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Abstract 

The Epstein-Barr virus (EBV) is a ubiquitous human path ogen that infects more 

than 95% of the global adult population. In  immunocompetent individuals, EBV 

infection is asymptomatic  and takes place in the oral cavity, where EBV establishes a 

life-long latent infection in memory B cells  by temporally regulating viral gene 

expression to mimic B cell maturation . In immunocomprom ised individuals, however, 

EBV infection can give rise to epitheli al carcinomas and B-cell lymphomas . To model 

EBV-mediated lymphomagenesis, infection of EBV in vitro  generates growth -

transformed and immo rtalized lymphoblasto id cell lin es (LCLs), which allows for the 

characterization of dynamic viral and host gene expression. Our lab has found that the 

early phase after infection i s transcriptionally distinct from the late  phase when infected 

B cells are fully growth -transform ed. We also found that apoptosis regulation in each 

phase of infection is uniquely  regulated by a single viral nuclear protei n that regulates 

host gene expression through epigenetic mechanisms. To determine if  apoptosis 

regulation in EBV-infected B cells is virus-specif ic, I have characterized apoptosis 

regulation in uninfected maturing B cells  and mitogen-stimulated B cells. For the 

upregu lation of one anti -apoptotic protein , EBV infection promotes a chromatin 

structure resembling that  in germinal center l ight zone B cells, indicating that EBV 

phenocopies germinal center chromatin regulation to promote apoptosis res istance.  In 
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addition to apo ptosis regulation , EBV infection phenocopies various aspects of GC B 

cells and plasmablasts, wh ere the inhib ition of  plasma cell differen tiation  increases the 

efficiency of immortaliz ation and growth -transformation of B cells infected in vitro . The 

work outlined in this dissertation demonstrate that viral and host genes cooperate in 

mediating apoptosis regulation, diffe rentiation , and ult imately  fate-determination of 

EBV-infected B cells.
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1. Introduction  

1.1 Discovery of the Epstein-Barr virus, the first oncogenic virus 
discovered in humans 

 The Epstein-Barr virus  (EBV) was first discovered from an endemic Burkittɀs 

lymphoma tumor that was collected by Sir Dennis Burkitt, a pediatric oncologist  who 

was practicing m edicine in central Af ri ca. He observed in several African children  a 

particul arly aggressive lymphoma that was primarily localized to the fac e and jaw 

(Wright 1971). These cancers also occurred in areas of Afri ca that also had high 

incidences of malaria, suggesting init ially that these cancers were transmissible, possibly 

by mosquitos. This hypothesis led Dr. Burki tt to consult Sir Antho ny Epstein in the UK , 

who at the time was studying the Rous sarcoma virus, which causes cancer in chickens, 

and quickly established a collaboration to invest igate the molecular etiology of these 

pediatric lymphomas .  

From this coll aboration , Sir Anthony Epstein , Yvonne Barr, and Burt Achong 

obtained samples of these primary tumor s from Afr ica, but at f irst were unable to 

identify any sign of infectious particl es by electron microscopy. It wasnɀt until inclement 

weather led to delays in the arrival of one tumor  sample, which had been given enough 

time in transit to  undergo lytic rea ctivation , resulting in viri on particles that could be 

observed by electron microscopy (Epstein, Achong, and Barr 1964). After confirmation 

that this was indeed a novel virus , the Epstein-Barr virus  (EBV), the first human 

oncogenic virus , was thus discovered (Henle et al. 1967).   
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Since then, in addition to 100% of all A frican endemic Burkitt l ymphoma cases, 

EBV has been found to be associated with 30-40% of Hodgkinɀs lymphoma, post-

transplant lympho proliferative disorders (PTLD), and A IDS-associated diffuse large B 

cell lymphoma (DLBC L) (Longnecker, Kieff, and Cohen 2013). EBV-driven PTLD and 

DLBCL occur in immunosuppr essed individuals , which ind icates that a strong immune 

response is required to control EBV. EBV is also associated with epithelial-deriv ed 

cancers, such as nasopharyngeal carcinoma and about 10% of gastric cancer cases 

(Brooks et al. 1992; Cancer Genome Atlas Research 2014). The best example, however, of 

EBVɀs oncogenic potential lies in  its ability to growt h-transform  human B cells infected 

in vitro into immortalized lymphoblas toid  cell lines (LCL s) that persist indefinitely in 

cell culture  (see Section 1.2) (Henle et al. 1967; Pope 1968).  

At the same time, however, EBV virion particles were al so identified in 

asymptomati c indiv iduals who had no sign of  cancer, thereby establishing a paradox of 

paradigms that are still studie d today:  

1. EBV is a human oncogenic viru s. In vitr o, EBV infection of B cells infected 

leads to their growth -transformation  and immortalization into 

lymphoblastoid cell lines (LCLs) that express all viral latent proteins and 

prolife rate indefinitely in cell  cul ture. 

2. In vivo, EBV establishes a lifelong, asymptoma tic latent infection  in non-

prolife rating , quiescent memory B cells that express almost no viral proteins.  
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For both in vitro  and in vivo forms of EBV infection, different combinations of viral 

protei n are expressed together in discrete programs called latency types and are 

summarized  in Table 1. 

Table 1: EBV Latency Types, Gene Expression, and Function  

Latency Type Viral Latent 

Proteins 

Expressed 

Associated 

Diseases and 

Cell States 

Cell Type in 

Asymptomatic  

Infection  

Proposed 

function  

Latency 0 None Burkitt 

lymphoma 

Peripheral 

memory B cells 

Avoi d immune 

detection 

Latency I EBNA1 Burki tt 

lymphoma  

Dividin g 

peripheral 

memory B cells 

Maintain viral 

episome 

Latency IIa EBNA1, 

LMP1, 

LMP2A/2B 

Hodgkin ɀs 

lymphoma , 

NPC, Gastric 

Carcinoma 

Germinal 

center B cells 

Surviv al signals 

to survive the 

GC reaction 

Latency IIb EBNA1,  

EBNA-LP, 

EBNA2, 

EBNA3s 

DLBCL, PTLD, 

LCLs (early 

after infection)  

Activated naïve 

B cells 

Growth, 

proliferation, 

less 

immunogenic 

than latency III  

Latency III  EBNA1,  

EBNA-LP, 

EBNA2, 

EBNA3s, 

LMP1, 

LMP2A/ 2B 

DLBCL,  

PTLD, 

established 

LCLs 

Activated naïve 

B cells 

Growth , 

prolif eration, 

and survival  

Wp-Restricted EBNA1,  

EBNA-LP, 

EBNA3s, 

BHRF1 

Burkitt 

lymphoma  

 Apoptosis 

resistance 
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1.2 An In Vitro Model of EBV-Driven Oncogenesis 

EBV infection in vitr o indu ces the full expression of viral latent products that 

drive  the transformation and immortaliz ation of infected B cells into lymphoblastoid cell 

li nes (LCLs) that persist indefinitely in cell culture  (Henle et al. 1967; Pope 1968). This 

model has led to the characterization of the vira l requirem ents and temporal regulatio n 

of gene expression that drive proliferation and survival  in inf ected B cells as well as the 

mechanisms that underly EBV-driven oncogenesis.  

1.2.1 EBV Nuclear Antigens (EBNAs) 

EBV is a large double-stranded gamma herpesvirus th at encodes lytic and latent  

proteins. Lytic proteins , which will not be discussed in this dissertation, are responsible 

for the production of infectious virion particles.  The EBV latent proteins and miRNAs 

are responsible for maintaining the vir al episome and the infected host cell. Of the latent 

proteins, EBV expresses six EBV nuclear antigens (EBNAs): EBNA1, EBNA2, EBNA 3A, 

EBNA3B, EBNA3C, and EBNA-LP (Figure 1). EBNA1 is requi red to tether the EBV 

episome to the host cell chromatin to  allow for replication  of the viral genome (Yates, 

Warren, and Sugden 1985). EBNA1 can also activate viral and host genes (Altmann et al. 

2006; Reisman and Sugden 1986), but EBNA2 and EBNA-LP (leader protein ) are the 

main transcriptional tran s-activators. EBNA2 activates transcription by binding to 

p300/CBP histone acyltransferases and to host transcription factors  (Wang, Grossman, 

and Kieff 2000; Grossman et al. 1994; Henkel et al. 1994; Johannsen et al. 1995). EBNA-LP 
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modulates EBNA2 activity and can positively reg ulate gene expression by negatively 

regulating h istone deacetylases (HDAC)  (Portal et al. 2011) and coordinat ing the 

recruitment o f host transcription factors to the chro matin  (Szymula et al. 2018). EBNA2 

induces the expression of the EBNA3s, which  are mostly tr anscriptio nal repressors that 

work in concert with polycomb gro up complex (PRC) proteins, HDACs, and the  

SMRT/NCoR complex to epigenetically silence target genes (Hickabottom et al. 2002; 

Knight et al. 2003; Radkov et al. 1999). However, recent evidence indicates that EBNA3A 

and EBNA3C can also activate gene expression (Bazot et al. 2015). The EBNAs , except 

EBNA1 (Dresang, Vereide, and Sugden 2009), lack the ability  to bind directly to DNA 

and, as a result, their binding sites cannot be predicted by DNA sequence motifs. The 

EBNAs instead co-localize to host transcription factors  at promoters and enhancers to 

control  the expression of host and viral  genes (Zhou et al. 2015). 

1.2.2 Latent Membrane Proteins (LMPs) 

The latent membrane proteins LMP1 and LMP2A  are viral hom ologues of CD40 

and BCR, respectively. LMP1 signals constitutively  through NFkB and is absolutely 

required for EBV-mediated transformation  and imm ortalization of LCLs  (Cahir-

McFarland et al. 2000; Cahir-McFarland et al. 2004; Kaye, Izumi, and Kieff 1993). LMP2A 

mimics a constitutively active B cell receptor by signaling through Lyn and Syk kinases 

to promote PI3K activity (Longnecker et al. 1991). Alt ogether, LM P1 and LMP2A 

promote surviva l and proliferation in LCLs by provid ing requisite  signals that are 
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critical for B cell maturation . When all EBNAs and LMPs are expressed, this form of 

expression is known as Latency III  and is referred to as Ɂthe growth program .ɂ 

 

Figure 1: EBV latent proteins expressed in Latency III LCLs   

Diagram showing localization  and functio ns of the EBV nuclear antigens (EBNAs) and 

the latent membrane proteins (LMPs) in an LCL.  

 

1.3 EBV is a ubiquitous herpesvirus that establishes latent 
infection in quiescent memory B cells in vivo 

Unlike EBV infection in vitro , which results in full expre ssion of all viral latent 

proteins, EBV infection in vivo results in quiescent memory B cells that express just 

EBNA1 (latency I) or no viral prot eins at all  (latency 0). This is because EBV viral 

proteins are highly immunogenic  and elicit  a strong cytotoxic T cell response. As a 
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result, there is a selective pressure to minimize expression of viral latent pro teins in in 

vivo inf ected B cells (Houssaint et al. 2001). (Successful in vitro infection of B cells 

requires negative selection of T cells or cyclosporin A  inhibition .) Consequently , in 

asymptomatic carriers of EBV infection, EBV-infected B cells are rare and express just 

EBNA1 , the least immunogenic (Fogg et al. 2005), or none (Babcock et al. 1998). Of all  the 

memory B cells in the human body, it is estimated that fewer  than 0.03% of circul ating 

memory B cells are EBV-infected (Laichalk et al. 2002).  

Yet despite the strong cytotoxic T cell response against EBV, EBV is an extremely  

widespread and successful pathogen. More than 95% of the global adult population is 

benignly seropositive for EBV. Part of its success is due to its ability to establish a latent 

infection  in vivo that minimall y perturbs norm al B cell biology , which is  addressed by 

the ɁGerminal Center Modelɂ.  

1.3.1 The ñGerminal Center Modelò by David Thorley-Lawson  

In 1998, David Thorley-Lawson put fo rward  the ɁGerminal Center Model,ɂ in 

which he proposed that EBV infection regulates viral  and host gene expression such that 

infected B cells can undergo the GC reaction alongside uninfected maturing B cells to 

avoid immune detection and to gain access to the long-lived memory B cell 

compartment  (Babcock et al. 1998).  Primary  EBV infection typi cally occurs early in life  

through salivary tra nsmission, where the first infected cell is an epithelial cell in the oral 

mucosa that then undergoes lyt ic replication to ampli fy  the viral load  and to increase the 
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chances of infecting a naïve B cell in the oral lymph oid tissue (Pegtel et al. 2010). Upon 

infecti on of a naïve B cell, EBV induces expression of the EBNAs first (Latency IIb), 

wh ich then activate LMP1 and LMP2A expression (Latency III) . With full expression of 

the latent genes, Latency III drive s proliferation and  expansion of the pool of infected B 

cells. LMP1 and LMP2A expression also provide the surrogate survival  signals from 

antigen exposure and T follicul ar helper cells (TFH). TFH secrete IL-21, which impo ses 

Latency IIa expression in infected B cells and leads to downregulation of the EBNAs 

while maintaining LMP1  and LMP2A expression (Kis et al. 2010). Eventuall y, viral g ene 

expression is fully  repressed as infected B cells emerge as memory B cells that circulate 

in the periphery . This is summarized in Figure 2. 
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Figure 2: The Germinal Center (GC) Model of EBV Infection In Vivo  (Left) 

Schematic of EBV infection in vivo showing put ative vir al gene expression and latency 

type in infected human B cells. Infected naïve B cells are activated by EBV infection and 

are stimulated to und ergo the GC reaction where they upregulate expression of viral 

genes. Inf ected cells encircled by the dashed blue line indicate GC-like gene expression. 

(Right) For comparison, maturation of uninfected B cells  through the GC reaction is 

shown.  

1.3.2 The Germinal Center reaction in B cell maturation 

To appreciate how a blasting naïve infected B cell becomes a quiescently i nfected 

memory B cell, some background on the germinal center (GC) reaction is required. The 

GC reaction is T-cell dependent B-cell maturati on (Victora and Nussenzweig 2012). This 
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is contrast to T-cell independent B cell maturation, which occurs when B cells in the 

peripher y encounter and become activated by antigens to become short-lived 

plasmablasts and non-switched memory B cells (Bortnick and Allman 2013) . In the GC 

reaction, TFH cells provi de addi tional survi val signals and selection to assist with B cell 

maturati on (Victora et al. 2012) (Figure 2). The GC is spatially separated into two z ones, 

the dark zone (DZ) and the light zone  (LZ) and are named based on their appearance by 

histology  (Thorbecke, Amin, and Tsiagbe 1994). B cells in the DZ are known as 

centroblasts and undergo rapid hype rproli feration, somatic hypermutation of th eir 

immunoglobulin genes, and c lass-switch r ecombination. Centroblasts then upregulate 

CXCR4 to transit to the LZ to become centrocytes (Allen et al. 2004), which compete for 

survival signal s in the form of CD40 and BCR ligation from cognate TFH cells (Victora et 

al. 2010). Centrocytes that fail to receive sufficient surviva l signals are eliminated from 

the GC by apoptosis, while those that have developed antigen receptors with sufficiently 

high affinity are able to survive (MacLennan 1994). Some surviving centrocytes re-enter 

the DZ to undergo furt her aff inity maturation  while o thers exit the GC as plasmablasts 

that home to the bone marrow to b ecome long-lived  plasma cells or as memory B cells 

that circulate i n the periphery  (Dominguez -Sola et al. 2012). In this w ay, long-lasting 

humoral imm unity is established.  

The GC reaction is coordinated by a complex network of transcription factors  

and pro teins, many of whi ch are essential and described in th is section.  
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1.3.2.1 BCL6 

BCL6 is the master regulatory transcripti on factor of the GC reaction (Basso and 

Dalla-Favera 2012). It is also frequently mutated  in B-cell lymphomas, many o f which 

are derived from GC B cells. BCL6 functions primar ily as a transcript ional repressor and 

binds to genes that are involved in activation, the DNA damage r esponse, cell cycle 

arrest, plasma cell differentia tion. BCL6 can also bind its own promoter, s uggesting an 

autoregulatory mechanism to ensure that surviving B cells can exist the GC reaction 

(Pasqualucci et al. 2003). BCL6 maintains the GC reaction by inhibiting and pre venting 

premature pl asma cell differentiation. Broadly, the repressive function of BCL6 prevents 

GC B cells from premature exit from the GC before suffic ient completion of proliferative 

expansion and of antibody affinity ma turatio n (Basso et al. 2010). Expression of BCL6 is 

coordinated through a  multilayered chromatin reorganization process (Bunting et al. 

2016). Recently, changes in genome architecture and chromatin accessibil ity have been 

more globally characterized in B cell maturation (Roser Vilarrasa-Blasi 2019). Thus, 

widespread changes in chromatin activation  are instrumental to the GC reaction .  

1.3.2.2 YY1 

YY1 (Yin-Yang 1) is ubiqui tously expressed in all cell ty pes and has dual roles in 

regulating  gene expression. YY1 is an importan t structural component that strengthens 

contacts between active enhancers and promoters  by self-dimerizing . Deleting YY1 

binding motifs in enhancers can reduce promoter looping (Weintraub et al. 
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2017)(Weintraub 2017, Cell).  YY1 can also bind enhancer RNA s, which can help stabilize 

enhancer-promoter links  (Sigova et al. 2015). As a result, YY1 plays an important role 

globally in regulatin g gene expression in many di fferent cell typ es.  

YY1 plays a major role in B cell development and maturatio n. In early B cell 

development, which take s place in the bone marrow, ablation of YY1 leads to blocks in B 

cell transitions (Liu et al. 2007). YY1 polycomb group function is also important for B cel l 

development (Lu et al. 2018). In matur ing B cells, YY1 mediates somatic hyperm utation 

and class-switch recombination of the immunoglob uli n genes (Zaprazna and Atchison 

2012). YY1 is also required for GC B cell development and is frequently bound to 

promoters of genes expressed in the GC (Banerjee et al. 2016; Green et al. 2011). YY1 

expression is upregulated in  GC B cells and can be induced in vitro with a nti -IgM and 

anti-CD40, survival signals that are present in the LZ (Banerjee et al. 2016). Conditional 

knockout of YY1 resulted in significant  loss of GC cells, especially in DZ B cells 

(Trabucco, Gerstein, and Zhang 2016). Thus, YY1 is an important regulator of B cells. 

1.3.2.3 c-My c 

c-Myc plays a central role in regulating proliferation and activation. While c-Myc 

is not expressed at high levels in B cells, it is required for GC formation  (Calado et al. 

2012). c-Myc is upregulated by CD40 and BCR signaling in centrocytes that are 

positively  selected to re-enter the DZ to undergo further affinity maturation  (Luo, 

Weisel, and Shlomchik 2018; Dominguez-Sola et al. 2012).  Subsequent B cell divis ion 
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capacity in the GC DZ is predetermined by the levels of c-Myc protein  in GC LZ B cells 

(Finkin et al. 2019). Outside of the GC, c-Myc also predetermin es an activated B cellɀs 

proliferative capacity  (Heinzel et al. 2017). At the same time, c-Myc activity increases a 

cellɀs propensity for apoptosis (McMahon 2014). Thus, cancers driven by oncogenic c-

Myc activi ty  often require an additional  mechanism to promote apoptosis resistance to 

ensure surviv al.  

1.3.2.4 MCL -1 

MCL -1 is an anti-apoptotic member of the Bcl2 family that regulates apoptosis. 

Deletion of MCL -1 results in embryonic lethality,  indicating that  MCL-1 plays a 

particul arly  important role in survival  (Rinkenberger et al. 2000). Condit ional deletion of 

MCL-1 in the B cell compartment precludes GC formation  and plasma cell formati on, 

suggesting that apoptosis resistance is absolutely critical for  protecting GC B cells 

(Vikstrom et al. 2010; Peperzak et al. 2013).   

1.4 Intrinsic apoptosis  

1.4.1 Intrinsic apoptosis is regulated, programmed cellular death and 
is critical for B cell maturation 

Intrinsic  apoptosis is regulated by the multido main Bcl-2 family  of proteins, 

which is fur ther subdivided into three stru ctural  and functional classes: the prosurvival 

Bcl-2 family members (BCL-2, BCL-XL, BCL-W, MCL -1, and BFL-1), the BH3-only 

proapoptotic inducers and sensitizers (BAD, BID, BIM, BMF, BIK, HRK, NOX A, and 

PUMA), and the proapopt otic effectors (BAK, BAX, and possibly BOK). Apoptosis is 



 

14 

initiat ed wh en BAX and BAK homo -oligomerize to form higher molecular mass 

structures that facilitate mitochondrial outer memb rane permeabilizati on to release 

cytochrome c and pro-apoptogenic factors into the cytosol, which activate a cascade of 

caspases that mediate DNA fragment ation, protein degradation, and cellular blebbi ng 

(Fischer, Janicke, and Schulze-Osthoff 2003). To prevent aberrant activation, 

antiapoptotic proteins bind  and sequester BAX and BAK as well as the proapoptotic 

BH3-only proteins (named as such because they share homology in their BH3 domain). 

Dysregulation of apop tosis typ ically accompanies the development of lymph omas or 

autoimmunity  and understanding the mechanisms of apoptosis regulation is key to 

provide insight and develop new therapeutic st rategies for these diseases (Vo et al. 

2012). 

1.4.2 Intrinsic apoptosis becomes dysregulated in lymphoma 
development and can be targeted by a class of BH3 mimetics 

The study of apoptosis is heavily linked to the  study of B cells and of 

lymphomas. For B cells, apoptosis is a critical barrier th at restricts the number of long-

lived memor y B cells and plasma cells that are produced from the GC reaction.  As such, 

dysregulati on in apoptosis can lead to the generation of B cells with BCR with sub-par 

antigen affinity or to lymphomas th at are resistant to apoptosis. In fact, BCL-2 was first 

di scovered in follicular ly mphoma as an Ig-BCL-2 translocation (Tsujimoto et al. 1985).  

The development of BH3 mimetics has led to new avenues of cancer therapy and 

are useful tools for studying apop tosis regulation (Oltersdorf et al. 2005). The first BCL-2 
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inhibitor, ABT -737, gave rise to more specific inhibitor s, such as ABT-199, to reduce the 

risk of thromb ocytopenia and other toxicities (Souers et al. 2013). BCL2-specific BH3 

mimetics have been particularly ef fective in treating  CML patients and are curr ently 

used in clinical tr ials in combination wi th other cancer therapeutics.  

Recently, the emergence of the first MCL 1-specific inhibitor  S63845 sparked 

much excitement in the apoptosis field (Kotschy et al. 2016). MCL-1 was a frequently  

mutated or overexpressed target in several cancers and had emerged as a potent 

resistance factor against BCL2- and BCLxL-BH3 mim etics; thus, S63845 was a promising 

clinical drug . Interestingly,  despite the essentiali ty of MCL -1 in GC formation, S63845 

did  not appear to impact GC formatio n in mouse models, suggesting specific toxicity in 

lymphomas whil e also protecting non-cancerous cells. However, it wasnɀt until a mouse 

model expressing human MCL-1 was established that showed that non -transformed 

cells, as well as lymphomas, were both sensitive  to S63845, thereby confirmin g that 

human GC B cells were sensitive to MCL -1 inhibit ion and that there still exists the need 

for better mouse models to predict specificity and toxicity from BH3 mim etics (Brennan 

et al. 2018).  

Nowadays, efforts are geared towards targeting BFL-1, a relatively understudied 

anti -apoptotic protein  that promote r esistance. Recently, a lab-generated BFL-1 stapled 

peptide showed efficacy in BFL1-expressing acute myelogenous leukemia cell l ines 

(Guerra et al. 2018). This peptide also synergized with inhibitors of ATM, a kinase that 
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functions in the DNA damage respons e. Consequently, targeting anti -apoptotic  prot eins 

can be an effective therapeutic strategy.  

To determine which anti -apoptotic proteins to target, the BH3 profilin g 

technique was developed to identi fy the prin cipal anti-apoptotic proteins mediating 

surviv al at the mitochondria  (Certo et al. 2006; Deng et al. 2007). By determining  a cellɀs 

anti -apoptot ic dependency, this technique can predict responses to BH3 mimetics. A 

variation of this technique, call ed dynamic BH3 profiling, can  be used to predict changes 

in apoptoti c dependencies and sensitivities in cells that have been treated with 

chemotherapy agents (Montero et al. 2015). This technique therefore can identify 

treatment strategies to couple chemotherapy and BH3 mim etics.  

1.5 Regulation of Apoptosis in EBV infection 

Since apoptosis is a critical component and barrier i n B cell maturation, EBV has 

evolved mechanisms to inhibit  and regulate apoptosis to promote survival of the 

infected host cell. This often results in EBV-positive lymp homas that are more dif ficult 

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

1.5.1. Viral BCL2 homologues 

Herpesviruses express anti-apoptotic viral homologues of human BCL2 genes, 

known  as vBCL2, to protect infected host cells from death (Boya et al. 2004). EBV 

expresses two such homologues of the BCL2 family: BHRF1 and BALF1. While infecti on 

of B cells with EBV strains tha t are deficient for either BHRF1 or BALF1 are 
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transformation c ompetent, infection with a strain that is d eleted for both is complet ely 

abrogated, indicating that BHRF1 and BALF1 together play a critical role in establishing 

latent infection (Altmann and Hammerschmidt 2005) . BALF1 and BHRF1 can suppress 

intrinsic  apoptosis and resemble anti-apoptotic proteins (Marshall et al. 1999; Henderson 

et al. 1993). However , BHRF1 and BALF1 fail to promote resistance against BCL-2 

inhib itors (Price et al., eLif e, 2017). Nonetheless, expression of BHRF1 of a mouse model 

of Burkit tɀs lymphoma lead to chemoresistance (Kvansakul et al., 2010), indicating that 

BHRF1 indeed has pro-survival functions.  BHRF1 and BALF1 are primar ily expr essed 

during the lyti c phase (Austin et al., 1988; Pearson et al., 1987) and are transiently 

expressed very early after latent infection but do not persist (Altmann, Hammerschmidt 

et al., 2005; Arvey et al., 2012; Kelly et al., 2009).  Thus, while BHRF1 and BALF1 are 

important  for  latent infection, their roles in terms of apoptotic regulation in latently 

infected B cells latently  w ill  not be discussed in this dissertation .  

1.5.2 EBV latent proteins promote apoptosis resistance 

LM P1 is necessary for surviva l in LCL s and promotes the expression of the anti -

apoptotic proteins MCL -1 (Kim, Kim, and Park 2012; Wang, Rowe, and Lundgren 1996) 

and BFL-1 (D'Souza et al. 2004). Furthermore, i nhibiting NFkB signaling down stream of 

LMP1 is lethal and induces apoptosis in LCLs (Cahir-McFarland et al. 2000; Okan et al. 

1995; Pratt, Zhang, and Sugden 2012). Overexpression of LMP1 also ind uces the 

expression of pro-death factors, such as Fas, which induces extrinsic apoptosis (Le 
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Clorennec et al. 2008). Thus, in homeostasis, NFkB signaling is carefully regulated to 

ensure survival.  

In addition to LMP1, the EBNAs also protect against apoptosis. When expressed 

in an EBV-negative Burkitt lymphoma c ell line, EBNA3A  and EBNA3C expression 

epigenetically downr egulates BIM , an apoptoti c inducer, thereby reducing apop totic 

pri ming (Paschos et al. 2009; Skalska et al. 2013).  Infection of Burk itt lymphoma cell s 

with EBV induces la tency III expression and leads to downregula tion  of the pro-

apoptotic  protein NOXA and attenuates p53-dependent apoptosis (Yee et al. 2011); 

1.6 The Early-Phase of EBV Infection In Vitro  

1.6.1 Early-infected B cells are transcriptionally distinct from LCLs 

While EBV can infect human B cells in vitro with  100% efficiency, only about 10% 

of infected B cells become immortalized and grow out into LCLs, highlighting the  

potency of innate barriers to transformation  (Sugden and Mark 1977). Our lab has found 

that activation  of the DNA damage response is one such barrier that limits  

transformation  efficiency (Nikitin et al. 2010). To characterize additio nal barriers to 

transformation , we used a microarray to profile gene expression in uninfected B cells, B 

cells that had been infected for seven days (Ɂearly-infectedɂ), and B cells that had grow n 

out in to LCLs (Ɂlate-infectedɂ) (Price et al. 2012). In this way, we were able to describe 

global patterns and changes in host gene expression over the course of EBV-mediated 

transformat ion.  
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Remarkably, this microarray revea led that the early -phase of EBV infection is 

transcriptio nally distinct from the late -phase. For example, early-infected B cells 

robustly upregulat ed the expression of transcripts associated with  the DNA damage 

response (DDR), which was then downregulated in late-infected B cells as the DDR was 

resolved. More im portantly , we were surprised to find tha t NFkB targets were very low 

durin g early infection and were only upregulated in late infection at  the LCL-stage, 

indicating delayed kinetics of LMP1 expression in EBV-infection (Price et al. 2012). In 

addition  to low NFkB signaling and activation of t he DDR, the early phase of infection is 

also characterized by hyperproliferation  and high levels of c-Myc; cumulatively , these 

conditions are strong inducers of int rin sic apoptosis.  

As a result, we hypothesized that early-infected B cells would be particularly 

susceptible to apoptosis and that apoptosis activation coul d be another barrier to EBV-

mediated transformation in vit ro. Instead, we found that despite the absence of LMP1, 

early -infected B cells were very resistant to apoptosis, especially when compar ed to 

uninfected B cells that had been stimulated to proliferat e with mitogens  (Nikitin et al. 

2014). This indicated that 1) LMP1 is not necessary for survival in early -inf ected B cells 

and 2) the EBNAs are sufficient for med iating resistance against proliferation -induced 

apoptosis early after infection. These observations led to the central question: how is 

apoptosis regulated during EBV infection?  
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1.6.2 Apoptosis is dynamically regulated in B cells infected in vitro 

In Price et al., 2017, we utilized  BH3 profilin g and found that intri nsic apoptosis 

is dynamically  regulated during EBV infecti on. Whil e unin fected B cells are dependent 

upon BCL-2 for survival,  early -infected B cells are dependent upon MCL -1 and BCL-2, 

while late -infected B cells in the LCL  state are dependent upon a combination of BFL-1, 

MCL -1, and BCL-2 (Price et al. 2017). Our lab found that the viral nuc lear protein, 

EBNA3A,  regulates apoptosis in early- and late-phases of infection by 1) promoti ng 

proper  accumulation of MCL -1 to its site of action at the outer mitochond rial membrane 

and 2) by promo ting BFL-1 transcription.  

This thesis explores the molecular mechanisms by which EBNA3A prom otes 

apoptosis resistance and the implication s that this has on establishing a persistent, latent 

infection.  
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2. Intracellular BH3 Profiling Reveals Shifts in 
Antiapoptotic Dependency in Human B Cell Maturation 
and Mitogen-Stimulated Proliferation 

This chapter is based on a research article published by Joanne Dai and Micah Luftig in 

the Journal of Immunology in 2018 (Dai and Luftig, 2018). 

2.1 Rationale 

Havin g characterized the anti-apoptotic dependencies in B cells in early - and 

late-infected B cells, we formulat ed two hypotheses. One, if  EBV infection in vitro 

resembles a germinal center reaction, then the anti-apoptotic dependencies between 

uninfect ed, maturing  or activated B cells may resemble that of EBV-inf ected B cells. 

Two, since the anti-apoptotic dependencies in EBV-infected B cells are controlled by the 

viral n uclear protein, EBNA3A,  then the dependence upon a combination of BCL-2, 

MCL-1, and BFL-1 may be vi rus-specific. Thus, we sought to define the Bcl2 dependency 

of B cell subsets from human peri pheral blood and tonsillar  lymphoid tissue.  Since B 

cells infected by EBV in vitro  are stimulated to prol iferate, we also characterized the Bcl2 

dependency of uninfected B cells stimulated to proliferat e in vitro to determine the effect 

of prolif eration on anti-apoptotic dependency.  

To address these hypotheses, we used intracellular BH3 (iB H3) profiling to 

uncover the domin ant antiapopt otic mechanism that the mitochondria  of resting and 

activated primar y human B cells (Ryan, Brunelle, and Letai 2010; Ryan et al. 2016). Like 

BH3 profiling, iBH3 profilin g is based on the selective interactions between the pro- and 
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antiapoptot ic proteins of the Bcl2 family (Youle and Strasser 2008; Deng et al. 2007). 

However, iBH3 utilizes fluor escently conjugated anti bodies and dyes to enable querying 

of bul k popu lations by f low cytometry . We then confirmed the results from iBH3 

profiling by treating wit h BH3 mimetics, a class of small molecular  inhibi tors that mimic 

proapoptotic  proteins. 

In th is chapter, we have characterized the antiapoptotic dependencies of the 

following  human B cell population s: (1) B cells circulating in the peripheral blood, (2) B 

cells maturing in tonsilla r lymphoid tissue, and (3) B cells stimulated by mit ogens to 

prolif erate and di fferentiate in vitro . By coupling cell surf ace staining with a 

prolifer ation-tracking  dye, we have increased the resolution  and versatility of iBH3 

profiling .  

2.2 Results 

2.2.1 Preswitched and switched human B cells circulating in the 
periphery depend on BCL-2 for survival 

We sought to determine t he mechanism of apoptosis regulation in hu man 

peripheral blood B cells from  with in the bulk PBMC population (Ryan, Brunelle, and 

Letai 2010). After staining for cel l-specific surface markers, cells were incubated with 

recombinant  BH3-only peptides and digit onin, w hich selectively per meabilizes the outer 

cellular membrane and exposes intact mitochondr ia to the peptide treatmen t (Figure 

3A). Following p eptide treatment, the cells were fixed, incubated with saponin t o 

permeabiliz e mitochondria, and stained with  a fluorescently labeled antibody  to 
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quantify the remaining lev els of intracellular cytochrome c. The extent of cytochrome c 

release was measured as the dynamic range between total levels of cytochrome c, 

determined by treat ing wi th an inert recombinant PUMA BH3 -only peptide (PUMA2A) 

and alamethicin, which can induce 100% cytochrome c release. Initially,  we identified 

the antiapoptotic dependencies of preswitched and switched B cells in PBMCs. 

Preswitched (CD19+ IgD+) and switched (CD19+ IgD-) B cells were distingui shed by IgD 

expression (Figure 3B). iBH3 profiling revea led that the mitochondria in pr eswitched 

and switch ed B cells in the peripheral blood were highly sensitive to BIM,  BAD, PUMA, 

and BMF, moderately sensitive to H RK, and relatively res istant to NOXA ( Figure 3C). 

This pattern of sensitivity, along with previou sly publis hed reports in mice (9), 

suggested that both preswitched and switched B cell s were dependent on BCL-2 for 

survival, but the mod erate sensitivity to HRK  also suggested a dependency on BCL-XL 

for survival (Figure 3D). To validate these hypotheses and distingui sh between BCL-2 

and BCL-XL dependency, we treated PBMCs with the foll owing BH3 mimetics: ABT-737 

(BCL-2, BCL-XL, BCL-W inhibit or), ABT199 (BCL-2 inhibitor), or  WEHI -539 (BCL-XL 

inhibitor) ( Figure 3E). Preswitched and switched B cells were both sensitive to ABT-737 

and ABT-199 (IC50 < 1 mM), although switched (CD19+ IgD-) B cells were less sensitive 

than preswi tched B cells to BCL-2 inhibition . This could be explained by their iBH3 

profile, in wh ich swi tched B cells were slightly more responsive to the HRK peptide and 

therefore possibly m ore dependent on BCL-XL. However, both subsets were resistant to 
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WEHI -539 (IC50 > 1 mM), therefor e confirmin g that preswitched and  switched B cells are 

exclusively dependent on BCL-2 for survival. This also corrobora tes previously 

published result s of BCL-2 dependency in murine naive and memory B cells from the 

periphery and high lighting the importanc e of using BH3 mimetics in validating 

hypotheses posed by iBH3 profili ng (Figure 3F) (Carrington et al. 2010). The observed 

sensitivities of preswitched and swi tched B cells to ABT-199 also precluded the 

possibility of eit her subset being dependent on BCL-W, which has identical bind ing 

partn ers as BCL-2 (Figure 3G). Finally, we found that both B cell subsets were equally 

capable of undergoing BAX/BAK-dependent apoptosis based on their sensitivity to the 

pan-kinase inhibitor STS (Wei et al. 2001). Because preswitched B cells included both 

naive and nonswitched memory B cells, we also assessed the sensitivities to BH3 

mimetics in B cell subsets costained for IgD and CD27 (Figure 4A-B). Interestingly, we 

found that nonswitched memory B cells (CD19+ IgD+ CD27+) were equally sensitive to 

BCL-2 inhibition as naive B cells (CD19+ IgD+ CD27-) (Figure 4C). Both of these IgD+ 

populations were mor e sensitive than the switched memory population (CD19+ IgD -

CD27+), and all three population s were resistant to WEHI -539 (Figure 4D).  
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Figure 3: The iBH3 profiles of nor mal, resting human B cells from t he 

peripheral blood . 
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(A) Schematic of the iBH3 process, including how the percentage of cytochrome c release 

is quantif ied. (B) Representative flow cytometry p lot of  CD19+ naive (IgD+) and memory 

B cells (IgD-) from human PBMCs. (C) iBH3 profiles of naive and memory B cells from 

three human donors. Mean and SEM are plotted; mean values are summari zed in table 

below. Percentage of cytochrome c release is normaliz ed to alamethicin (Alm) a s positive 

control and Puma2A as negative control. BIM 10, 10 mM BIM; BIM 1, 1 mM BIM; BIM  

0.1, 0.1 mM BIM. ( D) Left, schematic of selective interactions between pro- and anti-

apoptotic m embers of the Bcl-2 protein fami ly and, righ t, BH3 mim etics and the 

antiapoptotic proteins that they inhibit . Green boxes indicate a binding interaction  

between the two proteins th at leads to cytochrome c release. (E) Dose-response curves 

generated from treating PBMCs for 24 h with  ABT-737 (BCL-2, BCL-XL, BCL-W 

inhibitor; e ight human donors), ABT -199 (BCL-2 inhibitor;  eight human donors), WEHI -

539 (BCL-XL inhibitor; three human donor s), and STS (naive, nine human donors; 

memory, eight human donors), a broad kin ase inhibitor that  can induc e apoptosis. 

Percentage survival is measured as a percentage of DMSO-treated controls. Mean and 

SEM are plotted, and statistical analyses were performed by two -way AN OVA.  At 100 

nM ABT -737, ****p = 0.0001; at 1000 nM, *p = 0.0337. At 100 nM ABT-199, ***p = 0.0002; at 

1000 nM, *p = 0.0383. (F) Average IC50 values with 95% confidence intervals for naive 

and memory B cells are plotted from (E). 

 

 
Figure 4: BH3 mimetic sensitivi ty among naïve and mem ory B cell subsets  

from periph eral blood.   
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(A)  Representative FACS plot of naïve and memory B cell subsets within the CD19+ 

population  in PBMCs. Naïve (IgD+ CD27-), Non-Switched Memory (IgD + CD27+), 

Switched Memory (IgD -CD27+), Double-Negative (DN; IgD - CD27-). (B) Relative 

frequencies of each subset in four  biological donors, in triplicate. M ean and SEM are 

plotted. (C) Dose-response curves generated from treating PBMCs f or 24 hours with 

ABT-737 (4 human donors), ABT-199 (4 human donors), and WEHI -539 (3 human 

donors). Percent survival is measured as a percentage of 10 DMSO-treated controls. 

Mean and SEM are plotted. 

 

2.2.2 B cell maturation is associated with changes in Bcl2 family 
dependency 

To determi ne the changes in apoptotic regulati on that take place during human B 

cell maturatio n, we queried the apoptotic regulation of CD19+ naive (IgD+ CD38-), 

memory (IgD -CD38-), GC (IgD-CD38mid ) B cells, and plasma cells (IgD-CD38hi) from 

tonsillar tissue (Figure 5A). Similar to naive and  memory B cells in peripheral blo od, 

tonsillar naive and me mory B cells were highly  sensitive to BIM, BAD, PUMA,  and BMF 

and were predicted to be BCL-2ɬdependent (Figure 5B-C). GC B cells, however, had a 

modestly lower response to BAD and a significantly h eightened response to NOXA, 

suggesting that GC B cells were dependent on MCL-1 for survival. Plasma cells were 

much less responsive to BH3 peptide treatments compared with the other B cell subsets. 

However, we hypothesized that w ithin the reduced dynamic r ange of plasma cell 

responses, lower NOXA sensitivity as co mpared with BAD and H RK suggested 

dependence on BCL-XL for survival .  

To validate the hypotheses generated from iBH3 profiling, we treated p rimary 

tonsill ar B cells with ABT-199, ABT-737, WEHI-539, and STS (Figure 5D-E). All cells 
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were sensitive to STS, indicating that all subsets were capable of intrinsic apoptosis. As 

predicted, naive and memory B cells were sensitive to BCL-2 inhibition by ABT-199 and 

ABT-737. Plasma cells were uniquely sensitive  to BCL-XL inhibition by WEHI -539, 

confirming their dependen ce on BCL-XL. The di fference in the sensitivity of plasma cells 

to ABT-737 and WEHI-539 may be due to a difference in their binding affinit ies for BCL-

XL (ABT-737 IC50 = 35 nM versus WEHI-539 IC50 = 1.1 nM) (Oltersdorf et al. 2005; Lessene 

et al. 2013). GC B cells were resistant to ABT-737, ABT-199, and WEHI -539 because none 

of these drugs inhibited MCL-1. However, GC B cells were also resistant to the MCL-1ɬ

specific BH3 mimetic A-1210477, but display selective sensit ivity to low doses of S63845, 

which binds t o MCL-1 with greater affinity than does A-1210477 (Figure 6A-B) 

(Leverson et al. 2015; Kotschy et al. 2016). Furthermore, when tonsil lar B cells w ere iBH3 

profile d with  low d oses of S63845 and MS1, an engineered recombinant peptide w ith  

higher affinity and specificity for MCL -1 than NOXA (Foight et al. 2014), the 

mitochondria o f GC B cells were significantly more responsive to MCL-1 antagonism 

than were the other subsets (Figure 6C). In sum, MCL-1 regulates the survival of GC B 

cells. These findin gs support an existing model that B cells adjust their Bcl-2 family 

dependency thro ughout  T-dependent B cell maturation. Mor eover, iBH3 profiling  

proved to be reliable in queryi ng Bcl-2 family dependencies in heterogeneous cell 

populations.  
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Figure 5: The iBH3 profiles of no rmal, resting human B cells from tonsillar 

lymph oid tissue.  

(A) Representative flow cy tometry  plot o f CD19+ B cell subsets found in h uman tonsill ar 

tissue: naive (IgD+ CD38-), memory (IgD - CD38-), GC (IgD-CD38mid), and plasma cells 
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(IgD- CD38hi). Inset, a color-coded schematic of the GC reaction. (B) iBH3 profiles o f 

tonsill ar B cell subsets from four to  five human donors. Mean and SEM are plotted;  

mean values are summarized in the table below. Percentage of cytochrome c release is 

normalized to alamethicin  (Alm) as positive control and Puma2A as negative control. In 

samples treated wi th Nox a-deriv ed recombinant pepti des, *p = 0.0467, by an unpaired 

two -tailed Student t test. (C) Same as in (B) but showing each sÜÉÚÌÛɀÚɯ×Ùofile 

individually. ( D) Dose-response curves generated from treating disaggregated tonsils 

for 24 h with A BT-737 (BCL-2, BCL-XL, BCL-W inhibit or; three human donors), ABT-199 

(BCL-2 inhibitor; three hu man donors), WEHI-539 (BCL-XL inhibitor;  three human 

donors), and STS (four to six human donors), a broad kinase inhibitor that can ind uce 

apoptosis. Percentage survival i s measured as a percentage of DM SO-treated controls. 

Mean and SEM are plotted, and statistics were performed by a two -way ANO VA  wi th 

multiple comparisons. At 100 and 1000 nM ABT-737: naive versus GC, naive versus 

plasma, and memory versus GC, ****p = 0.0001. Memory versus plasma, ***p = 0.0003. 

Naiv e versus memory and GC versus plasma were not significant. At 100 and 1000 nM 

ABT-199, naive versus GC, naive versus plasma, memory  versus GC, and memory 

versus plasma, ****p = 0.0001. Naive versus memory and GC versus plasma were not 

significant. At 1000 nM WEHI -539, naïve versus GC, ***p = 0.0009. Naive versus plasma, 

memory versus GC, memory versus plasma, GC versus plasma, ****p < 0.0001. Naïve 

versus GC, ***p = 0.0009. Naiv e versus memory was not significant.  (E) Average IC50 

values with 95% confidence interval s for each subset are plotted from (D). PC, plasma 

cell. 
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Figure 6: Tonsillar B cell subsets are largely refractory t o the MCL -1 inhibitor  

A-1210477.  

(A) Dose-response curves generated from treat ing 5 human donors with A-1210477 

(MCL -1 specific BH3 mimeti c) for 24 hours. Mean and SEM are plotted. (B) Dose-

response curves generated from treating sorted tonsillar cells with S63845 for 24 hours. 

Naïve (5 human donors), memory (4 human donors), GC (3 human donors), and plasma 

cells (4 human donors). Mean and SEM are plotted. One-way ANOVA, multiple 

comparisons, at 10mM: GC vs naïve, *, p = 0.0414; GC vs memory, *, p = 0.0410; GC vs 

plasma, p = 0.2205. (C) iBH3 profi les of tonsillar B cell subsets treated with low -dose 

MS1 and S63845. Naïve (5 human donors), memory (5 human donors), GC (6 human 

donors), plasma cells (3 human donors). Mean and SEM are plotted. Two-way ANOVA, 

multip le comparisons to the GC subset, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

 

2.2.3 CD40L/IL-4 stimulated B cells are sensitive to NOXA and HRK 
peptides, yet remain sensitive to BCL-2 inhibition 

We next sought to model B cell maturation with m itogen stimulation of 

peripheral blood  B cells. To track proliferation, PBMCs were stained with CT V, which 
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becomes diluted upon cell division ( Figure 7A). CTV was retained during 

permeabiliza tion with  digitonin , thereby making it  suitable in iBH3 profiling. We 

induced proliferation in p eripheral  blood B cells ex vivo by treating wi th CD40L and IL-4 

to mimic T cellɬderived signals important in B cell survival in the GC. CD19+ B cells 

began prol if erating  3 days after treatment with CD4 0L/ IL-4, as shown previously  

(Nikitin et al. 2014; Hawkins et al. 2007). 

CD40L/IL -4ɬstimulated B cells were iBH3 profiled 6 days poststimula tion (Figure 

7B). Proliferating B cells displ ayed modestly increased sensitivity  to NOXA and HRK 

peptide treatment relative to nonproli ferating B cells, suggesting an increasing 

dependence on MCL -1 and BCL-XL for survival . This hypothesis is also bolstered by 

increased expression of MCL -1 protein and BCL-XL mRNA in proliferating na ive and 

memory B cells compared w ith nonprol iferating B cells (Figure 7C-D). MCL -1 

expression is tightly r egulated and observed increases in MCL-1 protein levels in 

prolifer ating B cells may be due to posttranslati onal modif ications that can rapidly 

upregu late MCL-1 protein stability  and total protein l evels without increasing mRNA  

levels (Peperzak et al. 2017; Thomas et al. 2012; Inuzuka et al. 2011). Interestingly , BCL-2 

mRNA  and protein level s remain relatively consistent among pr oliferating and 

nonprol iferating  subsets.  

The robust increase in HRK sensitivity in the iBH3 profiling  assay correlated 

wi th increased susceptibility o f prolife rating B cells to the BCL-XL inhibit or WEHI-539 
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(Figure 7E-F). However, these cells remained moderately sensitive to ABT-199 and ABT-

737 (0.1 mM < IC50 < 1 mM), suggesting that BCL-2 still plays an impor tant role in 

CD40L/IL -4ɬstimu lated B cell survi val (Fig. 7E-F). Furthermore, in prolifera ting subsets, 

there is an increase in sensitivity to low doses of BIM, suggesting an increase in 

Ɂ×ÙÐÔÐÕÎɂɯÖÙɯÖÝÌÙÈÓÓɯÚÌÕÚÐÛÐÝÐÛàɯÛÖɯÈ×optosis (Deng et al. 2002). This increase in pr imi ng 

could offset the increase in NOXA sensitivit y observed in prolif erating B cells that 

would otherwise confer MCL -1 dependence and subsequent resistance to BCL-2 

inhibitors. As a result, nonproliferating and proliferati ng subsets are equally sensiti ve to 

BCL-2 inh ibition. Finally, pro li ferating subsets are more sensitive to STS compared with 

nonpr oliferating  B cells (Figure 7E-F), most likely  due to inhibition of  kin ase activity 

induced by CD40 ligation (Neron et al. 2006; Donahue and Fruman 2003). 



 

34 

 

Figure 7: Changes in apoptotic regu lation in activated, pro liferating B cells 

stimulated by CD40L/IL -4. 

(A) Representativ e flow cytometry plot  of CD19+ B cells that have been stimulated to 

prolif erate by CD40L/IL -4, day 7 after stimula tion. Dilution o f CTV with each division 
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distinguishes proliferating (Prolif; CT Vlo) cells from nonpro li ferating (NP; CTVhi) cells. 

Cells that have proliferated the f urthest also upregulate CD38 surface expression to 

some extent, but the size of this popul ation has been inconsistent across donors. Both 

naive and memory B cells prolife rate in response to CD40L/IL -4 stimulation. ( B) iBH3 

profiles of different subsets of CD40L/IL -4 stimulated B cells from three to five h uman 

donors. Mean and SEM are plotted; mean values are summarized in the table bel ow. 

Percentage of cytochrome c release is normalized to alam ethicin as positive control and 

Puma2A as negative control. ns, not significant by unpaired two -tailed Student t test. (C) 

Representative Western blot of nonproliferating  (NP), proliferating naive  (N), and 

prol iferating memory (M) B c ells sorted from CD40L/IL-4ɬstimulated B cells day 6 post-

treatment. Quantified protei n levels are normalized to the nonproliferating sub set and b-

actin. (D) Quantita tive PCR of antiapoptotic genes from subsets sorted from CD40L/IL -

4ɬstimulated B cells. mRNA was isolated from t hree biological donors and values were 

normalized to SetDB1. (E) Dose-response curves generated from treating three human 

donors for 3 d with AB T-737 (six human donors), ABT-199 (four to nine human donors), 

WEHI-539 (three human donor s), and STS (six human donors). Mean and SEM are 

plotted , and statistics were performed by two -way ANOVA with multiple  comparisons. 

At 10,000 nM WEHI -539, NP versus Prolif. CD38lo naive, **p = 0.0060; NP versus Prolif. 

CD38lo memory , *p = 0.0101. At 30,000 nM WEHI -539, NP versus Prolif. CD38 lo naive, **p 

= 0.0060; NP versus Prolif. CD38lo memory, **p = 0.0012. (F) Average IC50 values with 

95% confidence intervals for each subset are plotted fro m (E). 

 

2.2.4 A CD38hi, plasmablast-like subpopulation in CpG-stimulated B 
cells becomes sensitive to NOXA and HRK in iBH3 profiling and 
becomes resistant to BCL-2 inhibition 

In B cells activated to prolife rate ex vivo by CpG DNA,  a pathogen associated 

molecular pattern that stimul ates the TLR9 pathway, we observed similar changes in 

apoptotic regulati on in proliferating  B cells. However, in CpG -stimula ted cells, a subset 

of B cells that have undergone the most cellular divisions u pregulate high levels of CD38 

surface expression, suggesting that they have differenti ated into plasmablast-like  B cells 

(CTV loCD38hi; Figure 8A) (Bernasconi, Traggiai, and Lanzavecchia 2002; Huggins et al. 

2007). This populati on consisted predominantly of IgD - memory  B cells (Ḑ80ɬ95%) and 
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is noticeably absent in CD40L/IL-4ɬstimulated B cells because IL-4 promotes 

differentiation of memory  B cells (CD38lo) over plasma cells (CD38hi) (Jourdan et al. 

2009). Nonetheless, not all proli ferating B cells upregulated CD38 expression, and the 

CTV loCD38lo population  included both IgD+  (naive) and IgD- (memory) B cells. In iBH3 

profiling of CpG -stimul ated B cells, nonpr olif erating B cells were predicted to be BCL-2ɬ

dependent (Fig. 8B). As they prolif erate, they become more responsive to NOXA and 

HRK pept ides, with CD38hi B cells as the most responsive to NOXA and HRK ( Figure 

8B). The increased sensitivity to NOXA and HRK can further be explained by increased 

expression at the protein and mRNA l evels of MCL -1 and BCL-XL, which NOXA and 

HRK antagonize, respectiv ely (Figure 8C-D). Additionally, BCL -2 protein levels were 

reduced in proliferating subsets compared w ith  nonprolife ratin g B cells, suggesting that 

the antiapopt otic dependency in prolifera ting B cell s switches from BCL-2 to a 

combination of MCL -1 and BCL-XL (Figure 8C-D). 

To test this hypothesis, we treated CpG-stimulated B cells with  BH3 mimetics. 

Nonpr olif erating and CD38lo proliferating B cells  were wi thin the same range of 

sensitivity t o ABT-199 and ABT-737 and were refractory to WEHI-539, indicatin g that as 

B cells proliferated in response to CpG, BCL-2 remained importan t in  regulating 

survival ( Figure 8E-F). CD38hi B cells, in contrast, were less sensitive t o ABT-199 and 

ABT-737 and were slightly mor e sensitive to WEHI -539. 
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The overall increase in apoptosis resistance in the CD38hi subset is not because of 

impaired BAX a nd BAK activation, because CD38hi cells were sensitive to STS, but rather 

it may be due to an increasing dependence on MCL-1 as indic ated by increasing 

sensitivity to NOXA in their i BH3 profile. I n fact, of the proliferating  subsets, the 

response of the CD38hi subset to NOXA was signifi cantly d ifferent from t hat of 

nonproliferating B ce lls (p = 0.0292). Thus, to inhibit both BCL-XL and MCL -1, we tested 

the efficacy of combining WEHI -539 with A -1210477 in CpG-stimulated PBMCs (Chou 

2010). CpG-stimulat ed B cells were refractory to high concentrations of A-1210477 

(Figure 9A-B). Howev er, a combination of A -1210477 and sub-IC50 levels of WEHI -539 

resulted in synergism (CI < 1) in the CD38hi subpopulation ( Figure 9C). This effect was 

specific to MCL-1, as ABT-199 did not synergize with WEHI -539 (CI > 1) (Figure 9D). 
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Figure 8: Changes in apoptotic regulation in activated,  proliferating B cells 

stimulated  by CpG . 

(A) Representative flow cytometry plot of CD19 + B cells that have been stimulated t o 

proliferate by CpG, d ay 6 after stimulation. D ilution of CTV with each division  

dist inguishes proliferating (Prolif) cells  from nonproliferating ( NP) cells. Cells that have 

proliferated the most also upregulate high CD38 surface expression (CD38hi). Both naive 

and memory B cells proliferate in response to CpG stimulation. ( B) iBH3 profile s of 

different subsets of CpG-stimulated B cells from four hum an donors. Mean and SEM are 

plotted; mean values are summarized in the table below. Percentage of cytochrome c 



 

39 

release is normalized to alamethicin (Alm) as positive control and  Puma2A as negative 

control. In samples treated with Noxa -derived peptide, *p = 0.0292, by unpaired two  

tail ed Student t test. (C) Representative Western blot of nonprolifera ting (NP), 

proliferating CD38lo naive (N) and memory ( M) B cells, and CD38hi B cells sorted from 

CpG-stimulated B cells at day 6 post-treatment. Quantified prote in levels are normalized 

to the nonproli ferating subset and b-actin. (D) Quantitative PCR of antiapoptotic g enes 

from subsets sorted from CpG -stimulated B cells. mRNA was isolated from three  

biological donors and values were normalized to SetDB1. (E) Dose-response curves 

generated from CpG-stimu lated PBMCs for 3 d with ABT -737 (five to seven human 

donors), ABT-199 (five to seven human donors), WEHI -539 (three human donors), and 

STS (six to seven human donors). Mean and SEM are plotted, and statistics are 

performed by two -way ANOVA, multiple compa risons. At 1000 nM ABT-737, NP 

versus CD38hi, ****p < 0.0001; CD38hi versus Prolif CD38lo naive, ***p < 0.001; CD38hi 

versus Prolif CD38lo memory, ***p < 0.001. At 1000 nM ABT-199, CD38hi versus the three 

other subsets, ****p < 0.0001. (F) Average IC50 values with 95% confidence intervals for 

each subset are plotted from ( E). #For these subsets, there is no detectable sensitivity and 

therefore no calculable IC50 value. 
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Figure 9: Combined BCL -XL and MCL -1 inhibition is cytot oxic to the CD38hi  

subset of CpG -stimulated B ce lls.  

(A) Dose-response curves generated from treating CpG-stimulated PBMCs for 3 days 

with A -1210477 (3 human donors). (B) Average IC50 values with  95% confidence 

intervals for each subset are plotted from (A). (C) Isobologram generated from treating 

CpG-stimulated PBMCs for 3 days with WEHI -539 (from Figure 4C), A-1210477 (from 

Figure 4 Figure Supplement 1A), and in combination. IC30 (black), IC50 (purp le), and IC70 

(orange) values are plotted for WEHI -539 alone (ɡ), A-1210477 alone (ƴ), and A1210477 

in combination  with 1000nM WEHI -539 (ƶ). Combination index (CI) values are listed 

below. Inset, a schematic of the combination index (CI) values of synergistic, additive, 

and antagonistic interactions and where they fall on an isobologram. D) Isobologram 

generated from treating CpG-stimulated  PBMCs for 3 days with WEHI -539 (from Figure 

4C), ABT-199 (from Figure 4C) and in combination. IC 30 (black), IC50 (purple), and IC70 

values are plotted for WEHI -539 alone (ɡ), ABT-199 alone (ƴ), and ABT-199 in 

combination with 1000nM WEHI -539 (ƶ). Combination  index (CI) values are listed 

below. 
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2.3 Materials and Methods 

2.3.1 Cells and mitogens 

Peripheral B cells were obtained from normal human donors through the Gulf 

Coast Regional Blood Center (Houston , TX). Buffy coats were layered over Ficoll 

H istopaque-1077 gradient (Sigma, H8889) and washed three times with FACS buffer (5% 

FBS in PBS) and cultured in RPMI supplemented with 15% FBS (Corning) , 2 mM L-

Glutamine, 100 U/ml penicillin , ƕƔƔɯϟÎɤÔÓɯÚÛÙÌ×ÛÖÔàcin (Invitrogen), and cyclosporin A. 

To track prol iferat ion, PBMCs were stained with CellTrace Violet ( Invitrogen, C34557) 

for 20min in PBS at 37°C, washed in FACS buffer, and then cultured with t he 

appropriate mitogens.  

Tonsillar B cell subsets were obtained from discarded, anonymized 

tonsillectomi es from the Duke Biospecimen Repository and Processing Core (Durham, 

NC). Tonsillectomies were manually disaggregated, filtered through a cell strainer , and 

isolated by Ficoll Histopaque -1077 (Sigma, H8889). The harvested lymphocyte layer was 

washed three times with FACS buffer and cultured in RPMI suppl emented with 15% 

FBS (Corning), 2 mM L-Glutamine,  ƕƔƔɯ4ɤÔÓɯ×ÌÕÐÊÐÓÓÐÕȮɯƕƔƔɯϟÎɤÔÓɯÚÛÙÌ×ÛÖÔàÊÐÕɯ

(Invitro gen), and cyclosporin A. For dose-response curves performed with S63845, 

tonsillar B cells were stained and sorted for CD19+ B cell subsets with a MoFlo Astrios 

Cell Sorter at the Duke Cancer Institute Flow Cytometry Shared Resource.  
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 TLR9 ligand CpG oligonucleotide (ODN 2006) was purchased from IDT and 

used at 2.5 µg/mL (Krieg et al., 1995). Human recombinant interleu kin -4 (IL-4; 

Peprotech, AF200-04) was used at 20ng/mL. HA -tagged CD40 ligand (R&D Systems, 

6420-CL) was used at 5ng/mL with an anti -HA cross-linking peptide (R&D Systems, 

MAB060; RRID:AB_10719128) at a concentration of 0.2 µg/µL. 

2.3.2 Intracellular BH3 (iBH3) profiling and validation 

iBH3 profiling wa s performed with recombina nt peptides synthesized by New 

England Peptides (sequences listed in table). Stock peptides were resuspended at 10mM 

in DMSO and aliquoted and stored at -80°C. To prepare peptides for iBH3 pro filing, 

peptides were diluted  to 200µM in 0.004% digitonin in DT EB buffer (135mM trehalose 

(Sigma, T9449), 20µM EDTA (Sigma, E6758), 20µM EGTA (Sigma, E3889), 5mM succinic 

acid (Sigma, S3674), 0.1% IgG-free BSA (VWR, 100182-742), 10mM HEPES (Sigma 

H4034), 50mM potassium chloride (Sigma, P9541), adjusted to pH 7.5 with potassium 

hydro xide). Bim peptides were used at 10µM, 1µM, and 0.1µM Alamethicin (Enzo, 

BML-A150-0005) was used at 25µM.  

PBMCs and tonsillar cells were iBH3 profiled immed iately after processing, 

while mitogen -stimulated  cells were profiled on day 6 post-stimulation. To  prepare 

samples for iBH3 profiling, cells were stained with the Zombie Aqua viability dye 

(Biolegend, 423101) in serum-free PBS for 15min at room temperature and then stained 

with FACS antibodies for surface markers for 30min at 4°C. Because Zombie Aqua and 
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CellTrace Violet fluoresce in the same channel, mitogen-stimulated cells were 

centrifuged at low speed and washed to remove dead cells (i.e. Trypan positive ) before 

staining. A fter staining, cells were pelleted and resuspended at 4x106 cells/mL in DTEB 

buffer. Equal volumes (50µL) of cells and peptides were incubated in polypropylene 

tubes for 1hr at room temperature in the dark. To stop the reaction, 30µL of 4% PFA in 

PBS was added and incubated at room temperature for 10min. To neutralize the fixation, 

30µL of neutralization buffer (1.7M TRIS base, 1.25M glycine, pH 9.1) was added for 

5min. Intracellular levels of cytochrome C were probed by adding 20µL of staining 

buffer (1% saponin, 10% BSA, 20% FBS, 0.02% sodium azide in PBS) with 1µL antibody 

for human cytochrome C. Samples were stained overnight and then transferred into 

polystyrene tubes for analysis the next day. The amino acid sequences of the 

recombinant peptid es are (Ac ɬ Acetyl, NH2 ɬ Amide): Bad, Ac-

LWAA QRYGRELRRMSDEFEGSFKGL-NH2;  Bim, Ac-MRPEIWIAQELRRIGDEFNA -

NH2; Bmf, Ac -HQAEVQIARKLQLIADQFHRY -NH2; Hrk, Ac -

WSSAAQLTAARLKALGDELHQ -NH2; Noxa, Ac -AELPPEFAAQL RKIGDKVYC -NH2; 

MS1, Ac-RPEIWMTQGLRRLGDEINAYYAR -NH2; Puma, Ac-

EQWAREIGAQLRRMADDLNA -NH2; Puma2A, A c-EQWAREIGAQARRMAADLNA -

NH2.  



 

44 

2.3.3 Flow cytometry 

 To track proliferation, cells were stained with CellTrace Violet (Invitrogen, 

C34557). Cells were washed in FACS buffer (5% FBS in PBS), stained with fluorescently 

conjugated antibodies for 30min-1hr at 4°C in the dark, and then washed again before 

being analyzed on a BD FACS Canto II. To normalize acquisition, Spherotech Accucount 

(ACBP-50-10) beads were included in each tube. Antibodies used for flow -cytometry are 

as follows: PE Mouse Anti -Human IgD (BD Pharmingen, 555779, RRID:AB_396114), 

APC Mouse Anti -Human CD38 (Biolegend, 303510, RRID:AB_314362), PECy7 Mouse 

Anti -Human CD19 (eBioscience, 25-0198-42, RRID:AB_10671548), FITC Mouse Anti-

Human cytochrome C (Biolegend, 612304, RRID:AB_2090159), FITC Mouse Anti -Human 

CD27 (BD Pharmingen, 555440, RRID:AB_395833). 

2.3.4 Dose-response curves and isobolograms 

 Small molecule inhibitors used in this study were ABT -737 (Selleckchem, S1002), 

ABT-199 (Adooq Biosciences, A12500), WEHI-539 (APExBIO, A3935), A-1210477 

(Selleckchem, S7790), S63845 (APExBIO, A8737) and staurosporine (Sigma, S5921-

0.5MG). Dose-response curves were generated by treating primary cells for 24 hours at 

37°C. Mitogen-activated cells were treated on day 3 post-stimulat ion for 3 days and 

assayed on day 6. Counts of viable cells were determined by  FSC/SSC by flow cytometry 

and normalized to a DM SO, untreated (vehicle-only) control. Curves were drawn in 
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GraphPad Prism 7 to calculate IC50 values and 95% confidence intervals  based on a Hill 

slope factor of 1.  

 Isobolograms were generated based on dose-response curves with individual 

drugs (Drug 1, Drug 2) and combinations of drugs (Drug 1 + Drug 2) (Chou, 2010). 

Individual drug dose -response curves were used to identify drug  concentrations at IC30, 

IC50, and IC70. Similarly, at a constant concentration of Drug 1, the concentrations of 

Drug 2 were determined at the IC30, IC50, and IC70 points of the combinatio n dose-

response curve. To calculate the Combination Index (CI), the following equation was 

used: 

CI50 =  

The CI was also calculated for CI30 (with IC30 values) and for CI70 (with IC70 values). We 

classified the interaction between the combination of drugs based on the following CI 

values: 

CI > 1, Antagonistic; CI = 1, Additive; CI < 1, Synergistic. 

2.3.5 Protein Expression  

Mitogen -stimulated PBMCs were sorted on day 6 post-stimulation on the MoFlo Astrios 

Cell Sorter at the Duke Cancer Institute Flow Cytometry Shared Resource. Cells were 

pelleted and washed in PBS and lysed in 0.1% Triton-containing buffer with cOmplete 

protease inhibitors (Sigma-Aldrich, 11697498001). Protein lysates were run on NuPage 4-
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12% gradient gels (ThermoFisher, NP0322BOX) in MES buffer and transferred to PVDF 

membrane (GE Healthcare). Membranes were blocked in 5% milk in TBST and stained 

with pr imary antibody overnight at 4°C. Membranes were then washed in TBST and 

incubated with secondary antibody diluted in 5% milk i n TBST for 1hr at room 

temperature. Protein levels were quantified b y densitometry (Syngene) and normalized 

ÛÖɯϕ-actin levels. Ant ibodies used for protein expression are as follows: Mouse anti-BCL-

2 (BD Biosciences, BD551107), Rabbit anti-MCL -1 (Santa Cruz, sc-819), Rabbit anti-BCL-

XL (Cell Signaling Technology, 2762S), Rabbit anti-ϕ-actin (Rockland, 600-401-886). 

2.3.6 Gene Expression Analysis 

Total RNA was isolated from cells by using a Qiagen RNeasy kit and reverse transcribed 

to generate cDNA with the High Capacity cDNA kit (Applied Biosystems,  4368814). 

Quanti tative PCR was performed by using SYBR green (Quanta Biosciences) and run on 

an Applie d Biosystems Step One Plus Instrument. Results were normalized to SetDB1. 

.ÓÐÎÖÚɯÜÚÌËɯÍÖÙɯØ/"1ɯȹƙɀɯɬ ƗɀȺɯÈÙÌɯÈÚɯÍÖÓÓÖÞÚȯɯ!"+-2 (forward:  

GGTGGGGTCATGTGTGTGG, reverse: CGGTTCAGGTACTCAGTCATCC), BCL -XL 

(forward:  GAGCTGGTGGTTGACTTTCTC, reverse: TCCATCTCCGATTCA GTCCCT), 

MCL -1 (forward: GTGCCTTTGTGGCTAAACACT, reverse: 

AGTCCCGTTTTGTCCTTACGA), BCL -W (forward: GCGGAGTTCACAGCTCTATAC, 

reverse: AAAAGGCCCCTACAGTTACCA), BFL-1 (forward: 
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TTACAGGCTGGCTCAGGACT, reverse: AGCACTCT GGACGTTTTGCT), SetDB1 

(forward: T CCATGGCATGCTGGA GCGG, reverse: GAGAGGGTTCTTGCCCCGGT). 

2.3.7 Statistical analysis 

2ÛÜËÌÕÛɀÚɯ3ÞÖ-way ANOVA and two -tailed t -test were calculated using GraphPad 

Prism 5.0 software. pz < 0.05 was considered significant. IC50 values were calculated by 

non-linear regression using GraphPad and 95% confidence intervals were reported. 

2.4 Discussion 

Proper regulation of apoptosis is critical for B lymphocyte development and 

maturation. Mu ch of our mechanistic understanding of B cell apoptosis is derived from 

murine studies due to technical limitations in studying B cell subsets in humans 

(Carrington et al. 2010; Vikstrom et al. 2010; Peperzak et al. 2013). Two recent studies 

have characterized Bcl-2 family dependency in human primary and seconda ry lymph oid 

tissue (Peperzak et al. 2017; Sarosiek et al. 2017). Sarosiek et al. characterized how 

apoptosis is regulated in healthy tissues, from young and aged mouse models, and 

found that younger tissue s, which often have higher levels of c-Myc activity,  are more 

sensitive to apoptosis and subsequent mitochondrial outer membrane  permeabilization. 

Similar to their study , ours identified dynamic apoptotic regulation that occurs during 

development; however,  Sarosiek et al. used a plate-based BH3 profiling method on 

homogenized tissues whereas we used a FACS-based intracellular version of BH3 

profiling that allows us to cha racterize the apoptotic regulation of heterogeneous tissues.  
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Peperzak et al. ÜÚÌËɯɁ!'Ɨ mimeÛÐÊɯ×ÙÖÍÐÓÐÕÎȮɂɯÐÕɯÞÏÐÊÏɯÛÏÌàɯÜÚÌËɯ!'ƗɯÔÐÔÌtics 

to query the antiapoptot ic mechanisms in B cell subsets and in cell lines derived from 

chronic lymphocytic leukemia.  In short, this is the method that we used to verify the 

hypotheses generated by iBH3 profil ing. Our work both corroborated and strengt hened 

/Ì×ÌÙáÈÒɯÌÛɯÈÓȭɀÚɯÙÌÚÜÓts showing that GC B cells upregulate MCL-1 expression and are 

sensitive to MCL-1 inhibition  by A -1210477. With iBH3 profiling, we showed that the 

mitochondria of GC B cells are extremely sensitive to apoptosis induced by the BH3-

only peptide NOXA, which s electively binds MCL -1, as well as the NOXA-derived 

peptide MS1 and a new MCL-1 inhibitor S63845. This suggests that, functionally, MCL-1 

is a critical regulator of survival at th e mit ochondrial surface of GC B cells.  

Furthermo re, another distinction betw een our work and others is that we 

characterize the changes in apoptotic regulation that accompany proliferation and 

differentiation in B cells stimulated by cytokines in vitro. B y using a proliferation 

tracking dye, we have expanded upon the utility of iB H3 profi ling. Ultimately, changes 

in apoptotic  regulation occur in response to intracellular  stress that accrues due to 

proliferation and differentiation.  

In this study, we used the newly developed iBH3 profiling technique to qu ery 

the mechanisms underlyi ng apoptotic regulation both in heterogeneous lymphoid tissue 

as well as upon activation of normal B cell subsets ex vivo (Ryan et al. 2016; Ryan and 

Letai 2013). Our experimental appr oach coupled proliferation tracking with cell surface 
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markers to measurement of intracellular cytochrom e c release in response to BH3 

peptides to define Bcl2 family member dependency at the single cell level in 

heterogeneous B cell populations. The addition of a proliferation tracking dye expanded 

upon the utility of iBH3 profiling and allowed us to charact erize changes in apoptotic 

regulation due to p roliferation in in vitro experiments.  

Validation of iBH3 profiling with BH3 mimetics defined tran sitions during B cell 

maturation from BCL -2 dependency in naive and memory B cells to MCL-1 in GC B 

cells, and to BCLXL in plasma cells from secondary lymphoi d tissue. Then, upon 

stimulation by CpG or CD40L/IL -4, the Bcl2 dependency of proliferating B cells shifts 

from BCL-2 to a combination of BCL-XL and MCL -1. This shift is apparent by the 

increased resistance to BCL2-specific BH3 mi metics and is most pronounced in the most 

differentiated subset of CpG-stimulated B cells.  

Our findings corroborate several  in vivo studies in mice that suggest that stage-

specific Bcl2 dependency occurs throughout B cell maturation. Our work indicates that 

human naive and memory B cells, similar to those in mice, are sensitive to BCL-2 

inhibition, whereas GC and plasma cells are refractory (Carrington et al. 2010). In mouse 

GC B cells or those induced to differentiate into plasma cells ex vivo, MCL-1 is 

important in promoting survival (Vikstrom et al. 2010; Peperzak et al. 2013). 

Furthermore, murine pl asma cells depend on BCL-XL protection  from apoptosis due to 

the unfolded p rotein response (Gaudette, Iwakoshi, and Boise 2014). These parallels in 
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mouse studies with our findings in human B cells suggest that intrinsic apopto tic 

regulation in B cell maturation is highly conserved and functionally critical to humoral 

immunity.  

Proliferating B cells in the GC as well as ex vivo mitogen-stimulated B blasts 

display evidence of oxidative and metabolic stress as well as DNA damage, which i f left 

unresolved can lead to apoptosis (Nikitin et al. 2014; Wheeler and Defranco 2012; 

Jellusova et al. 2017; Ranuncolo et al. 2007). Our findings indicate that GC cells display a 

heightened response to NOXA in iBH3 profiling, suggesti ng an increased dependence 

on MCL -1. Additionally, our laboratory has foun d that following EBV  infecti on of 

primary human B cells, which is characterized by hyperproliferation and activation of 

the DNA damage response (Nikitin et al. 2010), there is a shift in Bcl2 dependency from 

BCL-2 to MCL-1 (Price et al. 2017). This suggests that upon proliferation, MCL -1 

expression is rapidly induc ed to respond to apoptosis-inducing in tracellular stress 

resulting from ra pid expansion and differentiation.  

Constitutive activation of gene expr ession and survival programs found in 

normal B cell maturation can promote the development of lymphoma s. For example, in 

follicular lymphoma, a t(14 ;18) chromosomal translocation induces BCL-2 

overexpression in naive B cells, thereby promoting survival in the B cell follicle of a GC 

(Tsujimoto et al. 1985; Kridel, Sehn, and Gascoyne 2012). Consistent with our findings 

and those of others linking GC survival to MCL -1 upregulation (Vikstrom et al. 2010; 
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Peperzak et al. 2017), a subset of diffuse large B cell lymphomas that arise from the GC 

often display MCL -1 copy number gains (Wenzel et al. 2013). Indeed, c-Mycɬdri ven 

Burkitt lymphomas are thought to have arisen from GC B cells, express high levels of 

MCL -1, and are sensitive to MCL-1 inhibition (Kotschy et al. 2016; Klein et al. 1995; Dave 

et al. 2006; Kelly et al. 2014). MCL-1 is also often overexpressed in plasma cellɬderived 

multiple myelomas, mimicking the requisite upregulat ion of MCL -1 induced by stromal 

interactions in the bone marrow (Gupta et al. 2017; Wuilleme-Toumi et al. 2005). 

Interestingly, a subset of plasma cellɬderived tumors also displ ays codependence of 

MCL -1 and BCL-XL (Morales et al. 2011), similar to our findings in CpG -induced CD38hi 

plasmablasts. Overall, these data strongly support the importance of defining B cell 

survival mechanisms in normal and mi togen-stimulated human B cells towar d 

understanding the underlying basis of B lymphoma cell survival.  
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3. EBNA3A promotes accumulation of MCL-1 at the 
mitochondria through BAG3 transcription.  

3.1 Rationale 

A primary research objective in our lab has been to characterize the viral and 

host factors that limit EBV -mediated outgrowth of B cells infected in vitro. By studying 

the early ph ase of infection, we identified barriers such as the activation of the DNA 

damage response that prevent infected B cells from becoming LCLs (Nikitin et al. 2010). 

In following this line of inquiry , we discovered that the early-phase is a distinct latency 

type from the late -phase (Price et al. 2012). While LCLs are characterized by high LMP1 

levels and requires NFkB signaling  for proliferation and survival , early-inf ected B cells 

are characterized by low LMP1  and NFkB signaling and high c-Myc levels that drive 

hyperproliferation. We hypothesized that early -infected B cells would be more prone to 

apoptosis, and that apoptosis activation would therefore be a potent barr ier to EBV-

mediated transformation, but instead we found that early-infected B cells were relatively 

resistant to apoptosis (Nikitin et al. 2010). We ultimately  determined that upregul ation 

of MCL -1, an anti-apoptotic BCL2 member, was sufficient for protect ing against 

apoptosis activation in early-infected, hyperproliferating B cells  in the absence of LMP1 

(Price et al. 2017).  

MCL -1 is uniqu e among the anti-apoptotic members of the Bcl2 family in that it s 

protein  and mRNA  have very short  half -li ves (Yang et al. 1996). Its stability and activity 

are highly controlled at the levels of trans cription, translation, and post-translational 
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modificat ions (Inuzu ka et al. 2011). MCL-1 transcription is sensitive to  cyclin -dependent 

kinase inhibitor s (cite, 12429644; 15692065), indicating that its  steady-state levels are 

heavily dependent upon  active transcription . MCL -1 protein is also tightly regulated. 

The MCL -1 protein sequence contains several PEST regions, which are enriched for 

Proline (P), Glutam ate (E), Serine (S), and Threonine (T) residu es (Rechsteiner and 

Rogers 1996). These features are unique to MCL -1 in the BCL2 family and are common 

for rapidly de graded proteins. Residues in PEST regions are post-translationally 

modified  by several different pathways  to regulate MCL -1 function . For example, 

phosphorylatio n of Ser64 leads to enhanced anti -apoptotic ability wh ile phosphorylation 

of Ser155, Ser159, and Thr163 by GSK-3b leads to decreased MCL-1 protein levels (Ding 

et al. 2007). MCL 1-specific deubiquitinases, such as USP9X, promote MCL-1 protein 

stability by removing the K48 polyubiquitin chains that target MCL -1 for degradation 

(Schwickart et al. 2010). Like the other members of the Bcl2 family, the site of action for 

MCL -1 is the outer mitochondrial membrane (OMM) , but MCL-1 can also be found in 

the cytosol, the nucleus, and the nuclear envelope (Thomas et al. 2012; Perciavalle et al. 

2012). This indicates that MCL-1 accumulation at the  mitochondria is highly tra nsient 

and tigh tly regulated .  

In thi s chapter, I will  present my  proposed model to explain how EBNA3A 

upregulates MCL-1 activity in EBV-immor talized LCLs.  
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3.2 Results 

3.2.1 Accumulation of MCL-1 at the mitochondria is dependent upon 
EBNA3A 

In Price et al., 2017, we found that apoptosis is dynamically regula ted over the 

course of EBV-mediated immortaliz ation of human B cells infected in vit ro (Figure 10A). 

Early-infected B cells upregulate dependency and activate expression of MCL -1 through 

the expression of viral nuc lear proteins. MCL -1 expression and activi ty are maintained 

in infected B cells as they grow out into immortalized LCLs , whereupon BFL-1 

dependency is upregulated  by LMP1. This leads to resistance to BCL2-specific BH3 

mimetics in early -infected B cells and LCLs (Figure 10B). Interestingly, both MC L-1 and 

BFL-1 activities requir e EBNA3A. Early-infected B cells infected by an EBV strain  

deleted for EBNA3A  (DEBNA3A)  are sensitive to BCL2-inhibition, indicating loss of 

MCL -1 function  (Figure 10C). DEBNA3A LCL s lose anti -apoptotic dependency upon 

MCL-1 and BFL-1 and are subsequently sensitive to  BCL2-inhibition  (Figure 10D) (Price 

et al. 2017), indicating that DEBNA3A LCLs revert  to anti-apoptotic dependency upon 

BCL-2 (Figure 10E).  

We then sought to determine the mechanisms by which EBNA3A promotes 

MCL -1 function. In LCLs, MCL -1 transcription i s under the control of an EBV super-

enhancer (ESE), a genomic site bound by all six EBV nuclear antigens (EBNAs) as well as 

activating histone marks  (Jiang et al. 2017). This ESE is linked t o the MCL-1 transcription  

start site (TSS) and is bound by the v iral nuc lear proteins EBNA2, EBNA-LP, and 
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EBNA3A , which strongly suggests that MCL -1 is an importan t target in EBV-driven 

transformation . However, MCL -1 mRNA levels in DEBNA3A LCLs were simi lar to those 

in WT LCLs (Figure 10F). Total MCL -1 protein levels and protein stability were also 

unaffected in the absence of EBNA3A (Figure 10G). Instead, we found that MCL -1 

localization to mitochondr ia, the site of anti-apoptotic  function,  was impaired  in the 

absence of EBNA3A  (Figure 10H). This strongly corroborated the BH3 profili ng results, 

which indicated a loss of MCL -1 function  at the mitochondrial outer membrane. 

How ever, the mechanism by which EBNA3A regulates MCL -1 localization to the 

mitochondria remains unclear.  
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Figure 10: EBNA3A regulate s MCL-1 apoptotic function by promoting its 

accumulation at the mitochondria  (Adapted from Pric e et al., 2017) 

A) Schematic of viral gene expression and apoptosis regulation in EBV-infected B cells. 

B) ABT-737 dose curve of uninfected B cells (blue), early-infected B cells (day 7 post-

infection ; green), and late-infected B cells grown out into LCLs  (black). Three biological 

replicates were treated for three days and assayed for cell counts relative to untreated 

controls. C) ABT-737 dose curve of B cells day 7 post-infection with WT EBV, EBNA3A -

null EBV (DEBNA3A), and EBNA3C-null (DEBNA3C) EBV strains. Three biological 

replicates were treated for three days and assayed for cell counts relative to untreated 

controls. D) ABT-737 dose curve of WT and DEBNA3A  LCLs. Two biological replicates 

were treated for th ree days and assayed for cell counts relative to untreated controls.  E) 

BH3 profiling of WT and DEBNA3A  LCLs. Statistical significance for BIM  and BMF 

peptide treatments were determined by Studentɀs two-tailed t -test. F) Relative mRNA 

levels of BCL-2 and MCL-1 in WT and DEBNA3A LCLs. Mean and SEM are reported for 

three biological replic ates. G) Western blot of WT and DEBNA3A  LCLs treated with 

15mM cycloheximide for two hours. H) Western blot of total, cytoplasmic, and 
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mitochondrial fr actions of WT and DEBNA3A LCLs. Band intensities for MCL -1 were 

determined by normalizing to VDAC and respective WT fractions.  

 

3.2.2 EBNA3A promotes transcription of BAG3, a co-chaperone 
protein that promotes MCL-1 protein stability at the mitochondria 

EBNA3A is a nuclear-localized protein t hat primarily functions as a 

transcriptional regulator, and yet its impact upon MCL -1 function appears to be post-

translational. This suggests that EBNA3A plays a role in the expression of another 

protein that regulates MCL-1 at the protein level.  

One such protein, BAG3, has been shown to promo te MCL-1 protein stability  

(Boiani et al. 2013). In Boiani et al., BAG3 expression correlated with MCL -1 dependence 

and resistance to the BCL2-targeting BH3 mim etic ABT-737. BAG3 knockdown by RNAi 

led to a reduction of MCL-1 protein and indu ced sensitivity to  ABT-737, while 

proteasome inhibition helped rescue MCL -1 protein in the absence of BAG3. These data 

point  to a model in which BAG 3 promotes MCL -1 anti-apoptotic function b y stabiliz ing 

MCL -1 protein levels and preventing its degradation by protea somes.  

While proteins rel ated to BAG3, such as BAG1, can help also help stabilize MCL-

1, only BAG3 is transcriptionally regulated by EBNA3A . This was first discovered by 

Young et al., 2008, in which EBNA3A  expression in f ibroblasts led to transcription of the 

chaperone proteins HSP70 and HSP40 and the co-chaperone protein BAG3 (Young et al. 

2008). EBNA3A -mediated BAG3 induction  was further confirmed when EBNA3A was 

expressed in an EBV-negative Burkittɀs lymphoma cell line  (White et al. 2010). BAG3 is 
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also negatively  regulated by EBNA3B, a closely related vir al protein that func tions as a 

tumor suppressor, indicating that BAG3 plays a role in  promoting survival  (White et al. 

2010).  

To confirm that BA G3 transcriptio n is positively regulated b y EBNA3A in LCLs, 

I performed  metabolic labeling of mRNA t ranscripts in  WT and DEBNA3A LCLs with 4 -

thiouridine (4sU),  a nucleotide analog that is incorporated into nascent mRNA 

transcripts during transcription. This allows for the pulldown and separation of new 

and old mRNA fractions to quantify the relative rate of transcription  (Figure 11A). BAG3 

and BFL-1, an EBNA3A-upregulated target, are both reduced in DEBNA3A LCLs in 

nascent fractions, indicating that  BAG3 transcription depends upon EBNA3A  (Figure 

11B). As a control, I also performed qPCR on EBNA3A-downregul ated targets that were 

characterized previously (Harth -Hertle et al. 2013) and observed increases in mRNA 

levels of CXCL9, CXCL10, ADAMDEC1, and GIMAP4  in the nascent mRNA fraction 

(Figure 11C). Levels of EBNA3A -upr egulated and -downre gulated targets are similarly 

recapitulat ed in the total mRNA fraction, indicating that reduced levels of BAG3 in 

DEBNA3A L CLs are truly due to defects in transcription and not due to increased 

mRNA d egradation.  
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Figure 11: BAG3 mRNA levels are lower in DEBNA3A LCLs.  

(A) Schematic of metabolic labeling of mRNA transcription by 4 -thiourid ine (4sU). Cells 

are treated with 4sU for 1 hour, after which total mRNA is isolated. Thiol -specific biotin 

and streptavidin beads are used to separate the nascent mRNA transcripts from the old, 

unlabeled fraction of mRNA. (B) qPCR performed on EBNA3A -upregulated targets and 

(C) EBNA3A-downregulated targets on 4sU-labeled nascent mRNA from WT and 

DEBNA3A LCLs. Relative mRNA levels are normalized to WT LCLs and GAPDH. Mean 

and SEM are reported from three experiments. (D) qPCR performed on EBNA3A -

upregulated targ ets and (E) EBNA3A-downregulated targets on total mRNA from WT 

and DEBNA3A LCLs. Relative mRNA levels are normalized to WT LCLs and GAPDH. 

Mean and SEM are reported from three experiments.  
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Interestingly, while MCL -1 is found in both cytoplasmic and mitoch ondrial 

fractions, BAG3 is predominantly localized to the cytoplasm (Figure 12A). Reduced 

BAG3 mRNA levels in DEBNA3A LCLs resulted in lower levels of BAG3 protein  (Figure 

12B), suggesting that BAG3 protein helps stabilize MCL -1 levels. To determine the role 

of BAG3 in regulating MCL -1 protein stability , I utilized CRISPR/Cas9 to knockout 

BAG3 in LCLs. However,  BAG3 was inefficiently  edited and generated cell lines with 

knocked-down BAG3 instead of clean knockouts (Figure 12C-D). Nevertheless, in cells 

treated with  cycloheximide to inhibit protein synthesis , while reduced BAG3 protein 

had no effect on total MCL-1 protein stability , mit ochondrial MCL -1 protein stability 

was impaired  in cell lines with reduced BAG3. This suggests that BAG3 promotes MCL -

1 anti-apoptotic activity by regulat ing the accumulation and stability of MCL -1 protein 

at the mitochondria.  
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Figur e 12: BAG3 promotes MCL -1 protein stabili ty at the mitochondria (A) 

Western blot of total, cytoplasmic, and mitochondrial fractions  from WT and DEBNA3A 

LCLs. (B) Quantified total protein levels from (A) , relative protein leve ls are normalized 

to b-actin. (C) Western blot of LCLs that are incompletely knocked -out for BAG3 protein. 

WT and AAVS1 negative control  LCLs indicate intact levels of BAG3 protein. b-actin 

shown as a loading control. (D) Quantified BAG3 protein levels from (C) normalized to 

b-actin. (E) Mitochondrial isolation of LCLs treated with 15mM cycloheximide (CHX). 
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(Right) Total MCL -1 levels normalized to b-actin. (Left) Mitochondrial MCL -1 levels 

normalized to VDAC.  

 

3.3 Materials and Methods 

3.3.1 Mitochondrial isolation 

Mitocho ndri al fractions were isolated using the Thermo Fisher kit and a 

modified protocol. Fifty  million cells were collected and washed in 1X PBS. At least 1 

millio n were reserved for the total fr action. The cell pellet was then resuspended in 

250mL Reagent A (with protease inhibitors added fresh, Roche) and incubated on ice for 

2 min.  10 mL of Reagent B was then added and incubated for  5 min on ice vortexing 

every minute.  Then, 250 mL Reagent C (with protease inhibitors adde d fresh, Roche) 

were added and then centri fuged at 700g for 10min at 4°C. The supernatant was 

collected and centrifuged at 12,000g for 15min at 4°C to pellet the mitochondrial f raction. 

The supernatant, now the cytoplasmic fraction, is kept. The mitochondrial fraction  was 

washed wit h 250 mL Reagent C (with protease inhibitors added fresh, Roche) and spun 

at 12,000g for 5min at 4°C. The washed mitochondrial pellet was lysed in Tri ton lysis 

buffer and protein concentra tions of both the mitochondri al, cytoplasmic, and total 

fractions were measured by Bradford. Fractions were then run on a Western blot at 

10 mg/lane. To ensure fraction purity, cytoplasmic fractions were probed for b-actin and 

mitochondrial fractions were p robed for VDAC.  
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3.3.2 Cycloheximide assay 

Cells were treated with 15mM cycloheximide (CHX) to  inhibit protein synthesis. 

Cells were harvested at 0, 30, 60, and 120 min post -treatment, lysed for protein, and 

analyzed by Western blot. Protein levels were normalized to b-actin or VDAC,  to 

calculate relative protein stability.  

3.3.3 Nascent Transcription Profiling 

4sU profiling was p erformed based on a modified protocol fro m previously 

described work (Payne et al., 2014). In brief, cells were treated with 200uM  4-thiouridine 

(4sU) for one hour before total RNA was harvested in 1mL of TRIzol (Life Technologies). 

Nascently transcribed RNA over thi s time period in corporated 4sU, which was 

subsequently bioti nylated and pulled down  using streptavi din MyOne C1 Dynabeads 

(Invitrogen). RN A was reverse-transcribed and qPCR was performed as described 

above. As a negative control, qPCR was also performed on Ɂno reverse transcriptaseɂ 

samples to measure background levels. qPCR primer sequences are listed (5ɀ-3ɀ): 

BFL-1, F: TTACAGGCTGGCTCAGGACT  

BFL-1, R: AGCACTCTGGAC GTTTTGCT 

MCL -1, F: GTGCCTTTGTGGCTAAACACT   

MCL -1, R: AGTCCCGTTTTGTCCTTACGA  

BCL-2, F: GGTGGGGTCATGTGTGTGG 

BCL-2, R: CGGTTCAGGTACTCAGTCATCC  
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BAG3, F: TGGGAGATCAAGATCGACCC  

BAG3, R: GGGCCATTGGCAGAGGATG  

GAPDH, F: TGTGGGCATCAATGGATTTGG  

GAPDH, R: ACACCATGTATTCCGGGTCAAT  

CXCL10, F: TGACTCTAAGTG GCATTCAAGG  

CXCL10, R: CCTTTCCTTGCTAACTGCTTTC 

CXCL9, F: GCATCAT CTTGCTGGTTCTG 

CXCL9, R: TTTGGCTGACCTGTTTCTCC 

ADAMDEC1 , F: AAGTGTCCCTCTGGCAGTTG  

ADAMDEC1, R: ACACGTTAGGGCTTCACAGC  

GIMAP4 , F: CGGCAGTATGAGCTTCAACC  

GIMAP4, R: TGCTGCGTTTCTCACACTTC 

3.3.4 Generation of BAG3 CRISPR/Cas9 LCLs 

LCLs were stably transduced with lentiCas9 lentivirus and sorted for GFP+ cells. 

sgRNAs specific for the BAG3 locus were cloned into the lentiguide -puro vector.  Oligos 

for BAG3 sg#1 (caccgGGAATGGAGATGTACCCCCG , 

aaacCGGGGGTACATCTCCATTCCc) and BAG3 sg#2 

(caccgCGACTAACTTCCCGTACCTG, aaacCAGGTACGGGAAGTTAGTCGc) were 

designed by Benchling.  
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3.4 Discussion 

In this chapter, I have shown that EBNA3A , which is expressed early and late 

after infection , promotes MCL -1 anti-apoptotic activity by u pregulating the expression 

of BAG3, a co-chaperone protein that prevents proteasomal-mediated degradation of 

MCL -1. In DEBNA3A LCLs,  BAG3 mRNA and protein leve ls are strongly reduced . This 

does not impact total levels of MCL-1 protein  or total MCL -1 protein stability , indicating 

that alternative mechanisms are in place to maintain steady-state MCL-1. However, in 

CRISPR/Cas9-generated LCLs with reduced BAG3, MCL -1 protein stability at the 

mitochondria is impai red, suggesting that BAG3 regulates the accumulation of MCL -1 to 

the mitochondria  and explains reduced MCL-1 mitochondrial levels in DEBNA3A LCLs 

(Price et al. 2017).  

A closely related protein, BAG1, has also been reported to promote MCL -1 

protein stability.  BAG1, along with BAG3, stabilize s MCL -1 and USP9X, an MCL-1 

deubiquitinase , in acute myelogenous leukemia cell lines (Aveic, Pigazzi, and Basso 

2011). However, in Boiani  et al., 2013, while BAG1 is expressed in both ABT-737-

sensitive and -resistant cell lines, only BAG3 is exclusively expressed in ABT-737-

resistant cell lines. Furthermore , BAG1 mRNA levels  were not affected by the loss of 

EBNA3A in LCLs (data not shown).  

To further elucidate the role of BAG3 in mediating MCL -1 accumulation at the 

mitochondria  in LCLs, clean BAG3-knockout (BAG3-KO) LCLs need to be generated. 
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The incomplete BAG3-KO LCLs used in these experiments can be cloned out further to 

generate clonal cell populations to screen for null BAG3 expression. These will be used 

as tools for future studies to determine if BAG3 is importan t for overall MCL -1 protein 

stability , or if BAG3 specifically regulates MCL -1 protein stabilit y at the mitochondr ia. 

Biochemical experiments, such as coimmunoprecipitation studi es, will  also be needed to 

show that endogenous BAG3 interacts with MCL -1 in LCLs. 
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4. EBNA3A-mediated upregulation of BFL-1 
phenocopies BFL-1 induction in germinal center light 
zone B cells 

4.1 Rationale 

Like LCLs, germinal center light z one (GC LZ) B cells express high levels of BFL-

1 mRNA induced by  strong activation of  the CD40 receptor  (Victora et al. 2012). In fact, 

BFL-1 expression is so high that it is fr equently used as a marker to distinguish  LZ GC B 

cells from other B lymphocytes (Milpied et al. 2018). However,  human GC B cells are 

especially sensitive to spontaneous apoptosis ex vivo and are genetically intract able, 

making it challenging to understand BFL -1 upregulat ion in GC LZ B cells. Recently we 

published a study investigating the molec ular mechanisms underly ing BFL-1 

transcription in LCLs , which express many of the transcription f actors and signaling  

networks in GC LZ B cells. In sum, we found that the  viral nucl ear protein EBNA3A 

promoted BFL-1 transcription in LCLs through chromatin r egulation. I thus  sought to 

determine  if simila r, but non-viral, mechanisms, were involved in BFL-1 expression in 

LZ GC B cells.   

In this chapter, I show that BFL-1 upregulation  in LCLs proceeds by simil ar 

mechanisms in uninfected GC LZ B cells, indicatin g that EBV infection phenocopies 

apoptosis regulation in GC B cells through similar chromatin mechanisms. I build upon 

previously published findings by map ping out  and further characterizing  the upstream 
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genomic regions in LCLs that regulate BFL-1 transcription  by using CRISPR/Cas9 and 

dCas9-KRAB genetic tools.  

4.2 Results 

4.2.1. Expression of the anti-apoptotic protein BFL-1 in EBV-
immortalized LCLs requires the viral protein EBNA3A 

In Price et al., 2017, we found that DEBNA3A LCLs  reverted to anti -apoptotic 

dependency upon BCL-2, suggesting loss of MCL-1 and BFL-1 anti-apoptotic activity 

(Figure 13A). While the defect in MCL -1 was due to mitochondrial accumulation 

(Chapter 3), DEBNA3A  LCLs expressed significantly less BFL-1 mRNA compared to WT 

LCLs (Figure 13B). The rate of BFL-1 transcript ion in DEBNA3A LCLs wa s also reduced 

compared to WT and correlated with reduced levels of transcriptional ma chinery (total 

and phosphorylated  RNA  Pol II ), and activating hi stone modi fi cations (H3K27ac, 

H3K9ac, and H3K4me) at the BFL-1 transcrip tion start site (TSS) (Figure 13C-D). These 

data indi cated that EBNA3A regulates BFL-1 transcription.  

Previously published C hIP-seq data indicated that  EBNA3A did not bind near 

the BFL-1 TSS; however, the EBNA3 proteins  can regulate host gene expression through 

distal enhancers (Bazot et al. 2015; McClellan et al. 2013; Schmidt et al. 2015). To 

determine the role of EBNA3A in regulating chromatin architecture to promote BFL-1 

transcription, we used chromatin conformation capture  (3C) to quantif y the interactions 

between chromatin regions upstream of the BFL-1 gene in WT and DEBNA3A LCLs. We 

found that  two  genomic regions upstream of the BFL-1 gene that were strongly 
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associated with the TSS in WT LCLs but less so in DEBNA3A LCLs (Figure 13E). One 

locus (~60kb upstream) was bound by EBNA3A  within  an EBV typi cal enhancer and the 

other region (~30kb away) is bound by RelA , a NFkB transcription facto r subunit 

strongly activated by LMP1 (Zhao et al. 2014) (Figure 13F). These data support a model 

in which  EBNA3A coordinates a specific chromati n architecture to promote BFL-1 

transcript ion in LCLs.  

Importantly, LCLs upregulate BFL -1 to resist apoptosis. BFL-1 is not essential in 

LCLs (Ma et al. 2017), but reducing BFL-1 expression through CRISPR editing can 

induce sensitivity  to combined treatment with BCL-2 and MCL-1 BH3 mimetics (Figure 

13G-I). Therefore, BFL-1 in concert with MCL -1 and BCL-2 promote apoptosis resistance 

in LCLs.  
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Figure 13: EBNA3A is required for BFL -1 expression, which promotes 

apoptosis resistance (Adapted  from Pric e et al., 2017)  
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A) BH3 profil ing of WT and DEBNA3A LCLs. Average mitochondrial depolarization is 

reported and color-coded on a scale of 0-100% (red to green). Mean and SEM are 

reported for BAD and  BMF peptides, significance determined through St udentɀs t-test. 

B) qPCR of BCL-2, MCL-1 and BFL-1 mRNA levels in WT and DEBNA3A LCLs , three 

experiments normal ized to SetDB1. Mean and SEM are reported, significance 

determined through two -tailed Studentɀs t-test. C) qPCR performed on 4sU-labeled BFL-

1 transcripts in WT and DEBNA3A LCLs. Relative levels are normalized to GAPDH . 

Mean and SEM reported from three experiments. D) Chromatin immunoprecipitation  

(ChIP)-qPCR performed on immunoprecipitated RNA Pol II , activated Pol II (Pol II Ser 

5), and histone marks in WT and DEBNA3A L CLs.  E) Chromatin Conformation Capture 

(3C) performed on ligated genomic DNA ge nerated from HindIII -digested chromatin  

derived from WT and DEBNA3A LCLs. F) Publicly available ChIP-seq data of EBNA2, 

EBNA3A/3C, RelA, and active marks of transcript ion in GM12878 at the BFL-1 locus 

annotated with locations of primers used in (D) and (E). G) CRISPR/Cas9-induced 

lesions in the BFL-1 coding sequence. H) qPCR showing that CRISPR/Cas9 editing led to 

reduced BFL-1 expression in LCLs. Mean and SEM are reported for three experiments. 

DAAV is a control sgRNA that corresponds to the AAVS1 site. I) Annexin V positivity in 

LCLs treated wit h ABT-737 (BCL-2 inhibitor ) and/or A -1210477 (MCL-1 inhibitor).  

 

4.2.2 BFL-1 mRNA is upregulated in LZ GC B cells relative to DZ and 
other B-cell subsets 

Previously published data suggested that BFL-1 is highly expressed in both 

human and mouse GC LZ B cells. To broadly characterize gene expression in human 

lymphocytes, I performed single cell RNA -seq (scRNAseq) on cells isolated from human 

tonsillar lymp hoid tissue (Figure 14A). T and B-cell populations wer e identified  based 

on relative mRNA levels of tr anscription factors and surface markers (Figure 14B-C). In 

tSNE plots, CD4+ and CD8+ T cells clustered together and away from  CD19+ B cells. 

Plasma cells, which expressed high levels of Blimp and XBP1, also clustered separately 

from other B cell populations. Cell types like epitheli al cells or dendritic cells w ere not 
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detected in our analysis, most likely b ecause lymphocytes were enri ched by Ficoll 

gradient  during primary cell  isolation .  

To confirm the identities of GC LZ and DZ B cell populations identified in 

scRNA -seq, gene set enrichment analysis (GSEA) was performed on differential ly  

expressed genes and publicly available microarray data (Victora et al. 2012). GSEA 

indicated strong enrichment in LZ -induced genes in our GC LZ cluster , thereby 

providing  confid ence in our scRNA -seq data (Figure 14D). Several shared genes made 

up the core enrichment of the GSEA, including EBI3, BATF, and BFL-1 (BCL2A1), 

confirming  that these genes are strongly upregulated in GC LZ B cells compared to DZ B 

cells. 
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Figure 14: scRNA-seq identifies markers of T and B lymphocytes in human 

tonsillar tissue  

A) tSNE plot of scNRAseq of human tonsillar lym phocytes. Data represents two 

biological replicates that have been analyzed with canonical correlation analysis (CCA). 

NSM ɬ non-switched memory B cells; Pre-GC ɬ pre-germinal center. B) Violin plots 

generated for clusters corresponding to CD4+ (cluster 3) and CD8+ (cluster 5) T cells. 

GRCh38 ɬ human genome assembly 38. CD3D ɬ CD3; TRBC ɬ T cell receptor beta chain. 

C) Violin p lots generated for B cell clusters. 0 ɬ Naïve B cells, 1 ɬ NSM, 2 ɬ Pre-GC, 4 ɬ 

Switched memory B cells, 6 ɬ Plasma cells, 7, 9 ɬ GC DZ, 8 ɬ GC LZ B cells. SDC1 ɬ 

Syndecan-1 (CD138; plasma cell marker); MS4A1 ɬ CD20 (B cell marker); AICDA ɬ AID;  

IGHD ɬ IgD (naïve B cell surface marker). D) GSEA comparing differentiall y expressed 

genes in GC LZ and DZ B cells from scRNAseq generated in (A) and with previo usly 

publ ished data in Victora et al., 2012. List of core enriched genes from  listed with fold 

enrichment from scRNAseq data and Victora et al., 2012.  

 

Because LMP1 and LMP2A expression in LCLs mimics CD40 and BCR signaling, 

there are many similarities in gene expression between EBV-infected B cells and GC B 

cells. To determine a core set of genes that are similarly upregulated and 

downregulated , I performed GSEA on differential gene expression between GC B cells 

and EBV-infected B cells (Figure 15A). I compared DZ- and LZ-upregu lated genes to 

previous ly published microarr ay data that characterized gene expression differences 

between unin fected B cells and proliferating  early-infected B cells (B to Prolif)  and 

between proliferatin g early-infected B cells to LCLs (Prolif to L CL) (Price et al. 2012). 

From GSEA, genes that are induced in early -inf ected B cells are enriched in genes that 

are preferentially expressed in the DZ. Conversely, genes that are induced in LCLs are 

preferentially expres sed in the LZ. This analysis affirms that proliferation is a  key 
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defining  trai t for early -infected B cells and cycling GC DZ B cells, and LM P1/CD40 

(NFkB) and LMP2A/BCR (PI3K) signaling are hallmarks for LCLs and GC LZ B cells.  

To confirm the upregulation of E BI3, BATF, and BFL-1 in LZ B cells and LCLs, I 

performed qPCR on sorted tonsillar B cells and EBV-infected B cells (Figure 15B). LZ B 

cells were signifi cantly more upregulate d in EBI3, BATF, and BFL-1 mRNA levels 

compared to DZ B cells, as were LCLs compared to early-infected B cells. As controls, 

qPCR was also performed for BCL6 , which is downregulated in EBV -infected B cells 

(Boccellato et al. 2007).  

Increased BFL-1 mRNA levels in GC LZ B cells confirms previous studies that 

indicated that BFL-1 is a robustly upr egulated marker for GC LZ B cells. Based on our 

previous findings  that chromatin regulation medi ates BFL-1 transcription in EBV-

immo rtalized LCLs, we next sought to determine the underlying m echanisms 

underlying BFL-1 in GC LZ B cells.  
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Figure 15: BFL-1 expression typifies GC LZ B cells and EBV -immortalized 

LCLs 

A) GSEA comparing differentially expresse d genes in GC B cells with EBV-infected B 

cells. B) qPCR performed on sorted tonsillar B cell subsets and EBV-infected B cells. 

Mean and SEM are plotted from two experiments and normaliz ed to SetDB1 and 

uninfected B cells. Significan ce determined through  unpaired two -tailed Studentɀs t-test 

between DZ and LZ B cells. 

 

4.2.3 ATAC-seq shows open chromatin upstream of the BFL-1 locus 
in LZ B cells 

The GM12878 LCL is a well  characterized EBV-immortalized LCL. For this st udy,  

I used publicly available ChIP -seq data and ChromHMM  performed on GM12878 to 

predict and annotate the BFL-1 locus and upstream regions (Figure 16A). ChromHMM 

is an automated computational system for learning, characterizing, and visualizing 

genome-wid e maps of annotated chromatin states (Ernst and Kellis 2012). From these 

datasets, I organized regions of interest based on their chromatin characteristics. These 

are the BFL-1 gene body (black label), an H3K27ac-rich peak near the BFL-1 TSS 
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(H3K27ac, light blue ), a Rel-only binding si te with RelA  and RelB binding (RBS, green), 

an EBNA3A-bound peak (EBNA3A -pk, red), and an EBV-regulatory element with 

binding by viral proteins and marks of active transcription (ERE).  The locations of these 

regions were used to demarcate chromatin regions from sorted tonsillar B cell subsets, 

which were uninfected and did  not have EBV expression.   

To characterize the chromatin landscape in uninf ected tonsillar  B lymphocytes, 

we performed ATAC -seq on sorted tonsillar CD19+ B cell popula tions. Generally, as B 

cells mature, their chromatin becomes more open and then closes as they reach terminal  

differenti ation as resting memory B cells (Roser Vilarrasa-Blasi 2019). Chromatin 

accessibility i s signific antly more open in GC subsets compared to naïve B cells, whi le 

naïve and memory B cells share a similar chromatin landscape (Figure 16B). Between GC 

DZ and GC LZ B cells, there is no significant difference in accessibility  of the chromatin 

region surro undi ng the BFL-1 locus (Figure 16C). Regions that were significantly mo re 

open in GC B cells occurred at the H3K27ac region near the BFL-1 TSS and the EBNA3A-

pk. This indicates that these regions share conserved and important roles in BFL -1 

upregulation in bot h unin fected and EBV-infected B cells. However, between DZ and LZ 

populat ions, these regions were not significantly more accessible despite increased BFL-

1 mRNA in GC LZ B cells , suggesting an additional mechanism i n regulating  LZ-specific 

induction of BFL -1.  
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4.2.4 3C suggests higher degree of interactions of open chromatin 
sites to the BFL-1 TSS in LZ B cells 

In Price et al., 2017, we determined that BFL-1 upregulation in LCLs requires a 

specific chromatin ar chitecture in which EBNA3A recruits two upstrea m regions, the 

RBS and ERE, to the BFL-1 TSS (Price et al. 2017). In repeating these experiments, I 

inclu ded probes to interrogate additional regions with hig her resolution (Figure 16D). 

The enriched association between the RBS and the BFL- TSS in WT LCLs was 

recapitulated, but the ERE was not found to be more highly associated wit h the BFL-1 

TSS. Instead, the EBNA3A-pk near the ERE was more highly  associated to the BFL-1 TSS 

in WT LCLs, indicating that our initial s tud y overlooked this EBNA3A -regulated region. 

Interestingly,  early-infected B cells, which do not express BFL-1 but do express 

EBNA3A, do not have these chromatin structures. This indicates that EBNA3A b y itself 

is not sufficient for mediating chromatin lo oping at the BFL-1 TSS and requires 

additional factors, such as LMP1-activated NFkB signaling .  

I then sought to determine if BFL-1 expression in GC LZ B cells proceeded by a 

simila r chromatin conform ation. 3C on sorted B cell subsets revealed cell-specific 

chromatin structures upstream of the BFL-1 gene in which the RBS and EBNA3A -peak 

regions identified in the  LCLs are significantly more  associated with the BFL-1 TSS in 

GC LZ B cells than in  any other B cell subset (Figure 16E). Therefore, while the 

accessibility of the landscape between DZ and LZ B cells is not signif icantly differe nt, 
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BFL-1 is upregulated in LZ B cells throu gh the formation of a  specific chromatin 

architecture.  
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Figure 16: Increased association of open  chromatin regions to the BFL -1 TSS in 

EBV-infected LCLs and GC L Z B cellsA) WashU Epigenome Browser screenshot of 

publ icly available ChIP-seq datasets performed on the GM12878 LCL. Regions of 
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interest are labeled based on occupancy of viral nuclear proteins (EBNA2, EBNA-LP, 

EBNA3A, EBNA3C), NFkB transcription factor s (RelA, RelB), RNA polymer ase II, and 

histone modific ations (H3K27ac, H3K4me1). ChromHMM segments are annotated in the 

colors red (Active TSS/Promter), green (Transcription), light green (Transcription 

regulatory/enhancer), orange (Active Enhancer), Yellow (Weak Enhancer), teal (ZNF 

genes and repeats), blue (heterochromatin) . B) Representative ATAC -seq data from 

donor -matched CD19+ B cells sorted for naïve, memory, GC-DZ, GC-LZ, and plasma 

cells. Data is representative of three biological donors. Track heights are group auto-

scaled and displayed  in IGV. Prime rs used for 3C are listed below. C) Differential 

analysis performed on three donor-matched replicates of ATA C-seq data from naïve, 

GC-DZ, and GC-LZ B cells. D) 3C-qPCR from wildtype (WT)  EBV-imm ortalized LCLs, 

DEBNA3A (D3A) LCLs, and early-infected B cells. Mean and SEM from three 

experiments are plotted. E) 3C-qPCR performed on sorted naïve, memory, GC DZ, GC 

LZ, and plasma cells from tonsillar CD19+ B cells. Mean and SEM from three 

experiments are plotted. Significance determined by Two-way ANOVA with Hol m-

Sidakɀs multi ple comparisons test. **** p < 0.0001, ** p < 0.001. 

 

Previously, only regions closest to the BFL-1 TSS were characterized by ChIP-

qPCR (Price et al. 2017). Here, I performed ChIP-qPCR on regions corresponding to the 

EBNA3Apk and ERE for H3K27ac levels, which is indicative of enhancer and promoter  

activity  (Rada-Iglesias et al. 2011) (Figure 17A). Much like  how H3K27ac levels were 

lower at the BFL-1 TSS in DEBNA3A LCLs , the upstream EBNA3Apk region was also 

lower for H3K27ac, indicating th at this long-distance enhancer was reduced in activity  

(Figure 17B). Regions corresponding to miR221 (EBNA3A-upr egulated target), 

myoglobin (myo, not expressed in LCLs), and CXCL10 (EBNA3A -downregula ted target) 

were also included. Interestingly, H3K27ac levels at the ERE did not change in the 

absence of EBNA3A, indicating that this region  is not critical for BFL -1 expression.  
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Figure 17: Reduced H3K27ac levels at the EBNA3Apk enhancer  in DEBNA3A 

LCLsA) WashU Epigenome Browser screenshot of publicly available ChIP-seq datasets 

performed on the GM12878 LCL with labeled r egions of interest and locations of 

primers used for ChIP. B) ChIP-qPCR performed on eluted DNA fragments bound by 

H3K27ac. Enrichment calculated relative to input . Mean and SEM are plotted and are 

representative of two experiments .  
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4.2.5 EBNA3A recruits genomic regions to the BFL-1 TSS that are 
important for BFL-1 transcription 

 In LCLs, we had determined that EBNA3A recruited upstream regions to the 

BFL-1 TSS through a specific conformation of chromatin archit ecture. To determine if 

these regions were important for BFL-1 transcription, I designed short -guide RNAs 

(sgRNAs) to target the BFL-1 TSS, neighboring H3K27ac region, and upstream regions 

(Figure 18A). These regions were selected based on previously published work and 

chromatin modifications, such as H3K27ac and H3K4me1, which is characteristic of 

enhancers (Local et al. 2018).  

Previously, I had designed sgRNAs targeting the BFL-1 coding sequence to 

generate a BFL-1 mutant LCL l ine that still expressed low levels of a functionally 

impaired  BFL-1 (Figure 13G). Here, to repress BFL-1 transcription more strongly , I 

utilized the dCas9-KRAB system, in which a catalytica lly  dead Cas9 protein is fused to 

the Krüppel-associated box (KRAB) domain to repress transcription at the BFL-1 TSS 

(Thakore et al. 2015). This led to robust silencing of BFL-1 expression (Figure 18B). In 

additio n to the constitutive dC as9-KRAB system, I also uti lized a Tet-inducible  (TRE) 

dCas9-KRAB system to repress specific genomic regions (Parsi et al. 2017).  Addition of 

doxycycline  (Treated) indu ced expression of dCas9-KRAB, which  is then recruited to the 

genomic DNA based on the sequence of the sgRNA. Regions characterized by H3K27ac 

peaks were most sensitive to dCas9-KRAB mediated repression, but in any case, the 

inducible dCas9-KRAB repressed BFL-1 transcription very weakly compared to  the 
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constitutively expressed dCas9-KRAB at the BFL-1 TSS (Figure 18C). It is likely  that 

dCas9-KRAB mediated repression requires more time to completely silence expression 

and that multiple enhancer regions contri bute to the overall  regulat ion of BFL-1 

transcript ion. Because YY1 is important in maintaining enhancer-promo ter interactions 

and YY1 binding peaks were detected near enhancers looped to the BFL-1 TSS, I had 

also designed constructs to target YY1 peaks at and away from the BFL-1 locus to 

disrupt BFL-1 transcription  (YY1-H3K27ac, YY1-RBS, YY1-ERE). Using these constructs 

in combination with Tet -inducible dCas9-KRAB failed to reduce BFL-1 expression, 

suggesting that dCas9-KRAB does not repress YY1-mediated enhancer regulation.  

 Of the regions targeted, the RBS had relatively low H3K27ac levels, and as such, 

did not lead to significantly reduced BFL -1 transcription when tar geted by dCas9-KRAB. 

I therefore used CRISPR/Cas9 to delete the RBS by using two sgRNAs that flanked the 

RelA and RelB ChIP-seq peaks (Figure 19A). Using both guides together generated a 

~800bp deletion in the RBS (approximately 1600bp). Based on the relative intensiti es of 

the bands, approximately half of the alleles in transfected LCLs had major deletions in 

the RBS (Figure 19B). Transfecting either sgRNA ind ividual ly led to editing, as 

determined by Sanger sequencing, but no significant deletion (data not shown). 

Nonetheless, the resulting g enomic lesion from usi ng tw o sgRNAs led to a significant 

reduction in BFL -1 mRNA , suggesting that expression from BFL-1 from the edited 
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alleles was severely abrogated (Figure 19C). Thus, despite low H3K27ac, the RBS is 

important for BFL -1 expression.  

 

Figure 18: Upstream H3K27ac regions are important for BFL -1 transcription A) 

Schematic of the BFL-1 gene and labeled upstream genomic regions. Short-guide RNAs 

(sgRNAs) locations are listed below. B) qPCR of WT LCLs and LCLs transduced with 

dCas9-KRAB (no sgRNA)  or dCas9-KRAB-BFL1-TSS (sgRNA targeted to the BFL-1 TSS). 

BFL-1 mRNA levels are normalized  to SetDB1. Mean and SEM from three experiments. 

C) qPCR performed  on LCLs transduced with T RE-dCas9-KRAB with o r without 

sgRNAs targeting the BFL-1 TSS and upstream regions. Cells were treated with 3mg/mL 

doxycycline for 48 hours and then washed and cultured for another 48  hours in the 

absence of drug. Mean and SEM are plotted and normalized to Untreated samples, 

significance determined t hrough Two -way ANOVA with multi ple comparisons to 

Treated, Washed samples.  
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Figure 19: The Rel -only binding site (RBS) is important for BFL -1 transcription A) 

Schematic of RBS targeted with two sgRN As. Publicly available ChIP-seq data sets are 

displayed t o show RelA and RelB binding sites. B) DNA gel showing representative PCR 

performed on genomic DNA isolated from donor -matched WT and D3A LCLs and 

wildtype L CLs 5 days post-transfection with Cas9 coupled with sgRNAs targeting the 

AAVS1 site, sg1 and sg2 of the RBS, and combined sg1 and sg2. C) qPCR performed on 

WT and D3A LCLs and WT LCLs transfected with Cas9 RNPs targeting the RBS. Results 

are from  4 separate transfections on two separate days, day 5 post transfection. 

Significance by One-way ANOVA, multiple comparisons , mean and SEM reported. **p < 

0.01, ***p < 0.005 
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4.2.6 BFL-1 protects against extrinsic apoptosis 

NFkB signaling upregulates BFL-1 expression, but also induces expression of 

proteins that mediate extrinsic apoptosis. Fas and TRAIL receptors, along with their 

cognate antigens FasL and TRAIL, are induced by LMP1 expression (Le Clorennec et al. 

2008). Similarly , GC LZ B cells upregulate Fas and TRAIL in response to CD40 ligation 

from T follicular helper cells (Takahashi, Ohta, and Takemori 2001). Thus, while NFkB is 

pro-survival  and promotes growth , it negatively regulates itself by inducing sensiti vity  

to apoptosis to prevent uncontrolled proliferation.  

Physiologically, however, does BFL-1 protect against specific stimuli , or is it 

redundant in protecting agai nst apoptosis? Loss of BFL-1 is also well-tolerated in LCLs 

(Figure 18B) and is not synthetically lethal  (Ma et al. 2017). In addition , loss of BFL-1 

does not induce sensitivity to  intrinsic apopto sis induced by either BCL2- or MCL 1-

targeting  BH3 mim etics (Figure 13I) (Price et al. 2017). I therefore sought to determine if 

BFL-1 provided protection against extrinsic apoptosis. Extrinsic apoptosis is initiated by 

ligation of Fas and TRAIL receptors, which then recruits and oligomerizes FADD 

proteins that then activate caspase 8, the initiator caspase in extrinsic apoptosis (Figure 

20A). Whi le caspase 8 can directly activate executioner caspases 3/7 (mitochondri a-

independent), caspase 8 can cleave the anti-apoptotic protein  Bid into truncated Bid 

(tBid), which  behaves like a BH3 only protein and induces int rinsic apoptosis 

(mitochondria -dependent). I hypothesized that BFL-1, an anti-apoptotic member of the 
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BCL2 family, protects against mitochond ria-dependent death induced by  tBid. LCLs that 

have dCas9-KRAB-repression of the BFL-1 TSS (BFL1-knockdown, B FL1-KD) are 

significantly more sensitive t o increasing concentrations of FasL and TRAIL  compared to 

control LCLs that express non-targeting dCas9-KRAB (Figure 20B-C). These experiments 

have not been repeated in primary GC LZ B cells, wh ich undergo spontaneous apoptosis 

and are notoriously di fficul t to culture ex vivo. But mouse models indicate that GC LZ B 

cells are eliminated from the GC reaction primarily through extrinsic apo ptosis 

activation  (Boulianne et al. 2013). Therefore, these experiments performed  on LCLs 

support a role for BFL-1 in protecting against mitochondrial -dependent extr insic 

apoptosis.  
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Figure 20: BFL-1 reduces sensitivity  to extrinsi c apoptosis A) LCLs stably expressing 

dCas9-KRAB (negative control) and dCas9-KRAB BFL1-TSS (BFL-1 knockdown) wer e 

treated with TRAIL or B) FasL for three days and then assayed for cell counts relative to 

unt reated control. Mean and SEM from two replicates are reported. Significance 

determined by Two-way A NOVA, comparin g row cell means. ** p < 0.01, *** p < 0.001.  

 

4.3 Materials and Methods 

4.3.2 Chromatin Immunoprecipitation (ChIP) 

ChIP was performed as described previously  (Bazot et al., 2015) using an Active 

Motif Ch IP-IT PBMC assay kit (Cat. No. 53042) and sonicated with a standard 

Diagenode Bioruptor  Sonicator. Sonicated ChIP input was r everse-crosslinked and 

purifi ed to run on a 1.5% agarose gel to ascertain appropriate fragment sizes.  



 

90 

4.3.3 Chromatin Conformation Capture (3C) 

3C was performed as previously described (Hagege et al. 2007). In brief, 

chromatin wa s crosslinked with fo rmaldehyde and isolated from LCLs, whereu pon i t 

was digested overnight wi th HindIII. Dige sted chromatin  was then dil uted and ligated 

overnight  at 16°C. Reversal of crosslink s, prot einase K digestion, and phenol -chloroform 

extraction yielded DNA  circles that were assayed by TaqMan qPCR. Ct values were 

normali zed to enrichment to a region closest to the anchor primer.  

4.3.4. ATAC-seq  

Three biological replicates of sorted CD19+ B cells (naïve, memory, GC DZ, GC 

LZ, and plasma cells) were isolated and processed for ATACɬseq as described in 

Buenrostro et al., 2015. Samples were run on 2 lanes of the Illumina 4000 HiSeq. ATAC-

seq data was processed as previously described. Adaptor sequences were trimm ed and 

mapped to hg38 using Bowtie2. Reads were then filtered for duplicates. The fil tered 

reads for each sample were merged, and peak callin g was performed by MACS2.  

4.3.5 dCas9-KRAB systems 

A short -guide RNA  targeting the BFL-1 transcripti onal start site was cloned into 

the BsmbI-digested dCas9-KRAB-GFP (Addgene #71237) or lentiguide -puromycin  

vector. Ligated vector was then transformed into  Stbl2 and sequence confirmed with th e 

hU6 primer. 1mg plasmid was then transfected with  1mg psPAX2 and 100ng pMD2.G in  

293Ts with Mirus LTI reagent in antibiotic -free media and harvested 48 and 72 hours 
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post transfection. Virus w as then filtered and concentrated prior t o transducing LCLs. 

LCLs transduced with dCas9-KRAB-GFP were then sorted for GFP+ events and grown 

out. LCLs transduced with lentiguide-puromycin were selected with 0.8 mg/mL 

puromycin for 4 -7 days and then transduced with TRE-HAGE -dCas9-KRAB lentivirus , 

which was generated similarly. Transduced cells were then selected with  100ug/mL 

G418 in RPMI supplemented with 15% Tet-free FBS. To induce TRE-HAGE -dCas9-

KRAB activity, cells were treated with 3 mg/mL  doxycycline for 48hrs and then 

harvested for mRNA. To show Dox-specific effects, treated cells were then washed twice 

with Te t-free media and cultured fo r 48hrs before harvesting for mRNA.  

4.3.6 Cas9 RNP transfection 

Cas9 RNP transfections were performed based on manufacturerɀs instructions 

(Thermo Fisher Scientific , TrueCut Cas9 Protein v2). sgRNAs were synthesized by 

Synthego. In short, Cas9 protei n and sgRNAs were mixed in a ratio of 1:3 and incubated 

in Belzerɀs solution for 20min at room temperature. Cells w ere used at a final 

concentration of 10 million/ mL. Microporation s were performed wit h the Neon system 

wit h 10uL tip s. Cells were recovered in RPMI supplemented with  15% FBS and no 

antibiotic. 24 hours after electroporation, cells were supplemented with 1% Penicillin -

Streptomycin-Glutamine. mRNA and gen omic DNA were harvested 5  days post 

transfection to assay for BFL-1 mRNA le vels by qPCR and cleavage of the genomic DNA  

by PCR, which was performed with GoTaq master mix  (Promega).  
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4.3.7 Single cell RNA-seq  

Two biological replicates of tonsillar lymphocy tes were prepared for single cell 

RNA -seq using technology from  10X Genomics. Libraries were run on one lane of the 

Illumina 4000 HiSeq. Reads were processed, aligned, and normalized using cellranger 

from 10X Genomics.  

Processed scRNAseq were analyzed using the Seurat R package (version 2.2) ( 

(Butler et al. 2018) for graph-based clusterin g and visualizations . Processing of data was 

performed with the de fault parameters. Cells that passed quality control processing and 

expressed at least 200 genes and only genes that were expressed in at least 3 cells. Cells 

with grea ter than 5% mitochondrial  genes were removed from analysis. 

Both tonsill ar lymphocy te replicates were combined and analyzed using  Seuratɀs 

Canonical Correlation Analysis (CCA) with RunCCA  to identify conserved gene 

correlations. We used the top 2000 variable genes from each sample to calculate the 

correlation components (CCs) and determined  that 11 CCs suffi ciently represented the 

variability in the dataset. Both samples were then aligned with  AlignSubspace using 11 

CC dimensions. FindClusters was then used to apply SNN clustering to the combin ed 

cells using the 11 aligned CCs and resolution 0.5. Differential ly expressed genes (DEGs) 

were determin ed prio r to clustering, which was visualized wi th t-distribut ed stochastic 

neighbor embedding (tSNE) dimensionali ty redu ction using RunTSNE (11 aligned CCs) 

and TSNEPlot.  
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4.3.8 Quantitative PCR 

mRNA wa s isolated from samples using the Promega SV 96 Total RNA Iso lation 

System and reverse-transcribed int o cDNA using the High -Capacity cDNA Reverse 

Transcription Kit  from Thermo Fisher. qPCR was performed using the Power SYBR 

Green PCR Master Mix from Thermo  Fisher. Relative mRNA values were calculated 

using the DDCt method and nor malizing to SetDB1 or ALAS1 housekeeping genes. 

Oligos used for qPCR (5ɀ-3ɀ) 

Oligo 

name 

Forward  Reverse 

BFL-1 TTACAGGCTGGCTCAGGACT  AGCACTCTGGAC GTTTTGCT 

SetDB1 GACTACAATACCGGGA CAGTAG

C 

CCCAGCATCA CCTGAATCAAT  

BCL6 GGAGTCGAGACATCTTGACTGA  ATGAG GACCGTTTTATGGGCT 

Blimp1  TGAAGATGGGAGCGAAGAGAT  ACCTTGCCCTGCTTAACACAA  

EBI3 TCATTGCCAC GTACAGGCTC  GGGTCGGGCTTGATGAT GTG 

c-Myc CTCCATGAGGAGACACCGC  GAGCCTGCCTCTTTTCCACA  

BATF TGCTCAGAGAAGTCGGAAGAA  TGGCACAAAGTTCATAG GGCA 

ALAS1 CGCCGCTGCCCATTCTTAT TCTGTTGGACCTTGGCCTTAG

  

   

Oligos used for ChIP (5ɀ-3ɀ) 

Oligo 

name 

Forward  Reverse 

Myo  GGAGAAAGAAGGGGAATCACA  GATAAATA TAGCCAACGCCACA  

CXCL-

10-TSS 

TCCCTCCCTAATTCTGATT GG AGCAGAGGGAAATTCCGTAAC  

miR221 TCCAGCACCTAAGAAAATATGT

GGC 

CCCATGTACGTAATTTTAAACA

ACCTC 

BFL1-1 GCAATGGGCACACCTGAAAG  GCCAAAGGGTAAAGCTCAAC  

BFL1-2 ACAGTGGTTACCTCTTGGGAGA  CCTGTGTTGAAACTCATGTTGGT

A 

BFL1-

TSS 

TGGACCTGATCCAGGTTGTGGT

A 

TGCTCTCCACCAGGCAGAAG  

BFL1-3 AGGAA TTTGGCCTCCCAATCA  TTTCTCCAGCGACCATGAGTT  
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BFL1-4 AATCAT AACTGCATG TGCCAAG

TGC 

CCTACACATGCCAAAGCTTC AG

C 

BFL1-5 GGGCAACAAGAGCGAAACTC  CTATGTCCTCGTCACACTTGGT  

BFL1-6 ACAGGGGGTTTACGCTTGTC  TGCTAAACAAATGGGCTGGT TG 

BFL1-7 CACCAATTCCGGACACAACAC  CTCAGCTCAGAAACAAGGTAAG

G 

BFL-8 TTTTCCCCTCTCCCTGCTAGA  GGGGCCGCCATACTTTTGAG 

   

Oligos used for PCR (5ɀ-3ɀ) 

YY1-

H3K27

ac 

(700bp)  

TCTAGGGTTTAGGTGAAGGG GG

T 

GGGGAAATCCTGCTGACATGGA  

RBS 

(1600bp

) 

GATTTCCACCCTTCACAAA ACC CTGTGTCATTGTGGGAAGTAGT  

YY1-

RBS 

(580bp) 

CTTGCAGTAAACCGAGATCGCG  GCAACTCAAGGGCCACATCTTC  

EBNA-

3A 

(sg1-2) 

(800bp) 

  CTGGAGTACAGTGGCATGATTT  TGTTAAGTGTCAGGCAAGTAGG  

EBNA-

3A 

(sg2-5) 

(1500bp

) 

AAGTACTGAGATTACAGGCGTG  CTGGCTACCTGTTTTTGCATTT 

EBNA-

3A 

(sg5-8) 

(1200bp

) 

AACTGAACAGAGCTC AACATCA  CTCTAGCTATCTTGTTCCCTGC 

ERE 

(1600bp

) 

TTAGAAAAGACGGGGTTTCTCC  ATGTTCAG ATGTGTTCGGAGTT  

YY1-

ERE 

(580bp) 

AGCTACTTGGGAG GCTAAGCAG  CCAGTCCGACACGT ATGGAAC T 
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Oligos used for chromatin conformation capture  (3C); BFL-1 HindIII Fragment  

 Forward  Modificatio ns 

TSS 

Probe 

TATAACCTGGGAGTTGAAGGGT

TTTGCGGT 

ȹƙɀ% ,ȮɯƗɀ3 ,1 Ⱥ 

TSS 

Consta

nt 

TTAGAAACAGCACTTCCCT TTTT

ACTG 

 

-1 CAACTACCCACCTTAC CTCTCTC

C 

 

-3 CCGGATGAGATT ACCATGGAGC   

-6 CAACGTATGCACTTTC TGCATGT

TAT 

 

-9 GCAAATTAGGAGCATGA TTGCC

G 

 

-10 GGCTTCTGGTGAGGACTTCAG   

-11 CAGCAGTAGCAA CCCGCTAG  

-12 CCCTTACCTTGTTTCTGAGCTGA

G 

 

-13 GTCCCGTCTAGGCTTTCTCATTA

C 

 

   

 

4.4 Discussion 

Previously it was shown that LMP1 and EBNA2 were both important for BFL -1 

transcription. LMP1, by signaling through NFkB, upregulates BFL-1 expression 

(D'Souza et al. 2004) and EBNA2 activates BFL-1 transcription at the TSS (Pegman et al. 

2006). In Price et al., 2017, we showed that EBNA3A is also important for BFL -1 

transcription . EBNA3A coordinates a specific chromatin architecture that loops dist al 

enhancers to the BFL-1 TSS. In EBNA3A -null LCLs, BFL-1 mRNA  is expressed at much 
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lower levels due to the absence of the chromatin architecture but is still expressed due to 

EBNA2 and LMP1 activity. Overall, BFL -1 is an important viral target in EBV  infection.  

In this chapter, I have shown  parallels between BFL-1 upregulation in EBV -

immortalized LCLs  and in uninfected GC LZ B cells. BFL-1 is one of several targets that 

are upregulated at the mRNA level in early-infected B cells that grow out into LCLs  and 

in uninfected GC B cells that transit from the DZ to the LZ . Whil e chromatin accessibility 

at the BFL-1 locus and upstream regions becomes significantly more open in GC B cells 

compared to naïve B cells, GC DZ and LZ B cells have similarly open chromatin  regions, 

suggesting that chromatin accessibility itself is not sufficient for BFL-1 upregulation  in 

GC LZ B cells. Interestingly, the chromatin  architecture of the BFL-1 locus in GC LZ B 

cells very strongly resembles that of WT LCLs, in which a RelA/RelB-bound site (RBS) 

and an EBNA3A -bound enhancer region (EBAN3A -peak) are very highly associated 

with the BFL-1 TSS. This is in contrast to DEBNA3A  LCLs, early-infected B cells, and 

uninfected non-GC LZ B cell subsets that display low or no BFL-1 mRNA expression. 

Interrogation of these sites in LCLs show that the RBS and EBNA3A-peak are important 

in BFL-1 transcription , in that deletion of the  RBS by CRISPR/Cas9 or dCas9-KRAB-

mediated inhibition of the EBNA3A -peak led to reduced BFL-1 mRNA levels. As result, 

the chromatin architecture observed in LCLs and GC LZ B cells recruits functionally 

important regions to the BFL-1 TSS to mediate BFL-1 transcripti on.  
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These data suggest that EBV infection may phenocopy chromatin  regulation in  

uninfected, maturing GC B cells. This is apparent by the fact that several factors that are 

critical  in B cell maturation are upregulated by EBV and are similarly essential for EBV 

inf ection in vitro (Ma et al. 2017). Furthermore, both the GC reaction and EBV infection 

of B cells in vitr o are biphasic in that one phase is NFkB-low while the other is NF kB-

high. In the NFkB-low ph ase, GC DZ B cells and early-infected B cells undergo rapid 

hyperproliferation and induce the activation of transcription factors , transcriptional 

regulators, and histone modifying enzymes t hat remodel and activate the chromatin 

landscape. Upon induction o f NFkB signaling in GC LZ B cells or LCLs, the chromatin 

landscape is already prepared for rapid,  widespread changes in gene expression. It  will 

be very interesting to see globally how 3D genome organization changes during EBV 

infection and how this compares t o the dynamic regulation of genome architecture in 

maturing B cells.  
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5. EBV-infected B cells phenocopy various aspects of 
germinal center and plasma cell gene expression 

5.1 Rationale 

While the Germinal Center Model for EBV infecti on has been around for several 

years, it conti nues to spark debate about how EBV establishes latent infection in 

immune -competent individuals . The Germinal Center Model was original ly posited by 

David T horley-Lawson to explain the observation that EBV always resides in qui escent, 

resting memory B cells that express no vi ral genes (latency 0) or just EBNA1 (latency 1) 

to maintain the  viral episome (Babcock et al. 1998). Thorley -Lawson surmi sed that when 

EBV inf ection occurs, the virus infects and enters a naïve B cell and stimulat es its 

activatio n and prol iferat ion through the expression of latent viral pr oducts. Once 

activated, it transits thr ough the germinal center, where it proli ferates alongside 

centroblasts in the dark zone of the germinal center (GC DZ) , and upregulates LMP1 

and LM P2A, which provide the surrogate survival sig nals in the form of  CD40 and BCR 

ligation, respectively , to survive the light  zone of the germinal center (GC LZ). In this 

way, B cells infected by EBV in vivo mature alongside uninfected B cells to gain access to 

the memory B cell compartment .  

Many of the aspects of in vivo infection are recapitulated in B cells that are 

infected in vitro with EBV. For example, EBV activates and stimulates  early-inf ected B 

cells to undergo rapid hyper proliferation  and induces LMP1 and LMP2A expression in 

full y transformed LCLs. The EBNAs and LMPs also upregulate the expression and 
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cooperate with transcription factors that are important in B cell identity and maturati on 

(Zhou et al. 2015; Jiang et al. 2017).  

However , many aspects of EBV infection in vitro are incongruent with GC 

biology. EBV inf ection in vitro actively d ownregulates BCL-6 expression (Boccellato et al. 

2007). BCL6 is known  as the major orchestrator of the GC reaction and is absolutely 

required for GC formation  (Basso and Dalla -Favera 2012; Basso et al. 2010); 

consequently, robust repression of BCL6 by EBV suggests that BCL6 expression is 

detrimental to EBV infection. Nonetheless, in vivo EBV-infected B cells in the GC can 

express BCL6 and AID expression, indicating that EBV-infected B cells in vivo can 

respond to appropriate cues and can participate in the GC reaction (Roughan and 

Thorley -Lawson 2009). Treating Latency III LCLs in vitro with  IL-21, which is secreted by 

T follicula r helper cells, represses expression of the EBNAs to ramp down v iral gene 

expression (Kis et al. 2010), indicat ing GC-derived signals are important for  establishing 

latent inf ection in vivo in quiescent memory B cells.  

Nonetheless, despite strong downregul ation of  BCL6 in B cells infected in vitro, 

many viral latent proteins share sim ilar functions to BCL6 in that they repress plasma 

cell differen tiation . Recently , Styles et al., 2018 reported that EBNA3A and EBNA3C are 

potent repr essors of plasma cell differentiation (Styles et al. 2017). In LCLs expressing 

conditional  EBNA3A  and EBNA3C , inactivatio n of both EBNA3A /3C led to 

upregulatio n of Blimp -1 and CD138, which are defining traits of pl asma cell  
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differentiation.  Around this time, similar papers showed that combined LMP1 and 

LMP2A activities promote a plasma cell differentia tion that is repressed by expression of 

the EBNA3s (Minamitani et al. 2017).  

In this chapter, I present data from an in vitro  model of EBV infection to show 

that direct EBV infection of IgD- memory B cells results in plasmablast diff erentiation 

and subsequent reduced LCL out growth, suggesting that direct infection of memory B  

cells in vivo would be similarly ineff icient.  

5.2 Results 

5.2.1 EBV induces infected, proliferating B cells to differentiate into 
CD38mid and CD38hi populations 

Upon prolifera tion, EBV-infected B cells upregulate surface expression of CD38, 

which is expressed in activated B cell populations like  germinal center B cells (CD38mid) 

and plasmablasts/plasma cells (CD38hi). For example, CpG stimulat ion induces 

proliferation and differentiation of a subset into  a CD38hi plasmablast-like popul ation 

(Figure 21A). Similar ly , 7 days post-infection, EBV-infected B cells that have prolife rated 

the furthest  also have high levels of CD38, suggesting EBV-driven plasm ablast 

diff erentiation , but there is also a proliferating population with lower , GC-levels of 

CD38 expression (Figure 21B).  

Because GC and plasma cell identi ties are established through a network of 

transcription factors, I sought to characterize the gene expression of various B cell 

transcription factors in sorted CD19+ CD38mid  and CD38hi populations  (Table 2, Figure 
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21C). Through qPCR, I found that  Pax5 mRNA le vels are higher in the CD38mid  than in 

the CD38hi popula tion (Figure 21D). Pax5 is a transcription factor that favors the GC 

state and is repressed in plasma cells; therefore, higher Pax5 levels in CD38mid  EBV-

infected B cells suggested active repression of plasmablast differentiation . In contrast, 

transcription factors that favor plasma cell di fferentiation, such as IRF4, Blimp-1, and 

XBP-1, are preferentially expressed in CD38hi than in CD38mid  infected B cells. This 

indicates divergent differentiati on of early-infected B cells and confirms the plasmablast 

ident ity of the CD38hi populat ion.   

Table 2: Transcription Fact or Functi ons in B -Cell Ma turation an d EBV 

Infection  

Gene  Role in B cell maturation  Role in EBV-infecti on 

Pax5 Master regulator of B cell identity ; 

inhibits XBP1 and plasma cell identity  

(Nera et al. 2006) 

Inhibits  lytic re activation (Raver 

et al. 2013) 

IRF4 Favors plasma cell diffe rentiation and 

class-swit ch recombination, represses 

BCL6 (Klein et al. 2006; Saito et al. 

2007) 

Upregul ated in LCLs and an 

important transcripti on factor at 

enhancers and super-enhancers 

(Ma et al. 2017) 

Blimp1 Essential for plasma cell 

differentiation , represses Pax5 and 

BCL6 (Lin et al. 2002) 

Promotes lytic reactivation  

(Reusch et al. 2015); inhibited in 

LCLs (Styles et al. 2017) 

XBP1 Imp ortant but not necessary for 

plasma cell differen tiation  (Todd et al. 

2009) 

Promotes lytic reactivat ion; 

alternative ly  spliced XBP1 

mRNA is expressed in LCLs 

(Homa et al. 2013) 

BCL6 Master regulator of GC B cell identity, 

inhibit s plasma cell different iation  

(Basso and Dalla-Favera 2012) 

Very strongly repressed 

(Boccellato et al. 2007) 

CXCR4 Chemokine receptor that keeps 

centroblasts in the dark zone (Allen et 

al. 2004) 

Downregulated in EBV-infected 

B cells (Nakayama et al. 2002) 
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 Interestingly, when sorted CD38mid  and CD38hi cells were grown out in culture, 

CD38hi cells did not proliferate , despite that CD38hi cells had proliferated the fu rthest at 

the time of sorting  (Figure 21E). Subsequently, when cells were plated out in limiting 

serial dilutio n, sorted CD38hi cells showed reduced outgrowth into  LCLs compared to 

CD38mid  and the unsorted bulk infected populat ion (Figure 21F).  
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Figure 21: EBV induces CD38mid  and CD38hi  B cell differentia tion early after 

infection  A) Flow cytometry  plots showing CD38 surface expression upregulation in 

proliferating CD19+ EBV-infected B cells and CpG-stimulated uninfected B cells day 6 

after in fection or stimu lation. B) Histogram of relative CD38 surface levels in CD19+ 

EBV-infected B cells, uninfect ed CpG-stimulated B cells, and tonsillar B cells. C) Sorting 

strategy for CD19+ early-infected B cells D) Mean and SEM from qPCR of CD38 and GC 

and plasma cell transcription fact ors are reported fo r two biologi cal replicates. Relative 

mRNA levels are normalized to  uninfected B cells and SetDB1, a housekeeping gene. 

Signifi cance was determined by Two-way ANOVA  with  multiple comparisons to 
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uninfe cted B cell samples. * p < 0.05, ** p < 0.01, *** p < 0.0001. E) Cell counts for early-

infected B cells that had been sorted on day 7 post infection based on CD38 surface 

expression. F) Transformati on outgrowth  assay of early -infected B cells as unsorted bulk 

(grey), sorted CD38mid  (dark grey), and sorted CD38hi (blue) plated in limiting ser ial 

dilution. Results are from one experiment with populations f rom a matched donor. 

Dotted line represents 62.5% positive well s, which, based on a Poisson's distributio n, 

indicates outgrowth fro m the cell number per well  in the x axis. 

 

5.2.2 The majority of the CD38hi plasmablast population is IgD- 
memory B cells 

To determine if  di fferentiation into CD38 mid  or CD38hi was predisposed by naïve 

or memory B cell identities, early infected B cells were stained for IgD, a surface marker 

that stains positively for naïve B cells. As a control, uninf ected B cells stimulated to 

proliferate and differentiate by CpG were also used. The CD38mid  EBV-infected 

population consisted mostl y of IgD+ naïve B cells (80.2%) while IgD- memory B cells 

made up 18.8% (Figure 22A). For both EBV-infected and CpG-stimulat ed conditions, the 

CD38hi population consisted pre dominantly of IgD- memory B cells. This findin g was 

not surprising, since memory  B cells have lower expression of cell cycle inhibitors 

compared to naïve B cells and thus proliferated further (Wagner et al. 1998). However, 

in addition to proliferation, t his also suggested that memory B cells were more primed 

for plasmablast differentia tion.  

Since plasma cell diff erentiation is driven by transcriptio n factors and chromatin 

regulation, I performed ATAC -seq on uninfected naïve and memory B cell subsets to 

determine differences in chromatin accessibility.  Naïve and memory B cells had very 

similar chromatin landscapes and clustered together away from plasma cell and GC B 
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cell populations (Figure 22B). Regions that were significantly mo re open in memory B 

cells than in naïve B cells were analyzed by MEME-ChIP to ident ify  binding site motif s. 

This analysis revealed that open chromatin in memory B cells were significantly 

enriched in motifs corresponding to Oct2 (POU2F2) and Blimp1 (PRDM1) (Figure 22C). 

Oct2 is a transcriptional acti vator that promotes differentiation into antibody -secreting 

cell s (Hodson et al. 2016), and Blimp 1 is the master regulator of plasma cell 

dif ferentiation  (Lin et al. 2002). Thus, the chromatin of memory B cells is primed for 

proliferati on and plasmablast differ entiation .   

 

 
























































































