages 

(BMDMs). 

We infected primary MEFs with WT, ORF75A.stop1MR and ORF75A.stop1 viruses at 

an MOI of 5 and quantified virus titers at multiple timepoints after infection. The WT and 

ORF75A.stop1MR viruses replicated with similar kinetics and resulted in about a two-log 

increase over the input inoculum (Fig. 4.4A). However we observed a slight, yet significant 2-3-

fold defect in virus titers upon infection of MEFs with the ORF75A.stop1 virus as compared to 

the MR and WT controls. This defect began as early as 12 hpi and was maintained through 96 

hpi (Fig. 4.4A). Interestingly, an examination of protein expression from the different kinetic 

classes of viral genes did not reveal defects in any single kinetic class in ORF75A.stop1 infected 

cells (Fig 4.4B). Instead, we observed a noticeable increase in the levels of the immediate early 

protein ORF57 and the ORF75C tegument protein expression (Fig. 4.4B).  
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Figure 4.4. Single-step growth of ORF75A.stop in primary MEFs. (A) Single-step growth 
curve in primary MEFs at an MOI of 5 with 75A.stop1 and 75A.stop1MR. (B) Timecourse 
analysis of immediate-early (ORF57), early (ORF59) and late (ORF65 and ORF75C) gene 
products upon a single-step infection of primary MEFs.  
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Next we analyzed single-step replication of the ORF75A.stop1 virus in BMDMs. The 

kinetics of ORF75A.stop1 and ORF75A.stop1MR replication were comparable for the first 12 

hrs of infection. The ORF75A.stop1MR control virus continued exponential growth from 12 to 

24 hpi before reaching a plateau between 72 and 96 hpi. In contrast, there was a delay in the 

replication of ORF75A.stop1. This lag in replication resulted in a log-defect in virus titers for 

ORF75A.stop1 as compared to ORF75A.stop1MR (2.9 x 105 PFU/ml vs. 2.6 x 106 PFU/ml, 

respectively) (Fig. 4.5A). Additionally, viral protein expression from all kinetic classes was 

significantly higher in ORF75A.stop1 infected cells as compared to ORF75A.stop1MR-infected 

cells. Specifically, we observed higher levels of ORF73 (immediate early protein) at 6 hpi, 

ORF59 (early protein) at 12 and 24 hpi, ORF65 (late protein) at 12 hpi and detection of the 

ORF75C tegument protein at 6 hpi in the ORF75A.stop1 infected cells compared to the 

ORF75A.stop1MR infected cells (Fig. 4.5B). This acceleration in the kinetics and the levels of 

viral proteins upon ORF75A.stop1 infection correlated with an increase in cytotoxicity with 

ORF75A.stop1 infection as measured by a two-fold increase in lactate dehydrogenase (LDH) 

release at 36 hpi (Fig 4.6).  

We conclude that ORF75A promotes virus replication. We observed a more severe defect 

in primary macrophages as compared to primary fibroblasts. ORF75A disruption in infected 

BMDMs led to a severe dysregulation of viral gene expression, an enhancement of a cytopathic 

effect and reduced virus titers. This data indicates that ORF75A might provide regulatory 

functions that enhance virus yield. 
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Figure 4.5. Enhanced protein expression upon 75A.stop infection of primary BMDMs. (A) 
Single-step growth curve in primary BMDM at an MOI of 5 with 75A.stop1 and 75A.stop1MR. 
(B) Timecourse analysis of immediate-early (ORF73), early (ORF59) and late (ORF65 and 
ORF75C) gene products upon a single-step infection of BMDMs.  
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Figure 4.6. Loss of ORF75A promotes a higher cytopathic effect in BMDMs. 
Primary BMDMs were infected at an MOI of 5 with the indicated viruses and LDH release was 
measured 36 hpi. Data is presented as a percentage of LDH release from cells that were freeze-
thawed to release LDH.	  
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Enhanced tegument delivery with ORF75A.stop 

ORF75C was detected earlier in the absence of ORF75A during MEF infection (Fig. 

4.7A). In BMDMs, ORF75C in addition to proteins from all kinetic classes were expressed 

earlier in ORF75A.stop infections. Given that ORF75A is predicted to be a tegument protein, we 

postulated that loss of ORF75A might influence the packaging and delivery of virion 

components to the infected cell. We compared ORF75C tegument protein levels in primary 

MEFs or BMDMs at 3 hpi (Fig 4.7). ORF75C is a tegument protein and is also expressed de 

novo late in productive infection (123, 133). Therefore, at early timepoints the bulk of ORF75C 

that is detected will be derived from the virion. As expected, infection of either cell-type with the 

ORF75A.stop1 virus led to a greater accumulation of ORF75C tegument protein in the infected 

culture 3 hpi (Fig 4.7A and Fig 4.7B).  

 Given the observation that ORF75C is present at higher levels by 3 hpi in 

ORF75A.stop1-infected cultures, we set out to determine if this led to the dysregulation in viral 

protein expression observed in the BMDMs. ORF75C has been reported to promote the 

degradation of the ND10 antiviral component, PML (85, 106). Multiple studies have identified 

roles for ND10 nuclear bodies in the transcriptional repression of herpesvirus genomes (113, 

175-180). In these studies, depletion of PML enhanced ICPO-null HSV-1 replication (177, 181), 

HCMV replication (182) and MHV68 gene expression and titers (106). Thus it is possible that 

the enhanced viral protein expression upon ORF75A.stop1 infection is simply due to the increase 

in the levels of ORF75C deposition in these cells. We compared the kinetics of PML degradation 

in BMDMs infected with ORF75A.stop1 to ORF75A.stop1MR-infected cultures. As previously 

observed, ORF75A.stop1-infected cultures exhibited higher ORF75C expression, yet we did not 

observe an enhancement in PML degradation in the ORF75A.stop1 infected cultures as 

compared to the GAPDH loading control (Fig 4.7C).  

 Taken together, the loss of ORF75A results in greater amounts of virion delivered 

ORF75C at early timepoints in infection. However, greater deposition of ORF75C did not 

correlate with accelerated PML degradation. Thus, the dysregulation in viral gene expression in 

ORF75A.stop infection is not attributed to increased ORF75C antagonism of PML. 
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Figure 4.7 Higher levels of ORF75C deposition does not correlate to enhanced kinetics of 
PML degradation in ORF75A stop infections. Primary MEFs or BMDMs were infected at an 
MOI of 5 with the indicated viruses (A) Immunoblot analysis of ORF75C tegument protein 
levels 3 hpi of primary MEFs. (B) Immunoblot analysis of ORF75C tegument protein levels 3 
hpi of primary macrophages (C) Timecourse analysis of PML degradation, Immediate-early 
protein expression (ORF57) and tegument/late (ORF75C) gene products upon a high MOI 
infection of primary BMDMs.   
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Low MOI MEF infection recapitulates high MOI BMDM infection 

 We observed a more severe replication defect in BMDMs as compared to the MEFs in 

the absence of ORF75A (Fig. 4.4 vs. Fig. 4.5 and 4.6). We predicted that since BMDMs are 

refractory to infection, and exhibit a higher sensitivity to MHV68 infection, it was likely that a 

low MOI infection of MEFs would recapitulate the BMDM phenotype. To this end, we 

examined virus replication as well as intracellular levels of viral proteins in a multi-step growth 

curve in primary MEFs at a low MOI (0.05). Similar to the high MOI BMDM infection, low 

MOI infection of primary MEFs with ORF75A.stop1 led to higher levels of ORF57, ORF65 and 

ORF75C (Fig. 4.8A). Additionally, we observed a more pronounced defect in ORF75A.stop1 

replication upon low MOI infection. Specifically, ORF75A.stop1 and ORF75A.stopMR 

replicated with similar kinetics for the first 24 hrs. However, from 48 hpi to 96 hpi, 

ORF75A.stop1 titers plateaued while we observed a further log increase with the 

ORF75A.stop1MR virus (Fig. 4.8B). These data indicate that the dysregulation of gene 

expression and replication defects are not limited to BMDMs. The loss of ORF75A impacts 

MHV68 replication in multiple cell types. 
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Figure 4.8 Low multiplicity of infection in primary MEFs recapitulates ORF75A.stop1 in 
primary BMDMs. (A) Multi-step growth curve in primary MEFs at an MOI of 0.05 with 
75A.stop1 and 75A.stop1MR. (B) Timecourse analysis of immediate -early (ORF57) and late 
(ORF65 and ORF75C) gene products upon a low MOI infection of MEFs.  
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Discussion  

In the previous chapter, ORF75A was found to be critical for pathogenesis while no role 

for ORF75B was observed. In this chapter, we found that ORF75B complemented replication-

defective ORF75C mutant viruses for virus spread and lytic protein expression indicating an 

overlap of function between ORF75B and ORF75C. ORF75A did not complement replication- 

defective ORF75C viruses. This demonstrates non-overlapping roles for ORF75A in MHV68 

replication. ORF75A was confirmed as a bona fide protein expressed late in lytic infection. We 

identified reduced viral replication in cells infected with ORF75A.stop. This defect in virus 

replication was characterized by greater deposition of the ORF75C tegument protein, an 

enhancement of intracellular protein levels and increased cell death. 

The overexpression of ORF75B complemented gene expression, virus replication and 

spread in two replication-defective ORF75C mutant viruses. This rescue of ORF75C defects 

implies ORF75B shares at least some functions with ORF75C. Three functions have been 

identified for ORF75C in MHV68 replication: capsid transport to the nucleus (85), deamidation 

of RIG-I and activation of IKK2 to drive RTA and evade cytokine production in the cell (125) 

and PML degradation (85, 106). We originally identified ORF75B in a screen for activators of 

NF-κB (Chapter 2) yet overexpression of ORF75B did not significantly drive an NF-κB 

dependent luciferase reporter (data not shown). Moreover, in a recent study identifying the role 

of ORF75C in the deamidation of RIG-I and activation of IKK2, ORF75B expression was not 

sufficient to either drive NF-κB activation or lead to RIG-I deamidation (125). Thus we conclude 

that engagement of NF-κB signaling and RIG-I deamidation are not the functions shared 

between ORF75C and ORF75B.  

The observation that ORF75C.stop viruses are impaired for nuclear delivery of infected 

capsids implicates ORF75C or another viral protein that is dependent on ORF75C protein for 

efficient packaging into the virion in this process. It is unlikely that ORF75B is required for 

nuclear trafficking of the viral capsid as we did not observe any early defects in replication of the 

ORF75B-stop viruses. Lastly, ORF75B expression does not promote PML degradation (106). 
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Future studies will examine whether ORF75B promotes capsid transport or targets other 

components of the ND10 antiviral complex. 

We made the novel observation that a region of high conservation between the 

vFGARATs and the host FGARAT is required for ORF75C function and phenocopies an 

ORF75C.stop mutation in the inability to replicate in fibroblasts. Interestingly, a crystal structure 

of the Salmonella typhimurium FGARAT identified residues in this conserved region that form 

hydrogen bonds with ADP (102). As such, our mutation might have uncovered a role for 

nucleotide binding in ORF75C function. However, given the dramatic mutations made, we 

cannot exclude the possibility that the ORF75C protein structure was destabilized. Indeed, 

amino-acids residues within the targeted conserved region lie in a buried helical region. More 

conservative mutations to impair the nucleotide-binding pocket without the likelihood of 

impairing protein structure will help address the potential role of this ADP binding pocket to 

ORF75C function. Of note, Tsai and colleagues also identified that deletion of this region 

influences BNRF1 displacement of Daxx from its cognate binding partner ATRX (120).  

A striking observation was the difference in phenotypes observed with high MOI 

infection of BMDMs and MEFs. While the high MOI BMDM infection with ORF75A.stop led 

to higher intracellular viral protein levels, cell death and a log defect in virus replication as 

compared to control viruses, there was only a two-fold defect in MEFs infected at an MOI of 5. 

We only recapitulated the high MOI BMDM phenotypes with a low MOI MEF infections. We 

reason that BMDMs might be refractory to MHV68 entry and productive infection, thus resulting 

in a much lower efficiency of infection than the high MOI infection of MEFs. Our laboratory has 

observed that only about 30-40% of BMDMs are positive for YFP expression 12-24hrs after 

MHV68-YFP infection (Qiwen Dong, unpublished data). BMDMs are a well-established system 

to examine the pathogen interaction with the innate immune system. These primary macrophages 

have been used extensively in the identification of virus and host factors responsible for the 

modulation of MHV68-specific inflammatory responses (183-186). Therefore the larger 

replication defect in BMDMs after high MOI infection compared to MEFs is likely influenced 
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both by the absence of ORF75A and increased intrinsic and innate responses to infection in the 

primary macrophage cell. 

 Our data implicates a role for ORF75A in MHV68 replication that is characterized by 

enhanced delivery of the viral tegument at early timepoints in infection and a reduction in virus 

titers that manifests late in replication (24 hpi in BMDMs and 48 hpi in low MOI MEFs). Given 

that loss of ORF75A results in higher levels of the late proteins ORF75C and ORF65, it is 

unlikely that the defect in ORF75A.stop1 replication is due to a defect in either DNA replication 

or the transcription and translation of late genes. Rather, ORF75A may be required for the latter 

stages in the virus life cycle including the assembly, packaging or egress of the virion through 

the cell and that loss of ORF75A influences the proportion and/or delivery of a virion component 

that, in turn, influences the dysregulation of viral gene expression in the next round of infection. 

In support of this idea, a yeast two-hybrid study examining interactions between KSHV virion 

components identified KSHV ORF52 and KSHV ORF45 as KSHV ORF75 binding partners 

(91). Moreover KSHV ORF45 is required for the kinesin-2 dependent movement of newly 

packaged KSHV capsids to the cell periphery (88). Roles for MHV68 ORF45 in assembly and 

egress have not been identified. However, expression of KSHV ORF45 rescues the replication 

defects of an MHV68 ORF45 null virus implying conservation of function (89). Although KSHV 

ORF52 has not been studied, recombinant viruses with defects in MHV68 ORF52 exhibit defects 

in secondary envelopment as well as the absence of the MHV68 ORF45 and ORF42 tegument 

proteins in the virion (50, 187). We propose that ORF75A is involved in the tegumentation of 

MHV68. 

 Infection of BMDMs or MEFs (low MOI) with ORF75A.stop led to increased 

intracellular protein levels across all kinetic classes. ORF75C degrades the antiviral molecule 

PML and relieves repression of virus gene expression (106). Infection of PML-null MEFs with 

WT virus results in higher titers and increased gene expression (106). We examined whether 

increased ORF75C tegument deposition correlated with faster PML degradation in infected 

BMDMs. However, similar rates of PML degradation were observed in 75A.stop1 and 

75A.stop1MR infections. Thus, PML degradation is unlikely to be the explanation for increased 
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intracellular protein levels. A recent report suggests that ORF75C promotes RTA function by the 

activation of IKK2 through the engagement of RIG-I/MAVS signaling (125). Our finding of 

increased viral gene expression is consistent with an increase in RTA activity. However, the 

expression of LANA, a gene whose transcription is independent of RTA function (183), is also 

increased with the ORF75A mutant. Another tegument protein, ORF49, displaces a negative 

regulator of RTA (84). Therefore the enhanced viral protein levels in ORF75A.stop might be due 

to an increased packaging of ORF49 in the virion or increased deposition of ORF49 into newly 

infected cells, much like the phenotype observed for ORF75C. 

 The enhancement in viral tegument deposition and the intracellular protein levels in 

ORF75A.stop1 infection led to the unexpected decrease in virus production. However, ORF75A 

is not the only viral gene whose absence results in an enhancement in lytic induction that does 

not correlate with higher titers. The MHV68 host shutoff protein, muSOX is required for the 

global dampening of host and viral mRNA (188), (189)} and the muSOX-null virus exhibits 

enhanced binding and entry into target cells, as well as elevated intracellular protein levels (189). 

Interestingly, there were higher levels of some tegument proteins in virions isolated from 

muSOX-infected cells (189). This suggests that the absence of muSOX or some other viral 

protein regulated by muSOX regulates tegumentation. Future studies will determine whether the 

ORF75A.stop mutation impairs muSOX levels in the cell or if ORF75A directly plays a role in 

optimal tegumentation.  

 We have identified a novel role for a vFGARAT tegument protein in MHV68 replication 

and pathogenesis. Given the dysregulation in tegument delivery and intracellular viral protein 

levels, we propose that ORF75A is required for efficient packaging of virion components in 

newly produced MHV68 virions. KSHV ORF75 is found to interact with two other tegument 

proteins required for virion assembly (91). Recent findings imply that tegumentation is a 

decidedly ordered process. This process is dependent on distinct interactions between virus 

capsid and tegument proteins. Future studies on the MHV68 ORF75A tegument protein may 

inform roles for gammaherpesvirus ORF75/vFARAT homologs distinct from their previously 

reported ND10 antagonistic functions.
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Chapter 5: Conclusion 

 

I. Summary  

In this study, I constructed mutant MHV68 viruses disrupted by the insertion of all-frame 

stop codons into either ORF75A or ORF75B to examine the contributions of the ORF75A and 

ORF75B gene products to MHV68 pathogenesis. Disruption of ORF75B did not influence 

productive replication in culture or pathogenesis in vivo. However, I utilized cell-culture models 

of lytic replication to show that ORF75B shares overlapping functions with the third member of 

the MHV68 vFGARAT family of proteins, ORF75C. This overlap of function between ORF75B 

and ORF75C likely explains the lack of an ORF75B.stop phenotype.  

ORF75A, on the other hand, encodes a function distinct from ORF75C. To this end, I 

identified a route-dependent role for ORF75A in pathogenesis as well as roles in tegument 

delivery, viral gene expression and lytic virus production in cell culture. Interestingly, the 

ORF75A replication defect was more pronounced in macrophages, a cell-type critical for the 

dissemination of MHV68 replication from the lung to the latent B cell reservoir in the spleen. 

Additionally, low MOI infection of primary fibroblasts unveiled larger defects in virus 

replication not observed upon a high MOI, synchronous infection of primary fibroblasts. This 

indicates that ORF75A is critical for cell-to-cell spread and/or the antagonism of host immune 

response to infection. 

Overall, this dissertation has identified roles for two previously uncharacterized genes in 

MHV68 replication. These data have also raised some interesting questions that need to be 

addressed in future experiments to fully understand the mechanism of ORF75A and ORF75B 

function and link replication defects to changes in the pathogenesis upon infection with mutant 

viruses. These genes are part of a family of tegument associated proteins unique to the 

gammaherpesviruses, linked by the intriguing evolutionarily distant capture and conservation of 

a domain from the host purine biosynthetic enzyme FGARAT. Their functions will likely inform 

their unique lifecycle and niche in the host that have etiological associations with cancer. 
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II. Modulation of NF-κB signaling by the gammaherpesvirus vFGARATs. 

Our laboratory found that MHV68 infection of fibroblasts in culture resulted in a late, 

sustained activation of NF-κB signaling. However, inhibition of canonical NF-κB signaling with 

a dominant inhibitor had no influence on lytic replication in culture, but impaired the 

establishment of splenic B cell latency in vivo (138). Infection of mice lacking the p50 NF-κB 

subunit also reduced splenic latency establishment (137). Interestingly, these p50-/- mice also 

exhibited increased virus replication in the mouse lung without an effect on virus replication in 

primary fibroblasts, consistent with a role for the NF-κB p50 subunit in mediating host immune 

control of virus expansion in the respiratory tissue. We hypothesized that late-stage activation 

may lead to the recruitment of macrophage, dendritic, or B cells needed to promote 

dissemination from the lung to secondary lymphoid tissues where the virus established latency. 

However, the manner of the late NF-κB activation had not been determined. KSHV and EBV 

encode viral proteins critical for the constitutive activation of NF-κB signaling in infected cells 

(140, 141, 190, 191), but constitutive activators of NF-κB had not been identified for MHV68.  

My dissertation project began with a screen to identify and characterize viral genes 

responsible for NF-κB activation late during infection. We identified two viruses with disruption 

in the ORF75A and ORF75B genomic regions that were defective in NF-κB activation. Further 

characterization of these two TN-disrupted viruses identified distinct defects in lytic replication 

in culture and pathogenesis in vivo (Chapter 2). We propose that the defect in NF-κB signaling 

observed upon infection with the 75.TN viruses is likely due to an inability to efficiently 

replicate as opposed to a direct role of ORF75A or ORF75B in NF-κB activation. Consistent 

with a report by He et al. (125), our laboratory determined that overexpression of ORF75A or 

ORF75B alone is not sufficient to drive NF-κB signaling (data not shown).  

A recent study identified a role for ORF75C in promoting NF-κB signaling to drive lytic 

replication. In this study, the authors have developed a model whereby ORF75C usurps the RIG-

I/MAVS/IKK2 axis to promote the transcriptional activation of the viral lytic transactivator 

RTA. RTA then degrades the NF-κB subunit p65 to limit cytokine production, allowing MHV68 
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to evade innate immune signaling (127),(126),(192),(125). However, we have observed that 

overexpression of ORF75A reduced the levels of NF-κB induced by the NF-κB subunit p65 or 

the upstream activator MyD88 (data not shown). This indicates that MHV68 utilizes another 

viral factor to limit host activation of innate immune signaling. An examination of the NF-κB-

dependent transcriptome and profiling subunit translocation signaling events in 75A.stop and 

75A.stopMR infected cells, untreated or challenged with NF-κB activating stimuli, may unveil a 

novel target for ORF75A in NF-κB signaling.  

 

III. Basis for TN phenotypes. 

 The phenotypes observed with the TN-disrupted viruses were distinct from the 

phenotypes of the stop-codon mutant viruses. This was also observed in the comparison of 

ORF54.TN and ORF54.stop viruses. TN disrupted ORF54 virus (54.TN) exhibited nearly a 2-log 

replication defect in the lung of infected mice (94). In contrast, an ORF54.stop virus exhibited 

less than a 0.5-log defect in acute lung replication (186). This implies that the large TN insertions 

likely adversely impact neighboring transcripts in the compact MHV68 genome. It remains to be 

determined whether other transcripts within the ORF75A-ORF75B genomic region are impaired 

by the TN insertion. 

  Transcripts of ORF73/LANA and ORF72/v-cyclin initiate in the right terminal repeats 

of the genome and splice across the ORF75A-ORF75C region (148). Both genes play roles in 

lytic replication and their absence might explain the larger defects observed with the TN viruses. 

Expression of the MHV68 ORF73 protein in trans did not rescue the ORF75A.TN or 

ORF75B.TN replication defects, indicating that ORF73 expression is likely not impaired in the 

ORF75A- and ORF75B.TN viruses (Chapter 2). However, potential complementation of the 

ORF75.TN defects by ORF72 expression has not been explored. Additionally, studies from our 

lab (133) and others (160) have described the presence of an antisense non-coding transcript in 

the ORF75A-ORF75B genomic region termed expressed genomic region 30 (EGR 30) . EBV 

encoded small non-coding RNAs (EBERs) upregulate Il-6 and STAT3 signaling to modulate cell 

cycle progression (193) and recruit the cellular transcription factor, PAX5 to the EBV genome to 
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upregulate latent gene transcription in the B cell to promote B cell latency (155). Lastly, viral 

long noncoding RNAs in the EBV latent origin of replication, OriP, antagonize host innate 

immunity to promote global viral gene expression and lytic replication (194). Given the potential 

for EGR 30 to influence MHV68 replication, future experiments should utilize strand-specific 

Northern blot analysis to compare transcript differences between the ORF75.TN and ORF75.stop 

viruses. Any differences in EGR 30 expression might result in the identification of the source of 

the 75.TN phenotypes. Identification and disruption of RNA polymerase II promoter elements 

upstream of EGR 30 would confirm the role of this transcript in MHV68 replication. 

 

IV. Characterization of ORF75A. 

Using an epitope-tagged ORF75A recombinant virus, we have confirmed the expression 

of ORF75A in MHV68 infection. ORF75A is expressed at low levels and increased slightly 

between 9 hpi and 18 hpi. The kinetic increase in ORF75A protein was similar to that observed 

for the late proteins, ORF65 and ORF75C. This observation is in agreement with previous 

MHV68 transcriptome studies (195),(160). To more carefully examine the kinetics of ORF75A 

protein expression, future experiments will utilize treatment with the protein synthesis inhibitor, 

cyclohexamide (CHX) and the DNA synthesis inhibitor, phosphonoacetic acid (PAA) to arrest 

virus infection and then examine for ORF75A protein expression. Treatment with the fusion 

inhibitor, bafilomycin will determine if ORF75A protein detected at early time points is due to 

tegument-delivered ORF75A. Moreover, future studies are needed to examine the subcellular 

localization of ORF75A. Previous studies imply that transfected ORF75A is restricted to the host 

cell nucleus (85, 106). However, in MHV68-infected cells, ORF75A protein was also detected in 

the cytoplasm (85).  In addition, nuclear ORF75A staining was weak, likely to due to the low 

abundance of the ORF75A protein coupled with a high level of background for the polyclonal 

ORF75A antibody utilized in these assays (85). We generated a recombinant MHV68 expressing 

an epitope-tagged ORF75A to enable better characterization of ORF75A localization in the 

context of infection by immunofluorescence and subcellular fractionation.  
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To better characterize the biological properties of the MHV68 ORF75A protein, 

proteomic studies can be designed where cells are infected with FLAG-75A and FLAG-75A.stop 

viruses, and cell lysates are subjected to immunoprecipitation. After SDS-PAGE analysis, bands 

unique to the FLAG-75A infection can be analyzed by mass spectrometry to identify novel 

ORF75A binding partners and examine the mechanisms underlining the ORF75A.stop 

phenotypes presented in this dissertation. 

 

V. Impact of vFGARATS on ND10 components and the roles of ND10 components in 

MHV68 replication. 

As previously outlined, gammaherpesviruses encode homologs of the host biosynthetic 

enzyme, FGARAT, and are hence termed viral FGARATs (vFGARATs) in this dissertation. 

MHV68 encodes three vFGARATs. An intriguing question is whether the three MHV68 

vFGARATs encode three independent functions that are each conserved in the single human 

gammaherpesvirus vFGARATs, or whether they have diverged to encode host-specific roles 

distinct from conserved vFGARAT functions. To date, studies on vFGARATs from multiple 

γHVs have identified the antagonism of the host ND10 antiviral complex as a conserved feature 

of vFGARATs (85, 106, 119, 121, 122). However, each vFGARAT may encode other functions 

as well. ORF75C degrades PML, but targeting PML is not the essential function that ORF75C 

provides for MHV68 replication. ORF75C hijacks RIG-I/MAVS signaling to activate NF-κB 

signaling, again a non-essential function for replication in culture. The role of ORF75C in 

promoting the cytoplasmic to nuclear trafficking of incoming MHV68 virions is not well 

characterized, but may be the essential role it provides.  

We developed a trans-complementation system and determined that while ORF75A 

function is distinct from that of ORF75C, ORF75B rescues virus gene expression in an ORF75C 

mutant infection. Together, with the observation that ORF75B.stop viruses replicate as 

efficiently as WT viruses, we propose that loss of ORF75B is compensated for by the presence 

of ORF75C in the ORF75B.stop viruses. Moreover, given that transfected ORF75B is strictly 

nuclear (106), we predict that the rescue by ORF75B implies overlap of the nuclear ND10 
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antagonism function and not the cytoplasmic functions (RIG-I/MAVS hijack or virion 

trafficking).  

The antiviral ND10 nuclear body consists of multiple transient and permanent host 

proteins (107, 108). The three most characterized members are PML and the chromatin 

remodeling proteins, Sp100 and hDaxx (109, 110). PML is the nucleating protein in this complex 

and is required for maintaining the integrity of the ND10 complex (111). Thus, degradation of 

PML leads to the disruption of the complex, thereby limiting the antiviral properties of the ND10 

complex. However, recent accumulating evidence proposes antiviral roles for individual ND10 

components in the absence of a competent ND10 signaling complex. The HSV-1 immediate 

early protein, ICP0, degrades PML and Sp100, yet infection of cells lacking PML, Sp100 or 

hDaxx does not restore replication of ICP0-null HSV-1 viruses to WT levels (176, 177, 179). In 

contrast, ICP0-null HSV-1 virus replication is almost fully rescued in cells depleted for all 3 

permanent ND10 components (196).  

Herpesviruses encode multiple ND10 antagonists in their genomes or target multiple 

components with a single antagonist. HSV-1 ICP0 degrades PML and Sp100 (196). HCMV 

antagonizes PML and Sp100 with the immediate early protein, IE1 (113), and hDaxx is degraded 

by the tegument protein pp71 (114). EBV utilizes EBNA1 to drive the phosphorylation, 

polyubiquitination and subsequent degradation of PML (115), BZLF1 to disperse PML (116) and 

the vFGARAT BNRF1 to disperse hDaxx from its cognate partner ATRX (119). KSHV also 

encodes multiple ND10 antagonists. The vFGARAT K75 depletes ATRX and disperses Sp100 

and PML from ND10 bodies (121). The vIRF3 degrades PML and displaces Sp100 from ND10 

bodies (117). Lastly k-RTA retains SUMO-targeting Ubiquitin ligase (STUBL) function to 

degrade SUMO-modified PML (118). Only two viral antagonists of ND10 bodies have been 

identified in MHV68 thus far: the vFGARAT ORF75C degrades PML (85, 106) and the 

ribonucleotide reductase small/large subunit encoded by the early gene ORF61 (197) relocalizes 

PML into track-like structures reminiscent to that observed for the adenovirus E4-ORF3 protein 

(198). 
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Interestingly, MHV68 infection of human foreskin fibroblasts leads to the depletion of 

higher molecular weight Sp100 species as well as a slight reduction in hDaxx levels (122, 199). 

It remains to be determined if ORF75B is the virus factor responsible for the depletion of the 

lower mobility Sp100 isoforms or Daxx. It is also possible that ORF75B is encoded to 

antagonize an as yet unidentified host repressor. An analysis of ORF75B binding partners 

together with the examination of host proteins modulated during WT MHV68 and ORF75B.stop 

infections will likely shed more light on other host repressors targeted by ORF75B. Another 

informative experiment might be to compare the status of ND10 components in infections with 

viruses where the ORF75B.stop mutations discussed in this dissertation are layered on the 

predicted E3-ligase domain of ORF75C. Sewatonon and colleagues (123) determined that the 

75C-E3 ligase null virus is impaired for PML degradation yet unperturbed in virus replication. 

This suggests redundancy in ND10 antagonism by MHV68.  The 75C-E3 ligase null virus was 

used to identify MHV68 ORF61, a homolog of the large subunit of host ribonucleotide reductase 

large subunit, as a second PML antagonist encoded by MHV68 (197). An examination of the 

kinetics and levels of MHV68 replication in cells depleted for individual ND10 components 

might also be useful in identifying the influence of individual ND10 components in MHV68 

replication. 

In data not presented in this dissertation, we have found that the sole EBV vFGARAT, 

BNRF1, complements gene expression in an ORF75C mutant virus while KSHV ORF75 and 

MHV68 ORF75A do not complement ORF75C mutants for virus spread or gene expression. We 

propose that BNRF1 shares functions with MHV68 ORF75C. Whether this rescue is simply due 

to their conserved ND10 antagonism functions or signifies additional unknown roles for BNRF1 

remains to be determined. Using the trans-complementation assay we are now exploring whether 

any of the other vFGARATs shares overlapping functions with MHV68 ORF75A. Given the 

enhancement in tegument delivery, we predict that ORF75A likely plays a role in the assembly 

and packaging of virion components. Interestingly, KSHV ORF75 interacts with two tegument 

proteins that promote virion assembly and egress (91). As such we will test if KSHV ORF75 
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rescues the MHV68 ORF75A replication defect. The trans-complementation assay will also 

determine if either ORF75B or EBV BNRF1 share functions with MHV68 ORF75A 

 

VI. Impact of 75A on viral gene regulation, tegumentation, and virus production 

 The dysregulation of the levels and kinetics of intracellular protein expression in the 

absence of ORF75A requires a determination of whether ORF75A directly regulates viral gene 

expression or exerts regulatory functions in an indirect manner via host or viral factors. MHV68 

viruses lacking either ORF73/LANA or ORF37 exhibit similar phenotypes to the MHV68 

ORF75A.stop virus. They have higher lytic protein expression that leads to decreased infectious 

particle production (143, 189). Here, we find that ORF73 levels were not reduced, but rather 

elevated in 75A.stop infections or primary BMDM macrophages. Thus the ORF75A.stop 

phenotype is not likely attributed to the absence of LANA. MHV68 ORF37/muSOX encodes a 

homolog of the gammaherpesvirus viral nuclease that degrades viral and host mRNA during 

productive lytic replication (188, 189). ORF37 is not a tegument protein but is expressed with 

immediate early kinetics similar to MHV68 RTA or MHV68 ORF73 in de novo infected 

fibroblasts(133). MuSOX transcript or protein levels will be analyzed to determine if loss of 

ORF75A influences the levels of muSOX in the infected cell. To confirm that the enhancement 

of protein expression is due to a dysregulation of transcription and examine if this extends 

beyond muSOX, we will analyze whole genome transcription in 75A.stop1MR and 75A.stop1 

infected cultures by microarray. These studies will aid in determining whether subsets of 

genes/transcripts escape dysregulation upon ORF75A loss. Finally, to determine if ORF75A 

directly regulates viral gene expression, we will examine the ability of ORF75A to repress the 

activation of lytic promoter-driven luciferase reporter constructs that are known to be responsive 

to the lytic transactivator RTA.  

 

VII. Current model and experiments to address the model 

 From the data generated in this dissertation, we propose that ORF75A plays a role in 

negatively regulating the kinetics of ORF75C delivery and viral protein expression. The 
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enhanced protein production in turn triggers innate immune signaling. This innate response or 

other intrinsic defense in turn drives the observed increase in cell death such that the proportion 

of cells that produce infectious particles in the culture is reduced. The innate immune response to 

herpesvirus infections is dependent on host recognition of viral proteins, DNA and RNA (200). 

We established that loss of ORF75A results in an increase in both ORF75C tegument protein as 

well as intracellular proteins from each viral kinetic class. We will examine whether the 

production of viral transcripts and the viral DNA are also enhanced with ORF75A.stop virus 

infection. An increase in these pathogen-associated molecular patterns (i.e viral DNA, RNA and 

protein) will likely result in enhanced recognition by the cell. To confirm this, we will analyze 

the induction of innate immune signaling including the activation of type I interferon (IFN) 

signaling and the production of pro-inflammatory cytokines including TNFα, IL-1β and IL-18 

upon infection of BMDMs or MEFs with the ORF75A.stop virus.  We will also identify the 

upstream sensors required for the induction of IFN signaling by examining IFN induction or 

cytokine release in primary macrophage or fibroblast cells lacking pattern recognition receptors. 

A comparison of 75A.stop virus titers in WT and mutant primary fibroblasts or macrophages will 

test the influence of IFN signaling on the 75A.stop replication replication defect. In vivo, an 

examination of the immune infiltrate within the bronchial lung lavage would identify whether 

enhanced recognition by the innate immune system results in enhanced recruitment of innate 

immune cells such as natural killer cells to the MHV68 infected lung. To examine the manner of 

cell death, immunoblot analysis of caspase activation in ORF75A.stop and ORF75A.stopMR 

infected cells is needed. We would also couple these immunoblots with drug treatment of 

infected cells with cell death inhibitors to further confirm the manner of cell death.  

ORF75A may serve as a rheostat to limit viral gene expression. This hypothesis is 

intriguing in that it implies that the virus limits protein expression to impair engagement of host 

innate immune defenses. If this is true, then it is not necessarily the absence of ORF75A, but 

rather the host response to the infection that is responsible for the majority of the ORF75A.stop 

replication defect. Eliminating the innate host response to infection might also unveil other novel 

functions of the ORF75A tegument protein that would not otherwise be revealed.  
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VII. Impact of these studies. 

The experiments described above may uncover novel functions of host components of host 

immunity in regulating the response to gammaherpesvirus infection. Moreover, we predict that 

that these studies will aid in the identification of viral and host determinants critical for 

regulating viral gene expression to maximize virus output. An ORF75A function in virion 

assembly and tegumentation will expand our understanding on which viral factors control and 

regulate this crucial step in herpesvirus replication. This might lead to the identification of virus-

host interactions that promote assembly. We developed a trans-complementation assay to 

examine roles for the other MHV68 vFGARATs in ORF75C defective viruses. This assay will 

be used to examine whether human vFGARATs retain similar functions. We predict that these 

studies will be crucial in strengthening our understanding of the roles played by these 

gammaherpesvirus-specific proteins in chronic infection and possibly the oncogenic events 

associated with this family of herpesviruses. Lastly, these studies may lead to novel antiviral 

strategies that target vFGARAT-specific motifs or their host binding partners to block virus.  
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ABSTRACT 
 Humans encode seven APOBEC3 (A3A-A3H) cytidine deaminase proteins that differ in 

their expression profiles, preferred nucleotide recognition sequence and capacity for restriction 

of RNA and DNA viruses. We identified APOBEC3 hotspots in numerous herpesvirus genomes. 

To determine the impact of host APOBEC3 on herpesvirus biology in vivo, we examined 

whether murine APOBEC3 (mA3) restricts murine gammaherpesvirus 68 (MHV68). Viral 

replication was impaired by several human APOBEC3 proteins, but not mA3, upon transfection 

of the viral genome. The restriction was abrogated upon mutation of the A3A and A3B active 

sites. Interestingly, virus restriction by A3A, A3B, A3C, and A3DE was lost if the infectious 

DNA was delivered by the virion. MHV68 pathogenesis, including lung replication and splenic 

latency, was not altered in mice lacking mA3. We infer that mA3 does not restrict wild type 

MHV68 and restriction by human A3s may be limited in the herpesvirus replication process.  
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INTRODUCTION 
Apolipoprotein B mRNA editing enzyme catalytic polypeptide-like editing complex 3 

(APOBEC3) proteins belong to a family of host cytidine deaminases with a wide array of 

biological functions, subcellular localization and tissue expression profiles (201, 202). Eleven 

members of this enzyme family have been discovered in humans; APOBEC1, APOBEC2, 

APOBEC3, APOBEC4 and activation induced deaminase (AID). APOBEC1 (A1), the founding 

member of this family, is an mRNA editing enzyme that deaminates Apolipoprotein B mRNA to 

produce two isoforms of apolipoproteins that are required for low-density lipid formation(203, 

204). APOBEC2 (A2) is a more recently discovered member detected predominantly in the heart 

and skeletal muscle (205). Mice transgenic for human A2 develop lung and liver tumors (206). 

APOBEC4 (A4) was discovered by computational searches for genes homologous to A1 and, 

like A2, has no ascribed function. The most widely studied members are AID, which is critical 

for generating antibody diversity through ssDNA deamination of the immunoglobulin locus, and 

APOBEC3 (A3) proteins, which act as innate immune barriers to the replication of viruses and 

endogenous retroelements (207, 208). 

APOBEC3 genes have undergone duplication events in the course of mammalian evolution. 

Murid rodents encode the single APOBEC3, mA3, while felines encode four APOBEC3s (209) 

and the equine genome encodes six (210). Primates have an expanded repertoire of seven 

APOBEC3 proteins; A3A, A3B, A3C, A3DE, A3F, A3G and A3H with each having slightly 

different target sequences. A3s have been widely studied since the identification of human A3G 

(hA3G) as a host restriction factor of viral infectivity factor (Vif)-deficient HIV (211). In Vif-

deficient HIV infections, hA3G is packaged into viral cores through interactions with both the 

HIV nucleopcapsid protein and the viral genomic RNA. A3G deaminates cytosine residues to 

uracils in the newly synthesized strand. Vif enhances HIV replication by binding to hA3G and 

either targeting it for degradation or preventing packaging into the HIV core (212, 213).  

Retroviruses, retroelements and more recently DNA viruses have emerged as targets of hA3 

proteins (214-223). Human A3A and A3C have been reported to restrict herpes simplex virus 

type 1 (HSV-1) replication in transient expression studies (224). Additionally, Suspene et al. 
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reported the detection of virus variants consistent with cytidine deamination in clinical 

specimens positive for either HSV-1 or Epstein-Barr virus (EBV) (224). However, in most cases 

the impact of hA3 activity on the in vivo pathogenesis of a given virus in the host has not been 

extensively studied. The murine APOBEC3 exhibits antiviral activity against multiple murine 

and human retroviral targets, (225-228) implying that mA3 retains the retroviral targeting 

function of the human A3. However, the antiviral function of mA3 against herpesviruses is not 

known. In this report, we examined the ability of mA3 to restrict murine gammaherpesvirus 68 

(MHV68), a natural pathogen of murid rodents that has strong genetic colinearity with, and 

biological similarities to, the human gammaherpesviruses, Kaposi’s sarcoma-associated 

herpesvirus (KSHV/HHV-8) and Epstein Barr Virus (EBV). We determined the distribution of 

A3 hotspots in the MHV68 genome, queried the effect of A3 overexpression on viral replication 

and the finally ascertained the impact of loss of A3 on in vivo pathogenesis. Although we 

observed restriction of MHV68 replication with co-expression of several hA3s, the murine 

APOBEC3 did not alter MHV68 replication and pathogenesis. 
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MATERIALS AND METHODS 
 

 

Viruses, cells and mice.The recombinant marking virus, MHV68-H2BbYFP was used the for 

cell-culture experiments. This virus encodes a histone 2b (H2b)-enhanced yellow fluorescent 

protein (eYFP) fusion protein that tethers the YFP protein to nucleosomes and eliminates the 

passive diffusion of the fluorescent YFP signal out of the nucleus to enhance infected cell 

imaging by microscopy (161). Mice were infected with MHV68 WUMS (ATCC VR1465) as the 

wild-type virus. Virus passage and titer determination were performed as previously described 

(57, 229).  

Human epithelial kidney cells (HEK 293T) were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 1% penicillin, and 

streptomycin at 37oC in 5% CO2. Murine fibroblast cells (NIH 3T12) were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 8% fetal calf serum, 100 U 

of penicillin per ml and 100 mg of streptomycin per ml at 37oC in 5% CO2 

Murine APOBEC3 KO (mA3-/-) mice were generated by blastocyst injection of 

129P2/OlaHsd embryonic stem cell clone XN450 (Baygenomics, San Francisco) that contained 

an 8 kb galactosidase-neomycin fusion (β-geo) gene trap insertion retroviral vector between 

exons 4 and 5 of mA3. The mice were crossed for several generations onto a C57/Bl6 

background and genotyped by PCR using primers spanning the insertion site. The WT genotype 

was amplified with primer 21 (5’ CTGTAACCTGGTATCTCCCGTC 3’) and primer 22 (5’ 

GGAAAAACTGCTTGCCAGGCTC 3’). The mA3-/- genotype was amplified with primer 21 (5’ 

CTGTAACCTGGTATCTCCCGTC 3’) and primer 23 (5’ CACAAGGTTCATATGGTGCCGT 

3’). The mA3-/- mice and their WT C57BL6 counterparts were maintained at the Stony Brook 

University Division of Laboratory Animal Research (DLAR) facility in accordance with 

protocols approved by the Institutional Animal Care and Use Committee of Stony Brook. Eight- 

to twelve-week old WT and mA3-/- mice were infected intranasally with 1000 PFU of MHV68 
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under isoflurane anesthesia. At the indicated times post infection, organs were harvested and 

processed as described below.  

 

Transfections. For transient co-transfections, 4 x 105 HEK 293T cells were seeded per well of a 

12-well tissue culture plate one day prior to transfection with 2.5 µg of APOBEC3 expression 

plasmids and 1.55 µg of MHV68 BAC DNA. All transient co-transfections were performed 

using TransIT-LT1 Transfection Reagent according to the manufacturer’s instructions (Mirus, 

Madison WI). Forty-eight hrs later, the cells were subjected to multiple freeze-thaw cycles to 

release infectious virus that was then titered by plaque assay on a NIH 3T12 cell monolayer. 

 For the transfection followed by infection experiments, HEK 293T cells were transfected 

with the desired human and mouse APOBEC3 proteins as outlined above. Twenty-four hrs post-

transfection, cells were infected with MHV68-H2bYFP virus at an MOI of 0.01. Forty-eight hrs 

after the infection virus output was quantified by a plaque assay. 

 

Fluorescence microscopy.Virus infection with MHV68-H2bYFP was visualized by 

fluorescence microscopy. Imaging was performed with a Zeiss Axiovert S100 inverted 

microscope (Carl Zeiss Microscopy GmbH, Jena Germany) equipped with a Luminera 

INFINITY 3-1UR 1.4 megapixel low light CCD digital camera (Lumenera, Ottawa ON Canada). 

Images were analyzed using Axiovision Software (Axiovision LE Rel.4.3, Carl Zeiss 

Microscopy GmbH, Jena Germany).  

 

Plaque assay. 1.8 x 105 NIH 3T12 cells were seeded per well in a 6-well tissue culture plate one 

day prior to infection. The next day, the NIH 3T12 cells were infected with serial dilutions of 

cell homogenate and overlayed with 1.5% methylcellulose in DMEM containing 5% FBS. One 

week later, the methylcellulose was removed and cells were washed twice with PBS prior to 

methanol fixation and staining with a 0.1% crystal violet solution in 10% methanol. 
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Immunoblot. Total protein lysate was harvested in lysis buffer (150 mM sodium chloride, 1.0% 

IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris pH 

8.0) supplemented with a protease inhibitor cocktail (Sigma, St. Louis MO). Fifty micrograms of 

each lysate were separated in a 12% SDS PAGE gel and transferred onto polyvinylidene fluoride 

(PVDF) membrane. APOBEC3 proteins were detected using a mouse monoclonal antibody 

specific for the HA-epitope (Cell signaling, Danvers MA) on mA3, A3B, A3C, A3F, and A3G 

constructs, a V5 epitope (Santa Cruz biotechnology, Dallas Texas) for A3DE and a rabbit 

monoclonal specific for human A3A (230). A rabbit monoclonal antibody to human 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. HRP-

conjugated secondary antibodies were detected using an enhanced chemiluminescence reagent 

(ECL, Thermo Scientific, Waltham MA). 

 

Quantitative PCR. Total cell DNA from the co-transfection experiments was column-purified 

(Qiagen, Limburg, Netherlands) and digested with 20 units of Dpn1 (New England Biolabs, 

Ipswich MA) for 12 hours at 37oC to remove input MHV68 BAC DNA. One ng of DpnI-

digested DNA was input into a quantitative PCR reaction (Quanta Biosceinces- Perfecta SYBR 

GREEN, Gaithersburg MD) using primers specific to a region of MHV68 ORF12 (forward 

primer, 5’ GTCTACAACAGGATCTGCATTT 3’, reverse primer 5’ 

AAAACTCTACCGTGACTGTGAA 3’) and primers for human GAPDH (forward primer, 5’ 

GTATGACTGGGGGTGTTGGG 3’, reverse primer 5’ GCGCCCAATAGGACCAAATC 3’). 

The relative level of viral genome copy number was determined by ∆∆Ct. 

 

Sequencing.Total cell DNA from the co-transfection experiments was extracted as outlined 

above. The DNA was digested with 20 units of Dpn1 (New England Biolabs, Ipswich MA) for 

12 hours at 37oC to remove input MHV68 BAC DNA. Two regions in the MHV68 genome (bp 

69,873- 70,761 and bp 88,884 to 89,613) were amplified with Dynazyme II DNA polymerase 

(Thermo Scientific, Waltham MA), cloned into the TOPO TA cloning vector (Life Technologies, 

Carlsbad, CA) and sequenced to identify mutations that arose during infection.  
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Pathogenesis.For acute titers, the right and left lungs of mice were removed 4 and 9 days post 

infection and disrupted with a Mini-Beadbeater (Biospec, Bartlesville OK). The homogenates 

were titered by plaque assay. Spleens were harvested to determine viral latency establishment 

and reactivation from latency 16 dpi. 

 To determine the frequency of cells harboring the viral genome, a single cell suspension 

of splenocytes was prepared and analyzed by limiting dilution PCR. Six, three-fold serial 

dilutions of splenocytes were plated in a 96-well PCR plate in a background of NIH 3T12 cells 

and lysed overnight at 560C with Proteinase K. The plate was then subjected to an 80-cycle 

nested PCR with primers specific for MHV68 ORF50. Twelve replicates were analyzed at each 

serial dilution and plasmid DNA at 0.1,1 and 10 copies was included to verify the sensitivity of 

the assay. 

 To determine the frequency of cells harboring latent virus capable of reactivation upon 

explant, single cell splenocytes were prepared from mice 16 dpi, resuspended in DMEM 

containing 10% fetal bovine serum and plated in twelve serial two-fold dilutions onto a 

monolayer of mouse embryonic fibroblast (MEF) cells prepared from C57BL6J mice in 96-well 

tissue culture plates. Twenty-four replicates were plated per serial dilution. The wells were 

scored for cytopathic effect (CPE) two to three weeks after plating. To differentiate between pre-

formed infectious virus and virus spontaneously reactivating upon cell explant, parallel samples 

were mechanically disrupted using a Mini-Beadbeater prior to plating on the monolayer of MEFs 

to release preformed virus that is scored as CPE.  

 

Bioinformatic analysis.To measure under- and over-representation of APOBEC3 hotspots, we 

compared the observed frequency of each APOBEC consensus motif (TC for hA3A, hA3B, 

hA3F and hA3H, TTC for hA3C, CCC for hA3G and TCC for mA3) to a random expectation 

null model. To assess the effects throughout the viral genomes we used sliding 1 kilobase 

windows to scan each genome at intervals of 100 nucleotides (i.e. first window from position 1-

1000, second window from 101-1100, and so on). The null model was generated using 1,000 
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randomly shuffled versions of each genome. The number of occurrences of the motif (TC, TTC, 

etc) in each randomly shuffled sequence was used to build a null model distribution for that 

window. If the true frequency that was observed in the unshuffled sequence was within the 

lowest 5th percentile of this distribution, we labeled that window as being underrepresented. 

Conversely, if the true frequency was in the highest 5th percentile, the window was labeled as 

overrepresented for that motif. The NCBI accession numbers for the genomes analyzed are: 

Human papilloma virus type 16(NC_001526), Herpes simplex virus 1(NC_001806), Herpes 

simplex virus 2(NC_001798), Varicella-zoster virus (NC_001348), Epstein-Barr virus 

(NC_007605), Human cytomegalovirus (NC_006273), Human herpesvirus 6A (NC_001664), 

Human herpesvirus 6B (NC_000898), Human herpesvirus 7(NC_001716), Kaposi’s sarcoma- 

associated herpesvirus (NC_009333) and Murine gammaherpesvirus 68 (NC_001826). 

 

 

Statistical analyses.  

 Data was analyzed using Graphpad Prism Software (Prism 5, La Jolla CA). The statistical 

significance of differences between groups was tested using a non-paired two-tailed t test. Under 

Poisson distribution analysis, the frequencies of latency establishment and reactivation from 

latency were determined by the intersection of nonlinear regression curves with the line at 

63.2%. 
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RESULTS 
 

APOBEC3 hotspots are prevalent in herpesvirus genomes. 

 In a single report outlining the impact of APOBEC3 cytidine deaminase on 

herpesviruses, HSV-1 replication was reduced 4-10 fold upon transient expression of hA3C. In 

addition, hyperedited HSV-1 and EBV sequences consistent with hA3 deamination were 

detected in patient samples using a sensitive, but non-quantitative PCR detection method (224). 

However, the natural occurrence of APOBEC3-mediated cytidine deamination and the 

consequence of this selective pressure are not known. We utilized an in silico approach to predict 

the distribution of APOBEC3 recognition sites in herpesvirus genomes. The ‘hotspot’ or 

consensus recognition sequence is TC (where the underlined C represents the targeted cytidine) 

for hA3A, hA3B, hA3F and hA3H, (231-235) TTC for hA3C (236), CCC for hA3G (237), and 

TCC for mA3 (238). To determine whether particular A3 hotspot motifs were over- or under-

represented throughout the viral genomes we measured the frequency of each A3 hotspot motif 

(TC, TTC, CCC and TCC) within a 1 kb sliding window across each genome at intervals of 100 

nt. The observed frequencies in each window were then compared to a null model based on 

randomly shuffled versions of that genome sequence, allowing us to statistically evaluate 

overrepresentation and underrepresentation. 

Viruses that are susceptible to various A3 enzymes would likely have evolved to limit 

hotspot motifs in their genomes. Viruses that do not encounter certain A3 proteins or those with 

a viral countermeasure might have an overrepresentation of motifs in their genomes, especially if 

they have evolved under pressures to avoid a different A3 protein. For example. an under-

representation of TTC (the motif for hA3C) will increase the relative frequency of other motifs 

such as CCC (the motif for hA3G) assuming that there are no additional selective pressures 

against the other motifs. We evaluated the predictive ability of our model by examining the 

APOBEC3 hotspot distribution in human papilloma virus 16 (HPV16). HPV genomes are targets 

for deamination upon overexpression of hA3A, hA3C, and hA3H, and mutation signatures that 

are consistent with deamination at TC hotspots are detected by a sensitive PCR assay in clinical 
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wart specimens (222). Human A3A, hA3B and hA3H are expressed in dermal epithelial cells, 

the preferred site of infection and viral replication of HPV (239-242). Taken together, HPV is 

subjected to the selective pressures of hA3s with TC hotspots (222). In agreement, our 

computational analysis determined that TC hotspots were largely underrepresented in the HPV 

genome (Figure 1A). This depletion of TC hotspots in the genome is consistent with evasion 

from the antiviral pressures of hA3A, hA3B, hA3F or hA3H (A3A/A3B/A3F/A3H). Moreover, 

the HPV genome had an underrepresentation of TTC hotspots favored by the ubiquitously 

expressed hA3C. In contrast, the HPV genome was largely neutral with some enrichment for 

CCC hotspots recognized by hA3G, which is expressed predominantly in lymphocytes, a cell 

type not known as a reservoir for HPV. Finally, the HPV genome was predominately neutral 

with some occurrences of mA3 enriched regions. This is consistent with a human pathogen that 

would not have been under selective pressure to limit mA3 sites in the genome.  

An analysis of multiple herpesviruses revealed similar trends in the profile of human and 

mouse APOBEC3 hotspots among members within the alpha, beta, and gammaherpesvirus 

subfamilies. As depicted in Figure 1A, the alphaherpesvirus HSV-1 genome is enriched for A3C 

and A3G hotspots. The VZV genome also has regions with overrepresentation of A3G hotspots. 

However, the underrepresentation of A3A/A3B/A3F/A3H and A3C hotspots suggests selective 

pressure to limit APOBEC3 recognition. Within the betaherpesviruses, the HCMV genome had 

regions overrepresentated with A3C and A3A/A3B/A3F/A3H hotspots, but was largely 

underrepresented for A3G and mA3 hotspots. The HHV-6A genome was enriched for 

A3A/A3B/A3F/A3H and A3C hotspots. The human gammaherpesvirus EBV and KSHV 

genomes are enriched for A3G sites. The KSHV genome was underrepresented for 

A3A/A3B/A3F/A3H hotspots. The MHV68 genome was enriched for hA3G and mA3 hotspots. 

In Figure 1B, the heatmap representation of the percentage of overrepresented regions (left 

panel) and underrepresented regions (right panel) in the genomes of each human herpesvirus and 

MHV68 illustrates commonalities in the hotspot profile within the betaherpesvirus and 

gammaherpesviruses. With the exception of HCMV, mA3 sites (TCC) were overrepresented in 

each herpesvirus genome analyzed. Lastly, we examined the distribution of hotspots in the 
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MHV68 genome. With the exception of the internal repeats at nt positions 26,778-28,191 and 

98,981-101,170, the regions of overrepresented hotspots were evenly distributed along the 

MHV68 genome (Figure 1C). Taken together, our analysis predicts that herpesvirus genomes are 

susceptible to APOBEC3 deamination. 

 

Human APOBEC3 restriction of MHV68 replication. 

Given the identification of A3 hotspots in the MHV68 genome, we next examined the 

impact of A3 expression on lytic replication. We co-transfected A3 expression constructs with 

infectious MHV68+ BAC DNA that encodes the YFP marker to monitor viral replication by 

fluorescent microscopy. Expression of hA3A limited the infection to single YFP+ cells (Figure 

2, top panel). In contrast, co-transfection of the empty vector or the A3A E72A active site mutant 

resulted in foci of 10-20 YFP+ cells, indicating no impairment of virus spread. Expression of 

wild type mA3 did not impair the formation of YFP+ foci in the infection (Figure 2, bottom 

panel).  

These observations of virus restriction by hA3 but not mA3 were confirmed and extended 

to other human APOBEC3s upon quantitation of virus yield by plaque assay (Figure 3A). 

Human A3A inhibited viral replication by nearly 4 logs while co-transfection with hA3B and 

hA3C proteins resulted in a 2.5 log-fold reduction in replication. Co-transfection of either 

hA3DE or hA3H resulted in a lesser 5-fold reduction in virus output while hA3F and hA3G did 

not impair MHV68 replication. In agreement with our previous observation that mA3 

overexpression did not impact virus spread in the culture, co-transfection with mA3 did not 

impact MHV68 yield (Figure 3B). Expression of the human and mouse APOBEC3 proteins was 

verified by immunoblot (Figure 3A and 3B, respectively). We conclude that hA3A, hA3B and 

hA3C are restrictive against MHV68 while mA3 is not. 

 

Human APOBEC3 restriction of MHV68 replication is dependent on A3 active sites. 

 Given the observation that several human APOBEC3 proteins impair MHV68 

replication, we next examined if APOBEC3 enzymatic activity is required by comparing 
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restriction of MHV68 by the WT and active site mutant forms of hA3A and hA3B. Similar to 

other APOBEC proteins, A3 enzymes have retained a conserved active site sequence consisting 

of His-X-Glu-X23-28-Pro-Cys-X2-4-Cys. The histidine and cysteine residues coordinate a Zinc ion 

while the glutamic acid serves as a proton shuttle in catalysis (207). Mutation of either the 

cysteine or the glutamic acid abolishes the cytidine deaminase function of A3 enzymes (223, 

230). The hA3A E72A active mutant did not restrict MHV68 yield compared to WT hA3A 

(Figure 4A). Restriction by hA3B was lost with the N-terminal E68A single active site mutant 

and the E68A/E255A double mutant. However, the C-terminal single hA3B E255A mutant 

retained restrictive function by reducing virus yield by 4.5-fold, albeit 56% less than the WT 

hA3B (Figure 4A). The changes in restriction were not attributed to differences in expression 

levels of the WT and active site hA3 mutants (Figure 4A, lower panel). Since hA3A reduced 

MHV68 DNA copy number by greater than 50-fold compared to the empty vector and A3A 

E72A mutant controls (Figure 4B), we examined two regions of the MHV68 genome for C to T 

or G to A transition mutations. In samples derived from A3A and A3B cotransfections, the 

incidence of mutation was extremely low in 18 and 11 respective clones of a GC-rich region of 

the genome (bp 69,873 to 70,761) and 24 and 23 respective clones of a second region of the 

genome that is enriched for TC hotspots (bp 88,884 to 89,613) (Table 1). While three transition 

mutations were observed for region two in A3A-restricted samples, these led to silent or 

conservative aa changes. We also found a similar number of transition mutations in the viral 

DNA of samples derived from the empty control vector cotransfections. The mean mutation 

frequency for MHV68-infected samples restricted by A3A (0.15%) and A3B (0.06%) contrasts 

sharply with the mutation frequencies reported for HSV-1 and EBV (6-20% by Suspene et al. 

2001) and hepatitis B virus (25-50% by Vartanian et al. 2008). Taken together, the active sites of 

hA3A and hA3B are required for MHV68 restriction, but we found no strong evidence for hA3A 

or hA3B deamination of the genome.   
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Human APOBEC3 restriction of MHV68 replication is lost upon de novo infection. 

 Several human APOBEC3 proteins were identified as potent inhibitors of MHV68 

replication, the nuclear localized hA3B (243), the predominantly cytoplasmic hA3DE (244), and 

hA3A, hA3C and hA3H, which shuttle between the nucleus and cytoplasm (244-246). The 

MHV68 genome delivered by transfection would likely be susceptible to APOBEC3s in both the 

nucleus and cytoplasm. However, we reasoned that the encapsidated genome would be protected 

from cytoplasmic A3s in a de novo infection with intact particles. As such, we transfected the 

panel of APOBEC3 constructs one day prior to infection with MHV68 at a multiplicity of 

infection (MOI) of 0.01. We unexpectedly found that the APOBEC3 proteins with potent 

restrictive function in the co-transfection experiment were no longer restrictive against infection 

initiated by virion particles (Figure 5). Thus, the method of viral genome delivery and initiation 

of lytic infection influences the restrictive capacity of the APOBEC3 enzymes. This suggests that 

either compartmentalization of the herpesvirus genome or counter-functions imparted by virion-

associated factors result in a replicative process that is impervious to antiviral APOBEC3 

function. 

 

Murine APOBEC3 does not impact MHV68 replication in vivo. 

Murine A3 overexpression in 293T cells did not significantly restrict MHV68 replication. 

However transient expression studies cannot be relied upon as an absolute indicator of the 

capacity of an antiviral molecule to restrict a pathogen in the host. Thus, we determined the 

impact of murine A3 on MHV68 pathogenesis in mice with a disruption in the mA3 gene (Figure 

6A). The galactosidase-neomycin fusion (β-geo) stop cassette that is inserted between exons IV 

and V of mA3 in murine APOBEC3 knock-out mice (mA3-/- mice) was confirmed by PCR and 

amplimer sequencing (Figure 6B). Additionally, mA3 protein was not detected in the spleens or 

thymus of mA3-/- mice (Figure 6C). Okeoma et al. (2007) generated mA3-/- mice as described 

here; a truncated protein in mA3-/- tissues was not observed. Furthermore, a truncated mA3 

protein generated from exons 1-4 was devoid of deaminase function upon in vitro expression 

(226). 
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Infection of mice with MHV68 by intranasal inoculation is followed by a period of acute 

replication in the lung. To examine the influence of mA3 on acute replication, the levels of virus 

replication in the lungs of infected WT or mA3-/- mice were measured at 4 and 7 dpi. Although 

there is a slight, non-statistically significant difference between the two groups at 4 dpi, viral 

titers were indistinguishable between WT and mA3-/- mice at 7 dpi, indicating that the loss of 

murine APOBEC3 did not enhance MHV68 replication in the lung (Figure 6D). 

 Active MHV68 replication is typically cleared from the lung within two weeks prior to 

virus dissemination to the spleen. MHV68 establishes a latent infection primarily in B cells of 

the spleen with the peak of latency 16-18 dpi, a timepoint closely corresponding to germinal 

center expansion (57, 229). We observed a robust two-fold increase in splenomegaly as 

expected, yet there was no difference between the degree of splenic expansion in the infected 

WT and mA3-/- mice. To examine whether loss of mA3 would impact latency establishment in 

the spleen 16 dpi, intact splenocytes were analyzed by a limiting dilution PCR assay to determine 

the frequency of viral genome positive cells. MHV68 established equivalent levels of latency in 

the spleens of WT (1/156) and mA3-/- mice (1/128) (Figure 6F). The frequency of intact 

splenocytes that spontaneously reactivated was examined by the observation of CPE upon 

explant and coculture with MEFs in a limiting dilution reactivation assay. Loss of mA3 had an 

insignificant two-fold impact on MHV68 reactivation, with splenocytes from infected WT mice 

and infected mA3-/- mice reactivating at frequencies of 1/19,074 and 1/10,966 cells, respectively 

(Figure 6G). Moreover, this slight difference in reactivation at 16 dpi had no effect on the 

maintenance of the frequency of genome positive cells later during chronic infection at 42 dpi 

(data not shown). Taken together, the absence of mA3 did not impact any aspect of MHV68 

pathogenesis up to six weeks following an intranasal infection.   
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Figure 1: APOBEC3 hotspots in herpesvirus genomes. A. Percentage of 1 kb windows 
neutral, overrepresented or underrepresented for human and mouse APOBEC3 hotspots in the 
indicated viral genome. B. Heatmap of A3 hotspots in herpesvirus genomes. Scale indicates the 
percentage of 1 kb windows of the viral genome with overrepresentation or underrepresentation 
of hotspots as described in A. C. Distribution of 1 kb regions of the MHV68 genome 
overrepresented (red bars) or underrepresented (blue bars) for the indicated A3 hotspots. The 
boundary of each bar corresponds to the midpoint of the first and last 1 kb window represented 
within the bar. The gray trace represents the distribution of the hotspot occurrence in a region 
compared to the occurrence in 1,000 randomly shuffled 1 kb genomic regions. The scale of the 
trace is from -0.5 to 0.5, the numbers on the y-axis indicate the distance from the mean of each 
distribution (y=0). Genomic regions are significantly overrepresented (red bars) or 
underrepresented (blue bars) if they are above 0.45 or below -0.45 respectively. 
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Figure 2: Restriction of MHV68 spread by human APOBEC3A, but not murine APOBEC3. 
HEK 293T cells were cotransfected with MHV68-H2bYFP BAC and the indicated human (hA3) 
and murine (mA3) APOBEC3 constructs and virus spread was visualized by fluorescence 
microscopy (upper panels) and bright field microscopy (lower panels) 48 hrs later. HA3A E72A 
is an active site mutant of human A3A. MA3 E73A and mA3 E253A are active site mutants of 
mA3. Images shown are cropped fields of pictures taken at 20X magnification. The images of 
MHV68-H2bYFP+ foci were false-colored green. 
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Figure 3: Restriction of MHV68 replication by human APOBEC3. A. Variable restriction by 
human APOBEC3 constructs as measured by plaque assay 48 hrs after HEK 293T cells were 
cotransfected with infectious MHV68-H2bYFP BAC DNA and the indicated APOBEC3 
constructs. B. Murine A3 did not significantly impair MHV68 replication in HEK293Ts. Below 
each bar graph, immunoblots using antibodies against the indicated epitopes were used to 
validate APOBEC3 expression. Lysates from the empty vectors pcDNA3.1 (control vector for 
hA3B-hA3H) and pcDNA6 (control vector for hA3A and hA3C) were included in each blot and 
revealed no specific signal. Bars represent the mean +/- standard deviation of three replicates 
(A) and five replicates (B); *p≤0.05 and **p≤0.005.  
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Figure 4: APOBEC3A and APOBEC3B active sites are required for restriction of viral 
replication and viral DNA synthesis.  A. Loss of restriction by mutant human APOBEC3A 
(hA3) and APOBEC3B (hA3B) constructs as measured by plaque assay and quantitative PCR 
(hA3B) 48 hrs after HEK 293T cells were cotransfected with infectious MHV68-H2bYFP BAC 
DNA and the indicated APOBEC3 constructs. Below each bar graph, immunoblots using 
antibodies against the indicated epitopes were used to validate APOBEC3 expression. Lysates 
from the empty vectors pcDNA6 (control vector for WT and mutant hA3A) and pcDNA3.1 
(control vector for WT and mutant hA3B) were included in each blot and revealed no specific 
signal. Bars represent the mean +/- standard deviation of three replicates; *p≤0.05 and 
**p≤0.005. B. Quantitation of MHV68 genomes by qPCR analysis of DpnI-digested DNA. DNA 
levels were normalized to levels upon cotransfection with the empty vector, pCDNA6; *p≤0.05 
and **p≤0.005. 
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Figure 5: Loss of APOBEC3 restriction in the context of de novo infection with virus 
particles. HEK 293T cells were transfected with the indicated APOBEC3 constructs 24 hrs prior 
to de novo infection with MHV68-H2bYFP virus. MHV68 replication was measured by plaque 
assay 48 hpi. Below each bar graph, immunoblots using antibodies against the indicated 
epitopes were used to validate APOBEC3 expression. Lysates from the empty vectors 
pcDNA3.1 (control vector for hA3B, hA3DE-hA3H) and pcDNA6 (control vector for hA3A and 
hA3C) were included in each blot and revealed no specific signal.  
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Figure 6: Absence of murine APOBEC3 does not alter MHV68 pathogenesis.  
A. Schematic depicting the disruption of murine APOBEC3 (mA3) by the insertion of a β-geo 
cassette to generate mA3 knockout mice (mA3-/-). B. Genotype PCR analysis of DNA harvested 
from the splenocytes of infected WT C57BL/6 or mA3-/- mice. The locations of primers for either 
the WT or mutant mA3 gene are shown in panel A. C. Immunoblot demonstrating expression of 
mA3 in WT but not mA3-/- mice. D. Acute replication in the lungs of WT or mA3-/- lungs 4 and 7 
days post intranasal infection with 1000 PFU of WT MHV68. E. Spleen weights from naïve WT, 
infected mA3-/- mice or infected WT mice 16 dpi. F. Latency is determined as the frequency of 
viral genome positive splenocytes determined by limiting dilution PCR. G. Frequency of 
reactivation from intact splenocytes determined by a limiting dilution explant reactivation assay 
16 dpi. Open symbols represent preformed infectious virus from mechanically disrupted cells 
plated in parallel. The data shown represent three independent experiments with splenocytes 
pooled from three to five mice per experimental group. 
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DISCUSSION 
 

Targets of human APOBEC3 deaminase activity have been recently expanded to include 

plasmid DNA (221), small DNA viruses (247) and the large human herpesviruses (224). In this 

study, we set out to determine if the single APOBEC3 protein, mA3, encoded by the mouse had 

the ability to restrict the rodent herpesvirus pathogen MHV68. Our in silico analysis determined 

that A3 sites were abundant in MHV68, implying that this genome would be susceptible to A3 

mediated deamination. Overexpression of mA3 together with infectious herpesvirus DNA did 

not significantly impact MHV68 titers compared to a more substantial restriction observed with 

hA3s. Surprisingly, the hA3 restriction was lost upon de novo infection. WT and mA3-/- C57BL6 

mice were indistinguishable in the levels of acute MHV68 replication in the lung, latency 

establishment in the spleen and reactivation from the spleen. Thus, loss of mA3 had no 

discernable effect on MHV68 replication in vivo. 

In this study we identified several human APOBEC3s as potent restrictors of MHV68 

replication. Additionally, we found that the restriction by hA3A and hA3B is dependent on their 

previously identified active sites (221, 230). Interestingly hA3B restriction of MHV68 was 

absolutely dependent on the N-terminal amino acid, E68 and less dependent on the C-terminal 

E255 residue, possibly indicating a separation of function between the E68 and E255 active sites. 

The requirement for these hA3 active sites to restrict MHV68 growth and DNA replication is 

consistent with deamination of the genome as the basis of restriction. However, we have no 

direct evidence to support this hypothesis since DNA from A3A or A3B cotransfections did not 

contain widespread levels of C to T or G to A transitions. Although two transitions were present 

in A3A cotransfected samples, we observed a similar frequency of transitions in DNA from 

control transfections. The lack of a high mutation frequency in the A3A samples might be 

attributed to heavily deaminated DNA that is unable to serve as a template for replication or rare 

events that are below the limit of detection. Alternatively, A3A might impair MHV68 replication 

using a deamination-independent mechanism that is dependent on the active site. For example, 
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A3A mutants that were deaminase defective but retained other known functions such as DNA 

binding and localization to the nucleus were found to restrict parvoviruses (223, 247).  

Our in silico analysis identified an overrepresentation of TC and TTC hotspots in the HSV-1 

genome, consistent with the restriction of HSV-1 replication by the ectopic expression of hA3A 

and hA3C reported by(224)Interestingly, this study reported a high incidence of edited HSV-1 

genomes upon transient transfection of hA3C and a striking frequency of hypereditied HSV-1 

and EBV genomes in clinical specimens. These findings relied on the detection of rare 

deamination events by PCR based amplification at low denaturing temperatures (224). A non-

biased quantitative determination of the incidence of herpesvirus deamination in human 

infections and the impact on pathogenesis warrants further investigation. 

Strikingly, hA3 restriction of MHV68 replication was observed upon transfection of 

nonencapsidated infectious DNA but was lost upon de novo infection with virion particles. 

MHV68 virions may deliver a factor that counteracts the hA3 proteins. Tegument proteins from 

several herpesviruses families function in either the cytoplasm or the nucleus to limit the 

antiviral response from the host. KSHV ORF45 inhibits type I interferon signaling by impairing 

the phosphorylation and nuclear translocation of IRF-7 (Sathish et al., 2011; Zhu et al., 2002). 

HSV1 ICPO, HCMV pp71, HVS ORF3, EBV BNRF1 and MHV68 ORF75C translocate to the 

nucleus upon virus infection to degrade or relocalize components of the antiviral nuclear domain 

10 structures (ND10) (106, 119, 122, 248, 249). We did not find significant homology of 

MHV68 virion components including glycoproteins, tegument and capsid proteins to known A3 

antagonists. However, we cannot rule out the existence of a novel mechanism by which the 

virion structural components or even RNA molecules mediates resistance to APOBEC3 proteins.  

The loss of MHV68 restriction might also be explained by the compartmental separation of 

A3 proteins from the MHV68 genome in a natural course of infection. Several of the hA3 

proteins that exhibit restriction of MHV68, namely hA3A, hA3B, hA3C and hA3H are targeted 

to the nucleus (244, 245). We propose that the hA3 proteins might be separated from viral 

replication centers in the nucleus via either the direct action of a viral factor or indirectly due to 

viral remodeling of the nucleus. Herpesvirus replication, transcription and the formation of viral 
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capsids transpires in intranuclear structures known as replication centers that are defined by the 

presence of key viral replication proteins as well as host proteins (241, 250, 251). Nuclear 

substructures such as the ND10, as well as nuclear protein localization and abundance are tightly 

regulated by herpesviruses to maintain optimal viral gene expression and replication (252). The 

subcellular localization of A3 proteins and herpesvirus replication compartments could provide 

mechanistic insight for viral evasion of hA3 restriction.  

 Several human APOBEC3 proteins exhibit restriction of MHV68 replication, but mA3 

exhibited no restrictive capacity in the cotransfection experiments. This lack of restriction with 

mA3 overexpression is not likely due to the absence of a co-factor in the HEK 293T cells. 

Murine APOBEC3 partially restricts Moloney murine leukemia virus replication and restricts 

HIV-1 lacking Vif to similar levels as hA3G in 293T cells (253, 254). The absence of restriction 

with overexpressed mA3 was supported by a lack of enhancement in MHV68 pathogenesis in 

mA3 knockout mice. Thus, MHV68 might encode a mA3 antagonist that significantly limits 

antiviral APOBEC3 activity such as HIV Vif (255-257) or Murine Leukemia Virus (MLV) 

glyco-gag (258). Additionally, a recent report identified a significant role for host uracil DNA 

glycosylase (UNG) in reducing the effect of hA3G-induced hyperediting of duck hepatitis B 

virus (259). MHV68, like other herpesviruses encodes a uracil DNA glycosylase (UNG/ORF46). 

However, we did not observe an increased restriction of MHV68 replication by hA3A, hA3B or 

mA3 with loss of MHV68 UNG in cell culture (Minkah, Chavez, and Krug, unpublished results).  

Infection of mice lacking mA3 did not lead to an enhancement of MHV68 pathogenesis. 

This may be attributed to a viral countermeasure as described above, a lack of mA3 deamination 

function in the context of a herpesvirus infection or a yet undiscovered role in a particular aspect 

of chronic infection in this pathogenesis model. The intranasal route of inoculation is 

characterized by high levels of productive replication in the lungs, a tissue with lower mA3 

expression levels (205). MA3 protein is expressed at high levels in the spleens, but its absence 

did not influence latency establishment in the spleen or reactivation from latency. Another route 

of infection, such as intraperitoneal inoculation might reveal the importance of MHV68 

replication in peritoneal exudate cells wherein the primary latency reservoir is macrophages (58). 
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Indeed, the influence of some host proteins such as promyelocytic leukemia nuclear bodies 

(PML) (260) or viral proteins such as M1 and M2 on MHV68 pathogenesis is dependent on the 

route of infection (261, 262). Finally, it is possible that another APOBEC protein compensates 

for the loss of mA3 to limit MHV68 replication. A hyperediting signature similar to murine 

APOBEC1 deamination was reported in a mouse model of hepatitis B virus infection (263, 264). 

Furthermore, in a rat model of HSV-1-induced encephalitis, APOBEC1 levels were increased 

upon HSV-1 infection and overexpression of APOBEC1 both enhanced hyperediting of HSV-1 

genomes and reduced viral titers (265). 

MHV68 infection of mice provides a tractable model pathogenesis system to dissect the 

contribution of virus and host factors that influence chronic gammaherpesvirus infection. 

Primates have diversified their repertoire of A3 cytidine deaminases under the selective pressure 

of retroelements and viral pathogens. We sought to examine whether the evolutionary distinct yet 

‘primordial’ APOBEC3 encoded by mice shared the restrictive property of the expanded human 

APOBEC3 molecules against MHV68, with the aim of utilizing mA3-/- mice as a platform for 

pathogenesis and mechanistic investigations. However, mA3 did not restrict MHV68 replication 

in cell culture or pathogenesis in mice. The unexpected loss of the hA3 restrictive phenotype 

when replication was initiated upon de novo infection with virus particles leads us to posit that 

herpesviruses are largely protected from hA3 restriction. Possible evasion mechanisms to explore 

include a virion-associated countermeasure such as a tegument protein or a block in APOBEC3 

access to the viral genome either due to encapsidation of the viral genome during cytoplasmic 

transport to the nucleus or compartmentalization of the genome in nuclear replication centers. 
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ABSTRACT 

Uracil DNA glycosylases (UNG) are highly conserved proteins that preserve DNA 

fidelity by catalyzing the removal of mutagenic uracils. All herpesviruses encode a viral UNG 

(vUNG), yet the role of the vUNG in a pathogenic course of gammaherpesvirus infection is not 

known. First, we demonstrated that the vUNG of murine gammaherpesvirus 68 (MHV68) retains 

the enzymatic function of host UNG in an in vitro class switch recombination assay. Next, we 

generated a recombinant MHV68 with a stop codon in ORF46/UNG (ΔUNG) that led to loss of 

UNG activity in infected cells and a replication defect in primary fibroblasts. Acute replication 

of MHV68∆UNG in the lungs of infected mice was reduced a hundred-fold and was 

accompanied by a substantial delay in the establishment of splenic latency. Latency was largely, 

yet not fully, restored by an increase in virus inoculum or by altering the route of infection. 

MHV68 reactivation from latent splenocytes was not altered in the absence of the vUNG. A 

survey of host UNG activity in cells and tissues targeted by MHV68 indicated that the lung 

tissue has a lower level of UNG enzymatic activity than the spleen. Taken together, these results 

indicate that the vUNG plays a critical role in the replication of MHV68 in tissues with limited 

host UNG activity and this vUNG-dependent expansion, in turn, influences the kinetics of 

latency establishment in distal reservoirs.  
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IMPORTANCE 

  Herpesviruses establish chronic life-long infections using a strategy of replicative 

expansion, dissemination to latent reservoirs, and subsequent reactivation for transmission and 

spread. We examined the role of the viral uracil DNA glycosylase, a protein conserved among all 

herpesviruses, in replication and latency of murine gammaherpesvirus 68. We report that the 

viral UNG of this murine pathogen retains catalytic activity and influences replication in culture. 

The viral UNG was impaired for productive replication in the lung. This defect in expansion at 

the initial site of acute replication was associated with a substantial delay of latency 

establishment in the spleen. Levels of host UNG were substantially lower in the lung compared 

to the spleen, suggesting that herpesviruses encode a viral UNG to compensate for reduced host 

enzyme levels in some cell types and tissues. These data suggest that intervention at the site of 

initial replicative expansion can delay the establishment of latency, a hallmark of chronic 

herpesvirus infection. 

  



	  
	  

	  

142 
	  
	  

	  

INTRODUCTION 

All herpesvirus genomes encode a homolog of the host uracil DNA glycosylase. If not 

repaired, uracil misincorporation during DNA replication (1,2) or conversion upon cytosine 

deamination (2,4) will lead to a C:G to T:A transition mutation that may have severe 

consequences for genomic integrity (266). In the host, the recognition and removal of uracils is 

mediated by members of the uracil DNA glycosylase (UDG) superfamily. UNG2 is the 

predominant nuclear enzyme responsible for initiating repair (267-271). The role of a seemingly 

redundant herpesvirus UNG in viral replication is not well understood. 

The viral uracil DNA glycosylases (vUNG) are typically expressed early in the viral 

lifecycle and their expression correlates with the onset of viral DNA replication (272-275). Viral 

UNGs (vUNGs) interact with components of the viral DNA replication machinery including 

viral DNA polymerases and lytic gene transactivators (276-278). Mutation of the HCMV vUNG 

(UL114) delays HCMV replication in cell culture (279, 280). Epstein-Barr virus (EBV) DNA 

synthesis is reduced upon reactivation from latency in the absence of the vUNG (BKRF3) (278). 

Moreover, herpes simplex virus type 1 (HSV-1) vUNG (UL2) mediates base-excision repair in 

vitro (281) and loss of UL2 alone or together with loss of the HSV-1 dUTPase results in 

increased mutation rates upon serial passaging in culture (274). Similarly, loss of HCMV vUNG 

increases uracil frequency in the viral genome (280). Thus, vUNGs promote viral DNA 

replication and safeguard against uracil misincorporation, consistent with a role in maintaining 

the integrity of the viral genome.   

The viral genes involved in nucleotide metabolism and DNA repair, the viral 

ribonucleotide reductase (RNR), thymidine kinase (TK), viral dUTPase and the viral UNG (282), 

are considered accessory proteins. These proteins are dispensable for viral replication in 

proliferating cells, yet are required in primary, quiescent or terminally differentiated cells. 

Herpesviruses typically replicate within mucosal tissues at the site of infection and disseminate 

to distal latency reservoirs, from which the virus reactivates periodically to maintain life-long 

infection. The role of a herpesvirus-encoded UNG in vivo, where the virus has to navigate both 
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quiescent and proliferating cells, has only been described for a mouse model of HSV-1 infection. 

HSV-1ΔUNG was impaired in viral replication at the sites of infection and led to a reduction in 

virus titers in both the central and peripheral nervous system (283). Moreover, ex vivo 

reactivation of HSV-1 from trigeminal ganglia was defective in the absence of the vUNG (283). 

The role of the gammaherpesvirus vUNG in virus replication and pathogenesis in the host 

is not well-defined. We utilized murine gammaherpesvirus 68 (MHV68), a natural pathogen of 

murid rodents, to examine the influence of the viral UNG on gammaherpesvirus infection. We 

constructed recombinant MHV68 viruses with a stop codon in ORF46 and observed that loss of 

the vUNG reduced viral replication in fibroblasts and led to a severe impairment in viral 

replication within the lung. This defect in acute replication altered the kinetics of the 

establishment of latency in the spleen that could be largely overcome by an increase in virus dose 

or a change in the route of infection. Moreover, we observed a near absence of host UNG 

activity in the lungs that correlated with the requirement for vUNG in acute lung replication. 

Taken together, these data suggest that MHV68 requires the vUNG to overcome the restrictive 

environment of host tissues that lack adequate UNG activity.  
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MATERIALS AND METHODS 
Mice and Cells. Female WT C57BL/6 mice were purchased from Jackson laboratories (Bar 

Harbor, Maine) or bred at the Stony Brook University Division of Laboratory Animal Research 

(DLAR) facility. All protocols were approved by the Institutional Animal Care and Use 

Committee of Stony Brook University. UNG-/- mice were obtained from the Jaenisch lab and 

bred at the MD Anderson Cancer Center animal facility in compliance with the Institutional 

Animal Care and Use Committee policies of MD Anderson Cancer Center. Primary murine 

embryonic fibroblast (MEF) cells were isolated from C57BL/6 mice and maintained in 

Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum, 100 U of 

penicillin per ml and 100 mg of streptomycin per ml at 37oC in 5% CO2. Immortalized murine 

fibroblast cells (NIH 3T3 or NIH 3T12) were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 8% fetal calf serum, 100 U of penicillin per ml and 100 

mg of streptomycin per ml at 37oC in 5% CO2. 

Class switch recombination assay. B cell isolation and the pMX retroviral infection have been 

previously described (284, 285). In brief, primary naïve B-lymphocytes from WT and UNG-/- 

mouse spleens were purified by negative selection with anti-CD43 beads (Miltenyi Biotec, 

Auburn CA) and cultured with 25 µg/ml LPS and 5 ng/ml IL-4 (Sigma-Aldrich). Retrovirus for 

cultured B cells was produced in BOSC23 cells by co-transfection with retroviral pMX and pCL-

ECO plasmids. Supernatants were harvested 2-3 days after transfection and used to infect 

purified naïve B cells following 16 hr of culture in LPS and IL-4. To determine relative class 

switching to IgG1, naïve and/or retrovirally transduced primary B cells were cultured, stained 

with anti-mouse IgG1 antibodies (Becton Dickinson) and analyzed by flow cytometry as 

previously described (284, 285).   

Generation of recombinant viruses. The modified MHV68-H2bYFP genome cloned into a 

BAC was a kind gift from the Speck laboratory (161). MHV68-H2bYFP-ORF46-stop (ΔUNG) 

virus was generated using en passant mutagenesis (45). Briefly, primers containing the ORF46-

stop mutation (underlined), flanking WT ORF46 sequences on either side of the mutation and 
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sequences complementary to the kanamycin selection marker (forward primer 

5’TTTTCTACCTCAATCCTGGATAGACTACTTACAACTCTCCGCGTTTTAAATCCAAGA

AGCTTGAGCAGATTATGGCTGCATAGGGATAACAGGGTAATCGATTT3’ and reverse 

primer 

5’TGTTTTCTTCTGTTTTCTACTGCAGCCATAATCTGCTCAAGCTTCTTGGATTTAAAA

CGCGGAGAGTTGTAAGTAGTCTAGCCAGTGTTACAACCAATTAACC3’) were used to 

amplify the kanamycin (Kan) selection marker from plasmid pEPKanS2 (20) by PCR (One Taq 

DNA polymerase, New England Biolabs, Ipswich MA). This PCR product was excised from the 

gel, digested with DpnI to remove input template, and transformed into freshly prepared 

electrocompetent E. coli harboring the MHV68-H2bYFP BAC. After recovery, the bacterial cells 

were plated on dual chloramphenicol (34 ug/ml) / Kan (50 ug/ml) plates and incubated at 30°C 

for 48 hrs. DNA was prepared from isolated colonies and the Kan selection marker in Orf46 was 

PCR amplified to verify the insertion of the mutagenesis cassette into the MHV68-H2bYFP 

BAC. Following the protocol outlined in reference 20, the kanamycin selection marker was 

removed, leaving behind the desired ORF46 stop mutation.  The Orf46 gene was PCR amplified 

from the putative mutant BAC, digested with DraI to confirm the presence of the stop codon and 

then PCR products harboring the newly introduced DraI site were sequenced (Laragen Inc, 

Culver City, CA). To generate marker rescued viruses, primers flanking WT Orf46 sequence 

were used to generate a targeting construct, that is then used to repair the ORF46-stop disrupted 

virus as described above. Virus passage and titer determination were performed as previously 

described (57, 229). 

Analysis of recombinant viral BAC DNA. BAC DNA was prepared by Qiagen column 

purification. For restriction analysis. 10 ug of BAC DNA was digested overnight with DraI and 

then resolved in a 0.8% agarose gel in 1X TAE. For complete genome sequencing, the BAC 

DNA samples were prepared for multiplex, 50 cycle-single-end read sequencing on an Illumina 

HiSeq2000 by the SUNY-Buffalo Next Gen Sequencing Core. Reads were demultiplexed using 

the CASAVA 1.8.2 utility program. Whole genome sequencing data were analyzed for mutations 
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using CLC Genomics Workbench 6.0.2 (CLC bio, Aarhus, Denmark). Illumina sequence data 

was analyzed  using CLC Genomics Workbench 6 (CLCbio/Qiagen, Aarhus, Denmark). Reads 

were aligned to a modified reference genome based on the WUMS Sequence (Genbank U97553) 

where the Kozinowski BAC sequence compiled by manual Sanger sequencing was appended to 

the left end. In order to spot any larger indels, contigs were generated using the CLC denovo 

assembler and aligned using Sequencher 5 (Genecodes). The reference sequence was modified 

based on actual sequencing data.Variants from the reference sequence comprising at least 5% of 

reads were found by using the Quality-based Variant detection algorithm in CLC Genomics 

Workbench, using a neighborhood radius of 5, minimum neighborhood quality score of 25, and a 

minimum central quality score of 29. Variants had to be present in both read directions, and had 

to be contained in uniquely-mapped reads. Importantly, engineered mutations were found in 

>93% of reads. 

Virus growth curves. To measure virus replication, 2 x 105 MEFs or 1.8 x 105 NIH 3T12 cells 

were seeded in 6-well tissue culture plates one day prior to infection with recombinant MHV68 

at a multiplicity of infection (MOI) of 5. Triplicate wells were harvested for each timepoint, and 

the cells with the conditioned medium were stored at  -80°C. Serial dilutions of cell homogenate 

were used to infect NIH 3T12 cells and then overlayed with 1.5% methylcellulose in DMEM 

supplemented with 5% FBS. One week later, the methylcellulose was removed and cells were 

washed twice with PBS prior to methanol fixation and staining with a 0.1% crystal violet 

solution in 10% methanol. 

Real time PCR. Total cell DNA from the MHV68 infected or mock infected MEF cells was 

column-purified (Qiagen, Limburg, Netherlands). 50 ng of DNA was input into a quantitative 

PCR reaction (Thermo scientific-SYBR Green low ROX mix, Waltham MA) using primers 

specific to a region of MHV68 ORF50 (forward primer, 5’ GGCCGCAGACATTTAATGAC3’, 

reverse primer 5’ GCCTCAACTTCTCTGGATATGCC 3’) and primers for murine 

GAPDH (forward primer, 5’ CCTGCACCACCAACTGCTTAG 3’, reverse primer 

5’ GTGGATGCAGGGATGATGTTC 3’). A standard curve was generated using known DNA 



	  
	  

	  

147 
	  
	  

	  

copies of ORF50 and GAPDH plasmids and the absolute ORF50 DNA copy number within each 

infection was extrapolated from the standard curve. 

 

Antibodies and  immunoblotting. Total protein lysate was harvested in lysis buffer (150 mM 

sodium chloride, 1.0% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 

sulfate, 50 mM Tris pH 8.0) supplemented with a protease inhibitor cocktail (Sigma, St. Louis 

MO) and PMSF. Twenty micrograms of each lysate were separated on a gradient 4-15% SDS 

PAGE gel (Bio rad, Hercules CA) and transferred to polyvinylidene fluoride membrane. ORF59 

and ORF75C were detected using affinity-purified chicken anti-peptide antibodies against 

MHV68 ORF59 (173) and ORF75C (generated from peptides PRSRSFSRHKPMKFDQS and 

YDAENLQCTPWQI, Gallus Immunotech, Ontario, Canada). For ORF65 detection, a rabbit 

polyclonal antibody was used (kind gift from Ren Sun, UCLA) (174). A rabbit polyclonal 

antibody to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (SIGMA, St. Louis MO) was 

used as a loading control. HRP-conjugated secondary antibodies were detected using an 

enhanced chemiluminescence reagent (ECL, Thermo Scientific, Waltham MA). 

Uracil DNA glycosylase activity. HEK 293T, NIH 3T12 and primary MEF cells or single cell 

suspensions of splenocytes and collagenase-digested lung tissues were harvested in HEPES 

EDTA buffer (10 mM HEPES [pH 7.4], 1 mM EDTA, 1 mM dithothreitol) and disrupted by 

sonication. For lung lysates, mice lungs were perfused with phosphate buffered saline (PBS), 

minced with scissors, and then digested with collagenase (Type IV, Sigma, St. Louis MO). 

Protein concentration was quantified by the Bio-Rad DCTM protein assay (Bio-Rad, Hercules, 

CA). Twenty ul cleavage reactions consisting of 2ug (Figure 3C) or 20 µg of protein lysate 

(Figure 8) and 0.1 pmol of an Alexa 488 modified, 19-mer single-stranded DNA oligonucleotide 

containing a single uracil (Alexa 488- CATAAAGTGUAAAGCCTGG) were carried out at 37°C 

for 15 min in reaction buffer (10 mM Tris pH 7.4, 1 mM EDTA, 50 mM NaCl). Reactions were 

stopped with 20 µl of UDG stop buffer (80% Formamide, 10mM EDTA, 0.4M NaOH, 1mg/ml 



	  
	  

	  

148 
	  
	  

	  

orange G) and heated at 95°C for 15 mins prior to resolution in a 7.4 M urea, 15% 

polyacrylamide gel in 0.5 X Tris borate EDTA at 120 V for 1 hr. Quantitaion of uracil cleavage 

was measured using ImageQuant software (GE Healthcare, Piscataway NJ). 

Infections and organ harvests. 8 to 10 week old WT mice were either infected by intranasal 

inoculation with 100 PFU or 100,000 PFU of MHV68 in a 20 µl bolus or by intraperitoneal 

injection of 0.5 ml with 100 PFU of MHV68 under isoflurane anesthesia. The inoculum was 

back-titered to confirm the infectious dose. Mice were sacrified by terminal isoflurane 

anesthesia. For acute titers, mouse lungs or spleens were harvested in 1 ml of DMEM 

supplemented with 10% FBS and stored at -800C prior to disruption in a Mini-BeadBeater 

(BioSpec, Bartlesville, OK). The homogenates were titered by plaque assay. For latency and 

reactivation experiments, mouse spleens were homogenized, treated to remove red blood cells, 

and then filtered through a 100 µm nylon filter. For peritoneal cells, 10 ml of media was injected 

into the peritoneal cavity and an 18-gauge needle was used to withdraw approximately 7 ml of 

media from each mouse. The peritoneal exudate cells were pelleted by centrifugation and then 

resuspended in 1 ml of DMEM supplemented with 10% FBS. 

Limiting dilution PCR detection of MHV68 genome positive cells. To determine the 

frequency of cells harboring the viral genome, single cell suspensions were prepared and used in 

a single-copy nested PCR. Six three-fold serial dilutions of cells were plated in a 96-well PCR 

plate in a background of NIH 3T12 cells and lysed overnight at 560C with proteinase K. The 

plate was subjected to an 80-cycle nested PCR with primers specific for MHV68 ORF50 (57, 

229). Twelve replicates were analyzed at each serial dilution and plasmid DNA at 0.1,1 and 10 

copies was included to verify the sensitivity of the assay.  

Limiting dilution ex vivo reactivation assay. To determine the frequency of cells harboring 

latent virus capable of reactivation upon explant, single cell suspensions were prepared from 

mice 16 or 18 dpi, resuspended in DMEM supplemented with 10% FBS and plated in twelve 

serial two-fold dilutions onto a monolayer of mouse embryonic fibroblast (MEF) cells prepared 

from C57BL/6 mice in 96-well tissue culture plates. Twenty-four replicates were plated per 
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serial dilution. The wells were scored for cytopathic effect (CPE) two to three weeks after 

plating. To differentiate between pre-formed infectious virus and virus spontaneously 

reactivating upon cell explant, parallel samples were mechanically disrupted using a mini-bead 

beater prior to plating on the monolayer of MEFs to release preformed virus that is scored as 

CPE (57, 229).  

Flow Cytometry. For the analysis of B cells, 2x106 splenocytes were resuspended in 200 µl of 

FACS buffer (PBS with 2% Fetal Bovine Serum) and then blocked with TruStain fcX (Clone 93, 

Biolegend, San Diego, CA). The cells were subsequently washed, and stained with CD19 (clone 

6D5), CD95 (15A7), CD4 (GK1.5), and CD8 (53-6.7) (all from Biolegend, San Diego, CA). The 

data were collected using a Dxp8-FACScan (Cytek Development; BD Biosciences) and analyzed 

using FlowJo v10.0.6 (Treestar Inc, Ashland, OR). 

 

Statistical analyses. Data were analyzed using GraphPad Prism Software (Prism 5, La Jolla 

CA). Statistical significance was determined using either an ANOVA test followed by a 

Bonferroni correction or a non-paired two-tailed t-test. Under Poisson distribution analysis, the 

frequencies of latency establishment and reactivation from latency were determined by the 

intersection of nonlinear regression curves with the line at 63.2.  
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RESULTS 

 The viral UNG of murine gammaherpesvirus 68 rescues class switch recombination 

in B cells lacking UNG. UNG recognizes and cleaves the N-glycosidic bond of uracils to 

generate an abasic site that is subsequently incised by host endonucleases prior to repair by the 

base-excision repair pathway (286). In addition, host UNG2 excises uracils from activation 

induced deaminase (AID) induced U:G lesions within the immunoglobulin locus to facilitate 

somatic hypermutation and class switch recombination, two functions essential for generating 

antibody diversity (271, 287). To determine if the vUNG exhibits uracil excision activity and if 

disruption of this gene impairs this activity, we tested the ability of the vUNG to rescue 

immunoglobulin class switch recombination in UNG-null B cells. Naïve resting B cells were 

purified from the spleen of WT and UNG-/- mice and stimulated with IL-4 and LPS to induce 

class switch recombination (CSR). CSR was monitored by flow cytometry with antibodies to 

IgG1. UNG-/- cells were unable to switch to IgG1 while WT cells exhibited about a 20% shift to 

IgG1 upon stimulation (Fig. 1A). To test complementation, we transduced UNG-/- cells with a 

retrovirus expressing host UNG or the WT MHV68 vUNG together with GFP to mark UNG-

expressing B cells (Fig. 1B). Transduction of WT MHV68 vUNG or host UNG2 resulted in 

restoration of CSR to the UNG-/- cells, an equivalent proportion of cells became GFP+/IgG1+ 

(9.0% and 8.4% respectively) (Fig. 1C). In contrast, transduction with a retrovirus encoding a 

vUNG that harbors a premature stop codon (vUNG.stop) did not rescue CSR in UNG-/- cells 

(Fig. 1C). These results demonstrate that the vUNG encoded by MHV68 exhibits uracil 

glycosylase activity and that a premature stop codon in the MHV68 vUNG abrogates this 

catalytic function.  

 Uracil DNA glycosylase promotes gammaherpesvirus replication in primary 

fibroblasts. To examine the function of the vUNG in MHV68 pathogenesis, we generated a 

recombinant MHV68 encoding the premature ORF46-stop codon utilized in the CSR assay. The 

ORF46-stop virus, hereafter termed ΔUNG, was generated from the MHV68-H2bYFP marking 

virus using allelic exchange (45, 288). The cytosine at nucleotide (nt) position 114 was replaced 
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with two adenines. This insertion introduced a TAA stop codon and a unique DraI site 

(underlined) (Fig. 2A). ΔUNG1 was repaired back to the WT sequence and is termed 

ΔUNG1.MR (marker rescue). The presence of the UNG mutation was confirmed by DraI 

digestion of the ORF46 gene (Fig. 2B) and restriction fragment length polymorphism analysis 

(Fig. 2C). The lack of additional mutations in the MR and mutant viruses was confirmed by 

whole genome sequencing (Fig. 2D). ΔUNG1 and ΔUNG2 refer to mutant viruses derived from 

two independent BAC clones.  

 In multi-step growth curves, we observed a lag in virus replication with loss of the 

vUNG. ΔUNG1 and ΔUNG2 replication lagged behind WT and ΔUNG1.MR between 24 and 

120 hpi before reaching similar peak titers at 148 hpi. (Fig. 2E). We next compared replication 

in immortalized fibroblasts (NIH 3T3) or primary MEFs following infection at an MOI of 5. In 

these single-step growth curves, loss of the vUNG resulted in a 2.5-fold replication defect in 

immortalized NIH 3T3 cells (Fig. 3A) and a significant eight-fold defect in primary MEFs (Fig. 

3B). Viral DNA synthesis between 24 and 6 hpi (Fig 3C) and viral transcripts from different 

kinetic classes were not impacted by the loss of the vUNG (data not shown). An immunoblot 

analysis of viral proteins representative of early and late gene classes did not reveal significant 

defects in gene expression during infection of the MEFs (Fig. 3D). Interestingly, we observed an 

increase in the levels of ORF75C tegument protein delivered to cells newly infected with viruses 

lacking vUNG compared to UNG.MR  (Fig 3E). We examined the particle to PFU ratio by 

quantitating the encapsidated viral genomes and plaque forming units from a concentrated stock 

prepared in parallel for ΔUNG1 and ΔUNG1.MR.  The ΔUNG1 virus had a six-fold increase in 

the particle to PFU ratio as compared to the repaired ΔUNG1.MR (data not shown). Taken 

together, we propose that the vUNG promotes an aspect of virus replication distinct from DNA 

synthesis or selected early and late gene product expression, likely impacting assembly or 

infectivity of the virions. 

The vUNG of MHV68 retains enzymatic UNG activity in infected primary 

fibroblasts. We next examined UNG activity in MEFs infected with MHV68. Protein lysates 
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harvested from primary MEFs 24 hpi were incubated with a 19-mer single-stranded 

oligonucleotide containing a single uracil. Uracil excision followed by alkaline treatment of the 

abasic site generates a 9-mer product that is resolved by denaturing PAGE electrophoresis (Fig. 

4A). Lysates from WT- or MR-infected MEFs cleaved approximately 50% of the uracil-

containing oligonucleotide at 24 hpi (Fig. 4B). In contrast, there was no significant difference in 

oligonucleotide cleavage between ΔUNG1-infected and uninfected MEFs over an extended 

timecourse (Fig. 4C). This data indicates that the vUNG drives the enzymatic UNG activity that 

is detected in the infected MEFs.  

 Loss of the MHV68 UNG reduces acute viral replication in the lungs and the 

establishment of latency in mice. To assess the role of the vUNG in replication within an 

infected animal, we examined acute replication in the lung after an intranasal infection of 

C57BL/6 mice. ΔUNG1 and ΔUNG2 exhibited reduced replication in the lung as compared to 

ΔUNG1.MR, with undetectable virus titers in 9 out of 10 mice at 4 dpi. ΔUNG1.MR titers 

increased by 20-fold at 7 dpi, and were comparable to WT-infected mice. At 9 dpi, we observed 

a further 2.5-fold increase in ΔUNG1.MR titers, with complete clearance from the lungs by 12 

dpi. In contrast, virus replication in the lungs of mice infected with ΔUNG viruses failed to reach 

the levels of WT and UNG.MR replication, with an approximately two-log defect in viral titers 

at 9 dpi. Virus was not detected in the lungs of ΔUNG infected mice at 12 dpi, indicating that 

there was no delay in clearance with loss of the vUNG (Fig. 5). Thus, the vUNG promotes acute 

replication of MHV68 in the lung. 

Within two weeks of intranasal infection, virus replication in the lung is resolved and the 

virus transits to the spleen where it targets B-lymphocytes. The peak in splenic latency occurs 

between 14 and 18 dpi and coincides with splenomegaly. Mice infected with ΔUNG1.MR 

exhibited splenomegaly with a two-fold increase in splenic weight at 16 dpi while mice infected 

with ΔUNG viruses did not exhibit significant splenomegaly (Fig. 6A). This defect in 

splenomegaly correlated with a two-log reduction in the frequency of splenocytes that harbor the 

viral genome in mice infected with the ΔUNG viruses as compared to ΔUNG1.MR (Fig. 6B, 
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summarized in Table 1). This impairment in latency establishment was accompanied by a 

similar reduction in the frequency of reactivation from latency upon explant (Fig. 6C, 

summarized in Table 2). The severity of the defect in the establishment of latency precluded a 

determination of whether vUNG plays a role in splenic reactivation. In spite of a severe latency 

defect at 16 dpi, the frequency of genome-positive splenocytes six weeks after infection with 

ΔUNG1 was nearly equivalent to ΔUNG1.MR (Fig. 6D). Thus, loss of vUNG delays latency 

establishment in the spleen after intranasal inoculation of mice.  

 An increase in dose partially rescues the latency defect of the virus lacking UNG. 

Since the intranasal inoculation of mice with 100 PFU of virus identified defects in both acute 

replication in the lung as well as the establishment of splenic latency in ΔUNG-infected animals, 

we reasoned that the delay in splenic latency might solely be attributed to a failure of the UNG 

null viruses to expand in the lung. To test this hypothesis, we increased the virus inoculum by 

three orders of magnitude to 100,000 PFU. Mean lung titers from mice infected with 100,000 

PFU (Fig. 7A) were increased overall as compared to lung titers from mice infected with 100 

PFU (Fig. 5). Acute replication in the lungs of mice infected with ΔUNG1 was partially restored, 

but still reduced by six- and ten-fold as compared to ΔUNG1.MR-infected mice at 4 and 9 dpi, 

respectively (Fig. 7A). Coupled with this partial rescue of replication in the lung, splenomegaly 

was restored in ΔUNG1-infected animals at 16 dpi (Fig. 7B). Moreover, spleens from mice 

infected with ΔUNG1 exhibited a slight, but statistically insignificant, four-fold reduction in the 

frequency of genome positive cells (Fig. 7C, summarized in Table 1). Reactivation from 

latency was only slightly reduced in mice infected with ΔUNG1 relative to ΔUNG1.MR (Fig. 

7D, summarized in Table 2). In summary, an increase in virus dose was able to partially 

overcome a deficit in replication in the lung and led to near complete restoration of latency in the 

spleen. Thus, a large portion of the splenic defect in latency and reactivation observed with a low 

dose of ΔUNG viruses stems from a requirement for the vUNG to drive MHV68 replication in 

the lung and subsequent dissemination from the lung to the spleen.  
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 Bypassing the lung via intraperitoneal inoculation rescues the splenic latency defect 

of murine gammaherpesvirus lacking UNG. The intranasal route of infection identified a 

critical role for the vUNG in seeding the spleen that was partially overcome with an increase in 

virus dose. We next bypassed lung replication using direct administration of virus by 

intraperitoneal inoculation (IP). In general, acute splenic titers were lower than the lungs, with 

mean peak titers at 9 dpi of ~50 PFU/ml and ~150 PFU/ml for ΔUNG1 and ΔUNG1.MR 

respectively (Fig. 8A). No significant difference in splenomegaly was observed between ΔUNG1 

and ΔUNG1.MR infected animals (Fig. 8B). Loss of the vUNG resulted in a slight three-fold 

decrease in the frequency of genome positive splenocytes at 18 dpi (Fig. 8C, summarized in 

Table 1). The frequency of reactivation from latency at this early time point was not impacted by 

the loss of the vUNG (Fig. 8D, summarized in Table 2). We tracked the splenic cells harboring 

MHV68 using the YFP reporter (19), and found that ΔUNG1 and ΔUNG1.MR colonized CD95hi 

CD19+ B cells with equivalent frequencies (Fig. 8E and 8F). At six weeks post-infection, there 

was no difference in either spleen weights (Fig. 8G) or the frequency of genome positive 

splenocytes (Fig. 8H). These experiments using direct IP infection demonstrate that the loss of 

the vUNG does not have a significant impact on latency in the splenic reservoir between 18 and 

42 dpi.  

 The viral UNG is dispensable for latency in peritoneal exudate cells. In addition to 

the major latent reservoir, B-lymphocytes, MHV68 latency is also established in macrophages 

and dendritic cells (58, 60). We examined whether the vUNG plays a role in latency 

establishment in peritoneal exudate cells (PEC), which are comprised largely of macrophages. 

Loss of the vUNG did not influence the frequency of genome positive cells at either 18 or 42 dpi 

after IP inoculation. Additionally, we did not observe a reduction in explant reactivation from 

PECs following infection with ΔUNG1 as compared to ΔUNG1.MR (Fig. 9, summarized in 

Table 1 and Table 2). We conclude that MHV68 latency establishment, reactivation from 

latency, and long-term maintenance in the peritoneal compartment is independent of the vUNG. 
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 The viral UNG plays a critical role in replication in mouse cells with reduced host 

UNG activity. A striking observation from our studies was the differential impact of the loss of 

the vUNG in various murine cells and tissues. We observed significant replication defects in 

primary MEFs and in the lung, but not in immortalized fibroblasts or in primary splenocytes. 

Although all murine tissues express UNG2, reduced UNG2 mRNA levels have previously been 

noted for lung tissue (267). We examined host UNGase levels between the different cell types 

infected by MHV68. We examined host UNG activity by incubating a uracil-containing single-

stranded oligonucleotide with protein lysates from cells in culture and tissues from mice. 

Incubation with lysates from HEK 293T cells, immortalized fibroblasts, or primary MEFs 

resulted in 98%, 75%, and 73% cleavage of the oligonucleotide, respectively (Fig 10A). The 

block in cleavage in the presence of the UNG-specific inhibitor UGI confirmed that UNG is the 

major UDG responsible for uracil excision within these cell lysates. We observed robust 

UNGase activity in the naïve spleen and PEC, (Fig. 10B) tissues where the vUNG is dispensable. 

In sharp contrast, UNG activity in the lung was undetectable, indicating that the lung tissue is 

nearly devoid of host UNG expression. We observed a slight increase in UNGase activity in the 

lungs and PECs upon infection with MHV68, but the level of UNG activity in the lungs was 

comparable upon infection with ΔUNG1 and ΔUNG1.MR (Fig. 10C). This may be attributed to 

the immune infiltrate in the infected lung. Overall, the reduction in acute replication in the lungs 

upon loss of the vUNG correlated with impaired host UNG activity in this tissue. These data are 

consistent with a requirement for the vUNG to compensate for the absence of the host enzyme in 

tissues that are critical for viral replication.  
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FIG 1. MHV68 UNG complements UNG-/- B lymphocytes for class switch recombination 
(CSR). (A) Representative flow cytometry plot demonstrating that WT, but not UNG-/- B cells 
undergo CSR to IgG1. (B) Schematic of CSR assay. Primary B cells from the indicated naïve 
mice are treated with LPS and IL-4 for 4 days. (C) Representative flow cytometry plot of CSR to 
IgG1 in UNG−/− splenocytes transduced with empty vector or pMX expressing murine UNG2, 
MHV68 vUNG, or MHV68 vUNG.stop. The percentage of infected (GFP+) cells expressing 
IgG1 is indicated on the plot. (D) Summary graph of percentage of GFP+ cells that underwent 
CSR to IgG1 4 days after retroviral infection. Bars represent the mean +/- standard deviation, * p 
≤ 0.05. and ** p ≤ 0.005. UNG complementation data is representative of three independent 
experiments. 
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FIG 2. Construction and characterization of a recombinant MHV68ΔUNG virus. (A) 
Schematic of the ΔUNG virus. Comparison of WT and mutant ORF46 nucleotide sequences 
highlighting the presence of the unique DraI site and insertion of the TAA stop codon in ΔUNG 
(underlined). Underneath the nucleotide sequence is the translated amino acid sequence. (*) 
indicates the presence of the stop codon. Arrows indicate the boundaries of primers to generate a 
725 bp amplimer to verify the mutation. (B) DraI digestion of a 725 bp amplimer to confirm the 
unique DraI site in the two independent ORF46.STOP viruses (ΔUNG1 and ΔUNG2), but not 
the marker rescue ofΔUNG1 (ΔUNG1.MR) or wild-type (WT) MHV68. (C) Confirmation of 
mutant and repaired MHV68 viruses by restriction fragment length polymorphism analysis. 10 
ug of WT BAC DNA, ΔUNG1.MR, ΔUNG1 and ΔUNG2 digested with DraI and resolved on a 
0.8% agarose gel. Arrowhead indicates the loss of a 4.3 kb fragment with the insertion of the 
unique DraI site into ORF46. (D) Analysis of MHV68 BAC by whole genome sequencing. 
(Top) Illumina reads were aligned to the MHV68.H2bYFP BAC genome. Shown in the 
histogram are levels of coverage across the genome, scale is 0-30,000X, 56M total mapped reads 
for ΔUNG1, and 39M reads for ΔUNG1.MR. Variants indicated by inverted triangle. The two 
regions of low coverage are due to the paucity of uniquely-mapped reads in the small repeat 
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FIG 3. The vUNG of MHV68 promotes replication in primary fibroblasts. (A) Single-step 
growth curve in immortalized NIH 3T3 fibroblasts at an MOI of 5.0 with ΔUNG1 and 
ΔUNG1.MR. (B) Single-step growth curve in primary murine embryonic fibroblasts (MEFs) at 
an MOI of 5.0 with ΔUNG1 and ΔUNG1.MR. (C) Relative increase in viral DNA levels from 
ΔUNG1 or ΔUNG1.MR – infected MEFs 24 hpi at an MOI of 5. Data is normalized to 6 hpi 
input DNA. (D) Timecourse analysis of early (ORF59) and late (ORF65 and ORF75C) gene 
products upon a high MOI infection of MEFs. (E) Immunoblot analysis of ORF75C tegument 
protein levels delivered with incoming virus 1 hpi. The increase in GAPDH-normalized ORF75C 
levels relative to the MR virus is indicated below the gel. 
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FIG 4. The vUNG of MHV68 retains enzymatic UNG activity in infected primary 
fibroblasts. (A) Schematic of UNGase assay using an Alexa 488-labeled oligonucleotide 
containing a single uracil. Uracil excision leads to oligonucleotide cleavage. (B) Denaturing 
polyacrylamide gel analysis of oligonucleotide cleavage upon incubation with lysates prepared 
from MEFs uninfected or infected with WT, ΔUNG1.MR, ΔUNG1 at 24 hpi. (C) Timecourse 
analysis UNG activity within primary MEFs infected with WT or ΔUNG1 viruses. The 
percentage of cleavage relative to the negative control is indicated below each gel. 
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FIG 5. The vUNG of MHV68 is critical for replication in the lungs of infected mice. 
C57BL/6 mice were infected at 100 PFU by the intranasal route with two independent viruses 
encoding stop codon disruptions in ORF46 (ΔUNG1 and ΔUNG2) and the marker rescue virus of 
ΔUNG1 (ΔUNG1.MR). Lung homogenates from mice were titered by plaque assay, line 
indicates geometric mean titer. Each symbol represents an individual mouse. The dashed line 
depicts the limit of detection at 50 PFU/ml of lung homogenate (log10 of 1.7). * p ≤ 0.05. and ** 
p ≤ 0.005 
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FIG 6. MHV68 vUNG is essential for the establishment of latency in the spleen at early, but 
not late times during chronic infection after low dose intranasal inoculation. C57BL/6 mice 
were infected at 100 PFU by the intranasal route with the indicated viruses. (A) Weights of 
spleens harvested 16 dpi, *** p ≤ 0.001. (B) Frequency of splenocytes harboring latent genomes 
at 16 dpi. (C) Frequency of splenocytes undergoing reactivation from latency upon explant. (D) 
Frequency of splenocytes harboring latent genomes at six weeks post-infection. For the limiting 
dilution analyses, curve fit lines were determined by nonlinear regression analysis. Using 
Poisson distribution analysis, the intersection of the nonlinear regression curves with the dashed 
line at 63.2% was used to determine the frequency of cells that were either positive for the viral 
genome or reactivating virus. Data is generated from at least three independent experiments for 
16 dpi and two independent experiments for 42 dpi. 
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FIG 7. Infection with a higher dose partially overcomes the loss of vUNG. C57BL/6 mice 
were infected at 100,000 PFU by the intranasal route with the indicated viruses. (A) Lung 
homogenates from mice were titered by plaque assay, line indicates geometric mean titer. Each 
symbol represents an individual mouse. The dashed line depicts the limit of detection at 50 
PFU/ml of lung homogenate or a log10 of 1.7. * p ≤ 0.05. and ** p ≤ 0.005. (B) Weights of 
spleens harvested from the indicated infections 16 dpi. Each symbol represents an individual 
mouse. * p ≤ 0.05. and ** p ≤ 0.005. (C) Frequency of splenocytes harboring latent genomes. 
(D) Frequency of splenocytes undergoing reactivation from latency upon explant. For the 
limiting dilution analyses, curve fit lines were determined by nonlinear regression analysis. 
Using Poisson distribution analysis, the intersection of the nonlinear regression curves with the 
dashed line at 63.2% was used to determine the frequency of cells that were either positive for 
the viral genome or reactivating virus. Data is generated from at least three independent 
experiments. 
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FIG 8. ORF46 is not essential for establishment of latency upon direct intraperitoneal 
inoculation. C57BL/6 mice were infected at 100 PFU by the intraperitoneal route with the 
indicated viruses. (A) Lung homogenates from mice were titered by plaque assay, line indicates 
geometric mean titer. Each symbol represents an individual mouse. The dashed line depicts the 
limit of detection at 50 PFU/ml of lung homogenate (log10 of 1.7). * p ≤ 0.05. and ** p ≤ 0.005. 
(B) Weights of spleens harvested from the indicated infections 18 dpi. Each symbol represents 
an individual mouse. (C) Frequency of splenocytes harboring latent genomes 18 dpi. (D) 
Frequency of splenocytes spontaneously reactivating from latency 18 dpi. (E) Proportion of 
CD95hi of CD19+ B cells in response to the indicated infection. (F) Proportion of CD95hi cells in 
the virus-infected YFP+ CD19+ B cell subset. * p ≤ 0.05. (G) Weights of spleens harvested 42 
dpi. (H) Frequency of splenocytes harboring latent genomes 42 dpi. For the limiting dilution 
analyses, curve fit lines were determined by nonlinear regression analysis. The dashed lines 
represent 63.2%. Using Poisson distribution analysis, the intersection of the nonlinear regression 
curves with the dashed line was used to determine the frequency of cells that were either positive 
for the viral genome or reactivating virus. Data is generated from at least three independent 
experiments for 18 dpi and two independent experiments for 42 dpi. 
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Table 1. Frequencies of cell populations harboring viral genomes in C57BL/6 mice. 
 
Virusa Dose, 

PFU 
Route of 
infectionb 

Organc dpi Frequency of viral 
genome-positive 
cells (one in) d 

Total # of 
genome-positive 
cells e 

Total # of cells 
harvested 

ΔUNG.MR 100 i.n Spleen 16 469 2.3 x 106 11.2 x 108 
   Spleen 42 14,933 3.1 x 104 4.7 x 108 
ΔUNG.1 100 i.n Spleen 16 67,652 1.2 x 104 7.8 x 108 
   Spleen 42 7,544 5.2 x 104 3.9x 108 
ΔUNG.2 100 i.n Spleen 16 <100,000 <5.7 x 103 5.7 x 108 
ΔUNG.MR 100,000 i.n Spleen 16 267 3.7 x 106 10.2x 108 
ΔUNG.1 100,000 i.n Spleen 16 977 1.1 x 106 11.2 x 108 
ΔUNG.MR 100 i.p Spleen 18 99 1.7 x 107 16.7 x 108 
   Spleen 42 8,397 4.0 x 104 3.4 x 108 
   PEC 18 196 6.6 x 105 1.3 x 108 
   PEC 42 963 2.1 x 104 0.2 x 108 
ΔUNG.1 100 i.p Spleen 18 327 5.6 x 106 18.2 x 108 
   Spleen 42 20,167 1.9 x 104 3.8 x 108 
   PEC 18 467 1.7 x 105 0.8 x 108 
   PEC 42 647 3.1 x 104 0.2 x 108 

a Infection with either MHV68.ΔUNG(MHV68 lacking the viral UNG) or MHV68. ΔUNG.MR (repaired UNG mutant virus) 
b i.n., intranasal; i.p., intraperitoneal  
c Organ harvested for limiting dilution analysis 
d The frequency data were determined from the mean of at least three independent experiments with cells from the 
indicated organs. Organs were pooled from three to five mice per experiment.  
e The total number of genome positive cells harvested from the mice was extrapolated using the frequency value 
generated from the limiting dilution analysis together with the total number of splenocytes or PEC cells harvested. 
F Statistical difference in the frequency of viral genome-positive cells from ΔUNG infected mice as compared to  
ΔUNG.MR infections 
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Table 2. Frequencies of cell populations reactivating viral genomes in C57BL/6 mice. 
 
Virusa Dose, 

PFU 
Route of 
infectionb 

Organc dpi Frequency of 
reactivating cells 
(one in) e 

Total # of cells 
reactivating latent 
virus e 

Total # of cells 
harvested 

ΔUNG.MR 100 i.n Spleen 16 7490 1.5 x 105 11.2 x 108 
   Spleen 42 n.d n.d 4.7 x 108 
ΔUNG.1 100 i.n Spleen 16 <100,000f <4.7 x 103 7.8 x 108 
   Spleen 42 n.d n.d 3.9x 108 
ΔUNG.2 100 i.n Spleen 16 <100,000f <5.7 x 103 5.7 x 108 
ΔUNG.MR 100,000 i.n Spleen 16 5,250 1.9 x 105 10.2x 108 
ΔUNG.1 100,000 i.n Spleen 16 31,335f 3.6 x 104 11.2 x 108 
ΔUNG.MR 100 i.p Spleen 18 15,561 1.1 x 105 16.7 x 108 
   Spleen 42 n.d n.d 3.4 x 108 
   PEC 18 1,677 7.8 x 104 1.3 x 108 
   PEC 42 n.d n.d 0.2 x 108 
ΔUNG.1 100 i.p Spleen 18 12,885 1.4 x 105 18.2 x 108 
   Spleen 42 n.d n.d 3.8 x 108 
   PEC 18 5,086 1.6 x 104 0.8 x 108 
   PEC 42 n.d n.d 0.2 x 108 

a Infection with either MHV68.ΔUNG(MHV68 lacking the viral UNG) or MHV68. ΔUNG.MR (repaired UNG mutant virus) 
b i.n., intranasal; i.p., intraperitoneal  
c Organ harvested for limiting dilution analysis 
d The frequency data were determined from the mean of at least three independent experiments with cells from the 
indicated organs. Organs were pooled from three to five mice per experiment.  
e The total number of genome positive cells harvested from the mice was extrapolated using the frequency value 
generated from the limiting dilution analysis together with the total number of splenocytes or PEC cells harvested. 
f  Statistical difference in the frequency of reactivating cells from ΔUNG infected mice as compared to  ΔUNG.MR 
infections. 
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FIG 9. MHV68 vUNG is not required for the establishment or reactivation of latency in the 
peritoneal exudate compartment after intraperitoneal inoculation. C57BL/6 mice were 
infected at 100 PFU by the intraperitoneal route with ΔUNG1.MR, ΔUNG1 MHV68 viruses. (A) 
Frequency of peritoneal exudate cells harboring latent genomes 18 dpi. (B) Frequency of 
splenocytes spontaneously reactivating from latency 18 dpi. (C) Frequency of peritoneal exudate 
cells harboring latent genomes 42 dpi. For the limiting dilution analyses, curve fit lines were 
determined by nonlinear regression analysis. The dashed lines represent 63.2%. Using Poisson 
distribution analysis, the intersection of the nonlinear regression curves with the dashed line was 
used to determine the frequency of cells that were either positive for the viral genome or 
reactivating virus. Data is generated from at least 3 independent experiments. 
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FIG 10.  Analysis of uracil DNA glycosylase activity in cells and tissues that MHV68 
infects. Denaturing polyacrylamide gel analysis of oligonucleotide cleavage upon incubation 
with lysates prepared from the indicated cells or tissue. The percentage of cleavage relative to the 
negative control is indicated below. (A) UNGase assay from cultured cell lysates. (B) Lysates 
from mouse tissues. (C) Lung lysates from naïve mice or mice infected with either ΔUNG1.MR 
or ΔUNG1 at 7 dpi. 
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DISCUSSION 
MHV68 encodes a functional UNG that promotes viral replication in primary fibroblasts 

and in the lungs of infected mice. This defect in replication within the lung delays latency 

establishment and reactivation in the spleen. Increasing the virus dose or bypassing the lungs 

altogether by intraperitoneal inoculation eliminates the requirement for the vUNG, and identifies 

a route-dependent role for the vUNG. Finally, we observed varying levels of host UNG activity 

in cells and tissues targeted by MHV68, with mouse lungs exhibiting the lowest levels of UNG 

activity.  To our knowledge this is the first report to directly correlate a tissue-specific absence of 

detectable host UNG activity with a requirement for vUNG. 

 Intranasal infection with MHV68 ΔUNG resulted in a dramatic reduction in replication in 

lung tissues that impaired latency establishment in the spleen. However, the ΔUNG latency 

defect was overcome with an increased dose of virus that largely restored lung titers. Bypassing 

the lung altogether by changing the route of virus administration to intraperitoneal inoculation 

fully restored latency. This supports a role for the vUNG in virus dissemination from initial sites 

of virus entry or replication to latent reservoirs, a finding consistent with studies in a mouse 

model of HSV-1 lacking the vUNG (UL2) (283). Primary HSV-1 infection occurs in the 

epithelium, after which the virus traverses the peripheral nervous system to invade the central 

nervous system. In contrast to WT infected mice, mice infected with HSV-1ΔUNG (ΔUL2) virus 

did not exhibit either hind limb paralysis or encephalitis. Moreover, loss of the HSV-1 vUNG 

(UL2) led to reduced virus titers in the footpads and tissues of the peripheral and central nervous 

system (283).  

 The route-dependent phenotype of MHV68 ΔUNG is similar to pathogenesis studies of 

other replication accessory proteins. MHV68 mutants lacking the ribonucleotide reductase small 

subunit (RNR-S/ORF60) (165), the ribonucleotide reductase large subunit (RNR-L/ORF61) 

(166) or thymidine kinase (TK/ORF21) (167, 168) are unable to establish latency after an upper 

respiratory infection, yet exhibit normal latency establishment upon intraperitoneal inoculation 

(165-168). Moreover, similar to the data reported herein, infections with an increased dose of the 
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RNR-S null virus helped overcome the latency defect upon upper respiratory infection. Thus our 

data for the vUNG are consistent with a model whereby the virus requires these ‘accessory’ 

proteins in vivo to promote productive replication in primary cells lacking potent expression of 

host metabolic or repair enzymes (280, 283).   

The absence of vUNG did not impact MHV68 reactivation from latent splenocytes or 

peritoneal exudate cells. Moreover maintenance of latency six weeks post-infection was not 

impaired. At first glance, this observation contrasts with reactivation defects that were observed 

in mice infected with a mutant HSV-1 lacking UNG. However, HSV-1 reactivation was 

measured post-explant from trigeminal ganglia: a tissue composed of terminally differentiated 

adult neurons with low levels of host UNG (283, 289). Reactivation is also reduced in human 

gammaherpesvirus latency cell systems lacking the EBV viral UNG (BKRF3) alone or in the 

absence of both the vUNG and the host UNG (278, 283, 290-292). Interestingly, Su et al. (278) 

recently reported that host UNG2 levels decrease as EBV reactivation proceeds, indicating that 

the viral UNG is needed to promote replication in conditions of low host UNG levels (278). We 

attribute the lack of a reactivation defect for MHV68 ΔUNG to the latency reservoir under 

analysis at 16-18 dpi: actively proliferating peritoneal exudate cells or germinal center CD95hi B 

cells with high levels of host UNG2 (293).  

Our data clearly demonstrate an important role for the vUNG in virus replication in the 

lung that is largely devoid of host UNG, yet the mechanisms by which the host and viral UNGs 

contribute to gammaherpesvirus replication are not well characterized. The EBV and HSV-1 

vUNG (UL2) promote viral DNA replication (278, 280, 294). Interaction of the HSV-1 origin 

binding protein with the OriS is impaired by the presence of uracils in the target sequence (295). 

The requirement of EBV UNG (BKRF3) for DNA replication during reactivation from latency 

appears to be largely independent of glycosylase function, suggesting that vUNG protein 

interactions with other viral or host replication factors might play a role (278). However, the 

specific role the vUNG plays in viral replication complex formation, fork progression and DNA 

repair is not known.  
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 B-lymphocytes utilize UNG activity in class switch recombination and somatic 

hypermutation, two processes critical for the development of a diverse antibody repertoire 

required for host immunity. To mediate class switch recombination, AID deaminates cytosines in 

immunoglobulin switch regions to generate deoxyuridine which is then excised by two host 

DNA glycosylases: UNG2 and, to a lesser extent, SMUG1. MHV68 UNG can substitute for host 

UNG2 in class switch recombination. This novel finding suggests that the MHV68 UNG retains 

the ability to recognize and cleave the N-glycosidic bond of uracil and may interact with other 

proteins critical for the mutagenic process of CSR. This implicates a possible role for the vUNG 

in impacting B cell processes critical for gammaherpesvirus pathogenesis. Alternatively, given 

that gammaherpesviruses target B cells that undergo isotype-class switching and, in some 

reports, upregulate the B cell specific host cytidine deaminase, AID (292, 296), it is possible that 

mutagenic effects of AID may exert a selective pressure that must be countered by the vUNG. 

Indeed, overexpression of AID impairs reactivation in KSHV-positive latent BCBL cell lines and 

this defect is exacerbated with depletion of host UNG2 (292). A role for the vUNG in countering 

AID restriction of gammaherpesvirus pathogenesis has not been studied. We recently reported 

that MHV68 replication is restricted by several host antiviral APOBEC3 cytidine deaminases 

(297). However, we did not observe an enhaced restriction by the most restrictive APOBEC3, 

APOBEC3A, in the absence of the viral UNG (data not shown).  

Overall, our data support a model wherein the herpesvirus vUNG is required to promote 

viral replication in conditions of low host UNG levels. Importantly, we extend this finding to an 

in vivo gammaherpesvirus system and demonstrate that vUNG-dependent replication at the site 

of initial infection in the host has a substantial influence on the kinetics of dissemination and 

establishment of latency in distal reservoirs. Structure-function studies will be required to 

address differences between host and viral UNGs and dissect the possible roles played by the 

vUNG during replication. Given the critical role for the herpesvirus vUNG across all 

subfamilies, the vUNGs merit further investigation as targets of intervention to block herpesvirus 

replication and infection-associated diseases. 
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