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Abstract 

Epstein-Barr virus (EBV) is a ubiquitous human pathogen that establishes a 

lifelong latent infection in over ninety percent of all adult humans worldwide. While 

typically benign, EBV has been causally associated with a number of human 

malignancies in the settings of immune suppression, genetic, and/or environmental 

factors. While a highly successful pathogen based on prevalence, the ability of the virus 

to immortalize human B cells (a stage of infection thought to be critical for the 

establishment of latency) is quite poor. We hypothesize that the interactions between the 

virus and the human host early after infection are ultimately important for the outcome 

of viral latency establishment.  To answer this question we broadly profiled primary 

human B cells at both early and late times after EBV infection to assay both host mRNA 

expression and the host-driven response to apoptotic stimuli. We found that EBV 

infection induces host gene expression signatures early after infection that are 

functionally distinct from the gene expression program late after infection. These studies 

also led to the novel discovery that viral gene expression is controlled differently early 

after infection, including the delayed expression of a viral protein that is critical for the 

establishment of latency. Furthermore, we have also shown that EBV can use a single 

viral protein to alter and repress host apoptotic sensitivity in the face of an anti-viral 

apoptotic response. 
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1. Introduction  

Introductory material for this dissertation was adapted from two review articles 

published by Alexander M. Price and Micah A. Luftig, entitled “Dynamic Epstein-Barr Virus 

Gene Expression on the Path to B-Cell Transformation” (Price & Luftig, 2014) and ‘To be or not 

IIb: A multi-step process for Epstein-Barr virus latency establishment and consequences for B cell 

tumorigenesis” (Price & Luftig, 2015). 

1.1 Epstein-Barr Virus 

Epstein-Barr virus (EBV), a large double-stranded DNA -herpesvirus, was the 

first human tumor virus discovered over fifty years ago in endemic Burkitt lymphoma 

(Epstein et al, 1964). EBV is one of the most ubiquitous infectious agents known where 

nearly 90% of adults are infected worldwide. In most individuals, EBV infection occurs 

in the early years of life and does not cause disease as a consequence of a robust 

adaptive immune response to the virus (Longnecker et al, 2013). However, infection in 

adolescence can trigger infectious mononucleosis and, in the setting of immune 

suppression, such as following organ transplant or during HIV infection, EBV drives B 

cell lymphomas. Besides B cell malignancies of the immune-suppressed, EBV is also 

found clonally in African endemic Burkitt lymphoma, approximately 30-40% of 

Hodgkin’s lymphoma, and NK/T cell lymphoma. EBV is also associated with epithelial-

derived cancers including nearly all nasopharyngeal carcinomas (NPC) and 

approximately 10% of gastric carcinomas worldwide. This is summarized in Table 1. 
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Table 1: EBV Latency Types and Gene Expression 

Latency Type Viral Genes Expressed Associated Diseases 

and Cell States 

Normal Infected 

Cell Type 

Latency 0 EBERs, miR-BARTs Burkitt lymphoma 
Peripheral 

memory 

Latency I EBERs, miR-BARTs, EBNA1 Burkitt lymphoma 

Dividing 

peripheral 

memory 

Latency IIa 
EBERs, miR-BARTs, EBNA1, 

LMP1, LMP2A/B 

Hodgkin’s 

Lymphoma, NPC, 

Gastric Carcinoma 

Germinal center 

cells 

Latency IIb 

EBERs, miR-BHRF1s, miR-

BARTs, EBNA1, EBNA-LP, 

EBNA2, EBNA3s 

DLBCL, PTLD, LCL 

(Early) 

Activated naïve 

cells 

Latency III 

EBERs, miR-BHRF1s, miR-

BARTs, EBNA1, EBNA-LP, 

EBNA2, EBNA3s, LMP1, 

LMP2A/B 

DLBCL, PTLD, LCL 

(Late) 

Activated naïve 

cells 

Wp-Restricted 

EBERs, miR-BHRF1s, miR-

BARTs, EBNA1, EBNA-LP, 

EBNA3s, BHRF1 

Burkitt lymphoma  

 

1.2 EBV and the Establishment of Latency 

Early studies demonstrated that EBV infection in vitro transformed resting B cells 

into immortalized lymphoblastoid cell lines (LCL) providing a strong link to EBV-

associated B cell cancers (Henle et al, 1967; Pope, 1968). These pioneering studies 

stimulated intense investigation over the ensuing decades into the viral requirements 

and temporal cascade of gene expression triggering cell physiological changes 

associated with B cell proliferation and survival. The model that emerged indicates that 

B cell transformation in vitro is a latent infection including expression of a discrete set of 
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nine proteins and many non-coding RNAs collectively called Latency III (Longnecker et 

al, 2013). In this model, all of the Latency III gene products are expressed prior to the 

first cell division in the absence of lytic virus replication. While this model still stands as 

essentially correct, recent advances in the fields of cellular sub-population sorting, 

proliferation tracking, and gene expression analysis has revealed this process to be more 

complicated than originally surmised. 

1.2.1 EBV Latent Proteins and RNAs 

Transformation is initiated by the viral Epstein-Barr Nuclear Antigen (EBNA) 

proteins. These proteins include EBNA1, 2, 3A, 3B, 3C, and LP (Figure 1). EBNA1 

facilitates latent viral DNA replication through tethering viral episomes to host 

chromosomes and recruiting cellular DNA replication machinery each S phase (Yates et 

al, 1985). EBNA1 also serves as a transcriptional activator of other viral EBNA genes and 

cellular genes (Altmann et al, 2006; Reisman & Sugden, 1986). EBNA2 is the major viral 

transcriptional trans-activator with an acidic activation domain that associates with 

p300/CBP histone actetyltransferase activity (Wang et al, 2000) and a domain that 

accesses promoters and enhancers through binding to cellular transcription factors 

including RBP-J/CBF1/CSL and PU.1 (Grossman et al, 1994; Henkel et al, 1994; 

Johannsen et al, 1995). EBNA-LP (leader protein) is a critical co-activator of gene 

expression with EBNA2. EBNA-LP negatively regulates histone de-acetylase (HDAC) 

function thereby promoting transcriptional activation (Portal et al, 2011). EBNA3A, 3B, 
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and 3C are transcriptional repressors that associate with polycomb group complex 

(PRC) proteins, HDACs, and the SMRT/NCoR complex (Hickabottom et al, 2002; Knight 

et al, 2003; Radkov et al, 1999). EBNA3A and 3C are critical for B cell immortalization 

(Tomkinson et al, 1993), while EBNA3B has been shown to have a regulatory function in 

tumorigenesis in vivo (White et al, 2012). EBNA3s target host and viral chromatin sites 

through similar DNA binding proteins as EBNA2 (e.g. RBP-J) (Cooper et al, 2003; 

Robertson et al, 1995) and lead to repression through epigenetic silencing of a subset of 

EBNA2 targets (Radkov et al, 1997) and other genes including the cyclin-dependent 

kinase inhibitor, p16INK4A, and the apoptosis-inducing protein BIM, thereby 

promoting cell proliferation and survival (Maruo et al, 2011; Paschos et al, 2009; Skalska 

et al, 2010). The coordinated activities of the EBNA proteins serve to control viral and 

host gene expression through direct interactions with cellular control circuits in the 

nucleus. 

The three latent membrane proteins, LMP1, 2A, and 2B are mimics of cellular 

signaling proteins responsible for B cell activation and survival. LMP1 mimics a 

constitutively activate CD40 receptor, which is the B cell protein that normally receives T 

cell help through CD40L signaling in the germinal center (Gires et al, 1997). LMP1 

strongly activates the pro-survival NFB, p38, and JNK signaling pathways (Soni et al, 

2007). The activation of NFB by LMP1 is required for B cell immortalization (Cahir-

McFarland et al, 2004; Cahir-McFarland et al, 2000; Kaye et al, 1993). LMP2A, on the 
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other hand, mimics a constitutively active B cell receptor through aggregating 

downstream SH2-domain containing tyrosine kinases including Lyn and Syk to promote 

PI3K activity (Longnecker et al, 1991). LMP2B is identical to LMP2A except that it lacks 

the N-terminal domain responsible for Lyn and Syk recruitment and therefore acts to 

regulate LMP2A activity (Longnecker et al, 1992). While LMP2A is not critical for B cell 

transformation in vitro, it likely has an important role in vivo as a modulator of 

endogenous B cell receptor signaling important to promote survival of EBV-infected 

cells and possibly tumors (Caldwell et al, 1998; Miller et al, 1995). 

 In addition to protein-coding genes, EBV is the current champion of human 

viruses with regard to generating non-coding RNAs including miRNAs (Cullen, 2011). 

EBV encodes two short, polIII-derived, non-polyadenylated RNAs called EBER1 and 

EBER2 that both activate and suppress aspects of the interferon response (Jochum et al, 

2012; Nanbo et al, 2002). In addition, EBV produces 25 precursor miRNAs that generate 

44 mature miRNA species (Cullen, 2011; Skalsky et al, 2012). The EBV miRNAs are 

expressed from two transcriptional clusters, 22 miR-BARTs and three miR-BHRF1s. 

Deletion of the BHRF1 miRNAs reduces B cell immortalization efficiency by 

approximately 10-fold (Feederle et al, 2011; Seto et al, 2010), while loss of the EBERs has 

no impact on B cell growth in vitro (Swaminathan et al, 1991), although this remains 

controversial. The targets of the viral miRNAs and the EBERs and their role in the 

pathophysiology of EBV infection remain poorly understood. 
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Figure 1: Latency III gene expression in a Lymphoblastoid Cell Line. 

Schematic diagram of latency proteins and RNAs expressed at steady-state in EBV-

transformed LCLs. The nucleus is depicted by the inner, gray-shaded dotted circle. The 

latent membrane proteins (LMPs) are depicted in the plasma membrane as monomers, 

but likely exist as multimers and signal from multiple cellular membranes. 

 

1.2.2 The Germinal Center Model 

While much of our knowledge of EBV comes from in vitro studies, very little is 

known about the route to latency establishment in vivo. Research on this topic has been 

hindered by the lack of a genetically tractable animal model, but recent human studies 

looking at EBV prevalence in various sub-cellular compartments has led to what has 
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become known as the germinal center (GC) model of latency establishment. This model 

is diagrammed in Figure 2.  

 

Figure 2: Germinal center model of EBV infection. 

Model depicting the EBV life cycle with hypothetical latency type gene expression 

programs highlighted (Top). This model is compared to the typical activation model of B 

cells after encountering an antigen in the periphery (Bottom). 

Primary infection with EBV is thought to occur in the oropharynx after contact 

with saliva containing infectious particles. In these oropharyngeal epithelial cells EBV 

undergoes lytic replication and amplification of viral particles, which can then penetrate 

into blood vessels where the virus can infect resident naïve B cells. Upon primary B cell 
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infection, EBV activates the latency III growth program to drive naïve cells to proliferate 

(Joseph et al, 2000) and ultimately into a germinal center reaction in lymphoid tissue 

(Thorley-Lawson & Allday, 2008). The GC environment leads to a restriction of viral 

gene expression to latency IIa in which only the EBNA1, LMP1 and LMP2 proteins are 

expressed (Roughan & Thorley-Lawson, 2009). Finally, as infected cells transition to the 

memory cell compartment this further restricts viral gene expression to either latency ‘0’ 

in which no viral protein-coding genes are expressed or latency I where only EBNA1 is 

expressed during S phase (Babcock et al, 1998). The viral miRNAs and EBERs may be 

expressed in these tightly restricted, antigenically inert resting memory B cells as well. 

Ultimately, if the EBV-infected B cell differentiates towards the plasma cell lineage, then 

the virus activates the lytic cycle genes and generates new progeny to exit the cell (Sun & 

Thorley-Lawson, 2007). 

1.3 Early Events after EBV Infection 

Most of what we have learned about EBV latency over the past fifty years has 

come from the study of the genes expressed in immortalized LCLs or more tightly 

restricted Burkitt lymphoma (BL) cell lines. A few seminal studies characterized the 

temporal expression pattern of the canonical EBV latency genes following primary B cell 

infection giving rise to our understanding of the early kinetics of viral gene expression 

(Alfieri et al, 1991; Hurley & Thorley-Lawson, 1988; Sinclair et al, 1994; Woisetschlaeger 

et al, 1989; Woisetschlaeger et al, 1990). However, in recent years, several new studies 
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have highlighted the more complex dynamics of early events in EBV transformation of B 

cells in vitro and are beginning to shed light on distinct phases of latency that may have 

particular relevance with respect to pathophysiology of EBV-related diseases. 

1.3.1 Prelatency 

Epstein-Barr virus infects and immortalizes naïve, resting B cells. The resting G0 

state of these cells provides a unique challenge for a DNA virus in that it must initiate 

entry into the cell cycle to replicate its own genome. While it was previously thought 

that the latency associated Epstein-Barr Nuclear Antigens (EBNAs) were entirely 

responsible for cellular activation (Kieff & Rickinson, 2007), it has recently been shown 

that a number of genes normally associated with lytic reactivation are expressed at early 

times after infection with the virus called the prelatent phase. These early activated lytic 

genes and their locations are displayed upon a map of the EBV genome (Figure 3). 

EBV can escape from latency by activating the lytic master regulator gene BZLF1 

(Sinclair, 2003). BZLF1 protein induces its own expression and leads to a cascade of viral 

lytic gene induction that ultimately results in the production of virions and the lysis of 

the host cell.  As such, it was surprising when a number of groups reported seeing 

expression of BZLF1 within the first two days after primary B cell infection (Halder et al, 

2009; Kalla et al, 2010; Wen et al, 2007). While BZLF1-knockout viruses (ZKO) are 

competent to immortalize B cells (Feederle et al, 2000; Katsumura et al, 2009), recent 

work indicates that ZKO-infected resting naïve and memory B cells isolated from 
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adenoids were impaired for initial B cell proliferation (Kalla et al, 2010). The reduced 

transformation efficiency of the ZKO virus was rescued by infecting either naïve B cells 

driven to cycle by CD40 ligand/IL-4 pre-treatment or GC-derived B cells (Kalla et al, 

2010). Thus, these new experiments highlight the possible role of early BZLF1 expression 

in B cell activation and initial cell cycle entry. It is also worth noting that other 

canonically lytic genes expressed during this pre-latent phase might have a more 

pronounced effect on B cell transformation. 

1.3.2 The EBNA Transcriptional Unit 

The Epstein-Barr Nuclear Antigens (EBNAs) are a diverse group of gene 

products generated from extensive alternative splicing derived from one of two EBV 

primary RNA transcripts (Figure 4). These two messages are initiated by either the W 

promoter (Wp), which is present multiple times within the BamHI W fragment repeats, 

or the C promoter (Cp), which is further upstream within the BamHI C fragment. The W 

promoter has evolved to be efficiently activated by the milieu of transcription factors 

present in resting B cells, including YY1 and CREB/ATF (Bell et al, 1998; Kirby et al, 

2000) and the B cell specific transcription factor BSAP/Pax5 (Tierney et al, 2000). As the 

W promoter is located once per W fragment repeat, transcription of the EBNAs can and 

does start from any of these fragments early after infection (Rooney et al, 1989). This 

leads to EBNA transcripts with differing 5’UTR sizes and also different sized EBNA-LP 

protein isoforms. The transcript encoding EBNA-LP is unique in that the first W1 splice 
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acceptor is not used, but rather a 5 nucleotide downstream acceptor called W1’ (prime) 

(Rogers et al, 1990). This W0-W1’ splicing event generates the ATG start codon to initiate 

the EBNA-LP coding sequence and is shown in greater detail in the inset of Figure 4. 

 

Figure 3: Schematic of the Epstein-Barr virus genome. 

Letters on the inner edge of the circular genome denote BamHI digestion fragments. Cis-

acting elements within the genome, such as the origin of plasmid replication (oriP), the 
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two origins of lytic replication (oriLyt) and the terminal repeats formed when the linear 

genome is circularized are denoted in blue squares. Lytic genes that appear to be active 

early after infection in the pre-latent phase are shown in orange boxes. Coding exons for 

the latency genes are shown in green boxes. EBV latent mRNAs can be initiated from 

different promoters depending on latency type and time after infection: the W promoter 

(Wp), the C Promoter (Cp), the Q promoter (Qp, only in Latency I), and the LMP 

promoters are labeled. The unspliced pre-mRNAs driven from these promoters is shown 

as a dotted line. EBV encoded noncoding RNAs, such as the miR-BHRF1 cluster, the 

miR-BART cluster, and the EBERs are shown as red triangles. 

Within the first twenty-four hours post-infection Wp initiates expression of 

EBNA-LP, EBNA2, and the viral BCL2 homolog BHRF1 (Alfieri et al, 1991; Kelly et al, 

2009). During this time EBNA2 interacts with host DNA-binding factors including RBP-

J and together with its co-activator, EBNA-LP, upregulates many host genes such as the 

proto-oncogenes c-fgr and c-myc (Zimber-Strobl & Strobl, 2001) as well as cyclin D2 

promoting the G0/G1 cell cycle transition (Sinclair et al, 1994). This early state of 

EBNA2/EBNA-LP driven growth with minimal expression of the EBNA3s has also been 

associated with a period of hyper-proliferation and a concomitant growth-suppressive 

DNA damage response (DDR) (Nikitin et al, 2010). 

EBNA1 has also been implicated in the transition from Wp to Cp through its role 

as a transcriptional enhancer. To facilitate proper episome segregation EBNA1 binds to 

oriP, the origin of plasmid replication, located upstream of both Wp and Cp (Figure 3). 

In addition to its crucial role in episome maintenance, the EBNA1/oriP interaction has 

been described as a potent enhancer of Cp (Puglielli et al, 1996; Sugden & Warren, 1989; 

Woisetschlaeger et al, 1989). Canonical Cp activation is through an EBNA2 responsive 
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element bound by RBP-J and other transcription factors (Jin & Speck, 1992; Sung et al, 

1991; Woisetschlaeger et al, 1991). Ultimately, Cp activity is strongly upregulated 

through viral EBNA gene products after they accumulate two to three days post-

infection. 

As the activity of Cp rises, the activity of Wp wanes. While LCLs still maintain 

some level of Wp-initiated transcripts, the number of Cp-initiated transcripts is 

generally three to four-fold higher (Yoo et al, 1997). This Wp/Cp ratio is reduced after 

infection and also correlates with the number of cell divisions the infected B cell has 

undergone (Nikitin et al, 2010). The reduced Wp usage is likely due to the relative 

strength of Cp as well as to transcriptional interference due to Cp being upstream of Wp 

(Puglielli et al, 1997; Puglielli et al, 1996). Ultimately, all EBNA transcripts are produced 

from Cp including EBNA1 and EBNAs -3A, -3B, and -3C. The rise in expression of the 

EBNA3s after three to four divisions results in the downregulation of EBNA2 host 

targets such as c-Myc, as well as Cp itself due to competition for the host factor RBP-J 

(Krauer et al, 1996; Marshall & Sample, 1995; Robertson et al, 1995). Expression of the 

EBNA3s at this time also attenuates the hyper-proliferative and growth-suppressive 

DDR phenotype observed early after infection (Nikitin et al, 2010). EBNA3C also 

specifically downregulates both p16INK4A (Maruo et al, 2011; Skalska et al, 2010), as 

well as the pro-apoptotic protein BIM (Paschos et al, 2012) to facilitate outgrowth. 
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Figure 4: EBV latency mRNAs are expressed as alternative isoforms and distinct 

transcripts. 

At the top is a schematized EBV linear genome showing the positions of latency gene 

exons in black boxes and BamHI fragment names listed below (not to scale). Also shown 

on the genome are the terminal repeats (open boxes), the C promoter (Cp, green boxes), 

the W promoter (Wp, yellow box), the Q promoter (Qp, blue box), the bi-directional 

Latent Membrane Protein promoter (LMPp, purple boxes), the LMP2A-specific 

promoter (purple box), and the canonical EBNA poly-adenylation sites (pA, arrow). The 

ORF-containing exon of the lytic gene BHRF1 is shown as an orange box. All coding 

exons are shown as full height boxes while non-coding exons are half-height. Early after 

infection latency transcripts are initiated primarily from the W promoter, as shown in 

yellow. The special instance of alternative splicing between the upstream Wp or Cp 

splice donor and the W1 or W1’ exon that leads to inclusion of an ATG start codon and 

EBNA-LP protein production is shown (Inset). After EBNA2 and EBNA-LP production 

reach a significant level early after infection, the C promoter is activated and transcribes 
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the rest of the EBNAs, as shown in green. Later in infection, the LMP promoters are 

active and LMP1, LMP2A, and LMP2B and transcribed and spliced as shown in purple. 

In Latency I only the Q promoter is active to transcribe EBNA1. 

Once the EBNA proteins are expressed at full levels and infected cells begin 

cycling, EBNA2 and EBNA-LP activate the promoters of the viral latent membrane 

proteins. Specifically, EBNA2 and EBNA3C have been shown to co-activate the 

promoter of the essential latent membrane protein 1 (LMP1) (Johannsen et al, 1995; Lin 

et al, 2002). Previously it was thought that this activity and LMP1 levels rose within two 

days to that observed in LCLs. However, recent studies have challenged this dogma and 

suggest mechanisms and hypotheses for why a delay in LMP1 may be relevant to EBV 

biology and pathogenesis. 

1.4 Latent Membrane Protein 1 

Latent Membrane Proteins 1 and 2A/2B (LMPs) are latency-associated transcripts 

found in both latency IIa and latency III EBV infected cells (Table 1). Recent studies 

indicate that LMP1 and LMP2A transcripts do not accumulate to LCL levels at early 

times post-infection (Nikitin et al, 2010). Moreover, LMP1 does not reach LCL mRNA or 

protein levels until approximately two weeks post-infection (Price et al, 2012) 

1.4.1 LMP1 and NFB Signaling 

LMP1 acts as a constitutively active homolog to the human CD40 membrane 

protein (Mosialos et al, 1995) and is essential to the transforming capability of EBV (Kaye 

et al, 1993). Both CD40 and LMP1 signal through the NFB pathway in a similar fashion 
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(Luftig et al, 2003; Luftig et al, 2004; Uchida et al, 1999), and inhibition of the NFB 

pathway in LCLs results in spontaneous apoptosis (Cahir-McFarland et al, 2000). In 

addition, the majority of genes that change at the expression level when an EBV-

negative Burkitt lymphoma cell line (BL41) was infected and converted to latency III 

gene expression overlap with the gene expression changes induced by simply 

expressing LMP1 in the same cell line (Cahir-McFarland et al, 2004). Collectively, these 

data point to LMP1 being a critical modulator of gene expression and essential for the 

survival and establishment of EBV transformed B cells. 

1.4.2 Transcriptional control of LMP1 

The increase in LMP1 expression levels between early and late times of infection 

is regulated at the level of transcription. The LMP1 promoter is activated by EBNA2 

through its interactions with host DNA binding factors RBP-J and PU.1 (Johannsen et 

al, 1995). Similarly, other host factors have been implicated in the activation of the LMP1 

promoter including ATF4 (Pratt et al, 2012; Sjoblom et al, 1998), IRF7 (Ning et al, 2003), 

and even NFB itself (Demetriades & Mosialos, 2009). 

LMP1 mRNA levels may also be controlled post-transcriptionally. Recent studies 

indicate that the c-Myc controlled miRNA family miR17/20/106 binds to the LMP1 

3’UTR to negatively regulate its expression (Skalsky et al, 2012). As c-Myc levels are high 

in early EBV-infected hyper-proliferating B cells, the concomitant rise in miR-17 family 

miRNAs may prevent LMP1 accumulation (Forte et al, 2012). A complementary 
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hypothesis to this postulates that c-Myc directly antagonizes NFB activity as has been 

shown in other B cell lymphomas (Faumont et al, 2009; Klapproth et al, 2009), thereby 

preventing NFB-mediated feed-forward signaling on the LMP1 promoter (Demetriades 

& Mosialos, 2009; Johansson et al, 2009). 

1.5 EBV and Regulation of Apoptosis 

B cells, as members of the adaptive immune response, are primed for death via 

apoptosis to aid in the turnover and maturation of antigen-recognizing cells. As such, 

EBV has evolved the ability to perturb and repress the apoptotic response that is 

activated in infected cells. This often results in EBV-positive lymphomas that are more 

difficult to treat than their EBV-negative counterparts (Kelly et al, 2006). 

1.5.1 Latent Gene Products 

It is has been well established that the EBV oncoprotein LMP1 is necessary for 

continued LCL growth and survival (Kaye et al, 1993; Zimber-Strobl et al, 1996). LMP1 

mimics a constitutively active pro-survival TNF receptor to suppress apoptosis in 

transformed cells (Cahir-McFarland et al, 2000; Okan et al, 1995; Pratt et al, 2012). In 

addition, LMP1 has also been shown to induce the host anti-apoptotic protein MCL-1 

(Kim et al, 2012; Wang et al, 1996) and BFL-1 (D'Souza et al, 2004).  

Outside of the context of primary B cell infection, several LMP1-independent 

mechanisms to subvert apoptosis have been described. EBNA2 is involved in 

transcriptionally activating the host anti-apoptotic protein BFL-1 (Pegman et al, 2006). 
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Expression of the EBNA3 proteins induces resistance to apoptosis in Burkitt lymphoma 

cells by downregulating BIM expression (Paschos et al, 2009; Skalska et al, 2013), thereby 

making infected cells less primed for apoptosis. Besides BIM, the EBNA3 family is also 

known to epigenetically downregulate additional human genes involved in cell cycle 

regulation and apoptosis (Allday, 2013; Harth-Hertle et al, 2013; Hertle et al, 2009; 

Paschos et al, 2012; Skalska et al, 2013). Conversion of Burkitt lymphoma cells to a 

latency III expressing infection has also been shown to impair the accumulation of pro-

apoptotic NOXA and temper the p53-dependent apoptotic response (Yee et al, 2011). 

1.5.2 Lytic Gene Products 

Herpesviruses are known to encode anti-apoptotic homologs of human BCL2 

genes that protect their host cells from death (Boya et al, 2004). EBV is the only member 

of the herpesvirus family to encode two of these so-called vBCL2s, the genes BHRF1 and 

BALF1. While BHRF1 and BALF1 were thought to be primarily lytic genes with their 

own promoters (Austin et al, 1988; Pearson et al, 1987), it has recently been shown that 

BHRF1 and BALF1 protein are expressed early after primary B cell infection (Altmann & 

Hammerschmidt, 2005; Arvey et al, 2012; Kelly et al, 2009). Especially interesting was 

the observation that while both single knock-outs of BHRF1 and BALF1 individually 

produced viruses that were transformation competent, the BHRF1-/BALF1- double 

knockout virus was completely transformation incompetent (Altmann & 
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Hammerschmidt, 2005). Importantly, BHRF1 confers chemoresistance in a mouse model 

of Burkitt lymphoma (Kvansakul et al, 2010). 

1.5.3 Micro RNAs 

Micro RNAs (miRNAs) are small 21-25 nucleotide non-coding RNAs that 

negatively regulate mRNAs by targeting complementary sequences within their 

transcripts (Bartel, 2009). EBV was the first human virus shown to express miRNAs 

(Pfeffer et al, 2004), and to date EBV expresses more pre-miRNAs than any other human 

virus (Forte & Luftig, 2011; Skalsky & Cullen, 2010). 

Recent work has strongly implicated the BART cluster of miRNAs in regulation 

of apoptosis, including the pro-apoptotic factor BIM (Marquitz et al, 2011). EBV miR-

BART5 has been shown to target PUMA, the p53-regulated modulator of apoptosis 

(Choy et al, 2008). EBV miR-BART1-5p, miR-BART16-3p, and miR-BART17-5p have all 

been implicated in targeting EBV LMP1, with potential downstream effects upon 

apoptosis (Lo et al, 2007).  It should be noted that none of the above miRNAs were 

validated in a detailed analysis of miRNA targeting in LCLs (Skalsky et al, 2012). The 

BART miRNAs are expressed mostly in latency IIa-infected epithelial cells including 

EBV-induced nasopharyngeal and gastric carcinomas (Cai et al, 2006; Cosmopoulos et al, 

2009; Kim et al, 2007), and in this setting they are also largely anti-apoptotic (Kang et al, 

2015). Despite the preference for epithelial cells, BART miRNAs are also expressed at 
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low levels in lymphoblastoid cell lines and DLBCLs (Amoroso et al, 2011; Cai et al, 2006; 

Edwards et al, 2008). 

It is also important to note that the B95-8 prototypical transforming strain of 

EBV, often used as a wildtype control in labs, contains a deletion ablating the majority of 

the BART miRNAs (Cai et al, 2006; Grundhoff et al, 2006). A recent study added the 

missing BART miRNAs back into the B95-8 background and showed that they did not 

increase the transformation efficiency of the virus (Seto et al, 2010), indicating that the 

BART miRNA functions are primarily seen in other cell types or in vivo. 
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2. Analysis of EBV-Regulated Host Gene Expression 
Changes through Primary B Cell Outgrowth Reveals 

Delayed Kinetics of LMP1-Mediated NFB Activation 

This chapter is based on a research article published by Alexander M. Price and Jason P. 

Tourigny et al., in the Journal of Virology in 2012 (Price et al, 2012). 

2.1 Rationale 

It has long been known that despite efficient EBV infection of B cells in vitro, only 

a small percentage of the latently infected cells grow out into indefinitely proliferating 

lymphoblastoid cell lines (Henderson et al, 1977; Sugden & Mark, 1977). Consequently, 

we hypothesized that EBV transformation of its human host cell might be actively 

repressed by innate anti-viral or anti-tumor gene expression early after infection. 

Previous studies of early events following B cell infection have identified a 

relatively small set of B cell activation, cell cycle, and apoptosis-associated genes 

(Cannell et al, 1996; Halder et al, 2009; Hollyoake et al, 1995; Sinclair et al, 1994; Spender 

et al, 1999). These changes are all consistent with the initiation of EBV-driven B cell 

proliferation. Furthermore, we have recently identified the DNA damage response 

(DDR) as a potent restriction of EBV-mediated B cell immortalization (Nikitin et al, 

2010). While significant, the transformation restriction imposed by the DDR only 

accounts for ~5% to 10% of the approximate 90% reduction from initially infected cells to 

immortalized lymphoblasts. A more comprehensive analysis of EBV-regulated host gene 
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expression during the transition from early hyper-proliferating cells through LCLs is 

lacking.  

Several studies have been performed to analyze EBV-regulated gene expression 

upon de novo infection of Burkitt lymphoma (BL) cells as well as comparisons of EBV-

positive to EBV-negative cell lines and tumors (Calderwood & Johannsen, 2010). These 

studies collectively indicate that the core gene regulatory activities in an EBV-

immortalized LCL include i) EBNA2-driven, RBP-J-dependent activation of cell cycle 

regulatory and B cell activation genes (Maier et al, 2006; Spender et al, 2006; Zhao et al, 

2006) and ii) LMP1-mediated constitutive anti-apoptotic NFB, AP1 (c-fos/c-jun), and 

ATF2 activity (Cahir-McFarland et al, 2004; Eliopoulos et al, 1999). 

EBV latency III conversion of BL41 cells is known to alter the expression of 

several hundred host genes and most of these changes are also regulated by 

heterologous LMP1 expression in BL41 cells (Cahir-McFarland et al, 2004). These data 

suggest an important role for the NFB signaling pathway as a primary mediator of EBV 

latency III regulated host gene expression. In fact, the importance of these changes has 

been well validated by genetic and pharmacological approaches indicating a 

requirement for NFB in the survival of LCLs (Cahir-McFarland et al, 2004; Keller et al, 

2000). The role of NFB signaling during the earliest stages of B cell immortalization has 

not been studied extensively. 
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In this chapter, we have comprehensively described the dynamic changes in host 

gene expression during primary B cell infection by EBV. We have identified gene 

ontology groups that are constitutively altered following B cell infection and through 

immortalization and also those that are uniquely changed from early to late times after 

infection. Surprisingly, the major set of genes regulated from approximately 1-2 weeks 

after B cell infection are the NFB regulated genes. We further characterized and 

substantiated this finding with complementary experiments assessing LMP1-induced 

NFB activity and its role at different times during B cell outgrowth. 

2.2 Results  

2.2.1 EBV Dynamically Regulates mRNA Expression During Primary 
B Cell Outgrowth Following Infection 

The global host gene expression profile in primary B cells at early times after 

EBV infection is poorly characterized. Therefore, we performed gene expression analysis 

using Affymetrix Human Exon 1.0 ST (HuEx) microarrays of mRNA from four 

biological replicates of a) purified adult human CD19+ peripheral blood B cells (‘B’), b) 

EBV-infected and sorted proliferating B blasts at 6 days post-infection (‘Prolif’), and c) 

monoclonal lymphoblastoid cell lines (‘LCL’) (Figure 5A). Greater than 90% of the 

sorted proliferating B cells are EBV infected by fluorescence in situ hybridization of the 

EBV genome and immuno-fluorescence for EBNA-LP (Nikitin et al, 2010). Hybridization 

data was RMA normalized and significant gene expression changes were visualized 

using volcano plots of the transition from B to Prolif, Prolif to LCL, and B to LCL (Figure 
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5B). EBV more strongly increased than decreased mRNA levels upon initial B cell 

proliferation as 826 genes were significantly induced greater than two-fold (p<0.01), 

while only 131 genes were significantly repressed greater than two-fold. However, 

mRNA levels changed more evenly during the transition from Prolif to LCL where 168 

mRNAs were increased greater than two-fold and 123 mRNAs were reduced greater 

than two-fold. Overall from resting B cell to LCL, 756 mRNAs were increased greater 

than two-fold, while 249 mRNAs were reduced greater than two-fold. 

 

Figure 5: Epstein-Barr virus regulates host gene expression throughout B cell 

outgrowth 

(A) Schematic of samples used for HuEX microarray analysis. Left, CD19+ B cells were 

purified by negative selection from peripheral blood mononuclear cells (PBMC). Dot 

plots show CD19-PE staining on the x-axis and non-specific FITC channel on the y-axis 

from PBMC (left) or negatively isolated cells (right). Middle, Dot plots of CD19-PE (y-

axis) versus CFSE (x-axis) indicate B cells proliferating after EBV infection. The left panel 

shows cells at 3 days post-infection where few cells are dividing (i.e. CD19+/CFSElow), 

while by 6 days post-infection, proliferating B cells are readily visible (right). The red 

circle indicates the population of cells that was sorted for each donor. Right, Schematic 
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diagram of a plate in which EBV infection of PBMC leads to monoclonal LCL outgrowth. 

(B) Volcano plots showing gene expression changes between time points. Y-axis depicts 

the negative log of the p-value, X-axis depicts the log2 of the observed fold change. 

Purple lines are drawn at two-fold change and p-value of 0.01. 

2.2.2 EBV-regulated Gene Expression Profiles Fall Into Distinct 
Cellular Processes 

Genes exhibiting significant (2-way ANOVA, p<0.01) and robust (2-fold) 

expression changes across any of the three temporal states generated a universe of 874 

transcripts that we analyzed further to assess dynamic gene expression changes and 

gene ontology analysis. We performed K-means clustering on these mRNAs using 8 

groups to represent all possible changes between the three temporal states. This analysis 

clearly revealed that early proliferating cells are distinct from both resting B cells and 

LCLs, and that transcriptomic changes induced by EBV are diverse and temporally 

complex (Figure 6). Groups 1 and 2 contain genes induced from B to LCL, most of which 

were primarily induced during the B to Prolif transition. Groups 3 and 4 contain genes 

that were highly induced from B to Prolif, and then repressed to different extents 

through LCL outgrowth. Group 5 contains genes that were statistically unchanged from 

B to Prolif, but were induced from Prolif to LCL. Group 6 genes were repressed early 

and remain low during LCL outgrowth, while groups 7a and 7b were repressed at the 

late transition from Prolif to LCL. Finally, group 8 represents genes that were repressed 

early after infection and strongly induced during the transition from Prolif to LCL. 

These findings are consistent with those reported previously by our group indicating an 

early phase of cellular hyper-proliferation characterized by an activated DNA damage 
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response, which was attenuated from the early to late stages of transformation (Nikitin 

et al, 2010). 

 

Figure 6: K-means clustering reveals distinct patterns of EBV-induced transcriptomic 

changes throughout outgrowth 

Four biological replicates of negatively isolated resting B cells (B cell), sorted early 

proliferating CD19+/CFSElow cells (Prolif), and monoclonal LCLs (LCL) were isolated as 

described in Figure 5A and subjected to microarray analysis. Genes exhibiting 

significant (Two way ANOVA, p-value < 0.01) and robust (>two fold) gene expression 
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changes were subjected to K-means clustering. Gene expression level is represented by a 

two-tone color scale with values in log base two (shown below). Eight groups 

(numbered 1-8) categorize the EBV induced expression changes during B cell outgrowth, 

and their relative expression changes are depicted schematically under Expression 

Profile. Each cluster contained a distinct number of genes, and representative genes 

from each cluster are listed to the right. 

The unexpected changes were observed in group 5 where Gene Ontology groups 

associated with signal transduction, cell adhesion, negative regulation of apoptosis, actin 

cytoskeleton, and cytoskeleton protein binding were enriched in genes upregulated 

uniquely from the early proliferating to LCL transition. These changes are consistent 

with known activities associated with LMP1 and NFB signaling (Cahir-McFarland et al, 

2004). In fact, a simple analysis of the genes included in this group reveals many known 

NFB targets including TRAF1, EBI3, and ICAM1 among others (Figure 6). 

2.2.3 Transcriptional regulation during EBV immortalization 

We next sought to define the transcriptional regulatory elements that controlled 

the dynamic mRNA expression changes that we observed from early EBV-induced 

proliferation through immortalization. Therefore, we used gene set enrichment analysis, 

or GSEA, to define the transcription factor binding sites that were enriched or depleted 

in the upstream regions of genes changing through EBV-driven B cell outgrowth. 

Enrichment or depletion is shown by a normalized enrichment score (NES), which is 

calculated by the degree to which a gene set is overrepresented at the extremes of a 

ranked list of genes and then normalized to the gene set size (Subramanian et al, 2005). 

NES are also reported with false discovery rate (FDR) values that represent the 
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possibility that a given NES is a false positive finding (Subramanian et al, 2005). 

Considering first the transition from resting B cell to early proliferating cells (B-Prolif), 

we observed a strong enrichment in S-phase inducing transcription factors such as E2F1 

(Figure 7A,B). Upregulated genes from B-Prolif containing binding sites for NF-Y were 

also significantly enriched. Concurrently, a significant depletion in genes containing 

consensus upstream NFB, PU.1, and AP1 elements was observed in the B-Prolif dataset 

(Figure 7A,B). 

Genes changing from Prolif to LCL were regulated differently than those from B-

Prolif. For example, genes containing targets of the lytic gene Zta-inducing transcription 

factors CEBP and MEF2 were strongly and significantly depleted from Prolif-LCL 

(Figure 7A,B). Consistent with attenuation of the B cell proliferation rate (Nikitin et al, 

2010), E2F1 targets were strongly downregulated from Prolif-LCL. Finally, consistent 

with our analysis of K-means clustering data, NFB targets were robustly and 

significantly upregulated in this later phase of transformation. Furthermore, GSEA 

analysis indicated that a known set of LMP1-induced genes (Cahir-McFarland et al, 

2004) was also initially depleted, and then significantly enriched from Prolif to LCL 

(Figure 7C). 
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Figure 7: Gene Set Enrichment Analysis reveals differential transcription factor usage 

between early and late times post infection 

(A) Gene Set Enrichment Analysis (GSEA) for transcription factor usage (MSigDB c3) 

was performed on our set of genes that significantly change greater than two fold 

between resting B cells and early proliferating cells (B to Prolif) and from proliferating B 

cells to monoclonal LCLs (Prolif to LCL). Enrichment plots of E2F1, MEF2, PU.1, and the 

GGGNNTTTCC consensus site for NFB are shown. (B) Top, Normalized Enrichment 

Scores (NES) for each transcription factor from B to Prolif as well as Prolif to LCL. 

Bottom, False Discovery Rate q-values (FDR q-values) for each plot. (C) A set of LMP1 

induced genes was constructed based on previously published data (Cahir-McFarland et 

al, 2004) and GSEA was performed on the previously mentioned gene sets. LMP1 

induced genes were repressed early after infection (B to Prolif) and enriched later (Prolif 

to LCL). NES and FDR q-values are located beneath their respected plots. 
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2.2.4 NFB Targets are Not Induced until High Levels of LMP1 mRNA 
and Protein Are Detected 

The induction of NFB and LMP1-regulated genes at late times during EBV-

driven B cell outgrowth was unexpected. Therefore, we validated our microarray results 

using quantitative RT-PCR, western blotting, and activation analysis of the NFB 

pathway during a time course following primary B cell infection with EBV. First, we 

confirmed that mRNA induction of the NFB targets A20, c-FLIP, ICAM1, and TRAF1 

occurred after the first week following EBV infection (Figure 8A). Western analysis of 

RelB, IB, and TRAF1 corroborated the delayed NFB mRNA target induction (Figure 

8B). 

NFB target gene activation in LCLs is dependent on LMP1 signaling and 

proceeds through activation of the IB kinase complex, phosphorylation and ubiquitin-

dependent degradation of IB family members, and NFB nuclear translocation (Cahir-

McFarland et al, 2004; Luftig et al, 2003). To corroborate the gene expression changes we 

observed at late times following infection, we analyzed the activating phosphorylation 

of IKK/, degradation-inducing phosphorylation of IB, as well as the nuclear 

translocation of p65/RelA, RelB, and processed NFB2/p52. Consistent with our gene 

expression data, each of these activities increased significantly from day 7 post-infection 

to day 21 post-infection (Figure 8C,D). Finally, we observed that the steady-state LMP1 

mRNA and protein levels were induced to near LCL levels only after approximately 14-
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21 days post-infection (Figure 8E). These data suggest that the delay in NFB activation 

is likely due to the delay in LMP1 protein expression following primary B cell infection. 

 

Figure 8: NFkB targets and activity, as well as LMP1, are not induced until late after 

EBV infection 

(A) qRT-PCR of NFB targeted genes relative to resting B cell levels. RNA was isolated 

from EBV-infected B cells every seven days for thirty-five days post-infection. Data is 

representative of four experiments. (B) Western blot of NFB targeted proteins. Protein 

was isolated from EBV-infected B cells every seven days for thirty-five days post-

infection. Magoh is a ubiquitously expressed splicing factor that was used as a loading 

control because it does not significantly change at the mRNA or protein level during 

EBV infection of primary B cells. (C) Western blots depict the activity of the NFB 

pathway through phospho-specific westerns of IB and IKK/ following primary B 

cell infection antibodies. (D) Western blots depict the activity of both canonical and non-

canonical NFB pathways by showing nuclear (N) versus cytoplasmic (C) distribution of 
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RelA and RelB/p52, respectively. -Tubulin is the loading and fractionation control. (E) 

LMP1 does not accumulate to LCL levels until 21 days post-infection. Left, qRT-PCR of 

the LMP1 mRNA transcript normalized to day 35 as 100% of LCL level. Data is 

representative of four experiments. Right, Western blot showing LMP1 protein levels 

(S12 antibody, 30 second exposure). An overexposed blot (3m = three minutes) is 

provided to show that while LMP1 protein is detected as early as seven days post-

infection, it is only detectable as a fraction of LCL LMP1 protein levels. 

2.2.5 Rescuing NFB Activity Specifically Favors Growth of Early 
Proliferating Cells 

The lag in NFB activity in early EBV-infected proliferating B cells prompted us 

to ask whether heterologous activation of NFB would rescue EBV-induced 

proliferation or transformation efficiency. It is anecdotally known that EBV-infected B 

cells grow out at a higher frequency in the presence of CD40L-expressing feeder cells. 

However, we wondered whether this result was strictly dependent on the time frame 

within which the EBV-infected blasts must be exposed to this heterologous NFB 

activating signal. We specifically asked whether EBV-induced B cell outgrowth would 

be impacted by CD40 activation using the agonistic antibody G28-5 present only during 

one or two week intervals following EBV infection of primary B cells. As shown in 

Figure 9A, when G28-5 CD40 antibody was present only during the first week after EBV 

infection, the number of proliferating B cells at 21 days was double that if the antibody 

was not present. A similar result was obtained if the antibody was present during the 

first two weeks. However, if the antibody was only present during the third week or the 

second and third weeks following B cell infection, then no increase in EBV-driven B cell 

proliferation was observed (Figure 9A). Since the proliferation assay was performed at 
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21 days, a close point in time to the late G28-5 additions, we also performed 

transformation assays (5-week outgrowth in limiting dilution of virus). Indeed, the 

efficiency of B cell transformation was increased by approximately four-fold if G28-5 

was present during the first week after infection, whereas no increase was observed if 

G28-5 was present during the third week after infection (Figure 9B,C). Importantly, the 

G28-5 antibody activated the NFB pathway in LCLs, indicated by the IKK dependent 

phosphorylation of the NFB transcription factor subunit p65 at serine 536 (Figure 9D) 

(Mattioli et al, 2004; Sakurai et al, 1999). 

 

Figure 9: Rescuing NFkB activity specifically favors growth of early proliferating cells  

(A) NFB was activated via CD40 signaling with 1 g/mL of the agonistic antibody G28-

5. Antibody was present in the culture for one or two week increments as denoted by the 

solid black bars and was washed out at either 7, 14, or 21 days post-infection. After 21 

days, samples were analyzed by FACS and events were normalized to a known number 

of sepharose beads present in the sample. Total CD19+/CFSElow (proliferating) B cells 

present after 21 days were normalized to a DMSO vehicle control. Error bars denote 
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Standard Error of the Mean (SEM) of eight biological replicates. Significance was 

calculated by student’s T-test as compared to the DMSO vehicle control. N.S.=Not 

Significant, *=p-value<0.01, **=p-value<0.001. (B) Quantification of EBV-induced B cell 

outgrowth following PBMC infection in the presence of DMSO vehicle control (DMSO, 

black), or the agonistic anti-CD40 antibody G28-5 present in the culture from days 0-7 

(CD40 Week 1, green) or days 14-21 (CD40 Week 3, blue). Error bars are SEM of two 

biological replicates. (C) Transformation efficiency for CD40 Week 1 and CD40 Week 

3 are shown as fold over DMSO control. (D) LCLs were treated with a DMSO vehicle 

control or 1 g/mL G28-5 antibody. Activity of the NFB pathway is shown by the 

presence of the phosphorylated form of p65 (P-p65). 

2.2.6 Early EBV-infected Proliferating Cells are Less NFB-dependent 
than Later Proliferating Cells and LCLs 

The dependence of EBV-transformed cells on NFB for survival has been firmly 

established (Cahir-McFarland et al, 2004; Keller et al, 2000). However, the point after 

EBV infection when B cells become sensitive to NFB inhibition has not been 

established. Given our gene expression data, we hypothesized that early proliferating B 

cells during the first week following infection would be significantly less sensitive to 

NFB inhibition than infected cells at three weeks where LMP1 is expressed at high 

levels along with many NFB targets. Therefore, we performed similar experiments to 

those described above for CD40 agonism, however using a specific inhibitor of the IB 

kinase (IKK)  subunit of the IKK complex. EBV-induced B cell proliferation at 21 days 

post-infection was unchanged upon IKK inhibition during week 1 after infection only 

(Figure 10A). In contrast, cells inhibited at weeks 2 and 3 or only during week 3 were 

significantly impaired in outgrowth. Consistently, EBV transformation was reduced by 

five-fold if IKK was inhibited during week 3 only, whereas inhibition during week 1 
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had no impact on transformation (Figure 10B,C). Inhibiting the IKK complex in LCLs 

reduces NFB activity as shown by a decrease in the phosphorylated form of the NFB 

transcription factor p65 (Figure 10D). Therefore, the temporal delay in expression of 

LMP1 and NFB target genes results in a period during which EBV-infected, 

proliferating B cells are insensitive to IKK inhibition. 

 

Figure 10: Early Proliferating Cells are Less NFkB Dependent than Later Proliferating 

Cells and LCLs 

(A) NFB activity was inhibited via a small molecule inhibitor of IKK (IKKi IV) at a 1 

M concentration. The inhibitor was present in the culture for one or two week 

increments as denoted by the solid black bars and was washed out at either 7, 14, or 21 

days post-infection. After 21 days, samples were analyzed by FACS and events were 

normalized to a known number of sepharose beads present in the sample. Total 

CD19+/CFSElow (proliferating) B cells present after 21 days were normalized to a DMSO 

vehicle control. Error bars denote Standard Error of the Mean (SEM) of eight biological 

replicates. Significance was calculated by student’s T-test as compared to the DMSO 

vehicle control. N.S.=Not Significant, *=p-value<0.05, **=p-value<0.01. (B) Quantification 
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of EBV-induced B cell outgrowth following PBMC infection in the presence of DMSO 

vehicle control (DMSO, black), or the IKK small molecule inhibitor IKKi IV present in 

the culture from days 0-7 (IKKi Week 1, green) or days 14-21 (IKKi Week 3, blue). Error 

bars are SEM of two biological replicates. (C) Transformation efficiency for IKKi Week 1 

and IKKi Week 3 are shown as fold over DMSO control. (D) LCLs were treated with a 

DMSO vehicle control or 1 M IKKi IV. Activity of the NFB pathway is shown by the 

presence of the phosphorylated form of p65 (P-p65). 

 

2.3 Materials and Methods 

Cell lines and culture conditions 

Human peripheral blood mononuclear cells (PBMCs) were obtained by Ficoll 

purification (Histopaque-1077 column, Sigma) of buffy coats from normal donors 

(Carolina Red Cross) and kept in RPMI 1640 medium (Invitrogen) supplemented with 

15% Fetal Bovine serum (100-500 Gemini Bio Product), 100U/ml Penicillin, and 2mM L-

Glutamine (G6784, Invitrogen). B cells were separated using the Human B Lymphocyte 

Enrichment set-DM (IMAG, BD) as recommended by the manufacturer. PBMCs were 

infected with limiting amounts of B95-8 virus for 1h at 37°C (0.4-12 l EBV B95-8 Z-HT 

supernatant/1x106 PBMC) in the presence of Cyclosporine A (0.5 g/ml). The cells were 

washed once in PBS and then re-suspended in fresh medium. For each condition of 

infection, 105 cells were plated in to 96-well plate (in total 10 wells) to grow out as LCLs. 

Microarray samples were generated from monoclonal LCLs produced from the lowest 

amount of virus used. For the purification of EBV-positive and proliferating B cells, 

1.5x108 PBMC were stained with 4 M 6-carboxyfluorescein succinimidyl ester (CFSE) 
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for 3 minutes and washed three times in washing buffer (PBS + 5% fetal bovine serum). 

Stained PBMC (106/ml) were infected with 25 l/1x106PBMC of B95-8 virus as already 

described. The cells were washed once in PBS and then re-suspended in fresh medium. 

At 6 days post-infection, CFSE-labeled PBMCs were washed in washing buffer and 

stained with APC-labeled -CD19 (555415-BD Biosciences) (2 l/3x105) for 30 minutes on 

ice. After 3 washes in washing buffer, CD19+/CFSElow cells were sorted on a 

FACSVantage cell sorter flow cytometer. Sorted B cells were analyzed by fluorescence in 

situ hybridization for presence of the EBV genome as well as immuno-fluorescence for 

EBNA-LP (Nikitin et al, 2010).   

Antibodies 

Primary antibodies to RelA, RelB, IB, and NFB2/p52 were purchased from 

Cell Signaling (#8242, #4922, #4814, #4882). Phospho-specific antibodies to Ser176/180 or 

Ser177/181 of IKK, Ser32 of IB, and Ser536 of p65 were also purchased from Cell 

Signaling (#2697, #2859, #3033). Primary antibodies to TRAF1, -Tubulin, and MAGOH 

were purchased from Santa Cruz Biotechnology (sc-6253, sc-5286, sc-271365). HRP-

conjugated anti-rabbit and anti-mouse secondary antibodies were purchased from Cell 

Signaling (#7074, #7076). Mouse anti-human CD19 antibody was purified from the 

supernatant of the 33-6-6 hybridoma (a kind gift of Dr. T. Tedder, Duke University 

Medical Center) and conjugated to either PE or APC for use as surface B cell markers in 
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flow cytometry. Agonistic anti-CD40 antibody was purified from the supernatant of the 

G28-5 hybridoma cell line (kind gift of E. Kieff, Harvard Medical School). 

Compounds 

IKK was inhibited using the Calbiochem IKK-2 inhibitor IV (EMD #401481). 

Cell proliferation was measured by staining PBMCs with 6-carboxyfluorescein 

succinimidyl ester (CFSE, Sigma, #21888) or CellTrace Violet (Invitrogen, #C34557). 

Microarray analysis and gene enrichment 

Total mRNA was prepared from four normal donors in three conditions: i) 

uninfected purified CD19+ B cells, ii) infected PBMC, sorted at 6 days post-infection for 

Population Doubling 1 – Population Doubling 4 (PD1-4, or Prolif), iii) monoclonal LCLs 

derived by limiting virus dilution on PBMC. cDNA preparation, labeling, and 

fragmentation was performed using the Gene Chip wt cDNA synthesis and 

amplification kit (Affymetrix # 900673) and Exon Array labeling kits (Affymetrix # 

900671). 12 samples (4 of each condition) were hybridized to HuEx 1.0ST Exon Arrays 

(Affymetrix # 900650) and the chips were scanned in the Duke Microarray Facility. The 

resultant CEL files were RMA normalized and the data was analyzed with GenePattern 

(Reich et al, 2006) and GSEA v2 (Subramanian et al, 2005) to analyze c3 transcription 

factor sets. Differential expression of genes was evaluated by applying 2-way ANOVA 

or SAM (Tusher et al, 2001). Gene ontology categories were assessed using the 

PANTHER algorithm (Mi et al, 2007). K-means clustering of gene list (2-way ANOVA 
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p<0.01, 2-fold change) with 8 nodes was performed using GenePattern (Reich et al, 

2006). 

B cell proliferation assays 

Human PBMCs were stained with CellTrace Violet and then infected in bulk by 

incubation with supernatant from B95-8 Z-HT cells. 1 M IKK-2 inhibitor IV or 1 g/mL 

of the agonistic CD40 antibody G28-5 was added to the cells at the various time points 

described. Inhibitor or agonistic antibody were washed out of the media every seven 

days and added back or not depending on the time. After 21 days the PBMCs were 

washed with PBS, stained with CD19-PE antibody and 7-AAD, and analyzed by flow 

cytometry in the presence of 10,000 sepharose AccuCount blank particles (Spherotech). 

Alive proliferating B cells (CD19+, CellTrace VioletLOW, 7-AADLOW) were counted and 

normalized to bead count. The experiment was replicated with eight normal human 

PBMC donors. 

Transformation assays 

Infection of human PBMC by B95-8 EBV was performed in the presence of 0.1% 

DMSO, 1 M of IKK-2 inhibitor IV, or 1 g/mL of agonistic CD40 antibody (G28-5) 

added at different times post-infection. B95-8 Z-HT supernatant was titrated from 1 

ml/107 PBMC to 30 L/107 PBMC. 2.5 x 106 infected PBMC were seeded in 24 wells of a 

96-well plate for each infection point. The percentages of wells positive for B cell 

outgrowth (LCLs) at five weeks post-infection were plotted relative to the amount of 
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virus used per well. The efficiency of transformation was determined as published 

(Henderson et al, 1977) where the amount of B95-8 virus necessary to yield 62.5% of 

positive wells was considered 1 transforming unit (TU) per well. 

Western blotting  

Samples were lysed in a 1% TritonX-100 containing buffer (20 mM Tris, pH 7.5, 

100 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM EDTA, 1 mM DTT, 20 mM NaF, 10 

mM sodium pyrophosphate, and Complete protease inhibitors without EDTA) and 

normalized to total protein content by Bradford assay (Bio-Rad). All samples were run 

on Novex 4-12% Bis-Tris gels and blotted using standard procedures. Antibodies used 

were described above. 

RNA extraction and qRT-PCR 

RNA was extracted from purified primary B cells using the QIAgen RNeasy kit. 

Reverse transcription to generate cDNA was performed with the High Capacity cDNA 

kit (Applied Biosystems). Real-time PCR was performed using either SYBR Green 

(Quanta Biosciences) or specific TaqMan probes in an Applied Biosystems Step One Plus 

instrument. A20 and TRAF1 were detected using the exon-spanning TaqMan probes 

Hs00560402 and Hs00194639, respectively (Applied Biosystems). ICAM1, c-FLIP, and 

LMP1 were detected using exon spanning probes purchased from Integrated DNA 

Technologies and SYBR green. 
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2.4 Discussion 

In this chapter we have comprehensively analyzed the changes in cellular mRNA 

transcript abundance between primary human resting CD19+ B cells, EBV-infected early 

hyper-proliferating B blasts, and EBV-immortalized lymphoblastoid cell lines (LCLs). 

Early studies of EBV-regulated gene expression changes identified the induction of E2F 

family members and the phosphorylation of pocket proteins enabling E2F-mediated 

transcription and S phase induction within the first few days post-infection (Cannell et 

al, 1996; Hollyoake et al, 1995; Sinclair et al, 1994; Spender et al, 1999). The induction of B 

cell activation markers at early times after infection has also been reported (Halder et al, 

2009; Shannon-Lowe et al, 2005). Here we have extended these studies to transcriptome-

wide analysis and found substantially more dynamic regulation of host gene expression 

than was previously appreciated from six days to thirty-five days post-infection. 

Surprisingly, the LMP1-mediated NFB signaling pathway was not robustly induced 

until approximately two weeks post-infection. Consistently, early EBV-infected blasts 

were not sensitive to NFB inhibition and heterologous NFB activation through CD40 

agonism increased transformation efficiency. 

Several hypotheses may account for the delay in NFB activity. First, in our 

GSEA analysis of transcription factors regulated from B to Prolif and Prolif to LCL, we 

identified PU.1/SPI1 targets as being depleted early, then not significantly changing at 

later times after infection. PU.1 is a critical transcription factor targeted by EBNA2 on the 
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LMP1 promoter (Johannsen et al, 1995). Therefore, it is conceivable that genome-wide 

PU.1 activity is a proxy for LMP1 promoter activity indicating that the promoter may 

not be sufficiently activated early after infection to drive LMP1 expression. At later 

times, other co-factors may be increased in expression or activity cooperating with PU.1 

to drive LMP1 expression. 

An alternative to this hypothesis relates to the high level c-Myc activity found in 

early hyper-proliferating cells (Nikitin et al, 2010) which may directly attenuate NFB 

activity and consequently LMP1 levels through inhibition of an LMP1/NFB feed-

forward loop (Demetriades & Mosialos, 2009; Johansson et al, 2009). This would be 

consistent with work indicating that high-level c-Myc expression inhibits NFB activity 

and the notion that Myc-driven tumors like Burkitt lymphoma are poorly immunogenic 

due to low-level NFB activity as compared to DLBCL or LCLs (Dave et al, 2006; 

Faumont et al, 2009; Klapproth et al, 2009). Therefore, a set of c-Myc targets may be 

responsible, in part, for low LMP1 levels. 

We recently identified the miRNA expression profile of resting, early 

proliferating EBV-infected B cells, and LCLs (Forte et al, 2012). The set of miRNAs 

distinctive of the early hyper-proliferating cells includes the c-Myc-regulated miRNA 

clusters: miR-17~92, miR-106a~363, and miR-106b~25. Concurrently, we also recently 

identified the set of mRNAs bound by viral and cellular miRNAs in LCLs in 

collaboration with Bryan Cullen’s group (Skalsky et al, 2012). In this study, the c-Myc-



 

43 

regulated miR-17 seed family was found to be a suppressor of LMP1 mRNA and protein 

levels. Therefore, in LCLs the equilibrium of this interaction may be such that LMP1 is 

expressed at a high level, while it is possible that during early outgrowth, when miR-17 

levels are highest, the effects on LMP1 are more profound. Therefore, we propose that 

LMP1 may be suppressed early after infection by the EBNA2-driven, c-Myc regulated 

miR-17 miRNA seed family. 

One final and complementary hypothesis for the delay in LMP1 levels at early 

times after B cell infection is that LMP1 mRNA stability may increase during outgrowth. 

Previous studies indicate that LMP1 is the most poorly transcribed gene of the viral 

latent genes in LCLs, but the most abundant transcript (Sample & Kieff, 1990). 

Therefore, the LMP1 mRNA is likely stabilized in LCLs and the trans-acting factors 

required for this stability may be increasing through B cell outgrowth. Perhaps these 

putative factors are also suppressed by Myc-regulated miRNAs or Myc directly. 

Irrespective of the mechanism by which LMP1 expression is attenuated until two 

weeks post-infection, our data raise the question of how these proliferating B cells are 

able to survive in the absence of high-level NFB activity. There are two plausible 

explanations for this that will be intriguing to characterize in the future. First, 

Hammerschmidt and colleagues found that the EBV viral Bcl-2 homologs BHRF1 and 

BALF1 are both required for primary B cell transformation (Altmann & 

Hammerschmidt, 2005). These genes are both expressed transiently upon primary B cell 
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infection and are required to suppress apoptosis. While it is unclear how these genes are 

regulated through B cell outgrowth, their expression at early times post-infection may be 

required for survival in the absence of LMP1-mediated NFB signaling. 

A second and complementary hypothesis is that EBNA2-dependent mRNA 

targets may be sufficient for survival during early outgrowth (Lee et al, 2004; Lee et al, 

2002). Since EBV induces a robust DDR during this early period, it is conceivable that 

EBNA2-mediated survival is more important than LMP1 effects initially. However, for 

long-term outgrowth, the tradeoffs associated with the growth-suppressive effects of the 

DDR are too great and LMP1 is then critically important for survival. 

The interplay between c-Myc and NFB is important in the balance between 

proliferation, survival, and immunogenicity of EBV-infected cells. As described above, c-

Myc and NFB gene expression programs are incompatible in B cell lymphomas (Dave 

et al, 2006). One consequence of the c-Myc driven gene expression program associated 

with low-level NFB activation is greatly decreased immunogenicity (Rowe et al, 1995; 

Staege et al, 2002). This is best observed in Burkitt lymphoma cells, which display poor 

immunogenicity due to decreased expression of MHC class I molecules, antigen 

processing machinery, and pro-inflammatory cytokines and chemokines (Dave et al, 

2006). Thus, during primary B cell infection EBV may attenuate NFB activity 

(dependent or independent of c-Myc) in order to evade the immune system while 

generating many latently-infected progeny cells through hyper-proliferation. In acute 



 

45 

infection this immune evasion could be through suppression of pro-inflammatory 

cytokine production, while in the context of naïve B cell infection following reactivation 

this could be due to depressed CTL recognition of early-proliferating cells. Studies of 

cytotoxic T cell responses to early EBV-infected B cells as compared to LCLs and levels 

of pro-inflammatory cytokines produced in these cells will be informative. Such future 

studies would support an important and novel mechanism by which EBV establishes 

and maintains latency in the host. 
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3. Transcription of the Critical EBV Oncogene LMP1 is 
Repressed Early After Infection by c-Myc 

3.1 Rationale 

In chapter 2 we demonstrated that early after EBV infection of primary B cells 

LMP1 expression was delayed approximately two to three weeks, and that during this 

period the cells were resistant to NFB inhibition (Price et al, 2012). This was surprising 

because it has been shown that LCLs are functionally addicted to NFB signaling and 

undergo apoptosis in its absence (Cahir-McFarland et al, 2000; Okan et al, 1995). 

Furthermore, it was previously shown that LMP1 was expressed early after infection 

before the cells began to divide (Alfieri et al, 1991). 

At this time it is unknown through which mechanism LMP1 is delayed early 

after infection, but much is known about the regulation of steady-state expression of 

LMP1 in LCLs. Of critical importance to LMP1 expression is the major viral trans-acting 

factor EBNA2. EBNA2 accesses DNA through DNA-binding partners such as RBP-Jκ 

and PU.1, both of which are present at the LMP promoter (LMPp) in what is known as 

the EBNA2-responsive element (E2RE) (Johannsen et al, 1995; Salamon et al, 2001). 

Besides EBNA2, other viral factors like EBNA3C have also been shown to 

transcriptionally upregulate LMP1 in a heterologous promoter system (Lin et al, 2002). 

LMP1 expression is also fine-tuned by a number of additional host factors that can bind 

the LMPp, including ATF4 (Pratt et al, 2012; Sjoblom et al, 1998), IRF7 (Ning et al, 2003), 
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and NFκB subunits that lead to a feed-forward mechanism (Demetriades & Mosialos, 

2009; Johansson et al, 2009). 

LMP1 mRNA can also be acted on post-transcriptionally to modulate the 

expression of LMP1 protein. This is mediated by miRNA repression through the Myc-

regulated miR17~92 seed family of human miRNAs targeting the LMP1 3’UTR (Skalsky 

et al, 2012). A number of EBV encoded miRNAs have also been shown to repress LMP1 

expression through the 3’UTR (Lo et al, 2007), but these interactions were not validated 

in a recent high-throughput approach (Skalsky et al, 2012). Previous work has also 

shown, based the relative transcription rates of EBV mRNAs versus the total abundance 

of mRNA, that LMP1 is the most stable of EBV-encoded latency transcripts (Portal et al, 

2011). Such a finding implicates the destabilizing nature of miRNAs might play a 

dramatic role in regulation of LMP1. 

Myc may also play a more direct role in regulation of LMP1 than previously 

thought. In a heterologous promoter system assayed in the hyper-myc setting of a 

Burkitt lymphoma cell line, the LMPp was shown to be directly repressed by the binding 

of the myc-family protein MAD1 and the subsequent recruitment of the histone 

deacetylase SIN3A (Sjoblom-Hallen et al, 1999). Mutation of this cis-acting DNA-binding 

element resulted in increased expression through the LMPp even when the E2RE was 

removed. The c-myc signaling pathway has also been shown to be directly incompatible 

with the NFκB signaling pathway in tumor cells (Faumont et al, 2009). This more 
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indirect method of action might impair the function of NFκB subunits in trans-activating 

the LMPp leading to repression of the full feed-forward signaling pathway 

(Demetriades & Mosialos, 2009; Johansson et al, 2009). 

In this chapter we have demonstrated that LMP1 is repressed early after infection 

by a primarily transcription-mediated effect during a time when cellular c-Myc activity 

levels are highest during EBV-infected B cell outgrowth. At both early and late times 

after infection the LMPp is occupied by both PU.1 and EBNA2 in the key transcription 

activating E2RE. Finally, we show that elevated c-Myc activity can repress LMP1 

transcription in both a Burkitt lymphoma cell line as well as when c-Myc is 

overexpressed directly in a LCL.   

3.2 Results 

3.2.1 Nascent RNA profiling reveals a defect in LMP1 transcription 
and half-life early after infection 

LMP1 mRNA can be first detected approximately three days post-infection with 

EBV, however it does not begin to accumulate to LCL levels of the message until many 

weeks later (Price et al, 2012). To assay exactly how LMP1 mRNA was being regulated 

during this crucial transition period were performed nascent and decaying RNA 

separation based upon the incorporation of 4-thiouridine (4sU) (Dolken et al, 2008; 

Payne et al, 2014). This method was performed on sorted EBV-infected proliferating cells 

7 days-post infection (Day 7; a time when LMP1 mRNA was shown to be low) and on 
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matched immortalized lymphoblastoid cell lines (LCL; the final state with the highest 

levels of LMP1 mRNA) five weeks post-infection (Figure 11A).  

 

Figure 11: Total LMP1 mRNA is regulated at the level of RNA half-life and 

transcription 

(A) Schematic diagram of 4sU-profiling of mRNA transcription and half-life. (B) qRT-

PCR shows that LMP1 mRNA increases 50-fold between Day 7 proliferating cells (Day 

7) and LCL (LCL). Over the same time frame EBNA2 and C promoter (Cp) initiated 

mRNAs increase less than 2-fold. (C) LMP1 mRNA half-life increases from Day 7 (2 

hours) to LCL (4.3 hours). Over the same time window, EBNA2 and Cp-initiated 

transcripts half-lives do not significantly change (EBNA2: 1.7 hours  2.6 hours, Cp: 4.9 

hours  4.2 hours). (D) Relative LMP1 transcription increases 25-fold from Day 7 to 

LCL. Over the same time frame EBNA2 and Cp-initiated transcripts do not significantly 

increase at the level of transcription (2.6-fold). 

Between these two time points we saw that LMP1 mRNA was increased 

approximately 50-fold in LCLs vs Day 7 proliferating cells, while other EBV transcripts 

such as EBNA2 or C promoter (Cp)-derived transcripts increased less than two-fold 

(Figure 11B). These results are directly in line with what our group has published 
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previously (Nikitin et al, 2010; Price et al, 2012). We then proceeded to calculate the 

mRNA half-lives of these EBV transcripts by using the ratio of newly transcribed mRNA 

over the actively decaying transcripts normalized to the well-characterized GAPDH 

mRNA half-life (Payne et al, 2014). We discovered that between Day 7 proliferating cells 

and LCLs LMP1 half-life increased approximately two-fold (from ~2 hours to ~4 hours, 

while the half-lives of EBNA2 or Cp-derived transcripts did not change (~2.5 hours and 

4 hours, respectively)(Figure 11C). The two-fold change in LMP1 mRNA half-life does 

not account for the full 50-fold change in total mRNA we observed earlier, but it can 

explain potential myc-induced miRNA activity that has been shown to target LMP1 

mRNA (Forte et al, 2012; Skalsky et al, 2012). 

When nascently transcribed RNA was analyzed to construct relative 

transcription rates it was discovered that LMP1 transcription increased approximately 

25-fold between Day 7 proliferating cells and LCLs (Figure 11D). This same increase in 

transcription was not observed among EBNA2 or Cp-derived transcripts, indicating that 

this increase in relative transcription rate cannot be explained by increasing gene dosage 

as EBV genomes increase in quantity over LCL outgrowth. Instead, the LMP promoter 

(LMPp) appears to be changing its fundamental activity over this time window as EBV 

transitions from an early infected and hyper-proliferating state to an immortalized LCL 

(Nikitin et al, 2010). 
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3.2.2 Key LMP1 transcription factors EBNA2 and PU.1 are present at 
the LMP promoter early after infection 

Since transcription of LMP1 mRNA is repressed early after infection, we decided 

to assay the functionality of the LMPp at both early and late times after infection. The 

LMPp has been well characterized in the LCL state and major trans-acting factors are 

schematized in Figure 12A. Of critical importance are the major viral trans-activator 

EBNA2 and the cellular transcription factor PU.1. Previously, host genes containing a 

PU.1 element in their promoters were shown to be repressed at early times after 

infection before increasing in expression in LCLs, directly mirroring LMP1 activity 

(Price et al, 2012). Since PU.1 acts to anchor EBNA2 to the LMPp, it was thought that one 

or both of the factors might be missing from viral chromatin near the LMPp early after 

infection. 

EBV infected proliferating cells were once again sorted to purity on day 7 post-

infection and matched to the resulting LCL. Both EBNA2 (Figure 12B) and PU.1 (Figure 

12C) were shown to localize to the LMPp with relatively similar affinities at both Day 7 

and in the fully immortalized LCL. Chromatin Immunoprecipitation was calculated as a 

percentage of the total input chromatin, and occupancy status was normalized to the C 

promoter for EBNA2 (which is known to bind EBNA2 and have similar activity at Day 7 

and in LCL (Figure 11) and to a known PU.1 binding region for PU.1 ChIP (Frank et al, 

2016).  
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Figure 12: Key LMP1 transcription factors EBNA2 and PU.1 are present on the LMP1 

promoter early after infection 

(A) Schematic diagram of the LMP1 promoter (LMPp). The locations of characterized 

trans-acting factors are shown underneath the line as nucleotide positions relative to the 

transcription start site (TSS). EBNA2 is displayed as the major trans-acting factor for 

transcription initiation through recruitment of p300 and RNA Polymerase II (RNA Pol 

II). EBNA2 does not bind DNA directly and instead relies on PU.1 and RBP-J (J). (B) 

EBNA2 chromatin interaction is shown as a percentage of chromatin input normalized 

to the EBNA2 binding region of the C promoter (Cp). Known EBNA2 binding regions 

such as the LMP promoter (LMPp), c-Myc 525 kbp upstream enhancer (c-Myc), and 

CD23 (CD23), along with a region of the host chromatin that doesn’t bind EBNA2 

(Negative), are also shown. EBNA2 occupancy at these regions in sorted day 7 

proliferating cells (Day 7) and LCL (LCL) does not significantly change over the course 

of infection. (C) PU.1 chromatin interaction is shown as a percentage of chromatin input 

normalized to a PU.1 binding region of the host chromatin (PU.1) (Frank et al, 2016). 

PU.1 occupancy at these regions in Day 7 cells and LCLs does not significantly change 

over the course of infection. 
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3.2.3 LMP1 transcription is specifically downregulated in a Burkitt 
lymphoma cell line expressing high levels of c-Myc 

Since the EBNA2-responsive element of the LMPp was intact, an alternative 

hypothesis was explored. It was previously shown that a repressive element proximal to 

the transcription start site of the LMPp could bind member of the Myc family and 

repress transcription (Sjoblom-Hallen et al, 1999). These experiments were also 

completed in a Burkitt lymphoma cell line that constitutively overexpresses c-Myc. BL41 

is an EBV-negative Burkitt lymphoma that can be subsequently infected with EBV to 

generate a full latency III expressing program (Cahir-McFarland et al, 2004). Using this 

system we decided to assay what effect c-Myc overexpression might have upon latency 

III gene expression including LMP1. 

When comparing LCL mRNA to that of the EBV-infected BL41/B95-8 we 

discovered that c-Myc was indeed overexpressed in BL41/B95-8. However, we also saw 

that LMP1 mRNA was repressed by approximately five-fold (Figure 13A). Furthermore, 

LMP1 was also significantly repressed at the protein level in these same cells while c-

Myc was overexpressed (Figure 13B). Importantly, BL41/B95-8 cells are known to 

express similar amounts of separate EBV transcripts such as EBNA2 and EBNA3C as 

compared to LCLs, implying that c-Myc overexpression acts specifically on the LMPp 

(Homa et al, 2013). 

We then profiled nascent mRNA from both LCL and BL41/B95-8. We discovered 

that LMP1 transcription was repressed approximately five-fold compared to the LCL, 
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showing that c-Myc activity was acting primarily on the level of transcription (Figure 

13C). 

 

Figure 13: LMP1 total mRNA and transcription rate is repressed in Burkitt lymphoma 

cells expressing high levels of c-Myc 

(A) qRT-PCR shows the total mRNA of both c-Myc and LMP1 in LCLs (LCL) and an 

EBV-infected Burkitt lymphoma cell line that expresses the full latency III complement 

of EBV genes (Bl41/B95-8). Relative expression is normalized to LCL at 100%. Myc is 

overexpressed ~4-fold in BL41/B95-8 cells compared to LCL, while LMP1 mRNA is 

expressed 5-fold lower than in LCL. (B) Western blot showing LMP1 and c-Myc protein 

expression in LCL, BL41 (Uninfected), and BL41/B95-8. GAPDH serves as a loading 

control. While BL cells overexpress c-Myc compared to LCL, BL41/B95-8 expresses 

significantly less LMP1 protein than LCL. (C) 4sU-pulldown of nascent mRNA shows 

that LMP1 is transcribed 5-fold less in infected BL41/B95-8 than it is in an LCL. 

3.2.4 c-Myc overexpression in an LCL downregulates LMP1 
transcription 

To further validate our findings that the LMPp was repressed by c-Myc in a non-

tumor cells we switched to the P493-6 cell line. P493-6 is a regulatable LCL containing 

both an estrogen-regulated EBNA2 (encoded endogenously on the viral genome) and a 

tetracycline-regulated c-Myc allele proved in trans (Pajic et al, 2000; Polack et al, 1996). In 

this setting transcription of LMP1 and LCL-like growth is directly dependent on EBNA2 

and growth in estrogen-containing media, while withdrawal of estrogen causes cell 
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cycle arrest. Cell cycle arrest can be reversed by overexpression of c-Myc in the absence 

of EBNA2 activity, but this results in cells altering their growth and gene expression 

patterns to become much more Burkitt lymphoma-like (Faumont et al, 2009). Using 

these cells it is possible to have a functionally wildtype LCL (growth with estrogen) that 

is also overexpressing c-Myc (growth without tetracycline). 

P493-6 cells were grown in the Burkitt lymphoma-state (Estrogen-, Tetracycline-) 

before being washed and switched to LCL growth media (Estrogen+, Tetracycline+), 

LCL + c-Myc growth media (Estrogen+, Tetracycline-), or back into Burkitt lymphoma 

growth media (Estrogen-, Tetracycline-) for 24 hours. Total RNA was analyzed by qPCR 

(Figure 14A). LMP1 mRNA expression was shut down in the absence of EBNA2, as 

expected, but it was also repressed approximately four-fold in the presence of 

overexpression of c-Myc. Importantly, EBNA2 mRNA expression was never affected 

showing that the effect of c-Myc was limited to the LMPp. These same results were also 

mirrored in the protein expression of LMP1 in P493-6 cells treated in the same fashion 

(Figure 14B). 

We then profiled nascent mRNA transcription in P493-6 cells treated as above. 

We discovered that LMP1 transcription was repressed four-fold in the c-Myc-

overexpressing state when compared the LCL state (Figure 14C). This once again shows 

that the primary mode of action of c-Myc on the LMP1 promoter is to limit the 

transcriptional output. 
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Figure 14: c-Myc overexpression in an LCL downregulates LMP1 transcription 

(A) qRT-PCR showing total levels of LMP1 mRNA and EBNA2 mRNA in p493-6 cells 

growing under c-Myc alone conditions, c-Myc overexpression in a latency III LCL, or a 

normal latency III LCL. Expression is normalized to the normal latency III LCL set at 

100%. LMP1 is not expressed without EBNA2 (c-Myc+, EBNA2-), but it is repressed 4-

fold when c-Myc is overexpressed in the latency III LCL (c-Myc+, EBNA2+). In these 

same conditions EBNA2 expression does not change, showing that only LMP1 

expression is affected by c-Myc overexpression. (B) Western blot showing LMP1 and c-

Myc protein in p493-6 cells growing under c-Myc alone conditions, c-Myc 

overexpression in a latency III LCL, or a normal latency III LCL. GAPDH serves as a 

loading control. Myc protein is high when it is being expressed off of a c-Myc transgene 

(c-Myc+, EBNA2-) and when it is expressed off of both the transgene and the EBNA2-

induced endogenous loci (c-Myc+, EBNA2+). LMP1 protein is highest in the latency III 

LCL (c-Myc-, EBNA2+) but is repressed when c-Myc is overexpressed (c-Myc+, 

EBNA2+). (C) 4sU-pulldown of nascent mRNA shows that LMP1 is transcribed 4-fold 

less in a c-Myc overexpressing LCL (c-Myc+, EBNA2+) than in a latency III LCL (c-Myc-, 

EBNA2+). 

3.3 Materials and Methods 

Cell lines, culture conditions, and viruses  

Buffy coats were obtained from normal human donors through the Gulf Coast 

Regional Blood Center (Houston, TX) and peripheral blood mononuclear cells (PBMCs) 

were isolated by Ficoll Histopaque-1077 gradient (Sigma, H8889). B95-8 strain of 

Epstein-Barr virus was produced from the B95-8 Z-HT cell line as previously described 
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(Johannsen et al, 2004). Virus infections were performed in bulk by adding 50 µL of 

filtered B95-8 supernatant to 1x106 PBMCs. 

Cell lines were cultured in RPMI 1640 media supplemented with 10-15% heat 

inactivated fetal bovine serum (Corning), 2 mM L-Glutamine, 100 U/ml penicillin, 

100 μg/ml streptomycin (Invitrogen), and 0.5 µg/mL Cyclosporine A (Sigma). P493-6 

cells were cultured with 10% tetracycline-free FBS (Hyclone SH30070), 1 µM -Estradiol, 

and 1 µg/mL Tetracycline. All cells were cultured at 37°C in a humidified incubator at 

5% CO2. 

Flow cytometry and sorting 

To track proliferation, cells were stained with CellTrace Violet (Invitrogen, 

C34557), a fluorescent proliferation-tracking dye. Cells were first washed in FACS buffer 

(5% FBS in PBS), stained with the appropriate antibody for 30min-1hr at 4°C in the dark, 

and then washed again before being analyzed on a BD FACS Canto II.   

Proliferating infected B cells were sorted to a pure population of 

CD19+/CellTraceVioletlo on a MoFlo Astrios Cell Sorter at the Duke Cancer Institute Flow 

Cytometry Shared Resource. Mouse anti-human CD19 antibody (clone 33-6-6; gift from 

Tom Tedder, Duke University Medical School) conjugated with either APC or PE was 

used as a surface B cell marker in flow cytometry. 
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Nascent RNA extraction and profiling 

 To assess both mRNA transcription and half-life cells were treated with 4-

thiouridine (4sU) (200 µM) for exactly one hour. Upon harvesting, total RNA was 

extracted via TRIzol following the manufacturers protocol (Life Technologies). 4sU-

labelled nascent RNA was then biotinylated using a highly efficient crosslinking 

reaction, and labeled RNA was separated from the total population using streptavidin 

MyOne C1 Dynabeads (Invitrogen) as previously described (Dolken et al, 2008). 

Subsequently, three populations of RNA were reverse transcribed into cDNA using the 

High Capacity cDNA kit (Applied Biosystems): total RNA (T), unlabeled RNA (U), and 

nascent RNA (N). Quantitative real-time PCR was then performed on these three 

populations to discover total RNA abundance, relative transcription rates, and mRNA 

half-life as previously described (Payne et al, 2014). In brief, the abundance of mRNA 

was represented by the measurement of the total RNA sample (T). Relative transcription 

was represented by the labeled fraction of mRNA (N). The decay rate (DR) was 

calculated from measurements of nascent (N) and unlabeled (U) mRNA, as a function of 

L/U: ln(1 − L/U). An apparent RNA half-life was calculated using the decay rate, −t × 

[ln(2)/DR], where t is the time of 4sU incorporation (1 h for the purposes of these 

experiments). Two assumptions of this method are that transcription and stability are 

constant over the period of measurement. 
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Chromatin Immunoprecipitation 

Chromatin Immunoprecipitation was performed using ChIP-IT High Sensitivity 

kit using the manufactures directions (Active Motif). DNA was sonicated for 45 min 

with 30 second on/off cycles on a Bioruptor (Diagenode). ChIP antibodies include 

EBNA2 (PE2; gift from Elliot Kieff) and PU.1 (Santa Cruz Biotechnology, SC-22805). 

Quantitative real-time PCR primer sets include the C promoter (F: 

CCTAGGCCAGCCAGAGATAAT, R: AGATAGCACTCGACGCACTG), LMP promoter 

(F: GGCCAAGTGCAACAGGAA, R: GCAGATTACACTGCCGCTTC), c-Myc Enhancer 

525 kb upstream (F: CTAGTAGCAGGTGATGGGTTATG, R: 

CCTTTGGACCAGAAGAGGATG), CD23 promoter (F: 

GATCGGCCATAGTGGTATGATT, R: CTCAGGTAAGAGAATTGGGTGAG), PU.1 

positive region (F: ACTTCCCCTTTCCCTTGCT, R: GGGCTGGGAGGACTACTGTG), 

and a negative control region (F: CCAATAACAGAAGCATTAAAATTCA, R: 

TTCAAGCACAGGCATACAGG). 

Gene Expression Analysis 

Total RNA was isolated from cells by using a Qiagen RNeasy kit and then 

reverse transcribed to generate cDNA with the High Capacity cDNA kit (Applied 

Biosystems). Quantitative PCR was performed by using SYBR green (Quanta 

Biosciences) in an Applied Biosystems Step One Plus instrument.  Primer sets include c-

Myc (F: CTCCATGAGGAGACACCGC, R: GAGCCTGCCTCTTTTCCACA), LMP1 (F: 
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AATTTGCACGGACAGGCATT, R: AAGGCCAAAAGCTGCCAGAT), EBNA2 (F: 

GCTTAGCCAGTAACCCAGCACT, R: TGCTTAGAAGGTTGTTGGCATG), and 

GAPDH (F: TGCACCACCAACTGCTTAGC, R: GGCATGGACTGTGGTCATGAG). 

Western blot 

Cells were pelleted and washed in PBS, and then lysed in 0.1% Triton-containing 

buffer with Complete protease inhibitors. All protein lysates were run on NuPage 4–12% 

gradient gels (LifeTechnology) and transferred to PVDF membrane (GE Healthcare). 

Membranes were blocked in 5% milk in TBST and stained with primary antibody 

overnight at +4°C, followed by a wash and staining with secondary HRP-conjugated 

antibody for 1 hour at room temperature. Antibodies include LMP1 (S12; gift from Elliot 

Kieff), c-Myc (Santa Cruz Biotechnology, SC-764), and GAPDH (BioChain Institute, 

#Y3322). 

 

3.4 Discussion 

In this chapter we have discovered that LMP1 mRNA transcription is negatively 

regulated by host c-Myc activity. This action was seen in Burkitt lymphoma cells that 

express high endogenous levels of c-Myc due to the characteristic chromosome 8:14 

Immunoglobulin:c-Myc translocation, in LCLs that overexpress c-Myc, as well as early 

after primary B cell infection when c-Myc activity peaks during outgrowth. Since EBV is 

a virus and could easily evolve away from deleterious mutations or restrictive factors, 
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this would imply that over evolutionary time EBV has co-opted c-Myc activity as a way 

of controlling viral gene expression. However, we have previously shown that 

heightened NFB activation in the first week after EBV infection (when LMP1 

expression is low) was beneficial for EBV-induced transformation (Price et al, 2012). This 

apparent dichotomy of LMP1 expression and NFB activation early after infection 

remains a mystery. 

Prior to this work, much had been done to characterize the LMP1 promoter in 

LCLs, but no one has examined LMP promoter occupancy or function early after 

primary B cell infection. Key to LMP1 expression is the ability of EBNA2 to bind to the 

LMPp at the so-called EBNA2 Responsive Element (E2RE) (Johannsen et al, 1995; 

Salamon et al, 2001). Since EBNA2 does not possess DNA-binding capabilities of its 

own, this interaction is thought to be mediated by the host transcription factors PU.1 

and RBP-J (Johannsen et al, 1995). We performed ChIP experiments for EBNA2 and 

PU.1 at both early and late times post-infection and found that both factors occupancy at 

the LMPp was unchanged throughout infection. This implies that there must be a 

repressive element present in the LMPp that supersedes the E2RE’s function at early 

times after infection. Such an element has been characterized in Burkitt lymphoma cell 

lines, and it is responsive to members of the Myc family including MAD1 and MAX 

(Sjoblom-Hallen et al, 1999). Whether or not this repressive promoter element is Myc-
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responsive and functional early after infection remains to be seen, and a mutational 

analyses in the context of full virus infection is warranted. 

Myc activation could also lead to decreased LMPp transcription in a less direct 

manner. It has been demonstrated that c-Myc and NFB activation appear to lead to two 

mutually exclusive growth programs (Faumont et al, 2009). In this way, direct or 

indirect actions of c-Myc overexpression or expression early after infection might lead to 

less active NFB transcriptional subunits that can no longer act in a feed-forward 

manner on the LMPp (Demetriades & Mosialos, 2009). 

Besides the robust transcriptional defect, we also discovered that the mRNA half-

life of LMP1 changes approximately two-fold between early and late infection. One 

possible explanation for this could be the changing abundance of a negative regulatory 

factor targeting the long and conserved 3’UTR of LMP1, such as a miRNA. The entire 

miRNA “targetome” in LCLs has been well characterized, and the same study 

characterized that a cluster of human miRNA seed matches does in fact target the LMP1 

message for degradation (Skalsky et al, 2012). Our group has also demonstrated that this 

LMP1-targeting miRNA cluster, miR17~92, is expressed at its highest level early after 

infection and then decreases in expression through LCL outgrowth (Forte et al, 2012). 

While miRNA repression of LMP1 in the immortalized LCL state might fine-tune LMP1 

levels to avoid known the cytostatic effect of LMP1 overexpression (Floettmann et al, 

1996; Kaykas & Sugden, 2000; Lam et al, 2004), it is possible that more robust miRNA 
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repression early after infection might act to silence LMP1 activity. In this way, potent 

miRNA targeting of LMP1 might lead to lower transcription as well be decreasing the 

amount of LMP1-induced NFB activity in the cell and impairing NFB-mediated feed-

forward signaling on the LMPp (Demetriades & Mosialos, 2009).  

Regardless of the mechanism of LMP1 transcriptional repression, many 

questions still remain about the functional relevance for EBV of a two week delay in 

LMP1-induced NFB activity. LMP1 is thought to be critically important to preventing 

apoptosis in EBV-infected cells, so how do early proliferating cells survive in the face of 

numerous pro-apoptotic stimuli without high levels of LMP1? A number of LMP1-

independent survival mechanisms have been discovered, but following up on these 

mechanisms in the early period after infection will be paramount. For instance, EBNA2 

has been shown to transcriptionally activate a number of anti-apoptotic pathways, 

including the BCL2 family member BFL-1 (Lee et al, 2004; Lee et al, 2002; Pegman et al, 

2006). Likewise, both EBNA3A and EBNA3C have both been implicated in protection 

from apoptosis by downregulating the pro-apoptotic factor BIM (Anderton et al, 2008; 

Paschos et al, 2012; Paschos et al, 2009). Besides the canonical latency genes, recent work 

has also supported the hypothesis that there might be promiscuous lytic gene expression 

very early after infection. Of these lytic genes, two are known anti-apoptotic homologs 

of human BCL2 family members known as BHRF1 and BALF1 (Altmann & 

Hammerschmidt, 2005). While BHRF1 and BALF1 appeared to be absolutely critical 
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early after infection, their importance was lost once the infected cells began to cycle, a 

time point in which LMP1 expression is still low. 

An interesting hypothesis is that it might be beneficial for EBV to maintain low 

levels of LMP1 early after infection. It is known that c-Myc overexpression imposes a 

non-immunogenic phenotype upon EBV-infected B cells (Rowe et al, 1995; Staege et al, 

2002). Additionally, tumor development in immune-competent individuals selects for 

downregulation of EBNA2, the major activator of LMP1 (Kelly et al, 2002). In contrast, 

NFB activity is known to enhance immune presentation, making LCLs excellent 

antigen presenting cells and targets for CD8+ T cell killing (Brooks et al, 2009). Thus, 

NFB activation in EBV-infected B cells rides a fine line between survival and immune 

recognition.  
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4. EBV EBNA3A is Required to Promote Survival During 
Two Distinct Phases of B Cell Transformation by 
Activating Host MCL-1 and BFL-1 

4.1 Rationale 

Recent work from our laboratory has demonstrated that, early after infection, B 

cells rapidly proliferate despite low levels of LMP1 expression (Nikitin et al, 2010; Price 

et al, 2012). This was very surprising, as previously it was thought that LMP1 was 

absolutely necessary to suppress apoptosis in transformed cells (Cahir-McFarland et al, 

2000; Okan et al, 1995; Pratt et al, 2012). In fact, inhibition of the NFB pathway activated 

downstream of LMP1 leads to apoptosis. These early-infected cells lacking high-level 

LMP1 expression and NFB activation show no overt signs of apoptosis despite strong 

activation of the cellular DNA damage response (Nikitin et al, 2014). This suggests a 

viral-mediated mechanism independent of LMP1 signaling promotes survival in early-

infected cells.  

Outside of the context of primary B cell infection, several LMP1-independent 

mechanisms to subvert apoptosis have been described. For example, the viral BCL-2 

homologue BHRF1 confers chemoresistance in a mouse model of Burkitt lymphoma (BL) 

(Kvansakul et al, 2010). In addition, exogenous expression of EBNA1 has been shown to 

induce Survivin in B cells (Lu et al, 2011). Furthermore, EBNA2 has been shown to 

transcriptionally activate the host anti-apoptotic protein BFL-1 (Pegman et al, 2006). 

Expression of the EBNA3 proteins induces resistance to apoptosis in BL cells and 
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primary B cells by downregulating BIM expression (Paschos et al, 2009; Skalska et al, 

2013), thereby making infected cells less “primed” for apoptosis. Besides BIM, the 

EBNA3 family is also known to epigenetically downregulate additional human genes 

involved in cell cycle regulation and apoptosis (Allday, 2013; Harth-Hertle et al, 2013; 

Hertle et al, 2009; Paschos et al, 2012; Skalska et al, 2013). It has been shown that the 

EBNA3 proteins mediate these epigenetic effects, in part, via interacting with additional 

proteins in such a way that chromatin architecture can be dramatically altered (Bazot et 

al, 2015; McClellan et al, 2013). While thought to be generally repressive in nature, recent 

work has shown that in some instances EBNA3 proteins can activate gene transcription 

(Bazot et al, 2015). In sum, viral proteins confer several survival advantages to infected 

cells, which often result in EBV-positive lymphomas that are more difficult to treat than 

their EBV-negative counterparts (Kelly et al, 2006). 

The intrinsic apoptosis pathway is controlled by complex protein-protein 

interactions at the surface of mitochondria that regulate the release of cytochrome c 

(Youle & Strasser, 2008). These functional interactions can be interrogated with an 

approach called “BH3 profiling”, which uses peptides derived from BH3-only pro-

apoptotic proteins to identify the anti-apoptotic BCL-2 family members important for 

preventing apoptosis in a particular cell (Del Gaizo Moore & Letai, 2013; Deng et al, 

2007). Furthermore, molecular characterization of the interface between BH3 domains of 

these proteins has allowed for the creation of a new class of small molecule inhibitors 
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that promote apoptosis directly in sensitive cell types (Billard, 2013; Oltersdorf et al, 

2005). These so called “BH3 mimetics” are highly specific and show great promise in 

clinical trials (Letai, 2008). In this study, we characterized the BH3 profile of uninfected 

and EBV-infected primary human B cells from early proliferation through long-term 

outgrowth. We validated these profiles using BH3 mimetics and, importantly, identified 

a novel virus-specific transition in survival mechanisms between early and late stages of 

latent infection with implications for therapy of EBV-associated malignancies.  

4.2 Results 

4.2.1 BH3 profiling reveals two distinct stages of apoptotic 
mitochondrial priming after EBV infection 

Previously our laboratory has identified an early period after EBV infection 

where, despite robust virus-mediated proliferation and activation of the pro-apoptotic 

DNA damage response, there is little expression of the key viral survival factor LMP1 

(Price et al, 2012). In order to define the mechanism of survival in the absence of LMP1 

and NFB activity early after infection, as well as through long-term outgrowth, we 

performed BH3 profiling to query apoptotic priming at the mitochondria of infected 

cells. The BH3 profiling technique provides information about both the overall 

sensitivity to apoptotic inducers (mitochondrial priming) as well as the dependency of 

cells on specific BCL-2 family members for survival (Del Gaizo Moore & Letai, 2013). 

BH3 profiling involves permeabilizing viable cells and pulsing them with recombinant 

BH3-domain containing peptides and then measuring mitochondrial depolarization 
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(Figure 15A). We performed BH3 profiling on three cell states: i) uninfected B cells 

purified from the peripheral blood of normal human donors (B Cell), ii) FACS-purified 

proliferating EBV-infected B cells seven days post-infection (Prolif), and iii) the resulting 

EBV-transformed lymphoblastoid cell lines (LCL) derived five weeks post-infection 

from the same donors (Figure 15B). 

 

Figure 15: BH3 profiling reveals two distinct stages of mitochondrial priming after 

EBV infection 

(A) Schematic of the BH3 profiling technique, which involves first permeabilizing the 

outer membrane followed by incubation with BH3-only peptides to induce 

depolarization of the mitochondrial membrane. Depolarization is measured by 

fluorescent JC-1 dye and quantified. (B) Schematic of EBV-mediated outgrowth of 

infected CD19+ B cells into a lymphoblastoid cell line. Negative isolation of peripheral 

blood mononuclear cells (PBMCs) yields CD19+ B cells of >95% purity. Proliferating cells 

(Prolif) are analyzed by flow cytometry based on the dilution of the fluorescent 

proliferation tracking dye CellTrace Violet and cells that have divided more than once 
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are sorted to purity. Monoclonal LCLs are grown out from PBMCs that have been 

infected with a limiting dilution of EBV. (C) Analysis of the mitochondrial 

depolarizations from uninfected B cells, hyper-proliferating infected cells (Prolif), and 

LCLs when treated with the indicated BH3-only peptides (horizontal axis). 

Mitochondrial depolarization, normalized to an FCCP control, is reported as the mean 

value from five different donors.  Error bars indicate standard error of the mean (SEM). 

(bottom, right) Compiled, side-by-side comparisons of mitochondrial depolarization of 

the three cell types. (D) Schematic of the selective interactions between pro-apoptotic 

(BH3-only) and anti-apoptotic BCL2 members. Green boxes indicate protein binding 

interactions that lead to mitochondrial depolarization, red boxes indicate no interactions. 

(E) Schematic of BH3 profiles compiled from uninfected B cells, hyper-proliferating 

infected cells (Prolif), and LCLs. Numbers and color scale correspond to percentage of 

mitochondrial depolarization. Formulated hypotheses regarding pro-survival BCL2 that 

account for each profile are in the column to the right. 

BH3 profiling revealed that EBV infection of primary B cells reduces overall 

mitochondrial priming and that transformed cells are even less primed for apoptosis 

than early-infected cells (Figure 15C). Overall priming can be discerned by 

mitochondrial depolarization with the potent apoptotic inducers Bim and Puma. While 

B cells are very sensitive to low doses of Bim and Puma peptides (1 M Bim, 10 M 

Puma), EBV-infected proliferating B cells were not as sensitive to low doses of Puma and 

LCLs were less sensitive to both low doses of Bim and Puma (Figure 15C). Specific, 

testable hypotheses regarding BCL-2 family dependency can also be uncovered in the 

BH3 profiles (Figure 15D). For instance, a cell dependent on BCL-2 for survival would 

exhibit mitochondrial depolarization upon exposure to Bad, Puma, or Bmf peptides, 

while a cell dependent upon MCL-1 would depolarize upon exposure to Noxa, Puma, or 

Bmf peptides. Uninfected B cells depolarized their mitochondria upon treatment with 

Bad, Puma, or Bmf peptides, but not Noxa or Hrk peptides, indicating reliance on BCL-2 
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or BCL-w as a pro-survival BCL2 family member (Figure 15E). EBV-infected 

proliferating B cells (Prolif) lost sensitivity to the Bad peptide but remained sensitive to 

Puma and Bmf, supporting a survival mechanism reliant on both MCL-1, to block Bad-

induced depolarization, and BCL-2, to block Noxa-induced depolarization (Figure 15E). 

Finally, LCLs lost sensitivity to Bmf, but sensitivity to Puma did not change between 

Prolif and LCLs, suggesting additional BFL-1 mediated pro-survival effects in LCLs 

(Figure 15E).  

4.2.2 EBV infection promotes potent resistance to BCL-2 antagonists 

We hypothesized that EBV infection reduces the dependence of B cells on BCL-2, 

BCL-xL, or BCL-w for survival given the loss of Bad sensitivity between uninfected and 

early-infected B cells (Figure 15E). To test this, we treated PBMCs with small molecule 

BH3 mimetics either concurrent with EBV infection or at the onset of proliferation (3.5 

days post-infection (dpi)) and measured the number of proliferating B cells at 7 dpi 

using flow cytometry and the proliferation tracking dye CellTrace Violet (Figure 16A). 

We also assayed the sensitivity of monoclonal LCLs to BH3 mimetic treatment for an 

equivalent period of time (Figure 16A). 

We first tested the sensitivity of EBV-infected cells to ABT-737, a potent small 

molecule inhibitor of BCL-2, BCL-xL, and BCL-w (Oltersdorf et al, 2005). Consistent with 

dependence of uninfected B cells on these BCL-2 family members predicted by BH3 

profiling, treatment with ABT-737 concurrent with EBV infection resulted in an IC50 in 
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proliferating B cells of ~10 nM (Figure 16B-C). However, when ABT-737 was added to 

EBV-infected cells after the onset of virus-induced proliferation or to immortalized LCLs 

we observed high-level ABT-737 resistance with an IC50 of ~2-4 M (Figure 16B-C). ABT-

737 promoted apoptosis as measured by Caspase 3/7 activity and Annexin V positivity 

in uninfected B cells, while proliferating cells at 7 dpi and EBV transformed LCLs were 

resistant to apoptosis induction (Figure 16D-E). 

 

Figure 16: EBV Infection promotes potent resistance to BCL-2 antagonists 

(A) Schematic of drug treatment time course. (B) Dose-response curves generated from 

treating 3-5 biological replicates with the BCL-2, -xL, and –w inhibitor ABT-737. (C) 

Average IC50 with 95% Confidence Intervals are plotted for ABT-737 treatment at three 

different times post-infection. (D) Analysis of Caspase activity induced by ABT-737. A 

fluorescent Caspase 3/Caspase 7 reporter was used and analyzed by FACS; values are 

reported as average plus SEM of three biological replicates. (E) Analysis of 

phosphatidylserine exposure induced by ABT-737. Fluorescent Annexin-V was used and 

analyzed by FACS; values are reported as average plus SEM of three biological 

replicates. (F) Same as (B), except the dose-response is to the BCL-2-specific inhibitor 

ABT-199. (G) Average IC50 with 95% Confidence Intervals are plotted of ABT-199 

treatment at three different times post-infection. 
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We next sought to confirm BCL-2 as the specific anti-apoptotic protein important 

for uninfected B cell survival and to further validate our BH3 profiling results. To do 

this, we used ABT-199, a specific inhibitor of BCL-2 with minimal off-target effects on 

BCL-xL or BCL-w (Souers et al, 2013). Similar to ABT-737, EBV induced potent 

resistance to ABT-199 (Figure 16F-G). Therefore, uninfected human peripheral blood 

CD19+ B cells depend on BCL-2 for survival and EBV upregulates additional survival 

proteins to potently suppress apoptosis induced by BCL-2 antagonism. 

4.2.3 MCL-1 protects EBV-infected proliferating cells from apoptosis 
early after infection 

Our BH3 profiling experiments predicted that EBV-infected B cells are less 

primed for apoptosis due to the combined protective effects of MCL-1 and BCL-2 during 

early proliferation with additional protection afforded by BFL-1 in immortalized B cells 

(Figure 15E). To functionally characterize EBV-regulated survival, we first analyzed 

BCL-2 family member mRNA expression through B cell outgrowth. We observed that 

MCL-1 mRNA increased from uninfected B to EBV-infected and proliferating B cells and 

was further increased in LCLs (Figure 17A). Over the same infection time course, both 

BCL-2 and BFL-1 were initially downregulated in early proliferating B cells relative to 

uninfected B cells, then upregulated during LCL outgrowth. These data are consistent 

with prior transcriptomic analyses from our group (Price et al, 2012) and others 

indicating that BCL-2 and BFL-1 are both ultimately upregulated by EBV (D'Souza et al, 

2004; Henderson et al, 1991). BCL-2 and MCL-1 protein levels mirror their respective 
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mRNA expression levels during B cell outgrowth (Figure 17B). These data indicate that 

ABT-737 resistance coincides with MCL-1 induction. We therefore sought to test the 

importance of MCL-1 in promoting EBV-induced ABT-737 resistance. 

 

Figure 17: MCL-1 protects EBV-infected proliferating B cells early after infection 

(A) Quantitative PCR of MCL-1, BCL-2, and BFL-1 mRNA levels post EBV infection. 

Average plus SEM of three biological replicates is plotted. (B) Immunoblot analysis of 

MCL-1, BCL-2, and Magoh (loading control) during B cell immortalization. Protein 

lysates from a matched donor were obtained from uninfected B cells, infected B cells 

Day 7 post-infection (Prolif), and LCLs. (C) qPCR analysis of MCL-1, BCL-2, and BFL-1 

mRNA levels in LCLs treated with 100nM flavopiridol for 2-4 hours. (D) Immunoblot 

analysis of MCL-1, BCL-2, and GAPDH protein in LCLs treated with 100nM flavopiridol 

for four hours. (E) Analysis of apoptosis by Annexin-V positivity in Day 7 proliferating 
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EBV-infected cells and LCLs that are treated with flavopiridol for four hours with or 

without concurrent ABT-737 for the preceding 24 hours. Measurements were taken as a 

percentage of the proliferating B cell population and plotted as average plus SEM of 

three biological replicates. 

We hypothesized that selective depletion of MCL-1 should render early 

proliferating cells, but not LCLs, sensitive to ABT-737. MCL-1 is a highly labile transcript 

and protein, and its expression is known to be sensitive to RNA polymerase II stalling 

induced by CDK9 inhibition (Gojo et al, 2002). Indeed, the CDK9 inhibitor, flavopiridol, 

induced rapid decreases in MCL-1 mRNA and protein, while leaving BCL-2 and BFL-1 

levels largely unaffected (Figure 17C-D). Treatment of EBV-infected proliferating B cells 

at 7 dpi or LCLs with either flavopiridol or ABT-737 induced minimal apoptosis (Figure 

17E). However, when cells were treated with both flavopiridol and ABT-737, early 

proliferating cells, but not LCLs, displayed elevated markers of apoptosis (Figure 17E). 

These data support the hypothesis generated by our BH3 profiling that early-infected 

cells are more dependent on MCL-1 and BCL-2 for survival than are LCLs. 

4.2.4 Resistance to BCL-2 antagonism is virus specific 

A hallmark of B cell biology is rapid proliferation in response to antigen and 

cytokines leading to maturation via germinal center reactions into the memory and 

plasma cell lineages (Goodnow et al, 2010). In cell culture, mitogens such as the TLR9 

ligand CpG DNA as well as T-cell derived CD40 ligand and IL-4 (CD40L/IL-4) promote 

B cell proliferation similar to EBV infection (Elgueta et al, 2009; Krieg et al, 1995; Nikitin 

et al, 2014) (Figure 18A-C). To assess whether EBV-mediated ABT-737 resistance was 



 

75 

linked to B cell proliferation per se or was specific to EBV infection, we stimulated 

primary B cells with CpG or CD40L/IL-4 and queried survival. We found that, while 

EBV induced marked ABT-737 resistance (IC50 ~3-4 M), both CpG and CD40L/IL-4 

stimulated B cells were significantly more sensitive to ABT-737 (IC50 ~200 nM) (Figure 

18D-E). Consistently, mitogen-stimulated proliferating B cells had increased Caspase 3/7 

activity and Annexin V positivity following ABT-737 treatment (Figure 18F-G) while 

EBV-infected cells did not (Figure 16D-E). These data strongly support the hypothesis 

that resistance to BCL-2 antagonism is specific to EBV induced proliferation. We next 

sought to characterize the EBV factors necessary for ABT-737 resistance. 

 

Figure 18: Resistance to BCL-2 antagonism is virus specific 

(A) Flow cytometry plot of proliferating (Prolif) EBV-infected PBMCs. (B) Same as in 

(A), but treated with the TLR9-ligand CpG DNA. (C) Same as in (A), but treated with 

soluble recombinant CD40L and IL-4. (D) Dose-response curves generated from treating 
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EBV-infected or mitogen-stimulated proliferating B cells with ABT-737 on Day 3.5 post 

infection/stimulation and reading percent survival on Day 7 post infection/stimulation. 

Data are from three biological replicates. (E) Average IC50 with 95% Confidence Intervals 

are plotted for ABT-737 treatment on EBV-infected or mitogen-stimulated cells. (F) 

Caspase 3/7 activity in proliferating CpG and CD40L/IL-4 stimulated cells increases with 

increasing concentrations of ABT-737; values are reported as average plus SEM of three 

biological replicates. (G) Annexin V positivity in proliferating CpG and CD40L/IL-4 

stimulated cells increases with increasing concentrations of ABT-737; values are reported 

as average plus SEM of three biological replicates. 

4.2.5 EBV-induced resistance to BCL-2 antagonism is mediated by 
EBNA3A 

EBV requires expression of protein products from the heavily spliced Epstein-

Barr Nuclear Antigen (EBNA) transcriptional unit to promote B cell proliferation and 

survival (Price & Luftig, 2014). Of key importance is EBNA2, a protein encoded initially 

by transcripts from the B cell specific viral W promoter (Wp). EBNA2 subsequently 

activates the viral C promoter (Cp) just upstream of Wp which drives increased 

expression of EBNA2 as well as the other EBNAs (Price & Luftig, 2014; Woisetschlaeger 

et al, 1991) (Figure 19A). To assess the role of EBNA2 in ABT-737 resistance of early-

infected cells, we used an EBNA2-deleted strain of EBV called P3HR1 (Hinuma et al, 

1967). Since the EBNA2 deletion in P3HR1 renders the virus incapable of inducing 

proliferation and transforming primary B cells (Miller et al, 1974), we compared the 

ABT-737 sensitivity of P3HR1-infected cells induced to proliferate using the TLR9 ligand 

CpG (P3HR1+CpG) to uninfected B cells treated with CpG. P3HR1 infection did not alter 

the sensitivity of CpG-treated proliferating B cells to ABT-737 (Figure 19B). In contrast, 

the prototypical transforming strain, B95-8, induced marked ABT-737 resistance in the 
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presence or absence of CpG (Figure 19B). These data implicate EBNA2 as a key 

determinant of the ABT-737 resistance phenotype. 

 

Figure 19: EBV-induced resistance to BCL-2 antagonism is mediated by EBNA3A 

(A) Schematic to show the genetic differences between prototypical transforming strain 

of EBV (B95-8) and P3HR1 (EBNA2-deleted) strain. Because P3HR1 lacks EBNA2 

expression, P3HR1-infected cells fail to express other viral co-transcriptional factors, 
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such as the EBNA3s; however, P3HR1-infected cells retain expression of the viral W 

promoter (Wp) transcripts and the vBCL-2 homolog BHRF1. (B) Dose-response curves to 

assess ABT-737 sensitivity in proliferating prototypical (B95-8) EBV-infected cells and 

EBNA2-deleted (P3HR1) EBV-infected cells.  To induce proliferation, P3HR1-infected 

cells required additional co-treatment with CpG DNA. Data are from three biological 

replicates. Average IC50 is shown (inset). (C) Quantitative PCR showing early viral 

mRNAs expressed at day two post infection normalized to a B95-8 LCL. While P3HR1 

produces the same relative amount of Wp-driven transcripts and BHRF1, P3HR1 does 

not induce C promoter (Cp)-driven transcripts or the viral EBNA2, -3A, and -3C 

transcripts. (D) Early-infected proliferating EBNA3A-deleted (3A) EBV-infected cells 

are sensitive to ABT-737, while EBNA3C-deleted (3C) EBV-infected cells and wildtype-

infected proliferating cells maintain high levels of ABT-737 resistance. Data shown are 

from 3-6 biological replicates with SEM. Average IC50 is shown (inset). (E) EBNA3A-

deleted LCLs (3A LCL) are more sensitive to ABT-737 than wildtype LCLs. Data are 

from three biological replicates with SEM. Average IC50 is shown (inset). 

Since EBNA2 controls the expression of other EBV latency genes, it was 

important to assess the expression of these genes during early P3HR1 and B95-8 

infection. At 2 days post-infection, a time point at which ABT-737 resistance first 

emerges, P3HR1-infected cells express high levels of Wp-driven transcripts, but 

significantly less Cp-driven transcripts including EBNA2, EBNA3A, and EBNA3C 

relative to B95-8 infected cells (Figure 19C). As recent work indicates that the viral BCL-

2 homologue, BHRF1, is expressed from Wp during primary B cell infection (Kelly et al, 

2009) and overexpression of BHRF1 can prevent apoptosis induced by ABT-737 in 

mouse cells (Kvansakul et al, 2010), it was important to analyze BHRF1 expression. We 

found that P3HR1-infected cells expressed similar levels of BHRF1 as B95-8 infected cells 

(Figure 19C). Therefore, BHRF1 was not associated with ABT-737 resistance in early-

infected B cells.  
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Resistance to ABT-737 could be conferred by EBNA2 or by a downstream target 

such as the EBNA3 proteins. While EBNA3A and EBNA3C are both important for B cell 

transformation, EBNA3A- and EBNA3C-deleted viruses can induce B cell proliferation 

for several weeks in culture before aborting long-term outgrowth (Anderton et al, 2008; 

Skalska et al, 2013). To explore the potential role of the EBNA3 proteins in mediating 

ABT-737 resistance, we infected PBMCs with mutant strains of EBV deleted for EBNA3A 

or EBNA3C (3A, 3C), and treated them with ABT-737 at 3.5 dpi then assayed for 

survival at 7dpi as before. While 3C-infected proliferating B cells were resistant to 

ABT-737 (IC50 ~3 M) similar to WT B95-8-infected cells (IC50 ~4 M), the 3A-infected 

proliferating B cells remained highly sensitive to ABT-737 (~200 nM) (Figure 19D). 

Furthermore, from our initial infections we were able to derive a 3A LCL, similar to 

that reported by others (Hertle et al, 2009; Skalska et al, 2010), and we again observed 

enhanced sensitivity to ABT-737 in the 3A LCL (IC50 ~60 nM) relative to a donor-

matched WT LCL (IC50 ~4 M) (Figure 19E). This result was unexpected as LMP1-

mediated NFB activity in a 3A LCL should induce BFL-1 to rescue ABT-737 resistance 

(D'Souza et al, 2004; Pratt et al, 2012) (Figure 15E). 

4.2.6 EBNA3A is required for MCL-1 mitochondrial localization and 
BFL-1 transcription 

To further characterize the nature of EBNA3A-mediated ABT-737 resistance, we 

subjected 3A and WT LCLs from the same donor to BH3 profiling. We found that the 

3A LCL, in contrast to WT, was sensitive to both the Bad and Bmf peptides indicating 
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BCL-2 dependence and an absence of BFL-1 and MCL-1 protection similar to the 

uninfected B cell state (Figure 20A). Mechanistically, we found that 3A LCLs expressed 

significantly less BFL-1 at the mRNA level, while BCL-2 level was similar to WT (Figure 

20B). Furthermore, loss of BFL-1 mRNA expression was not due to selective pressures 

applied during outgrowth of a 3A LCL (Figure 21). While BH3 profiling predicted a 

loss of MCL-1 activity, MCL-1 mRNA, protein, and protein stability were unchanged in 

the 3A LCL compared to WT (Figure 20B-D).  Instead, we discovered that MCL-1 

localization to mitochondria was defective in the 3A LCL (Figure 20E). 

We further sought to characterize whether the loss of BFL-1 mRNA in the 3A 

LCL was due to a transcriptional defect (Figure 20B). Indeed, when we isolated nascent 

mRNAs using a thiolated-RNA pull down method we found that 3A LCLs were only 

transcribing ~15% as much BFL-1 mRNA as WT LCLs (Figure 20F). Furthermore, we 

found that decreased BFL-1 transcription in 3A LCLs was correlated with decreased 

RNA Polymerase II (Pol II), activated Pol II (phospho-Serine 5), and activating histone 

marks (H3K27ac, H3K9ac, and H3K4me3) accumulating at the BFL-1 transcription start 

site (TSS)(Figure 20G).  
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Figure 20: EBV EBNA3A is required for MCL-1 mitochondrial localization and BFL-1 

transcription 
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(A) BH3 profile shows increased sensitivity to Bad and Bmf peptides in EBNA3A-

deleted LCLs compared to wildtype LCLs, indicative of a BCL-2 dependence. (B) 

Quantitative PCR of BCL-2, MCL-1, and BFL-1 mRNA levels in Wildtype and EBNA3A-

deleted LCLs. (C) Western blot of MCL-1 in WT or 3A LCLs treated with 15 M 

cycloheximide (CHX). (D) The relative mean densitometry from panel (C) plotted over 

time from two biological replicates plus SEM. (E) Sub-cellular fractionation into Total 

(T), Cytoplasmic (C), or Mitochondrial (M) compartments reveals MCL-1 mislocalization 

in an EBNA3A-deleted LCL compared to a Wildtype LCL. Immunoblot for MCL-1, 

VDAC (mitochondrial localization control), and -Actin (total lysate control). (F) 

Relative transcription rate of BFL-1 in WT and 3A LCLs ascertained by qPCR on 

pulldown of nascent mRNAs. (G) Chromatin Immunoprecipitation (ChIP) was 

performed on extracts from WT and 3A LCLs using antibodies for Total RNA Pol II 

(Pol II), Pol II phospho-Ser 5 (Pol II Ser 5), H3K27ac, H3k9ac, and H3K4me3. Primer 

pairs for Myo were used as a negative control, CXCL10 as an EBNA3A-repressed 

control, and miR221/222 as an EBNA3A-activated control. Primer pairs surrounding the 

BFL-1 TSS are shown annotated in panel (I) in their proper locations. Values represent 

ratio of chromatin precipitated, after correction for IgG, relative to 2.5% of input. (H) 

Chromatin conformation capture (CCC) was performed on WT and 3A LCLs, and the 

BFL-1 loci were interrogated for interaction after digesting with HindIII. Relative 

interaction frequency to the BFL-1 TSS fragment (shown in panel (I)) was assayed by 

qPCR and normalized to the interaction frequency of the nearest neighbor (-1) fragment 

set at 100%. (I) ChIP-Seq data for EBNA2, EBNA3A, EBNA3C, NFB (RelA), Histone 

H3K27ac, p300, and RNA Pol II (Pol II) from an LCL on the BCL2A1 (BFL-1) locus. Red 

vertical hashes denote HindIII restriction enzyme cut sites which divide the locus into 

fragments labeled for their position relative to the fragment containing the BFL-1 TSS 

used for CCC in panel (H). ChIP-PCR amplicons are plotted underneath. (J) EBNA3A 

protein expression can be rescued to wildtype LCL levels in a 3A LCL using an 

episomal EBNA3A expression vector. (K) Rescuing EBNA3A expression in 3A LCLs 

restores resistance to ABT-737. Three individual clones of WT, 3A, or 3A/pCEP-

EBNA3A were subjected to ABT-737 treatment for three days and then analyzed for 

viability by FACS. Remaining viable cells on day three post-treatment are normalized to 

the untreated (0 nM) cells. 

EBNA3 proteins often regulate gene expression through long-range enhancers 

(Bazot et al, 2015; Schmidt et al, 2015). To evaluate the role of EBNA3A in regulating 

chromatin structure to promote BFL-1 transcription, we used chromatin conformation 

capture to query the interactions between regions of open chromatin up- and 
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downstream of the BFL-1 gene in WT and 3A LCLs. We discovered two genomic 

regions upstream of the BFL-1 gene that were strongly associated with the 

transcriptional start site (TSS) in WT LCLs but less so in 3A LCLs (Figure 20H). Using 

LCL ChIP-Seq data (Schmidt et al, 2015; Zhao et al, 2011), we found that one locus is 

bound by EBNA3A within a known EBV Super Enhancer (39 kb upstream of the BFL-1 

TSS ) and the other region contains a single RelA peak, an NFB transcription factor 

subunit strongly activated by LMP1 (Zhao et al, 2014) (Figure 20I). These data support 

an important new role for EBNA3A in coordinating NFB-mediated regulation of BFL-1 

transcription in LCLs. 

Finally, to demonstrate that EBNA3A is responsible for ABT-737 resistance in 

EBV-infected B cells, we rescued EBNA3A expression in trans in 3A LCLs. We found 

that EBNA3A re-expression was sufficient to restore ABT-737 resistance similar to WT 

LCLs (Figure 20J-K). Therefore, we conclude that EBNA3A plays an important role in 

EBV-mediated resistance to BCL-2 antagonists and survival in response to potent 

proliferative signals during both early and late stages of B cell growth transformation. 
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Figure 21: BFL-1 is regulated by EBNA3A across multiple transformed clones 

(A) Quantitative PCR of three individual clones 3A LCLs and their matching 3A-

Revertant counterparts showing BFL-1 mRNA expression. (B) Two clones of an 

EBNA3A-regulatable cell line with EBNA3A under control of 4-Hydroxy-Tamoxifen 

(HT). Quantitative PCR of BFL-1 mRNA is shown when EBNA3A is removed by 

withdrawal from HT. (C) Same as in (B), but EBNA3A is now being activated and 

compared to cells that have never seen EBNA3A (Never HT). 
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4.3 Materials and Methods 

Cells, viruses, and mitogens 

Buffy coats were obtained from normal human donors through the Gulf Coast 

Regional Blood Center (Houston, TX) and peripheral blood mononuclear cells (PBMCs) 

were isolated by Ficoll Histopaque-1077 gradient (Sigma, H8889). CD19+ B cells were 

purified from PBMCs using the BD iMag Negative Isolation Kit (BD, 558007). B95-8 

strain of Epstein-Barr virus was produced from the B95-8 Z-HT cell line as previously 

described (Johannsen et al, 2004). P3HR1 was generated from P3HR1 Z-HT cells (kind 

gift of Elliott Kieff, Harvard Medical School). Two independent sources of EBNA3A and 

EBNA3C deletion viruses were used in these studies for validation. 

Large scale virus infections were performed as previously described (Nikitin et 

al, 2010).  For WT (2089), 3A, and 3C BAC viruses, 1 x 105 green Raji units (GRU) were 

used to infect 1 x 106 PBMCs as previously described (Skalska et al, 2013). 

TLR9 ligand CpG oligonucleotide (ODN 2006) was purchased from IDT and 

used at 2.5 µg/ml (Krieg et al, 1995). Human recombinant interleukin-4 (PeproTech, 

AF200-04) was used at 20 ng/mL. HA-tagged CD40 ligand was purchased from (R&D 

Systems, 6420-CL) and used at 5 ng/ml in combination with an anti-HA crosslinking 

peptide (R&D Systems, MAB060) at a concentration of 0.2 µg/µl. 

Cell lines were cultured in RPMI 1640 media supplemented with 10-15% heat 

inactivated fetal bovine serum (Corning), 2 mM L-Glutamine, 100 U/ml penicillin, 
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100 μg/ml streptomycin (Invitrogen), and 0.5 g/mL Cyclosporine A (Sigma). Cells were 

cultured at 37°C in a humidified incubator at 5% CO2. 

Virus generation 

 Two independent sources of EBNA3A and EBNA3C deletion viruses were used 

in these studies for validation. One set was previously described (Anderton et al, 2008). 

The other was generated by en passant mutagenesis of the EBV p2089 BACmid 

(Delecluse et al, 1998) using GS1783 E. coli.  Primer sequences used to construct 

EBNA3A deletion and revertant mutants are available upon requests.  After screening, 

desired EBV BACmids were transferred to BM2710 E. coli which were then used to infect 

293 cells as previously described (Chen et al, 2005). 

Recombinant viruses were produced by co-transfecting BAC-containing, selected 

293 cells with pCDNA3-2670-gp110, pSG5-Zta, and pCDNA3-Rta into cells using 

polyethylenimine (PEI) and OptiMEM (Invitrogen). 24hrs after transfection, media was 

changed to antibiotic-free 10% FBS containing RPMI 1640 and harvested 48hrs 

afterwards. After harvesting, transfected cells were replenished with fresh media for 

24hrs, at which point virus was harvested again. Harvests were pooled and concentrated 

100-fold in a 100kDa Amicon spin-filter. 

Large scale infections were performed by adding 100 L B95-8 virus (from Z-HT 

supernatants), or 200 L P3HR1 virus, was added to 1 x 106 PBMCs for 1 hour at 37°C in 

a CO2 incubator followed by washing the cells once with PBS and resuspending cells in 
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15% FBS containing RPMI (Nikitin et al, 2010). For P3HR1 infections, viral stocks were 

normalized to B95-8 by immunofluorescence of EBNA-LP in primary B cells two days 

post-infection. For WT, 3A, and 3C BAC viruses, 1 x 105 green Raji units (GRU) were 

used to infect 1 x 106 PBMCs as previously described (Skalska et al, 2013). 

Flow cytometry and sorting 

To track proliferation, cells were stained with CellTrace Violet (Invitrogen, 

C34557), a fluorescent proliferation-tracking dye. Cells were first washed in FACS buffer 

(5% FBS in PBS), stained with the appropriate antibody for 30min-1hr at 4°C in the dark, 

and then washed again before being analyzed on a BD FACS Canto II.   

Proliferating infected B cells were sorted to a pure population of 

CD19+/CellTraceVioletlo on a MoFlo Astrios Cell Sorter at the Duke Cancer Institute Flow 

Cytometry Shared Resource. Mouse anti-human CD19 antibody (clone 33-6-6; gift from 

Tom Tedder, Duke University Medical School) conjugated with either APC or PE was 

used as a surface B cell marker in flow cytometry. 

BH3 profiling (JC-1 plate-based assay) 

Plate-based BH3 profiling was performed on primary B cells, early-infected 

hyperproliferating B cells, and LCLs at 5 × 104 cells/well. Cells were resuspended at 2x 

and incubated for 10min at room temperature (RT) in T-EB solution containing 4μM JC-

1, 40ug/mL oligomycin, 0.02% digitonin, and 20mM 2-mercaptoethonal. Peptides were 

diluted in T-EB at 2x concentration and aliquoted per well in a black 384-well plate 
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(Corning 3575), to which the cell/dye solution was added 1:1. The fluorescence at 590 nM 

from each well was read on a plate reader every 5 minutes at RT. Depolarization of the 

mitochondria was calculated as a percentage loss normalized to the solvent-only control 

(DMSO, 0% depolarization) and the positive control (FCCP, 100% depolarization). 

Analysis was performed using technical triplicates of five biological replicates, where 

outliers were eliminated if there was poor signal or if the Puma2A inert control showed 

high background depolarization.  

Protein expression analysis 

Cells were pelleted and washed in PBS, and then lysed in 0.1% Triton-containing 

buffer with Complete protease inhibitors. All protein lysates were run on NuPage 4–12% 

gradient gels (LifeTechnology) and transferred to PVDF membrane (GE Healthcare). 

Membranes were blocked in 5% milk in TBST and stained with primary antibody 

overnight at +4°C, followed by a wash and staining with secondary HRP-conjugated 

antibody for 1 hour at room temperature. All antibodies used can be found in Table 2. 

Gene expression analysis 

Total RNA was isolated from cells by using a Qiagen RNeasy kit and then 

reverse transcribed to generate cDNA with the High Capacity cDNA kit (Applied 

Biosystems). Quantitative PCR was performed by using SYBR green (Quanta 

Biosciences) in an Applied Biosystems Step One Plus instrument.  Results were 
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normalized to SETDB1, a control mRNA found to not change expression from resting B 

cells through EBV-immortalization (Price et al, 2012) or GNB2LI (Bazot et al, 2015). 

Table 2: Antibodies Used 

Antibodies Used for Western Blot: 

BCL-2 BD Biosciences, BD551107 

MCL-1 Santa Cruz, sc-819 

MAGOH Santa Cruz, sc-56724 

EBNA3A Exalpha, F115P 

EBNA3C Exalpha, F125P 

VDAC EMD Millipore, AB10527 

-ACTIN Rockland, 600-401-886 

GAPDH BioChain Institute, #Y3322 

Antibodies Used for ChIP: 

Total RNA pol II Santa Cruz, sc-899 

RNA pol II CTD repeat YSPTSPS (phospho S5) Abcam, ab5131 

H3K27ac Millipore, 17-683 

H3K9ac Millipore 17-658 

H3K4me3 Millipore, 17-614 

 

Drug treatments 

Cells were treated with various concentrations of ABT-199 (ChemieTek, CT-

A199), ABT-737 (Selleckchem, S1002), or flavopiridol (Sigma, F3055) for the appropriate 

time (Figure 16A) in a 96-well flat-bottom plate. Live cells were distinguished from dead 
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cells on FACS by forward-scatter and side-scatter. All drugs were resuspended in 

DMSO. 

Cell viability assays  

Cells were stained with fluorescent conjugates of Annexin-V (eBioscience, 88-

8007-72) or incubated with CellEvent Caspase 3/7 Green Detection Reagent 

(ThermoFisher Scientific, C10423). Cell death is reported as a percentage of Annexin-V 

positive or caspase 3/7-positive of total events.  

Protein stability 

 Protein stability was assayed by incubating LCLs in 15 M Cycloheximide 

(Sigma, C1988). Time points were taken immediately before addition (0 minutes), and 

then at 30, 60, and 120 minutes after addition of Cycloheximide and analyzed by western 

blot loading 10 g of protein per lane. 

Mitochondrial isolation  

Mitochondria isolation was performed using a mitochondria isolation kit 

(Thermo Scientific) on 50 million cells. Total, cytoplasmic, and mitochondrial fractions 

were measured by Bradford and loaded 5 μg protein/lane.  

Nascent transcription profiling 

 The ability to capture nascently transcribed RNA was modified from previously 

described work (Payne et al, 2014). In brief, cells were treated with 200 M 4-thiouridine 

(4sU) for one hour before total RNA was harvested in 1 mL of TRIzol (Life 
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Technologies). Nascently transcribed RNA over this time period incorporated 4sU, 

which was subsequently biotinylated and pulled down using streptavidin MyOne C1 

Dynabeads (Invitrogen). RNA was reverse transcribed and qPCR was performed as 

described above. 

Chromatin immunoprecipitation 

 Chromatin Immunoprecipitation (ChIP) was performed as described previously 

(Bazot et al, 2015). All antibodies used can be found in Table 2. 

Chromatin conformation capture 

 Chromatin Conformation Capture (CCC) was performed as described previously  

(Hagege et al, 2007). All oligos used can be found in Table 3. 

Transfection of LCLs 

pCEP-EBNA3A, an episomal expression vector, was introduced into LCLs using 

the MicroPorator MP-100 (Digital Bio). Cells were incubated with DNA and shocked at 

1300V for 1 pulse of 30 ms and then recovered in 15% FBS containing RPMI. Cells were 

cotransfected with an additional pCEP-TdTomato plasmid to mark transfected cells with 

red fluorescence.   

Statistical analysis 

Student’s t-tail test was calculated using GraphPad Prism 5.0 software. ∗p < 0.05 

and ∗∗p < 0.01 were considered significant. IC50 values were calculated by non-linear 

regression on GraphPad. 
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Table 3: Oligos Used 

Oligos used for qPCR (5’  3’): 

Oligo Name Forward Primer Reverse Primer 

MCL-1 GTGCCTTTGTGGCTAAACACT AGTCCCGTTTTGTCCTTACGA 

BCL-2 GGTGGGGTCATGTGTGTGG CGGTTCAGGTACTCAGTCATCC 

BFL-1 TTACAGGCTGGCTCAGGACT AGCACTCTGGACGTTTTGCT 

W Promoter 

(Wp) 

CGCCAGGAGTCCACACAAAT GAGGGGACCCTCTGGCC 

C Promoter 

(Cp) 

AATCATCTAAACCGACTGAAGAAAC

AG 

GAGGGGACCCTCTGGCC 

Latent W2-

BHRF1 

TGGTAAGCGGTTCACCTTCAG TCCCGTATACACAGGGCTAACAGT 

EBNA2 GCTTAGCCAGTAACCCAGCACT TGCTTAGAAGGTTGTTGGCATG 

EBNA3A CTGCAGCCCAGAGAGTAGTC GCCTGTCCTTGTCCATTTTG 

EBNA3C CTGCAGCCCAGAGAGTAGTC TCCATGGTGGGTCTTAAAGG 

SETDB1 TCCATGGCATGCTGGAGCGG GAGAGGGTTCTTGCCCCGGT 

Oligos used for ChIP (5’  3’): 

Oligo Name Forward Primer Reverse Primer 

Myo GGAGAAAGAAGGGGAATCACA GATAAATATAGCCAACGCCACA 

CXCL10 

TSS 

TCCCTCCCTAATTCTGATTGG AGCAGAGGGAAATTCCGTAAC 

miR221/222 

TSS 

TCCAGCACCTAAGAAAATATGTGGC CCCATGTACGTAATTTTAAACAACC

TC 

BFL-1_1 GCAATGGGCACACCTGAAAG GCCAAAGGGTAAAGCTCAAC 

BFL-1_2 ACAGTGGTTACCTCTTGGGAGA CCTGTGTTGAAACTCATGTTGGTA 

BFL-1_TSS TGGACCTGATCCAGGTTGTGGTA TGCTCTCCACCAGGCAGAAG 

BFL-1_3 AGGAATTTGGCCTCCCAATCA TTTCTCCAGCGACCATGAGTT 

BFL-1_4 AATCATAACTGCATGTGCCAAGTGC CCTACACATGCCAAAGCTTCAGC 

Oligos used for CCC (5’  3’): 

BFL-1 

HindIII 

Fragment 

Forward Primer Modifications 

TSS Probe TATAACCTGGGAGTTGAAGGGTTTT

GCGGT 

(5’FAM, 3’TAMRA) 

TSS 

Constant 

TTAGAAACAGCACTTCCCTTTTTACT

G 

 

+2 GTGTAAGACTTCCAGTTGCTCATT  

+1 GAAAGCATACAGGATCCCTGCC  

-1 CAACTACCCACCTTACCTCTCTCC  

-3 CCGGATGAGATTACCATGGAGC  

-8 GACTGGGAGAATTAGGGAGCTC  

-12 CCCTTACCTTGTTTCTGAGCTGAG  

-14 CACAGAACTGTGCAGCCAAG  
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4.4 Discussion 

Suppression of apoptosis by EBV is essential for establishment of latent infection 

in the immune-competent host and promotes tumorigenesis in the immune suppressed 

host. While EBV encodes two putative BCL-2 homologues, these proteins are not 

required for survival after the first 24 hours following B cell infection (Altmann & 

Hammerschmidt, 2005). Rather, constitutive NFB signaling from the viral oncoprotein 

LMP1, a TNFR mimic, is thought to be responsible for apoptotic suppression in latently 

infected, proliferating cells (Cahir-McFarland et al, 2000; Pratt et al, 2012). However, the 

initial burst of B cell proliferation induced by EBV occurs in the absence of appreciable 

LMP1 or NFB activity (Price et al, 2012) and in the presence of DNA damage pathway 

activation (Nikitin et al, 2010). We therefore sought to identify the mechanism of 

survival during early infection by using BH3 profiling to query mitochondria prior to 

and through latent EBV infection and outgrowth of primary human B cells into LCLs. 

We found that mature human peripheral blood B cells depend solely on BCL-2 for 

survival while EBV latent infection further suppressed overall apoptotic priming during 

outgrowth by initially upregulating MCL-1, followed by BFL-1.  

Mechanistically, we identified a new and unique role for the viral latent protein 

EBNA3A in apoptosis resistance during both early and late EBV-induced B cell 

proliferation. The importance of EBNA3A in B cell transformation and survival was 

previously recognized, but our studies now define the molecular basis for the inhibition 
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of apoptosis. While both EBNA3A and EBNA3C suppress the pro-apoptotic protein BIM 

(Paschos et al, 2009), only EBNA3A was required to mitigate resistance to a BCL2 

antagonist through outgrowth. EBNA3A regulated the BH3 profile of EBV-infected cells 

and suppressed apoptosis by promoting MCL-1 mitochondrial localization and 

increasing BFL-1 mRNA transcription. Because EBNA3A has been well characterized as 

a nuclear protein, it is highly unlikely that EBNA3A is directly interacting with MCL-1 

in the cytoplasm to affect its mitochondrial localization. Instead, it is more likely that 

EBNA3A regulates the expression of a gene product in trans that affects MCL-1 

subcellular localization in cis. It is known that MCL-1 is extensively modified post-

translationally, including reversible serine and threonine phosphorylation events and 

lysine ubiquitination (Thomas et al, 2010; Zhong et al, 2005). In particular, 

phosphorylation of Serine 64 and Threonine 163 are both implicated increasing the 

stability of MCL-1 (Domina et al, 2004; Kobayashi et al, 2007), while phosphorylation of 

Serine 162 is necessary for mitochondrial localization (Thomas et al, 2012). Future 

studies should focus on any EBNA3A regulated kinases known to interact with MCL-1 

in these regions. 

Transcription of BFL-1 was previously shown to be regulated by the EBV 

transcription factor EBNA2 (Pegman et al, 2006) as well as LMP1-induced NFB 

(D'Souza et al, 2004; Pratt et al, 2012). Our work now indicates that EBNA3A coordinates 

a chromatin architecture through an EBV Super Enhancer that facilitates NFB-mediated 
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activation of BFL-1 transcription. Therefore, our studies highlight a new cooperative role 

among EBNA3A, EBNA2, and LMP1 in transcriptional activation important for EBV-

immortalized cell survival.  

The importance of MCL-1 in early EBV-infected human B cells coupled with the 

critical role of MCL-1 in germinal center (GC) formation and memory B cell survival in 

the mouse (Vikstrom et al, 2010) is consistent with the hypothesis that EBV mimics 

aspects of the GC reaction (Burns et al, 2015; Roughan & Thorley-Lawson, 2009). In 

murine GC B cells, the transcription factor BCL-6 suppresses ATR and p53 to suppress 

DNA damage induced as a consequence of rapid GC centroblast proliferation 

(Ranuncolo et al, 2007). However, EBV potently suppresses BCL-6 during B cell 

outgrowth (Price et al, 2012). Therefore, an alternative mechanism must be used to 

suppress apoptosis due to active DNA damage signaling during GC-like hyper-

proliferation early after infection. Our study reveals that EBNA3A promotes this 

function through activation of MCL-1. 

The early phase of EBV infection where EBNAs are expressed with little or no 

expression of LMPs is known as latency IIb (Price & Luftig, 2015). The latency IIb 

expression pattern has also been observed by immuno-histochemical analysis in EBV-

positive HIV-associated lymphomas, post-transplant lymphomas, in acute infectious 

mononucleosis, and in tumors of humanized mouse models of EBV infection (Price & 

Luftig, 2015). Indeed, a recent study found that an EBV recombinant lacking LMP1 was 
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capable of forming B cell tumors in a humanized mouse model (Ma et al, 2015). The 

survival of these cells as well as those in other latency IIb expressing tissues likely 

depends on EBNA3A and MCL-1, while latency III cells expressing LMP proteins and 

high level NFB signaling are likely to be less primed and to rely on BFL1. As BH3 

profiling has been a powerful predictive tool for chemotherapeutic responses in 

leukemia (Montero et al, 2015), our new findings suggest that such an approach could 

allow for better treatment decisions for EBV-associated malignancies. 
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5. Conclusions and Future Directions 

The work outlined in this dissertation has focused on three major aspects: i) the 

regulation of both host and viral genes after EBV infection and how these expression 

profiles change over time, ii) the interaction of host factors and viral factors that 

influence these expression changes, and iii) the functional differences that arise from our 

novel discovery of a biphasic initiation of viral latency.  

In part one, we discovered that among the many classes of genes that were 

regulated by EBV differentially between early and late times after infection the most 

striking was the late upregulation of NFB regulated factors. This delay in NFB 

activation, and the relative insensitivity to NFB inhibition early after infection, was 

directly correlated with a two to three week delay in EBV LMP1 expression (Price et al, 

2012). This was a novel finding in the field, as previously LMP1 was thought to reach 

full LCL levels of expression within the first three days of infection (Alfieri et al, 1991; 

Longnecker et al, 2013). This latency type that has expression of all the EBNA genes in 

the absence of LMP expression is called latency IIb (Table 1 and (Price & Luftig, 2015)), 

and while it has been seen before in tumors it has never been catalogued in primary 

infection. This paradigm shift has long-lasting implications for how we think about the 

initiation of EBV-induced viral latency. 

In part two, we discovered that cellular c-Myc activity appears to be, in part, 

responsible for the delay in LMP1 activation. One hypothesis states that Myc family 
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proteins might directly bind to an E-box element in the TSS-proximal region of the 

LMPp and affect repression epigenetically (Sjoblom-Hallen et al, 1999). Another 

hypothesis states that indirect effects of c-Myc and NFB expression are mutually 

incompatible with each other (Faumont et al, 2009). One aspect of this could be c-Myc 

activity impairing the known ability of NFB to transcriptionally feed-forward into 

LMP1 expression (Demetriades & Mosialos, 2009). A third and compatible hypothesis is 

that Myc-induced miRNAs, including miR17, can directly target LMP1 mRNA for 

degradation (Forte et al, 2012; Skalsky et al, 2012). This would result in the mRNA half-

life change we detected, and could also explain the transcriptional defect by decreasing 

the ability of LMP1 to mediate NFB feed-forward signaling on its own promoter. 

Upon discovering that LMP1 was lowly expressed for the first two weeks of 

infection the question as to how these cells were surviving was raised. In part three, we 

used the technique of BH3 profiling to characterize how the mitochondria of uninfected 

cells, early infected cells, or LCLs reacted to pro-apoptotic peptides to define their ability 

to undergo intrinsic apoptosis. What we discovered was that while early infected cells 

were less primed to undergo apoptosis as compared to uninfected B cells, LCLs were 

less primed than either cell type. These results correlate with an upregulation of anti-

apoptotic MCL-1 in early infected cells and subsequent co-expression of MCL-1 and 

BFL-1 in LCLs. Furthermore, we have described a unique role for EBNA3A in promoting 

MCL-1 mitochondrial localization as well as coordinating the known role of LMP1/NFB 
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activation of BFL-1 at the level of chromatin architecture. Together, these results 

demonstrate how in the absence of LMP1 early after infection EBNA3A can be sufficient 

to protect the early proliferating cells from apoptosis. 

Taken as one, these results have come together to describe a scenario where EBV 

infection of primary B cells initially drives hyper-proliferation of the infected cell by first 

expressing the latency IIb cohort of EBV genes to activate cellular proliferation and 

suppress apoptosis via MCL-1. As EBNA2-induced c-Myc activity wanes, LMP1 

activation is stimulated and the infected cell transitions into expressing the full latency 

III complement of genes. This includes the activation of the NFB pathway and further 

protection from apoptosis via BFL-1 activation. This new biphasic model of EBV latency 

establishment makes a number of predictions about immune recognition and tumor 

progression that will be interesting to study in the future.  

5.1 Single Cell Analysis 

In recent years more focus has been placed upon understanding the 

heterogeneity of expression among sub-populations of different cell types. This has 

culminated in techniques such as single cell RNA-SEQ, which uses very low input cell 

numbers (down to one cell) and PCR-amplification followed by mRNA-SEQ to 

accurately quantify gene expression of some of the highest expressed transcripts (Wu et 

al, 2014). At this time, EBV transcripts have never been analyzed at the single cell level. 
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Our understanding of a number of EBV transcripts expressed throughout B cell 

transformation would benefit from single cell analysis. For instance, it is known that 

LMP1 mRNA expression levels vary over an extremely wide range in LCLs, such that 

some LCLs might not even express LMP1 at all (Brooks et al, 2009; Pratt et al, 2012). 

These LMP1 expression levels are also cyclical, in that sorting cells with low levels of 

LMP1 eventually results in a population of cells that return to mean LMP1 expression 

levels. One interesting question would be to compare the entire transcriptome of LCLs 

that express “normal” levels of LMP1, LCLs that express low or absent LMP1, and early 

proliferating EBV-infected cells. In this instance, would LCLs that express low LMP1 

have similar transcriptomes to an early infected proliferating cell, or would there be a 

signature of genes unique to LCLs independent of NFB activity? A complementary 

question would be to look at LMP1 expression early after infection in single cells. In this 

instance, is there a certain sub-population of cells that contain higher or even LCL levels 

of LMP1 which would be lost among bulk RNA quantification? This seems unlikely, as 

treating the entire population of outgrowing early proliferating cells with NFB 

inhibitors did not ultimately impair outgrowth at all. 

Additionally, it has been observed that EBNA3C protein appears as two distinct 

isoforms early after infection that is then selected to a single isoform in LCLs (Nikitin et 

al, 2010). While this particular change might be related to protein modification, there is a 

possibility that a novel splice form of the EBNA3C message might lead to a protein with 
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an altered molecular weight. While the transcriptome of EBV is currently being explored 

using the techniques of next generation sequencing, much is left to be done. For 

instance, do these two isoforms of EBNA3C play a role in the differential expression of 

LMP1 (Lin et al, 2002)?  

EBNA-LP will also be an interesting target to analyze at the single cell level. 

Because of the repeated W fragments (IR1 repeat) internal to the EBNA-LP coding 

sequence, EBNA-LP protein can and does exist as a ladder of up to nine different protein 

isoforms in B95-8 infection (Rogers et al, 1990; Woisetschlaeger et al, 1989). Early after 

infection we see a large range of these different isoforms, but upon outgrowth to LCLs 

normally only one or two isoforms remain due to selective pressures (Nikitin et al, 2010). 

Using single cell SEQ technology, it would be interesting to see if we can capture this 

EBNA-LP selection process occurring in pseudo real time. In our laboratory’s recent 

study, EBNA-LP was the only viral gene that changed in expression level between cells 

that proliferated and continued proliferating, versus cells that initially proliferated but 

subsequently arrested (McFadden et al, 2016). EBNA-LP has also been shown to 

associate with metabolic genes that were differentially regulated between the 

proliferative and arrested populations. It would be interesting to see if total EBNA-LP 

expression, or expression of EBNA-LP of a specific size, was correlated to metabolic 

gene expression at the single cell level. Furthermore, could these cells be tracked in such 

a way to determine their ultimate fate? 
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5.2 LMP1 and Immunogenecity 

EBV-infected cells are robustly targeted by the adaptive immune response to 

limit malignant outgrowth (Longnecker et al, 2013). While NK cells and innate 

immunity pathways play an important role in the response to EBV, the primary 

response against infected cells comes from the CD8+ cytotoxic lymphocytes (Chijioke et 

al, 2013a; Chijioke et al, 2013b; Quan et al, 2010; Strowig et al, 2008). The recognition of 

EBV-infected B cells by CD8+ T cells through MHC class I presentation is dependent on 

the NFB pathway and signaling downstream of LMP1, and is also inhibited by c-Myc 

overexpression (Rowe et al, 1995; Staege et al, 2002). In fact, the level of LMP1 expressed 

in LCLs dictates whether a cell will be efficiently recognized and killed by a CD8+ T cell 

clone (Brooks et al, 2009). 

Since early proliferating cells lack high levels of LMP1 and have robust c-Myc 

activity, a hypothesis emerges stating that early infected cells should be less 

immunogenic than LCLs. If this holds true in vivo, it would imply that latency IIb gene 

expression upon de novo infection might be particularly beneficial to the virus in the face 

of a strong host adaptive immune response. To study this in the future, it would be 

important to isolate human donors of a known HLA haplotype with a characterized pre-

existing EBV immune response. In this way, you could infect and isolate early 

proliferating cells and compare them to autologous LCLs against the same CTL clones 

and look for immune activation and CTL-mediated killing (Betts et al, 2005). It would 
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also be interesting to study immunity against different mutant strains of EBV that 

express high or low levels of LMP1.  

5.3 Patient Samples 

Latency IIb was first observed following primary infection of B cells derived 

from patients with chronic lymphocytic leukemia (Doyle et al, 1993; Klein et al, 2013). 

Since then, our group has also characterized this latency state to exist early after primary 

infection with EBV (Price et al, 2012). Importantly, latency IIb infection has been 

observed in vivo in EBV-infected tonsillar B cells during acute infectious mononucleosis 

(Kurth et al, 2000; Niedobitek et al, 1997), in PTLD cases (Brink et al, 1997; Oudejans et 

al, 1995), and in EBV-associated HIV lymphomas (Brink et al, 1997). These findings are 

based on single cell analysis of tumor sections using immuno-histochemistry and 

contrast the dogma based upon bulk expression analysis that characterized these 

malignancies as Latency III (Longnecker et al, 2013).  Furthermore, and consistent with 

our hypothesis about immune recognition of latency III-infected cells, latency IIb is also 

observed in the context of EBV infection of the humanized mouse when T cell control is 

robust (Ma et al, 2011). 

How prevalent latency IIb is among diverse malignant settings should be 

quantified. Given what we have discovered about differential resistance to apoptosis 

and potential difference to immune recognition between cells of different latency state, 

knowing the exact gene expression profile might make a difference to treatment strategy 
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or treatment outcome. To study these problems ex vivo, it will be imperative to gather 

primary tissue samples of EBV-positive malignancy. These samples can then be 

subjected to gene expression analysis, single cell gene expression analysis, BH3 

profiling, and even EBV-reactive CTL assays given donors of the right haplotype. Such 

analysis will also validate our work in the in vivo setting for continued mechanistic 

studies into the way EBV controls cell fate. 

5.4 Animal Models 

In vivo understanding of EBV is particularly lacking, due in part to the lack of 

common animal models and the extremely restrictive species tropism of the virus 

(Shope et al, 1973; Wedderburn et al, 1984). In recent years this deficiency has been 

partially rectified by the advent of humanized mice, which are generated by 

transplanting human CD34+ hematopoietic stem cells into severely 

immunocompromised mice (Shultz et al, 2012). These cells then differentiate in vivo into 

a complete complement of human myeloid and lymphoid peripheral cells, including 

human B cells. Infecting these mice with EBV reconstitutes aspects of human infection, 

including a virus-specific immune response and the development of EBV-associated 

tumors (Strowig et al, 2009; Wahl et al, 2013; Yajima et al, 2008). 

There are multiple questions that would be interesting to ask in the context of the 

humanized mouse system. First, is LMP1 expression still delayed two weeks after 

infection in vivo? If so, is the delay in LMP1 expression based upon specific cellular 
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subsets such as NK cells or CD4/CD8 T cells? Additionally, would infection with a 

mutant strain of EBV that encodes for higher or lower levels of LMP1 lead to a difference 

in latency establishment or tumorigenesis? We have also demonstrated that EBV induces 

potent resistance to various BH3 mimetic drugs that are currently in clinical trials for 

cancer, such as ABT-199 or ABT-263 (an orally bioavailable form of ABT-737). Based on 

our in vitro experimentation, we might expect that administration of ABT-263 is able to 

protect EBV-infected humanized mice if dosed very early or concurrently with infection, 

but will be unable to protect mice from EBV malignancy if administered late after 

infection when EBV upregulates MCL-1 and BFL-1. BH3 profiling various subsets of 

EBV-infected cells in the mouse should also shed light on this hypothesis. 

5.5 Revised Germinal Center Model 

As previously mentioned, it is thought that the EBV infectious life cycle closely 

mimics the path of a normal naïve B cell as it matures and progresses through a 

germinal center (Roughan & Thorley-Lawson, 2009; Thorley-Lawson & Allday, 2008). 

This is called the germinal center model, and is summarized in Figure 2. This model 

accurately explained the origins of different tumor ontogenies with regards to EBV 

latency type expression. However, the full latency III gene expression program has 

always been an outlier as it expresses characteristics of both dark zone germinal center 

cells (active proliferation, AID activity, and somatic hyper-mutation) and light zone 

germinal center cells (activated survival signaling through the NFB pathway). With our 
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contribution of latency IIb expression seen early after infection, we can add this period 

in to the germinal center model. Interestingly, latency IIb cells much more closely 

resemble dark zone germinal center cells at the gene expression level, and latency III 

cells are enriched for light zone genes (Price et al, 2012; Victora et al, 2012). 

Recent work has also shown a potential method to bypass latency III gene 

expression entirely. In vitro, IL-21 has been shown to impose a latency IIa phenotype on 

EBV-infected B cells by shutting down the activity of the C promoter (Kis et al, 2010). IL-

21 is secreted by T follicular helper cells present in the germinal center and necessary for 

B cell maturation. In this way, the transition from latency IIb cells to full latency III gene 

expression might be a very transient phase before silencing of viral gene expression by 

switching to latency IIa and ultimately latency I in immunocompetent healthy 

individuals. However, in immunocompromised individuals with less active T follicular 

helper cells and IL-21 production, EBV could get “trapped” in a latency III expressing 

state leading to the development of EBV-associated malignancies. 

5.6 Conclusion 

While Epstein-Barr virus has undergone rigorous study for the past fifty years, it 

is obvious there is still much left to learn. Recent technological advances have allowed 

us to study the earliest events after viral infection with a resolution never seen before 

leading to numerous new discoveries. In this dissertation I have expanded upon a 

number of novel findings relating to the initial events in EBV infection of B cells and 
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how they impact the transforming ability of the virus. These studies have set the stage 

for future work involving both additional mechanistic understanding in vitro and 

potential translational work in vivo. EBV directly controls many aspects of host cell 

biology, and understanding these interactions will lead to new insights and potential 

therapeutics for EBV-associated malignancies. 
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