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Abstract 

 

Characterizing co-infection of primary B cells with Kaposi’s sarcoma-

associated herpesvirus and Epstein-Barr virus:  

establishing an in vitro model of the development of Primary Effusion 

Lymphoma 

 

Aurélia Faure 

Under the supervision of Professor Bill Sugden 

at the University of Wisconsin-Madison 

 

Primary Effusion Lymphoma (PEL) is a highly aggressive form of non-Hodgkin's 

lymphoma found primarily in HIV-infected patients. PELs are causally associated with 

Kaposi's sarcoma-associated herpesvirus (KSHV) and 90% of PELs are co-infected with 

Epstein-Barr virus (EBV). KSHV is thought to be the genetic driver of PEL: KSHV is 

maintained in 100% of PEL cells in vivo and in vitro and several KSHV genes were found 

to be essential for the survival or proliferation of these cells. However, understanding how 

PELs develop has been impaired by the difficulty of infecting B cells with KSHV in vitro, 

and the inability of KSHV to transform them. The role of EBV in PEL has been unclear. 

We reasoned that because EBV is also found in the majority of examined PELs, it would 

be providing these cells one or more selective advantages. 

In this dissertation, I established a protocol to produce KSHV virus efficiently and 

reproducibly. I then describe extensive, quantitative experiments in which I define a role 

for EBV in supporting co-infection of primary B cells by KSHV. I show that optimal infection 
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of peripheral B cells by KSHV requires co-infection by EBV within 24 hours. I found that 

EBV plays a dual role in KSHV infection: early events of EBV infection promote infection 

by KSHV while later events inhibit this co-infection. My experiments also underline the 

role of B cell activation in infection by KSHV and suggest that EBV promotes infection of 

peripheral B cells by KSHV in part by providing activation of these cells. 

I then demonstrate for the first time that dually infected B cells are stably 

transformed in vitro and maintain both viruses for months in culture. These cells are clonal 

and express lambda light chain mRNA similar to PEL cells. I show that dually infected 

cells vary in their proliferative capacities and exhibit distinct, transformed properties. 

Transformed cells that grow to predominate in a culture express increased levels of most 

KSHV genes, including those encoded by the latency locus, and differentially express a 

subset of cellular genes as do bona fide PEL cells. These dually infected peripheral B 

cells are thus both stably transformed and allow a mechanistic analysis of the viral and 

cellular genes that mediate early events in the progression towards PEL. 
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CHAPTER I.  
 
 
Background and Introduction 
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Primary Effusion Lymphoma (PEL) is a highly aggressive form of non-Hodgkin's 

lymphoma found primarily in HIV-infected patients (1). PEL presents as lymphomatous 

effusions that grow mainly in the body cavities. The prognosis for patients is poor, with a 

median survival of about 6 months post-diagnosis (1, 2). PELs often exhibit clonal 

immunoglobulin gene rearrangements and therefore are thought to be a clonal expansion 

of B cells (1, 3–5). PELs have been distinguished from other body-cavity based lymphomas 

by their association with Kaposi's sarcoma-associated herpesvirus (KSHV) and the lack of 

c-myc gene rearrangements (1). PEL cells express CD45 and activation-associated antigens 

such as CD30 and CD38, but often lack B cell-associated antigens such as CD19, CD20 and 

the B-cell receptor (BCR) (1, 3, 6). The molecular characteristics of different cases of PEL 

are summarized in Table I.1. 

B cells express the heavy and light chain immunoglobulin at their surface to form 

the B-cell receptor (BCR). The BCR mediates a basal signaling that is required for survival 

of B cells (7, 8). Why the expression of immunoglobulins can often not be detected at the 

surface of PEL cells is not clear. Most PEL cells have rearranged heavy and light chain 

immunoglobulin (1, 3–5). One study suggested that lambda light chain genes are often 

productively rearranged in PEL (4). In addition, PELs were found to express heavy chain 

genes at the RNA level and studies suggested that the expressed heavy chain is 

functional (3). Furthermore, PELs are thought to arise at a late stage of B cell maturation 

(1, 3, 4). They express antigens associated with the late stages of B cell differentiation or 

activation (1). In a study of seven different PELs (3), most of them were of germinal or 

postgerminal center origin as evidenced by highly mutated immunoglobulin heavy chain 

variable region (VH) genes suggesting that they were selected by antigen and are mature 

B cells. Only one PEL was of pregerminal center origin. The six PELs with highly mutated 
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VH genes were also infected with Epstein-Barr virus (EBV) (see below) and the only 

unmutated PEL was EBV-negative. Another study found evidence of antigen selection in 

five out of seven cases of PELs (4).  

Most PELs are dually infected with EBV and KSHV (see below). Although not 

highly expressed in latent PEL, several viral proteins could modulate the expression of 

the BCR at the cell surface of PEL cells such as EBV's latent membrane protein 2A 

(LMP2A) and the proteins K1 and K15 of KSHV. K1 and K15 are weakly expressed during 

latency in PEL but their expression increases during lytic viral replication (9, 10). These 

three proteins were shown to both downregulate and replace the function of the BCR. 

The protein K1 of KSHV downregulates expression of the BCR by blocking its intracellular 

transport to the cell surface (11). LMP2A and the protein K15 share similarities in protein 

structure and both were shown to inhibit BCR signaling (10, 12–14). LMP2A and the 

proteins K1 and K15, when inserted into the EBV genome, can act as a functional analog 

of the BCR and mediate survival of immunoglobulin-negative B cells (15–17). 

 

PELs are dually infected with two human tumor viruses.  

PELs are causally associated with Kaposi's sarcoma-associated herpesvirus 

(KSHV), and 90% of them are also co-infected with Epstein-Barr virus (EBV) (1, 2, 5, 6, 

18, 19). EBV and KSHV (also known as human herpesviruses 4 and 8 (HHV-4 and HHV-

8)) are two related oncogenic human ɣ-herpesviruses. EBV infects greater than 90% of 

the world's population whereas KSHV's pattern of infection is variable with the highest 

seroprevalence found in Sub-Saharan Africa (Figure I.1). Primary infection with EBV is 

usually asymptomatic but can cause mononucleosis (20). Primary infection with KSHV is 
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not well characterized in part due to its lower rate of infection. In some cases, infection by 

either virus contributes to the development of cancers. EBV causes multiple cancers 

including Burkitt's lymphomas, Hodgkin's lymphomas and gastric and nasopharyngeal 

carcinomas (21). KSHV has been causally associated with Kaposi's sarcoma (KS) (22) 

and Multicentric Castleman's Disease (MCD), a non-malignant lymphoproliferative 

disorder (23). Both viruses can persist latently in host cells, expressing a limited set of 

viral genes while maintaining their genomes as extrachromosomal plasmids. The 

maintenance of KSHV and EBV genomes as plasmids in PELs indicates that both viruses 

contribute to tumor phenotypes: these viral genomes are lost from proliferating cells if 

they do not provide their host cells some selective advantages (24–26). PEL, therefore, 

is a unique tumor: it is the only human tumor to be known to depend on two oncogenic 

viruses. 

 

KSHV is thought to be the genetic driver for PEL. 

The KSHV genome is retained as a plasmid both in PEL cells in vivo and upon 

explantation in vitro. In addition, several KSHV genes have been shown to be essential 

for the survival or proliferation of these cells (27–29). KSHV has a double-stranded DNA 

genome of approximately 170 kb. These genomes are found in PEL at a high but variable 

copy number (between 40 to 200 genomes per cell). Most of the viral genes expressed 

in latency are localized in a 10 kb region of the genome called the latency locus. This 

locus encodes six protein products: LANA1, v-FLIP, v-cyclin, Kaposin A, B and C and a 

cluster of miRNAs (30–33) (Figure I.2). The latency-associated nuclear antigen 1 or 

LANA1 is encoded by ORF73 (34) and allows partitioning and maintenance of KSHV 
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genomes in latently infected cells (35–37). V-cyclin (ORF72) and the viral FLICE (FADD-

like interleukin-1-β-converting enzyme) inhibitory protein or v-FLIP (ORF71) are 

expressed from a bicistronic transcript, the latter by way of an internal ribosome entry site 

(IRES) overlapping the v-cyclin coding region (32, 38). The transcripts encompassing 

ORF K12 and the direct repeats DR1 and DR2 encode three different proteins 

synthesized by different translational initiation named Kaposin A, B and C (31). These 

transcripts have been found to be the most abundantly expressed in latency. The same 

genomic region also encodes 12 pre-miRNAs which are processed into 18 mature 

miRNAs expressed in latently infected cells (33, 39–42). Outside of the latency locus, one 

gene is expressed during KSHV latent cycle specifically in PEL, the latent-nuclear antigen 

2 (LANA2, ORF K10.5) also called viral interferon regulatory factor 3 (vIRF3) (43, 44). 

Finally, the viral homologue of IL-6 (vIL-6, ORF K2) is also expressed in latent PEL and 

its expression is further increased during lytic replication (45–47). KSHV vIL-6 is released 

by PEL cells and acts in an autocrine loop to drive proliferation of these cells (48, 49). 

PEL cells are thought to depend on this viral cytokine for proliferation and survival (48, 

49). 

Several latent KSHV genes were found to directly inhibit apoptosis in PEL cells. 

Among them, v-FLIP and LANA2 were found to inhibit apoptosis and to be required for 

survival of PEL cells. V-FLIP inhibits death receptor-mediated apoptosis by inhibiting 

caspase activation (50, 51). V-FLIP also activates NF-kB and depletion of v-FLIP with 

siRNA induces apoptosis of PEL cells (27). Interestingly, v-FLIP function is dependent on 

v-cyclin and vice versa. V-FLIP induced-NF-kB hyperactivation triggers G1 arrest and 

senescence which is inhibited by v-cyclin (52). V-cyclin is a homolog of cellular-D type 
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cyclins that promotes cell cycle progression (53), activates a DNA-damage-response and 

promotes autophagy and senescence (54, 55). Remarkably, v-FLIP blocks v-cyclin-

induced autophagy and senescence during latency (55). The interdependence of v-FLIP 

and v-cyclin functions might explain why they are expressed from the same transcript. 

LANA2 is another known KSHV anti-apoptotic gene expressed in latency. LANA2 

interacts with p53 and inhibits p53-mediated apoptosis (44, 56). Furthermore, partial 

knock-down of LANA2 expression with siRNA reduces proliferation of PEL cells and is 

associated with an increase in caspase-3/7 activity (28). 

LANA1 and KSHV miR-K10a have also been shown to inhibit apoptosis (57–59). 

However, whether LANA1's antiapoptotic role is contributing directly to PEL is uncertain. 

Inhibition of LANA1 expression with shRNA in PEL cells leads to a gradual decrease of 

KSHV genomes, growth inhibition or apoptosis depending on PEL cell lines (29). It is 

possible that the latter observation resulted from the loss of other viral genes due to the 

loss of KSHV genomes. Similarly, there is no evidence that KSHV miRNAs are essential 

for PEL survival. 

The known KSHV viral genes expressed in latently infected PELs and their 

potential role in inhibition of PEL cell death is summarized in Table I.2. 

 

The role of EBV in PEL is unclear. 

Like KSHV, EBV has a double-stranded DNA genome of approximately 170 kb. 

EBV is present in 90% of PELs at a variable copy number (between 2 and 10 genomes 

per cell). Between 6% and 45% of the cells lose EBV in vitro depending on the PEL cell 

lines. EBV expresses few viral genes in PEL and at lower levels than in lymphoblastoid 
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cell lines (LCL) and Burkitt's lymphoma cell lines (60, 61). EBV-positive PELs only 

express the Epstein-Barr nuclear antigen 1 (EBNA1), EBV's BART miRNAs and the 

Epstein-Barr virus encoded small RNAs (EBERs) (62). EBV's BART miRNAs were shown 

to inhibit apoptosis in Burkitt's lymphoma cell lines by inhibiting expression of caspase 3 

(63). However, there is no evidence that EBV's miRNAs are required for PEL survival. 

Similar to KSHV's LANA1, EBNA1 allows partitioning and maintenance of EBV genomes 

and regulates cellular and viral gene expression ( (64) and Westhoff Smith D. et al., 

unpublished). The expression level of EBNA1 was found to be atypically low in PEL 

compared to Burkitt's lymphoma cell lines (60). This low level may be due to KSHV's 

LANA1 negatively regulating EBNA1 expression (65). Forcing the loss of EBV genomes 

from PEL cells by inhibiting EBNA1 with its dominant negative derivative inhibits PEL cell 

growth at limiting dilution (60). It should be noted that inhibiting EBNA1 with its dominant 

negative derivative or using a small molecule, Netropsin, to inhibit EBNA1’s binding to 

AT-rich DNA does not impair cell growth in bulk culture (66, 67). A recent study found that 

forcing the loss of EBV genomes from PEL cells by targeting EBNA1 with CRISPR/Cas9 

gRNAs inhibits the maintenance of their KSHV genomes (68). 

Therefore, because EBV is found as a plasmid in most PELs, EBV provides 

selective advantages to PEL cells, but what these advantages are is not well understood. 

KSHV encodes both anti-apoptotic and growth promoting genes that are sufficient for 

tumor survival in other malignancies associated with this virus. In addition, KSHV is 

maintained in 100% of PEL cells in vivo and in vitro and studies have demonstrated the 

dependence of these cells on KSHV to survive and proliferate (27–29). EBV’s role in PEL 

is not as clear. EBV seems to play a role in supporting proliferation of PEL cells based on 



8 
 

the findings that forcing its loss from PEL cells inhibits their proliferation at limiting dilution 

and the maintenance of their KSHV genomes (60, 68). It should be noted that PEL cells 

could have evolved both in vivo and in cell culture to be less dependent on EBV. Different 

EBV-induced lymphomas, such as Burkitt’s lymphoma and posttransplant 

lymphoproliferative disorder, have been found to differ in their dependence on EBV, and 

it has been proposed that these tumors evolve to be less dependent on the virus (24, 25). 

 

KSHV does not transform B cells in vitro: we lack a model to understand the 

development of PEL. 

We formerly lacked a model which allows complete characterization in vitro of the 

early steps of development of PEL: B cells have been notoriously difficult to infect with 

KSHV in vitro and when they can be infected, KSHV has not been found to transform 

them. The difficulty to infect B cells with KSHV in vitro was unexpected given its detection 

in B-cell fractions in vivo. Even though KSHV causes Kaposi’s Sarcoma (KS) where it 

infects endothelial cells (22, 69–71), KSHV viral DNA has been detected in populations 

of circulating B cells in vivo in both healthy individuals and KS patients (72–74). In addition 

to PEL, KSHV has also been associated with Multicentric Castleman's Disease (MCD), a 

non-malignant lymphoproliferative disorder (23). While cells of endothelial and fibroblast 

origin can be efficiently infected with KSHV in vitro, attempts to infect lymphoblastic cell 

lines including B and T cell lines have been unsuccessful (75–78). In these studies, 

neither EBV-negative nor EBV-positive B cell lines could be infected. Several studies 

have found that primary CD19+ B cells isolated from peripheral blood and umbilical cord 

blood mononuclear cells are susceptible to KSHV infection (76, 78, 79). However, KSHV 
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did not lead to transformation of these cells and infection could only be detected by DNA 

PCR or RT-PCR shortly after infection. Recently, several groups have reported more 

robust infection of primary B cells isolated from tonsils with 0.5% to 10% of tonsillar B 

cells being infected with KSHV (80–84). In this instance, KSHV infection could only be 

studied in these cells for short periods of time because of KSHV’s apparent inability to 

transform them (81, 83, 84). 

 

Searching for a role of EBV in PEL: establishing an in vitro model of the 

development of PEL. 

Therefore, the conditions necessary for KSHV to infect B cells that lead to PEL 

remain unclear. We reasoned that because EBV is also found as a plasmid in the majority 

of examined PELs, it would be providing these cells one or more selective advantages. 

Contrary to KSHV, EBV can infect and transform peripheral B cells in vitro and induce 

their long-term proliferation (85, 86). One study has reported detection of KSHV DNA by 

PCR in newly-transformed B cells following exposure to both viruses, suggesting that 

cells can be dually infected in vitro (78). In addition, a recent study found that KSHV was 

detected more often in the spleen and blood of NSG mice reconstituted with human 

CD34-positive cells when these mice were infected with KSHV and EBV compared to 

KSHV alone (87). In this dissertation, I describe extensive, quantitative experiments in 

which I define a role for EBV in supporting co-infection by KSHV. We show that EBV 

promotes infection of peripheral B cells with KSHV, and that this efficiency of infection is 

optimal within 24 hours of EBV infection. We characterized the dually infected, 

proliferating B cells: they were transformed, maintaining both KSHV and EBV for months 
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in culture. The dually infected cells were clonal and expressed lambda light chain mRNA 

similar to PEL cells. Some transformed cells grew more slowly than cells infected only 

with EBV and were often overgrown whereas others grew to dominate the culture. These 

latter cells showed increased expression of most KSHV genes, including those encoded 

by the latency locus and KSHV vIL-6 gene, regulated the expression of some cellular 

genes as do PEL cells, and thus shared multiple properties with PEL cells. This in vitro 

transformation of peripheral B cells by KSHV and EBV, for the first time, allows a 

mechanistic analysis of the viral and cellular genes that mediate early events in the 

progression towards PEL. 

  



11 
 

The molecular characteristics of 22 cases of PEL are summarized. The data are 

derived from analysis of 26 lymphomatous effusions comprising 22 cases of PEL and 4 

cases of other malignant lymphomas occurring in the body cavities (1, 3). When the exact 

number of PEL cases could not be determined, the number is preceded by ≤. 

  

Table I.1: Immunophenotypic analysis of 22 cases of PEL. 
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Table I.1 

 

  

Antigens Expressed  Not expressed  ND* 

CD45 21 1 0 
B cell-associated antigens       

CD19 0 ≤ 20 ≤ 6 
CD20 ≤ 1 ≤ 21 0 
CD22 ≤ 2 ≤ 18 ≤ 6 
Surface Immunoglobulin ≤ 4 ≤ 16 ≤ 6 

T cell-associated antigens       
CD3 0 ≤ 22 ≤ 3 
CD5 0 ≤ 20 ≤ 6 

Activation-associated antigens       
HLA-DR ≤ 11 ≤ 7 ≤ 8 
Epithelial membrane antigen ≤ 7 ≤ 6 ≤ 13 
CD30 ≤ 12 ≤ 7 ≤ 7 
CD38 ≤ 9 ≤ 1 ≤ 16 
CD71 ≤ 8 0 ≤ 18 

* ND: Not determined. 
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Map showing KSHV seroprevalence rates (adapted from (88)). Data were 

summarized in (89) and were obtained from healthy, HIV-negative individuals (usually 

blood donors).  

Figure I.1: Seroprevalence of KSHV. 
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Figure I.1 

 

 

  



15 
 

Organization of the known open reading frames (ORFs), pre-miRNAs and mRNA 

transcripts within the latency locus of KSHV. ORFs are shown in brown and repeat 

regions in pink. The positions of KSHV pre-miRNAs are shown by black arrowheads (33, 

39, 41, 42). Promoters active in latently infected cells (LTd and LTc) are indicated by black 

arrows. Several KSHV mRNAs known to be expressed in latency from the LTd and LTc 

promoters are indicated (30–32, 90–92). This figure was adapter from (40, 93). DR1 and 

DR2: direct repeats 1 and 2; LIR: long interspersed repeats. 

  

Figure I.2: Structure of the KSHV latency locus. 
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Figure I.2 
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Table I.2: KSHV anti-apoptotic genes expressed in latently infected PEL cells. 

Summary of KSHV known anti-apoptotic genes expressed in latently infected PEL 

cells and their potential role in inhibiting cell death by the activation (   ) or inhibition (   ) 

of cellular targets. 
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Table I.2 

 

Gene  Putative Targets Functional consequences References

v-FLIP 

 

Procaspase 8 
Inhibits death receptor-mediated 

apoptosis 
 (50, 51) 

 

IKK/NF-κB 

Induces expression of cellular NF-
κB-dependent anti-apoptotic genes 

 (27) 

 

Induces G1 arrest and senescence 
in absence of v-cyclin

 (52) 

LANA2 
(vIRF3) 

p53 Inhibits p53-mediated apoptosis  (44, 56) 

LANA1 
p73 Inhibits p73-mediated apoptosis  (57) 
p53 Inhibits p53-mediated apoptosis  (58) 

miR-K10a   
Tumor necrosis 
factor-like weak 

inducer of apoptosis 
receptor (TWEAKR)

Decreases TWEAK-induced 
caspase activation 

 (59) 
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CHAPTER II.  
 
 
Materials and Methods 
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Isolation of peripheral B cells. 

Peripheral blood B lymphocytes were purified from whole blood collected from 

healthy donors and buffy coats obtained from Interstate Blood Bank Inc. (Memphis, TN). 

Study protocols were approved by the University of Wisconsin-Madison Health Sciences 

Minimal Risk Institutional Review Board. Informed consent was obtained from all donors. 

Peripheral blood mononuclear cells (PBMCs) were isolated from EDTA-treated blood by 

Ficoll-Paque (GE Healthcare Life Sciences) density gradient separation. Ten different 

donors were used and each condition for which n ≥ 3 was tested in 3 to 4 different donors. 

Peripheral CD19+ B cells were purified from PBMCs by negative selection according to 

the instructions of the manufacturer (B Cell Isolation Kit II, Human, Miltenyi Biotec). The 

isolation yielded > 90% CD19-positive B cells as determined by staining with anti-CD19 

monoclonal antibody and flow cytometry analysis.  

 

Cell culture. 

293 (94) and Daudi (95) cell lines were used for titration of KSHV and the 

recombinant 2089 strain of EBV respectively. LL8 CD40 ligand feeder cells (96, 97) were 

used for in vitro activation of peripheral B cells. 293 cells and LL8 CD40 ligand feeder 

cells were grown in DMEM supplemented with 10% Fetal Bovine Serum (FBS). Daudi 

cells, peripheral B cells and the BC-1 PEL cell line (6) were cultured in RPMI 

supplemented with 10% FBS. Antibiotics (200 U/ml penicillin and 200 µg/ml streptomycin) 

were added to all cell lines and primary cultures. All cells were incubated in 5% CO2 at 

37°C. All cells used in this dissertation were routinely tested for mycoplasma 

contamination using the primers described by van Kuppeveld et al. (98).  
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Antibodies. 

Anti-CD19 antibody clone LT19 conjugated to APC or VioBlue was purchased from 

Miltenyi Biotec. Two anti-DC-SIGN antibodies and their respective isotype controls were 

used: anti-human DC-SIGN/CD209 clone 120507 and mouse IgG2B isotype control 

conjugated to APC (R&D Systems) and anti-human DC-SIGN/CD209 clone DCN46 and 

mouse IgG2b, κ isotype control conjugated to V450 (BD Biosciences). The anti-gpK8.1A 

4A4 antibody (hybridoma culture supernatant) was a kind gift from Dr. Bala Chandran. 

 

KSHV and EBV virus stocks preparation. 

iSLK cells (75) carrying the recombinant wild-type KSHV BAC16 (99) or the mutant 

KSHV BAC16RTAStop (100) (iSLKBAC16 and iSLKBAC16RTAstop cells were kindly 

provided by Dr. Jae U. Jung) were grown in DMEM supplemented with 10% FBS, 250 

µg/ml G418, 1 µg/ml puromycin and 1,200 µg/ml hygromycin. One clone of iSLKBAC16 

cells (clone 5) was isolated (see CHAPTER III) and used in CHAPTER IV and CHAPTER 

V to produce KSHV BAC16 virus. iSLKBAC16 clone 5 and iSLKBAC16RTAstop cells 

were induced with 1 µg/ml doxycycline and 1 mM valproic acid in the absence of G418, 

puromycin, and hygromycin. The supernatant was harvested at day 4 and 8 and cleared 

of cells and debris by multiple rounds of centrifugation (500 g for 10 mins followed by 

3,000 g for 10 mins). B95-8 cells (101) were grown in RPMI supplemented with 10% FBS 

and were induced when they reached 7x10^5 cells/ml with 20 ng/ml TPA and 3.5 mM 

sodium butyrate. The supernatant was collected at day 5 and cells and debris were 

removed by centrifugation at 500 g for 10 mins and filtration with a 0.8 µm low-protein 
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binding filter. 293 cells carrying the recombinant EBV genome 2089 (102) were grown in 

DMEM supplemented with 10% FBS. To induce viral production, cells were transfected 

in 15 cm plates when they were ~50-60% confluent with vectors expressing BZLF1 and 

BARF4 (10 µg of each vector) using Lipofectamine 2000 (Invitrogen). Following 

transfection, the medium was changed to DMEM with 10% FBS and the supernatant was 

harvested 5 days later. Alternatively, 293 cells carrying 2089 and expressing BZLF1 fused 

to the estrogen receptor ligand-binding domain were cultured in DMEM supplemented 

with 10% FBS, 1 µg/ml puromycin and 200 µg/ml hygromycin. Virus production was 

induced with 200 nM tamoxifen, the medium was removed 24 hours later and changed to 

DMEM with 10% FBS. The supernatant was collected 2 and 4 days later. Supernatants 

containing 2089 virus were cleared of cells and debris by multiple rounds of centrifugation 

(500 g for 10 mins followed by 3,000 g for 10 mins). All viruses were maintained at a pH 

of 7.2 by addition of HEPES when necessary. KSHV and EBV viral supernatants were 

concentrated 100-fold by centrifugation at 48,000 g for 2 hours and viral pellets were 

resuspended at 4°C overnight in RPMI supplemented with 10% FBS and 50 mM HEPES. 

Separate aliquots were kept at -80°C and thawed immediately before use; another round 

of centrifugation at 950 g for 10 mins was performed before use for KSHV and 2089 viral 

preparations to remove any remaining debris. 

 

Titration of virus stocks by real-time PCR and infectivity assays. 

The number of KSHV and EBV physical particles in viral stocks was measured by 

real-time PCR. Viral stocks were treated with DNAse I (Roche) and proteinase K (Roche) 

before viral DNA extraction by Phenol/Chloroform. An aliquot of 4 µl of isolated viral DNA 
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was analyzed by real-time PCR as previously described (25). Briefly, reactions were 

performed in a 384-well plate in a final volume of 20 µl with 0.5 µM of both the forward 

and reverse primer, 0.2 µM of the probe, Rox reference dye (Invitrogen), and AmpliTaq 

Gold 360 Master Mix (Applied Biosystems). Primers and probes used to measure the 

number of molecules of BALF5 (EBV) and LANA1 (KSHV) are listed in Table II.1. The 

reactions were incubated at 50°C for 2 minutes, then at 95°C for 10 minutes followed by 

40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Data were collected on a 7900HT 

real-time instrument (Applied Biosystems) and analyzed using SDS Version 2.4 software. 

The number of viral particles was determined by creating a standard curve using 

linearized plasmids containing the DNA sequence of either BALF5 or LANA1. 

For KSHV and 2089 viral stocks, the number of infectious particles was determined 

on 293 and Daudi cells respectively (for more details on the titration of KSHV viral stocks, 

see CHAPTER III). Briefly, 293 or Daudi cells were incubated with serially diluted virus 

for 1 hour at 4°C. Following incubation, additional medium (DMEM or RPMI with 10% 

FBS and 50 mM HEPES) was added and cells and virus were incubated for an additional 

72 hours at 37°C. The number of GFP-positive cells was determined by fluorescence 

microscopy. The number of infectious viral particles was calculated by multiplying the 

percentage of GFP-positive cells by the total number of cells at the time of infection. For 

B95-8 viral stocks, a multiplicity of infection (MOI) of 1 was determined by the amount of 

virus needed for ~60% of peripheral B cells to become blasts in 72 hours. For all viral 

stocks used in CHAPTER IV and CHAPTER V, approximately one in 100 to one in 200 

physical particles was infectious. 
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PCR to identify wild-type and mutant KSHV BAC16 strains. 

DNA was isolated from mutant and wild-type KSHV BAC16 viral particles as 

described above. A fragment of 476 bp spanning the mutation in ORF50 was amplified 

by PCR with the GoTaq Flexi DNA Polymerase at the following conditions: denaturation 

at 95ºC for 1 minute, annealing at 60ºC for 1 minute and extension at 72ºC for 1 minute 

for 35 cycles using the primers listed in Table II.1. The PCR product was purified using 

the QIAquick PCR Purification Kit (Qiagen) and digested with the NheI restriction enzyme 

for 2 hours at 37ºC. 

 

Infection and in vitro activation of peripheral B cells. 

In each experiment, 1.5x10^5 to 2x10^6 B cells were used per condition. In all 

experiments, a fraction of the cells was left uninfected as a negative control and no cell 

growth or GFP expression was observed. During incubation with viruses, 50 mM HEPES 

was added to the culture medium of peripheral B cells. For exposure to KSHV, the 

recombinant wild-type or mutant KSHV BAC16 virus was added to B cells at MOI 2 to 3 

and cells and virus were centrifugated at 950 g for 90 mins at room temperature (103). 

Following spinoculation, cells were washed to remove unbound viruses and resuspended 

in their culture medium. For experiments in which a neutralizing antibody was used, B 

cells were exposed to KSHV BAC16 at MOI 2 as previously described. Cells were washed 

to remove excess, unbound virus and treated 24 hours later with anti-gpK8.1A 4A4 for 

two hours at 37°C. Cells were then washed and infected with EBV. For exposure to EBV, 

B cells were exposed to B95-8 virus at MOI 1 to 2 or 2089 at MOI 3 for 1 hour at 4°C, 

washed and resuspended in their culture medium. Infection with 2089 virus was only used 
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as a positive control for flow cytometry analysis. For experiments of in vitro activation of 

B cells, B cells were plated on top of irradiated or mitomycin C-treated LL8 CD40 ligand 

feeder cells and grown in RPMI supplemented with 10% FBS, 100 nM sodium selenite 

and 2 ng/ml IL-4 (R&D Systems, Recombinant Human IL-4). For mitomycin C treatment, 

feeder cells were treated with 4 µg/ml mitomycin C for 2 hours at 37°C. 

 

Flow cytometry. 

Peripheral B cells were stained with the Ghost Dye Red 780 viability dye and anti-

CD19 monoclonal antibody conjugated to APC according to the manufacturers’ protocols 

(TONBO Biosciences and Miltenyi Biotec respectively). For measuring DC-SIGN 

expression, cells were stained with the Ghost Dye Red 780 viability dye, anti-CD19 

monoclonal antibody conjugated to APC or VioBlue and anti-DC-SIGN monoclonal 

antibody clone DCN46 conjugated to V450 or clone 120507 conjugated to APC and their 

respective isotype controls. For all staining procedures, the buffer used contained 1X PBS 

pH 7.2, 0.5% bovine serum albumin (BSA) and 2 mM EDTA. While staining with 

antibodies, 100 µg/ml mouse IgG (Jackson ImmunoResearch) was added to block non-

specific binding. Appropriate compensation and Fluorescence Minus One (FMO) controls 

were used. Infection with KSHV was determined by GFP expression. For gating of GFP-

positive cells, peripheral B cells were infected with the B95-8 strain of EBV as a negative 

control and the recombinant 2089 strain of EBV as a positive control. At least 10,000 cells 

were analyzed per condition on a BD LSR Fortessa cytometer and data analysis was 

performed using FLowJo software. For sorting of GFP-positive cells, cells were sorted on 

a BD FACSAria II BSL-2 cell sorter. 
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Cell cycle analysis. 

EBV- and/or KSHV-infected peripheral B cells were fixed in 95% ethanol on ice 

and treated with 100 μg/mL RNAse A (Roche) in PBS. Cells were then stained with 60 

μg/mL propidium iodide in PBS overnight at 4°C. At least 10,000 cells were analyzed per 

condition on a BD FACSCalibur cytometer equipped with 488-nm and 633-nm lasers. 

Data analysis was performed using ModFit LT, Version 5.0. 

 

Growth curves and quantification of the number of GFP-positive cells in 

populations of infected B cells by fluorescence microscopy. 

Peripheral B cells were stained with trypan blue and the number of live cells was 

measured with a hematocytometer at different time points following infection or sorting. 

Cells were passaged as needed and the dilution factor was monitored to calculate the 

number of doublings. When the number of GFP-positive cells was quantified, GFP-

positive cells were counted at the same time points using fluorescence microscopy.  

 

Quantification of the number of EBV and KSHV genomes per cell in infected B cells 

by real-time PCR. 

Infected peripheral B cells were harvested in Trizol or Trizol LS (Invitrogen). DNA 

was isolated from lysed cells following the protocol from Invitrogen. Briefly, chloroform 

was added to the samples and following centrifugation, the aqueous phase was 

discarded. A back extraction buffer containing 4 M guanidine thiocyanate, 50 mM sodium 

citrate and 1 M Tris (free base) was added to the interphase-organic phase mixture. After 
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homogenization and centrifugation, the aqueous phase was isolated, 10 µg of acrylamide 

carrier was added, and the DNA was precipitated by adding isopropanol. The DNA pellet 

was washed with 70% ethanol and resuspended in TE. For each sample, approximately 

100 ng of purified total DNA was analyzed by real-time PCR as described above. The 

number of viral DNA copies per cell was estimated by measuring the number of molecules 

of BALF5 (EBV), LANA1 (KSHV) and rhodopsin in each sample using the primers listed 

in Table II.1. Standard curves were created using linearized plasmids containing the DNA 

sequence of either BALF5, LANA1 or rhodopsin. 

 

Fluorescence in situ hybridization. 

Cells were fixed and hybridized with probes as previously described (26, 104). In 

brief, cells were treated with 0.075 M KCl for 20 min at 37°C, fixed in methanol:acetic acid 

at a 3:1 ratio for 30 min at room temperature, and spread on cold slides. Slides were dried 

and prehybridized in a buffer with 2 x SSC and 0.5% (vol/vol) Nonidet P-40 (Sigma-

Aldrich) for 30 min at 37°C, dehydrated in a cold ethanol series (70%, 80%, and 95%) for 

2 min each, air-dried at 50°C, denatured in a buffer with 70% formamide and 2 x SSC, 

pH 5.3, for 2 min at 72°C followed by dehydration with a cold ethanol series, and air-dried. 

The KSHV cosmid Z8 (105) was labeled with biotin-16-dUTP (Roche), and EBV p135.16 

was labeled with digoxigenin-11-2′-deoxy-uridine-5′-triphosphate (Roche) by nick 

translation as hybridization probes for detection of KSHV and EBV genomes in cells, 

respectively. 200 ng of the labeled probe was precipitated along with 6 µg Salmon Sperm 

DNA (Invitrogen) and 4 µg Human Cot-1 DNA (Invitrogen) and resuspended in CEP 

hybridization buffer (55% formamide, 1 x SSC, pH 7.0, and 10% dextran sulfate) followed 
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by denaturation at 70°C for 10 min. 45 ng of the probe was then hybridized with each 

sample at 37°C overnight in a moist chamber. The slides were washed twice in 2 x SSC 

containing 50% formamide for 30 min at 50°C and twice in 2 x SSC for 30 min at 50°C. 

The hybridized probe was detected by incubation with 10 µl of a detection solution 

containing a mouse monoclonal anti-digoxin–FITC conjugate (Sigma-Aldrich) and a 

streptavidin-Cy3 conjugate (Sigma-Aldrich) for 20 min at 37°C. The slides were washed 

twice in 4 x SSC containing 0.05% Triton X-100 for 5 min at room temperature and 

mounted in Vectashield mounting medium with DAPI (Vector Laboratories) for staining 

chromosomes. The percentage of KSHV-positive and EBV-positive cells as well as the 

number of plasmids per cell were determined by counting the number of signals in at least 

45 cells for each sample. FISH slides were imaged on an Axiovert 200M microscope and 

AxioVision software (Zeiss) was used for acquisition of the images. Images were digitally 

processed for presentation with Adobe Photoshop. 

 

RNA isolation for RNA-Sequencing. 

Dually infected B cells were harvested in Trizol or Trizol LS (Invitrogen). RNA was 

isolated using the Direct-zol RNA MiniPrep Kit (Zymo Research) and RNA quality was 

assessed using an Agilent 2100 Bioanalyzer. 

 

Library Preparation and High-Throughput Sequencing. 

Library preparation and sequencing was performed by the Oklahoma Medical 

Research Foundation Clinical Genomics Center (Oklahoma City, OK). The concentration 

of RNA was ascertained via fluorometric analysis on a Thermo Fisher Qubit fluorometer. 
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The overall quality of RNA was verified using an Agilent TapeStation instrument. 

Following initial quality control steps, sequencing libraries were generated using the 

Illumina Truseq Stranded mRNA library preparation kit according to the manufacturer’s 

protocol. The final libraries for each sample were assayed on the Agilent TapeStation for 

appropriate size and quantity. These libraries were then pooled in equimolar amounts 

based on Qubit estimates. Final pools were quantified using qPCR on a Roche 

LightCycler 480 instrument with Kapa Biosystems Illumina Library Quantification 

reagents. Sequencing was performed on an Illumina NovaSeq 6000 instrument using XP 

clustering chemistry with paired-end 150 bp reads. RNA-Seq data were deposited in SRA 

(PRJNA544266). 

 

RNA-Seq analysis. 

Reads were mapped to the NCI Genomic Data Commons (GDC) reference 

genome with STAR_2.5.1b (106). Parameters for first and second pass mapping were 

selected from the GDC Harmonized mRNA Analysis Pipeline. First pass mapping used 

the GDC.h38.d1.vd1 STAR2 index. Second pass mapping was performed with an 

intermediate genome generated with the junctions of all samples. Reads mapping to 

cellular and viral genes were quantified with featureCounts v1.6.2 (107). The reverse 

strand mode was used consistent with the library preparation. For cellular genes, the 

GENCODE v22 GTF annotation was used. Viral gene counts were determined using a 

modification of the approach by Bruce et al. (108). Briefly, reads mapping to the unique 

coding sequence (UCDS) region of each KSHV gene were summed (UCDS regions were 

obtained from Bruce et al. (108)). For nested transcripts, an estimated count of the 
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overlapping portion of the larger transcript B was subtracted from the raw count of the 

UCDS region of the smaller transcript A using the formula: Counts(UCDSA) = 

RawCounts(UCDSA) - [RawCounts(UCDSB) x (Length(UCDSA) / Length(UCDSB))]. A 

similar approach was applied to EBV. UCDS regions were demarcated using the NCBI 

reference NC_007605.1 and regions identified by Dr. Eric Johannsen (Table II.2). Where 

possible, non-overlapping regions were identified and separated by at least 152 bp. When 

transcript structure prohibited this approach, nested transcripts were identified and 

quantified as described above (Figure II.1). Following this approach, only 0.7% to 3.1% 

of viral reads were unassigned to a specific transcript by featureCounts. For differential 

expression analysis, data normalization, model fitting, and fold-change calculations were 

performed in R (3.5.1) with DESeq2 version 1.22.1 (109). Genes with fewer than 10 reads 

across all samples were omitted from the analysis. Fold-change shrinkage was applied 

using the apeglm method (110). In heatmaps, the coloring is the columnwise z-scores of 

the variance-stabilizing transformation. The normalized expression in the coverage plots 

of RNA-seq reads was plotted using deepTools factoring in the total number of mapped 

reads (in millions) for each group of samples (7 samples of KSHV+/EBV+ fast cells and 

5 samples of KSHV+/EBV+ slow cells). Gene Set Enrichment Analysis (GSEA) was 

performed with GSEA v3.0 (111, 112) with gene sets obtained from Klein et al. (genes 

downregulated or upregulated in PEL) (113) and MSigDB hallmark gene sets (database 

v6.2) (114). Gene expression from the DESeq2 comparison of the KSHV+/EBV+ fast cells 

vs the KSHV+/EBV+ slow cells was ranked with ranking metric -log(p-value)*sign(Log 

Fold Change) using GSEA PreRanked. Immunoglobulin clonotypes were determined 

using MiXCR v2.1.11 (115) with built-in V/D/J/C library: repseqio.v1.5. The recommended 
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pipeline for RNA-seq input was used. Clonotypes were determined using the IGH VDJ 

(CDR3) calls from MiXCR. The percentage of each immunoglobulin heavy and light chain 

in the different populations of cells was obtained from the MiXCR IGH and IGK/IGL results 

respectively. Publicly available datasets for KSHV-positive primary effusion lymphomas 

were obtained from SRA (PRJEB18662, PRJNA352335, PRJNA362820). 

 

Complementation assay. 

Each EBNA1-OriP plasmid, p3828, p174 or p3829, was electroporated into the 

BC-1 PEL cell line. BC-1 cells were then cultured in RPMI supplemented with 10% FBS 

and 1,200 µg/ml hygromycin. Total DNA was isolated after 9 months of culture using the 

DNeasy Blood and Tissue Kit (Qiagen). For each sample, 100 ng of purified total DNA 

was analyzed by real-time PCR as described above. The number of EBV genomes and 

plasmids copies per cell was estimated by measuring the number of molecules of BALF5, 

hygromycin and rhodopsin in each sample. Standard curves were created using 

linearized plasmids containing the DNA sequence of either BALF5, hygromycin or 

rhodopsin. The sequences of the primers used are listed in Table II.1. 

 

Statistics. 

The program Mstat, Version 6.3 or 6.4, was used for statistical analyses (N. 

Drinkwater, McArdle Laboratory for Cancer Research, School of Medicine and Public 

Health, University of Wisconsin) and is available for downloading 

(http://www.mcardle.wisc.edu/mstat). For analysis of flow cytometry data, at least three 

biological replicates were used for statistical analyses.  
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Table II.1: List of primers and probes used for real-time PCR and PCR. 

The sequences of the primers and probes used for real-time PCR for detection of 

EBV, KSHV, rhodopsin and hygromycin are indicated. The primers used for amplification

of the fragment in KSHV ORF50 (RTA) by PCR are also listed. 
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Table II.1 
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Table II.2: EBV unique coding sequences (UCDS). 

The unique coding sequence (UCDS) of each EBV gene is indicated. UCDS were 

derived from the EBV reference sequence NC_007605.1 and were designed to limit 

overlap between adjacent transcripts. UCDS were spaced at least 152 bp apart to limit 

overlap of a 150 bp read. To determine EBV gene counts, reads mapping to the UCDS 

region of each EBV gene were summed. For nested transcripts, an estimated count of 

the overlapping portion of the larger transcript B was subtracted from the raw count of the 

UCDS region of the smaller transcript A using the formula: Counts(UCDSA) = 

RawCounts(UCDSA) - [RawCounts(UCDSB) x (Length(UCDSA) / Length(UCDSB))]. 
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Table II.2 

UCDS  Start (bp)  End (bp)  Size (bp)  Strand  Subtract UCDS 

BNRF1  1834  5256  3423  +   

EBERS  6629  7128  500  +   

BCRF1  9675  10184  510  +   

EBNA2  36216;36529  36377;37488  1122  +   

BHLF1  39829  40269  441  ‐   

BHRF1  42088  42660  573  +   

BFLF2  43694  44632  939  ‐  BFLF1 
BFLF1  44784  46237  1454  ‐   

BFRF0.5  46236  46602  367  +   

BFRF1  46754  47519  766  +  BFRF0.5 
BFRF2  47671  49004  1334  +  BFRF1 
BFRF3  49293  49746  454  +  BFRF2 
BPLF1  49793  59079  9287  ‐   

BOLF1  59880  62951  3072  ‐   

BORF1  62950  63753  804  +   

BORF2  64119  66520  2402  +  BORF1 
BaRF1  66676  67517  842  +   

BMRF1  67669  68440  772  +  BaRF1 
BMRF2  68898  69900  1003  +  BMRF1 

SM/BMLF1  70458  71771  1314  ‐  BSLF1 
BSLF1  72039  74593  2555  ‐   

BSRF1  74636  75289  654  +   

BLLF3  75353  76186  834  ‐   

BLRF1  76259  76524  266  +   

BLRF2  76677  77122  446  +  BLRF1 
BLLF2  77282  77725  444  ‐  BLLF1 
BLLF1  78365  79865  1501  ‐   

EBNA3A  79955;80382  80293;82874  2832  +   

EBNA3B  83065;83500  83421;85943  2801  +   

EBNA3C  86096;86517  86442;89132  2963  +  EBNA3B 
BZLF2  89160  89828  669  ‐   

BZLF1  90367  90867  501  ‐  BRLF1 
BRLF1  91081  92637  1557  ‐   

BRRF1  92894  93823  930  +   

BRRF2  94014  95563  1550  +   

EBNA1  95715;96637  95928;97586  1164  +   

BKRF2  97738  97989  252  +   

BKRF3  98141  98761  621  +  BKRF2 
BKRF4  98914  99496  583  +  BKRF3 
BBLF4  99545  101971  2427  ‐   
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UCDS  Start (bp)  End (bp)  Size (bp)  Strand  Subtract UCDS 

BBRF1  101916  103584  1669  +   

BBRF2  103736  104493  758  +  BBRF1 
BBLF2/3  104496;105227  105098;106750 2127  ‐   

BBRF3  106849  108063  1215  +   

BBLF1  108472  108643  172  ‐  BGLF5 
BGLF5  108838  109964  1127  ‐  BGLF4 
BGLF4  110116  111056  941  ‐  BGLF3.5 
BGLF3.5  111328  111666  339  ‐  BGLF3 
BGLF3  111818  112651  834  ‐   

BGDRF1  112650;116927  113585;118060 2070  +   

BGLF2  113578  114540  963  ‐  BGLF‐1 
BGLF1  114692  116010  1319  ‐  BDLF4 
BDLF4  116195  116648  454  ‐  BDLF3.5 
BDLF3.5  116800  116945  146  ‐   

BDLF3  118077  118734  658  ‐  BDLF2 
BDLF2  118886  120087  1202  ‐  BDLF1 
BDLF1  120239  120943  705  ‐   

BcLF1  121095  125178  4084  ‐   

BcRF1  125177  127264  2088  +   

BTRF1  127430  128630  1201  +  BcRF1 
BXLF2  128992  130673  1682  ‐  BXLF1 
BXLF1  130826  132572  1747  ‐   

BXRF1  132571  132962  392  +   

BVRF1  133127  134836  1710  +  BXRF1 
BVLF1  134812  135627  816  ‐   

BVRF2  135638  136342  705  +   

BdRF1  136494  137452  959  +  BVRF2 
BILF2  137493  138236  744  ‐   

BILF1  151706  152641  936  ‐   

BALF5  153244  156215  2972  ‐   

BALF4  156367  158783  2417  ‐   

BALF3  158935  160474  1540  ‐   

BALF2  161002  164281  3280  ‐   

BALF1  164434  164945  512  ‐   

BARF1  165046  165708  663  +   

LMP2A  166103  166458  356  +   

BNLF2b  166543  166766  224  ‐  BNLF2a 
BNLF2a  166919  167028  110  ‐  LMP1 
LMP1  167705  168478  774  ‐   

LMP2B  169294  169448  155  +   
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Figure II.1: Schematic representation of the approach used to determine EBV and 

KSHV viral gene counts. 

The unique coding sequences (UCDS) were designed to limit overlap between 

adjacent transcripts. For EBV, UCDS were spaced at least 152 bp apart to limit overlap 

of a 150 bp read. 

(A) To determine viral gene counts, reads mapping to the UCDS region of each 

viral gene were summed. 

(B) For nested transcripts, an estimated count of the overlapping portion of the

larger transcript was subtracted from the raw count of the UCDS region of the smaller

transcript. 

The formulas used to determine viral gene counts in both (A) and (B) are indicated.

The black boxes with arrowheads represent the open reading frames (ORFs) of each

transcript and the direction of transcription. 
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Figure II.1 
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CHAPTER III.  
 
 
Optimizing KSHV mass production and infection 
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A note on the contributions to this chapter: 

 

Some of the KSHV viral stocks in this chapter were produced by an undergraduate 

student, Manjistha Ahooja, under my mentorship. Bill Sugden also helped produce some 

of the viral stocks and generated the clones of iSLKBAC16 cells. 
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INTRODUCTION 

In order to study the efficiency of infection of peripheral B cells with KSHV (see 

CHAPTER IV and CHAPTER V), we needed to establish a protocol to produce and titer 

KSHV virus efficiently and reproducibly. In this chapter, we tested and compared different 

protocols for the mass production and titer of KSHV virus. iSLKBAC16 cells (75, 99) were 

used to produce KSHV virus because these cells are carrying the recombinant wild-type 

KSHV BAC16 (99) that does not contain the duplication found in KSHV BAC36 (116). 

KSHV BAC16 is derived from the rKSHV.219 virus, isolated from the JSC-1 PEL cell line 

(99). We measured the number of KSHV physical particles obtained upon induction of 

iSLKBAC16 cells by real-time PCR and optimized the protocol described by Brulois et al. 

(99). We found that KSHV genome integrates with some frequency in iSLKBAC16 cells 

which led to a significant reduction in the production of KSHV virions when these cells 

were maintained in culture for prolonged periods of time. We show that cloning the 

iSLKBAC16 cells can prevent the decrease in the production of KSHV virus over time. 

The recombinant KSHV BAC16 virus contains a GFP reporter driven by the 

constitutively active promoter EF1α. We thus used GFP expression to monitor successful 

infection of cells with KSHV. 293 cells, which have been reported to be susceptible to 

KSHV infection (76, 77), were used to titer KSHV virus. We found that the filtration of 

KSHV viral stocks affects both the number of physical particles obtained and their 

infectivity. Furthermore, we found that KSHV does not bind efficiently to cells and that 

washing cells following exposure to the virus decreases the efficiency of infection. 

Centrifugation, also called spinoculation, has been shown to enhance the infection of 

human umbilical vein endothelial cells (HUVECs) by KSHV but its mechanism is not 
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understood (103). We show that spinoculation increases the binding of KSHV to cells, 

which led to a two-fold increase in the efficiency of infection of 293 cells by KSHV. 
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RESULTS 

I. Optimizing KSHV mass production 

KSHV genome integrates with some frequency in iSLKBAC16 cells. 

iSLKBAC16 cells were grown in DMEM supplemented with 10% FBS, 250 µg/ml 

G418, 1 µg/ml puromycin and 1,200 µg/ml hygromycin. We first induced these cells 

following the protocol described by Brulois et al. (99) with 1 µg/ml doxycycline and 1 mM 

sodium butyrate in the absence of G418, puromycin, and hygromycin. The supernatant 

was harvested at day 4 and 5 and cleared of cells and debris by centrifugation at 500 g 

for 10 mins and filtration with a 0.8 µm filter. For concentrated virus stocks, the 

supernatant was concentrated 100-fold by centrifugation at 48,000 g for 2 hours. We 

compared the number of physical particles per ml in the supernatant of iSLKBAC16 cells 

maintained in culture for a short period of time (early passage) and cells maintained in 

culture for more than one year (late passage). We found that cells from an early passage 

produced on average 8 to 15-fold more KSHV viral particles than cells maintained in 

culture for a long period of time (Figure III.1). Using fluorescence in situ hybridization 

(FISH), we found that cells from a late passage had one KSHV copy genome per cell, 

indicating that KSHV was integrated in these cells. To prevent cells with an integrated 

KSHV genome to be selected in culture over time, we generated clones from early 

passage iSLKBAC16 cells. We then studied the production of KSHV virus from two 

different clones (clone 2 and clone 5) and early passage iSLKBAC16 cells only. 

 

Valproic acid and sodium butyrate activate KSHV virus production with similar 

efficiencies. 
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Valproic acid (VPA) was found to be one of the most efficient histone deacetylase 

(HDAC) inhibitors in inducing KSHV reactivation (117). We therefore tested whether 

induction of iSLKBAC16 cells with VPA instead of sodium butyrate would increase the 

production of KSHV virus. We measured the number of KSHV physical particles per ml 

in the supernatant and concentrated viral stocks of cells induced with sodium butyrate or 

VPA by real-time PCR. The protocol for induction with VPA was similar to that of sodium 

butyrate: cells were induced with 1 µg/ml doxycycline and 1 mM VPA in the absence of 

selection. The supernatant was harvested at day 4 to 8 and cleared of cells and debris 

by centrifugation and filtration. For both sodium butyrate and VPA, viral production was 

induced from early passage iSLKBAC16 cells or iSLKBAC16 clones 2 and 5. We found 

no difference in the number of KSHV physical particles in the supernatant of cells induced 

with sodium butyrate or VPA (Figure III.2). 

 

Filtration of viral supernatants decreases the number of KSHV physical particles 

by 4-fold. 

As described above, cells and debris were removed from viral supernatants by 

centrifugation at 500 g for 10 mins and filtration with a 0.8 µm filter. We asked whether 

filtering the viral supernatants affects the number of KSHV physical particles obtained. 

Cells were induced with VPA following the protocol described above and the supernatants 

were either filtered or not filtered prior to concentration. The number of KSHV physical 

particles per ml was measured by real-time PCR in the supernatants of clone 2 and clone 

5 iSLKBAC16 cells. Following concentration of the viral supernatants, we found that clone 

5 produced up to 9-fold more KSHV physical particles than clone 2 (Figure III.3). In 
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addition, we found that the number of KSHV physical particles per ml in the concentrated 

virus stocks obtained from clone 5 iSLKBAC16 cells were on average 4-fold higher when 

they were not filtered compared to those that were filtered (Figure III.3). Although not 

statistically significant, possibly because we need more replicates, these data suggest 

that clone 5 can be more efficiently induced than clone 2 and that filtration decreases the 

number of physical particles in the viral supernatants. 

 

II. Optimizing KSHV infection 

KSHV titer is not affected by the number of cells plated for infection. 

293 cells were used to titer KSHV virus stocks because they are one of the cell 

lines found to be the most susceptible to KSHV infection (76, 77). The recombinant KSHV 

BAC16 virus contains a GFP reporter that allowed us to monitor successful infection of 

293 cells with KSHV. 293 cells were grown in DMEM supplemented with 10% FBS. 293 

cells were plated in 24-well plates at different concentrations and were exposed to KSHV 

supernatants or concentrated viral stocks by incubation at 4°C for 1 hour in their culture 

medium supplemented with 50 mM HEPES. Following incubation, 293 cells were washed 

to remove excess, unbound virus and were resuspended in their culture medium. The 

number of GFP-positive cells was determined by fluorescence microscopy 3 or 4 days 

post-exposure to KSHV. The number of infectious viral particles was calculated by 

multiplying the percentage of GFP-positive cells by the total number of cells at the time 

of infection. 

We compared the number of infectious particles per physical particles obtained 

when the virus was titered on different concentrations of cells. The number of 293 cells 
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per well was counted on the day of infection. We asked whether there is a difference in 

infectivity if we expose less than 1E+05 cells (between 2.8E+04 and 5.6E+04 cells) or 

approximately 1E+05 cells (between 1.08E+05 and 1.12E+05 cells) to KSHV. In this 

experiment, the KSHV viral supernatants or concentrated stocks titered were not filtered. 

Cells and debris were removed by centrifugation prior to infection or concentration. We 

found no difference in the titer depending on the number of cells exposed to the virus 

(Figure III.4). On average 1 in 700 to 1,000 KSHV viral particles was infectious on 293 

cells. 

 

Washing cells following exposure to KSHV significantly decreases the titer. 

Because the infectivity with KSHV was low (for EBV, 1 in 100 or 1 in 200 physical 

particles is usually found to be infectious), we asked whether incubating the cells with the 

virus for a longer period of time would improve the infection. 293 cells and KSHV virus 

were incubated for 1 hour at 4°C as previously described. Following incubation, cells were 

washed or additional medium (DMEM with 10% FBS and 50 mM HEPES) was added and 

cells and virus were incubated for an additional 72 hours at 37°C. As above, the number 

of GFP-positive cells was counted using fluorescence microscopy and the number of 

infectious viral particles was determined. The number of physical particles for one 

infectious unit was compared when the titer was measured with or without washing the 

cells following exposure to the virus. If the infectivity decreases, this ratio will increase. 

For both filtered and non-filtered virus stocks, we found that washing the cells following 

exposure to the virus significantly decreases the titer by 3 to 9-fold (Figure III.5). When 



47 
 

cells were not washed, we found on average between 1 in 300 and 1 in 600 viral particles 

to be infectious on 293 cells. 

 

The filtering of KSHV viral stocks significantly decreases their infectivity. 

When we compared the titer measured with viral stocks that were or were not 

filtered, we found that KSHV viral stocks that were not filtered were more infectious 

(Figure III.6). When cells were washed following exposure to KSHV, the non-filtered viral 

stocks were significantly more infectious, with a 7-fold difference in the number of 

infectious units per physical particles. There was a lower difference when cells were not 

washed following infection, with the non-filtered viral stocks being only two times more 

infectious. This result could be explained by the longer period of incubation of cells with 

the virus which would result in more cells being infected over time. When the titer was 

performed without washing the cells following infection, on average 1 in 300 viral particles 

was infectious in non-filtered viral stocks. 

 

Spinoculation significantly increases KSHV titer. 

Centrifugation, also called spinoculation, has been shown to enhance the infection 

of human umbilical vein endothelial cells (HUVECs) by KSHV (103). The mechanism by 

which spinoculation enhances KSHV infection of HUVECs is not understood (103). We 

asked whether spinoculation also increases the efficiency of infection of 293 cells by 

KSHV. 293 cells were exposed to non-filtered KSHV viral stocks by incubation at 4°C for 

1 hour or cells and virus were centrifugated at 950 g for 90 mins at room temperature 

(spinoculation). Cells were either washed following exposure to the virus, or additional 
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medium was added and cells and virus were incubated for an additional 72 hours at 37°C. 

When cells were washed, we found that spinoculation significantly increases the 

efficiency of infection of 293 cells by KSHV by 2-fold (Figure III.7). Contrary to incubation 

at 4°C, washing the cells following exposure to the virus did not significantly decrease the 

titer. The titer measured when cells were washed following spinoculation was similar to 

the titer obtained when cells were infected at 4°C and the cells and virus were incubated 

for an additional 3 days at 37°C. By titering KSHV virus stocks using spinoculation, we 

found on average between 1 in 150 and 1 in 300 viral particles to be infectious. 

 

Spinoculation increases the binding of KSHV to cells. 

In order to understand how spinoculation enhances KSHV infection, we used a 

neutralizing antibody against KSHV glycoprotein gpK8.1A (anti-gpK8.1A 4A4). Virion 

envelope-associated gpK8.1A is thought to mediate KSHV binding to target cells via 

interaction with heparan sulfate moieties (118). Studies have indicated that the gpK8.1A 

glycoprotein is involved in KSHV binding to target cells but is not required for viral entry 

(119, 120). 293 cells were exposed to non-filtered KSHV viral stocks in the presence or 

absence of anti-gpK8.1A 4A4 by incubation at 4°C for 1 hour or by spinoculation. For 

exposure with spinoculation, cells and virus were centrifugated at 950 g for 90 mins at 

room temperature. Following exposure to KSHV, additional medium was added and cells 

and virus were incubated for an additional 3 or 7 days at 37°C. The percentage of GFP-

positive 293 cells was then measured by fluorescence microscopy.  

When cells were exposed to KSHV by incubation at 4°C and cells and virus were 

subsequently incubated at 37°C, the number of cells infected increased over time, from 
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25-50% at 3 days to 70% at 7 days. We found that the anti-gpK8.1A 4A4 antibody 

inhibited infection by KSHV by 40% to 70% in 293 cells at 3 days post-infection (Table 

III.1). The inhibition of KSHV infection was transient: the percentage of cells infected was 

similar in the presence or absence of the antibody at 7 days post-infection. These results 

are consistent with the anti-gpK8.1A 4A4 antibody inhibiting KSHV binding to cells but not 

viral entry. Interestingly, we found that when cells were exposed to KSHV by spinoculation 

and cells and virus were subsequently incubated at 37°C, the number of cells infected 

was the same, approximately 70%, at 3 and 7 days post-infection. The anti-gpK8.1A 4A4 

antibody inhibited infection by KSHV by only 8% at 3 days post-infection and we did not 

see an inhibition of infection at 7 days post-infection. These results indicate that 

spinoculation increases the efficiency by which KSHV binds to cells. 

 

III. Protocol established for production and titration of KSHV viral stocks. 

Based on these experiments, we established a protocol for production and titration 

of KSHV viral stocks on 293 cells. The KSHV viral stocks used in CHAPTER IV and 

CHAPTER V were produced and titered according to this protocol.  

For production of KSHV virus, we used iSLKBAC16 clone 5 cells. Cloning of 

iSLKBAC16 cells prevented the selection in culture of cells with an integrated KSHV 

genome. We also found clone 5 to be the more efficiently induced than clone 2. 

iSLKBAC16 clone 5 cells were induced with 1 µg/ml doxycycline and 1 mM valproic acid 

in the absence of selection. Because we found filtration to decrease both the number of 

physical particles and their infectivity, the viral supernatant was not filtered but was 

cleared of cells and debris by multiple rounds of centrifugation (500 g for 10 mins followed 
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by 3,000 g for 10 mins). The viral supernatants were then concentrated by centrifugation 

at 48,000 g for 2 hours and separate viral aliquots were kept at -80°C. Concentrated viral 

stocks were thawed immediately before use and another round of centrifugation at 950 g 

for 10 mins was performed to remove any remaining debris. 

For titration of KSHV viral stocks, we found that the number of 293 cells plated did 

not affect the titer. 293 cells were counted on the day of infection and approximately 

1E+05 cells were exposed to KSHV by incubation at 4°C for 1 hour. Each virus stock was 

titered by serial dilution. We found that washing cells following exposure to the virus 

underestimates the titer. Therefore, following incubation, cells were not washed but 

additional medium was added and cells and virus were incubated for an additional 72 

hours at 37°C. The number of GFP-positive cells was determined by fluorescence 

microscopy and the number of infectious viral particles was calculated by multiplying the 

percentage of GFP-positive cells by the total number of cells at the time of infection. For 

all viral stocks used in CHAPTER IV and CHAPTER V, approximately one in 100 to one 

in 200 physical particles was infectious. 
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Figure III.1: KSHV genome integrates with some frequency in iSLKBAC16 cells. 

The number of physical particles per ml in the supernatant (A) or concentrated 

virus stock (B) obtained after induction of iSLKBAC16 cells maintained in culture for a

short period of time (early passage) or for more than one year (late passage) was 

measured by real-time PCR. The number of biological replicates is indicated for each 

condition. * p < 0.05 by Wilcoxon rank sum test. Error bars show the 95% confidence 

interval. 



52 
 

Figure III.1 
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Figure III.2: Valproic acid and sodium butyrate activate KSHV virus production with

similar efficiencies. 

The number of KSHV physical particles per ml in the supernatant (A) and

concentrated viral stocks (B) of cells induced with sodium butyrate (NaBut) or valproic

acid (VPA) was measured by real-time PCR. Viral production was induced from early 

passage iSLKBAC16 cells or iSLKBAC16 clones 2 and 5. The number of biological 

replicates is indicated for each condition. N.S. p > 0.05 by Wilcoxon rank sum test. Error 

bars show the 95% confidence interval. 
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Figure III.2 
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Figure III.3: Filtration of viral supernatants decreases the number of KSHV physical 

particles by 4-fold. 

The number of KSHV physical particles per ml was measured by real-time PCR in 

supernatants (A) and concentrated viral stocks (B) obtained from clone 2 and clone 5 

iSLKBAC16 cells induced with VPA. The supernatants were either filtered or not filtered

prior to concentration. The number of biological replicates is indicated for each condition.

Error bars show the 95% confidence interval. 
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Figure III.3 
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Figure III.4: KSHV titer is not affected by the number of cells plated for infection. 

Different concentrations of 293 cells (less than 1E+05 cells or more than 1E+05 

cells per well of a 24-well plate) were exposed to KSHV by incubation at 4°C for 1 hour.

293 cells were then washed to remove excess, unbound virus and resuspended in their 

culture medium. The number of GFP-positive cells was determined by fluorescence

microscopy 3 or 4 days post-exposure to KSHV. The number of infectious units (IU) was

calculated by multiplying the percentage of GFP-positive cells by the total number of cells 

at the time of infection. The number of physical particles (previously determined by real-

time PCR) for one infectious unit was calculated for each titer. The number of biological 

replicates is indicated for each condition. N.S. p > 0.05 by Wilcoxon rank sum test. Error 

bars show the 95% confidence interval. 
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Figure III.4 
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Figure III.5: Washing cells following exposure to KSHV significantly decreases the

titer. 

293 cells were exposed to KSHV by incubation at 4°C for 1 hour. Following

incubation, 293 cells were either washed to remove excess, unbound virus or additional 

medium was added to the cells. The number of GFP-positive cells was determined by 

fluorescence microscopy 3 or 4 days post-exposure to KSHV. The number of physical 

particles for one infectious unit (IU) was determined as described in Figure III.4 for both 

filtered (A) and non-filtered (B) virus stocks. The number of biological replicates is 

indicated for each condition. ** p < 0.01 by Wilcoxon rank sum test. Error bars show the 

95% confidence interval. 
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Figure III.5 
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Figure III.6: The filtering of KSHV viral stocks significantly decreases their

infectivity. 

KSHV virus stocks that were or were not filtered were titered on 293 cells. 293 cells

were exposed to KSHV by incubation at 4°C for 1 hour. Following incubation, 293 cells

were either washed to remove excess, unbound virus (A) or additional medium was added 

to the cells (B). The number of GFP-positive cells was determined by fluorescence

microscopy 3 or 4 days post-exposure to KSHV. The number of physical particles for one 

infectious unit (IU) was determined as described in Figure III.4. The number of biological 

replicates is indicated for each condition. ** p < 0.01 by Wilcoxon rank sum test. Error 

bars show the 95% confidence interval. 
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Figure III.6 
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Figure III.7: Spinoculation significantly increases KSHV titer. 

293 cells were exposed to non-filtered KSHV viral stocks by incubation at 4°C for

1 hour or by spinoculation. For exposure with spinoculation, cells and virus were

centrifugated at 950 g for 90 mins at room temperature. Cells were either washed

following exposure to the virus, or additional medium was added and cells and virus were

incubated for an additional 72 hours at 37°C. The number of physical particles for one 

infectious unit (IU) was determined as described in Figure III.4. The number of biological 

replicates is indicated for each condition. * p < 0.05; ** p < 0.01 by Wilcoxon rank sum 

test. Error bars show the 95% confidence interval. 
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Figure III.7 
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Table III.1: Spinoculation increases the binding of KSHV to cells. 

293 cells were exposed to non-filtered KSHV viral stocks in the presence or 

absence of anti-gpK8.1A 4A4 by incubation at 4°C for 1 hour or by spinoculation. For 

exposure with spinoculation, cells and virus were centrifugated at 950 g for 90 mins at 

room temperature. Following exposure to KSHV, additional medium was added and cells 

and virus were incubated for an additional 3 or 7 days at 37°C. The percentage of GFP-

positive 293 cells measured by fluorescence microscopy is indicated. 
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Table III.1 

 

Method of 
titration 

Count # 
GFP+ cells 

at 

Biological 
replicate #

% of GFP+ cells 
% 

inhibition 
KSHV 

KSHV + anti-
gpK8.1A 4A4 

Incubation at 
4°C 

3 days 1 25.0 14.5 42.0 

2 55.5 16.9 69.5 
7 days 1 70.0 70.0 0.0 

      

Spinoculation 
3 days 1 76.0 69.6 8.4 
7 days 1 70.0 70.0 0.0 

 

 



67 
 

DISCUSSION 

In this chapter, we have established a reproducible protocol to produce and titer 

KSHV virus from iSLKBAC16 cells. We found that the KSHV genome can integrate in 

iSLKBAC16 cells and that cells with an integrated genome can be selected in culture over 

time. Therefore, we established a clone, iSLKBAC16 clone 5, that can be maintained in 

culture and can be efficiently induced to produce KSHV virus. We also found that by 

filtering the viral supernatant, we both lost viral particles and decreased their infectivity. 

Cells and debris were therefore removed by multiple rounds of centrifugation prior to 

concentration of the viral supernatant and immediately before infection. Interestingly, we 

found that KSHV does not bind efficiently to cells and that washing the cells following 

exposure to the virus significantly decreased the efficiency of infection. We found that 

spinoculation increased the binding of KSHV to cells, and that the efficiency of infection 

measured after washing the cells was similar to that of cells exposed to KSHV for an 

additional 3 days at 37°C. Therefore, for experiments that required washing the cells 

following exposure to KSHV, such as the experiments performed on peripheral B cells in 

the following chapters, cells were exposed to the virus by spinoculation. 
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CHAPTER IV.  
 
 
EBV infection supports an optimal infection of peripheral B 
cells by KSHV 
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Parts of this chapter have been adapted into a manuscript. The manuscript has been 

accepted for publication and is referenced below: 

 

Aurélia Faure, Mitch Hayes and Bill Sugden (2019) How Kaposi’s sarcoma-associated 

herpesvirus stably transforms peripheral B cells towards Lymphomagenesis. Proc Natl 

Acad Sci, in press. 
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INTRODUCTION 

KSHV is lost from proliferating cells if it does not provide its host cells selective 

advantages (26).The maintenance of KSHV genome as plasmid in PEL cells both in vivo 

and in vitro indicates that KSHV contributes to their phenotypes. In addition, several 

KSHV genes have been shown to be essential for the survival or proliferation of these 

cells (27–29). However, we formerly lacked a model which allows complete 

characterization in vitro of the early steps of development of PEL: B cells have been 

notoriously difficult to infect with KSHV in vitro and when they can be infected, KSHV has 

not been found to transform them. We first asked whether we could define conditions to 

infect B cells with KSHV in vitro. Previous attempts to infect lymphoblastic cell lines 

including B and T cell lines have been unsuccessful (75–78). In these studies, neither 

EBV-negative nor EBV-positive B cell lines could be infected. Several studies have found 

that primary CD19+ B cells isolated from peripheral blood and umbilical cord blood 

mononuclear cells are susceptible to KSHV infection (76, 78, 79). However, infection 

could only be detected by DNA PCR or RT-PCR shortly after infection. Recently, several 

groups have reported more robust infection of primary B cells isolated from tonsils with 

0.5% to 10% of tonsillar B cells being infected with KSHV (80–84). 

Therefore, the conditions necessary for KSHV to infect B cells that lead to PEL 

remain unclear. We reasoned that because EBV is also found as a plasmid in the majority 

of examined PELs, it would be providing these cells one or more selective advantages. 

Contrary to KSHV, EBV can infect and transform peripheral B cells in vitro and induce 

their long-term proliferation (85, 86). One study has reported detection of KSHV DNA by 

PCR in newly-transformed B cells following exposure to both viruses, suggesting that 
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cells can be dually infected in vitro (78). In this chapter, I describe extensive, quantitative 

experiments in which I define a role for EBV in supporting co-infection by KSHV. We show 

that EBV promotes infection of peripheral CD19+ B cells with KSHV, likely in part by 

providing activation of these cells. We found that the efficiency of infection of peripheral 

B cells with KSHV is optimal within 24 hours of EBV infection: early events of EBV 

infection promote infection by KSHV while later events inhibit this co-infection. 
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RESULTS 

In vitro activation of peripheral B cells supports detectable but inefficient KSHV 

infection. 

Peripheral blood mononuclear cells (PBMCs) were isolated from blood and CD19+ 

B cells were purified from them by negative selection to avoid stimulation of cell surface 

receptors. These CD19+ B cells were exposed to concentrated viral stocks of KSHV 

BAC16 using a multiplicity of infection (MOI) of 2 to 3 as determined on 293 cells. KSHV 

BAC16 is derived from the rKSHV.219 virus, isolated from the JSC-1 PEL cell line (99). 

The recombinant KSHV BAC16 virus contains a GFP reporter driven by the constitutively 

active promoter EF1α. Previous studies (81) and our own observations showed that, even 

following extensive washes, KSHV viral particles remain bound to the surface of primary 

B cells. We found that when B cells were exposed to KSHV and extensively washed 

before being plated on top of human fibroblasts (HF), the fibroblasts became infected with 

KSHV. On the contrary, we found that the HF were not infected with KSHV when 

incubated with the supernatant from the last wash. These results indicate that the 

fibroblasts were infected with B-cell bound virus. Therefore, GFP expression allowed us 

to monitor successful KSHV infection, as opposed to nucleic acid detection that does not 

distinguish viral entry from cell-surface bound particles. In addition, we confirmed that 

GFP expression indicates the presence of KSHV DNA in cells as measured by 

fluorescence in situ hybridization (FISH) (see CHAPTER V). 

We found that peripheral B cells were refractory to infection by KSHV. Peripheral 

CD19+ B cells were spinoculated with KSHV BAC16 virus, before washing to remove 

unbound virus and subsequently cultured for 4 to 7 days to allow GFP expression. We 
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monitored the number of CD19+ B cells expressing GFP by flow cytometry and detected 

no KSHV-infected (GFP+) CD19+ B cells in 5 independent biological replicates obtained 

from 3 different blood donors (Figure IV.1). Furthermore, no GFP-positive cells were 

detected by fluorescence microscopy at day 1, 2, or 3 confirming that no detectable KSHV 

infection occurred prior to flow cytometric analysis. These results demonstrate that KSHV 

cannot establish successful infection in resting, peripheral CD19+ B cells. 

Because peripheral B cells could not be successfully infected with KSHV while 

other researchers have reported successful infection of tonsillar B cells which often 

contain activated B cells, we tested whether B cell activation supports detectable KSHV 

infection. Isolated CD19+ B cells were exposed to KSHV BAC16 at different time points 

prior to or following activation with IL-4 and CD40L. We found that in vitro activation of 

peripheral B cells could support, in some cases, detectable but inefficient KSHV infection 

(Figure IV.1). Infection of peripheral B cells with KSHV was highest when cells were 

infected with KSHV prior to IL-4 and CD40L activation (0.13 ± 0.14% with a maximum of 

0.28% of GFP-positive cells). In comparison, 0.02 ± 0.02%, 0.03 ± 0.01% and 0.06 ± 

0.06% of B cells were GFP-positive when cells were exposed to KSHV only or KSHV 

respectively 1 day and 3 days following B cell activation. In addition, no KSHV infection 

was detected when cells were exposed to KSHV and activated with IL-4 and CD40L on 

the same day in a single experiment (Table IV.1). These low efficiencies in presence of 

IL-4 and CD40L were confirmed as live cells were passaged for approximately 5 

doublings and GFP-positive cells could still be detected by flow cytometry. 

 

EBV infection supports an optimal infection of peripheral B cells by KSHV.  
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We tested whether EBV co-infection supports an optimal infection of peripheral B 

cells with KSHV. Peripheral CD19+ B cells were infected with the B95-8 strain of EBV at 

MOI 1 to 2. An average of 70% of the cells were blasts at day 3 or 4 post-infection with 

EBV (average from 7 independent biological replicates). CD19+ B cells were exposed to 

KSHV BAC16 at different time points prior to, on the same day as, or following EBV 

infection. EBV infection promoted optimal infection (up to a 20-fold increase relative to 

activated B cells) of peripheral B cells with KSHV (up to 2.50 ± 1.13%) (Figure IV.2A and 

B). The efficiency of infection with KSHV was comparable to that previously reported in 

tonsillar B cells (80–84). However, EBV played a conflicting role in KSHV infection: early 

events of EBV infection promoted infection by KSHV but later events inhibited this co-

infection. We found that infection of peripheral B cells with KSHV was highest when cells 

were exposed to KSHV one day prior to EBV infection (2.50 ± 1.13% with a maximum of 

3.53% of GFP-positive cells). This efficiency decreased rapidly following infection with 

EBV, declining to 0.64 ± 0.45% with KSHV infection at day 1 and to 0.10 ± 0.05% at day 

3 post-EBV infection. Treating cells with IL-4 and CD40L on the same day as EBV 

infection and infecting them with KSHV one day later did not increase the efficiency of 

infection in a single experiment (Table IV.1). These measurements are consistent with 

reports of EBV-positive B cell lines being resistant to KSHV infection (76–78). When cells 

were exposed to the two viruses on the same day the efficiency of infection with KSHV 

was 1.11 ± 0.33%. Therefore, optimal infection of peripheral B cells with KSHV is 

achieved when cells are exposed to KSHV within 24 hours of EBV infection. 

We examined what EBV contributes to foster KSHV infection. First, we tested 

whether any potential KSHV entry receptor is absent on non-activated peripheral B cells 
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and subsequently expressed on activated or EBV-infected B cells. DC-SIGN, also called 

CD209, was reported to be a receptor for KSHV entry in peripheral CD19+ B cells (121) 

and is the only potential receptor for KSHV that was previously considered to be present 

on B lymphocytes (122, 123). We used two different anti-DC-SIGN antibodies that we 

validated on the human monocytic THP-1 cell line as a positive control. Both antibodies 

bind 3 to 5% of THP-1 cells consistent with findings from previous studies (124, 125) 

(Figure IV.3A). No expression of DC-SIGN on either uninfected B cells or EBV-infected B 

cells at 1 day post-infection was detectable with anti-DC-SIGN antibody clone 120507 

(Figure IV.3B). Similar results were obtained with anti-DC-SIGN antibody clone DCN46 

on uninfected B cells or EBV-infected B cells at 4 days post-infection: the same 

percentage of cells was bound by the antibody and its respective isotype control indicating 

non-specific binding (Figure IV.3C). Low expression of DC-SIGN (0.29%) was detected 

on B cells activated with IL-4 and CD40L for 1 day but did not correlate with the efficiency 

of infection with KSHV. These results indicate that DC-SIGN is not required for KSHV 

entry into B cells. 

Second, we tested whether EBV is necessary for KSHV entry into B cells. We 

determined if KSHV infection could be blocked with a neutralizing antibody against KSHV 

glycoprotein gpK8.1A (anti-gpK8.1A 4A4) immediately before infection with EBV. Virion 

envelope-associated gpK8.1A is thought to mediate KSHV binding to target cells via 

interaction with heparan sulfate moieties (118). Studies have indicated that the gpK8.1A 

glycoprotein is involved in KSHV binding to target cells but is not required for viral entry 

(119, 120). The anti-gpK8.1A 4A4 antibody inhibited infection by KSHV by 40% to 70% 

in 293 cells (see Table III.1 in CHAPTER III). The inhibition by anti-gpK8.1A 4A4 antibody 
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was transient when cells and virus were incubated for prolonged periods of time. In this 

experiment, CD19+ B cells were washed following exposure to KSHV to remove excess, 

unbound virus. CD19+ B cells were treated with anti-gpK8.1A 4A4 24 hours following 

exposure to KSHV and immediately before infection with EBV. The percentage of CD19+ 

B cells infected remained the same whether or not these cells were treated with the 

neutralizing antibody (Figure IV.2C) indicating that KSHV virions became inaccessible to 

the neutralizing antibody prior to EBV infection either by entry into B cells or irreversible 

adsorption onto them. Therefore, KSHV either can enter non-activated peripheral B cells 

or bind them irreversibly but cannot establish infection in the absence of EBV infection or 

B cell activation which is also provided by EBV. We could not detect GFP expression in 

non-activated peripheral B cells following exposure to KSHV, indicating that, if KSHV 

enters non-activated B cells, B cell activation or blast-formation is needed for KSHV gene 

expression. Importantly, and contrary to infections with EBV, exposure to KSHV alone did 

not induce proliferation and did not rescue non-activated B cells from cell death. Cells 

exposed to KSHV alone behaved as uninfected B cells: approximately one week following 

isolation or exposure to KSHV the number of viable cells was similar in these two 

populations of B cells and was significantly lower than in cells infected with EBV (Table 

IV.2).  

We found that the survival and the rate of growth of the populations of cells 

exposed to both EBV and KSHV is affected by the timing of infection. The number of 

viable cells 4 to 8 days post-infection was significantly lower in cells exposed to KSHV 

prior to EBV compared to cells exposed to the two viruses in the reverse order (Table 

IV.2). We monitored the growth of populations of CD19+ B cells exposed to both viruses 
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or EBV alone for approximately 40 days following infection (Figure IV.4). We found that 

the population of cells exposed to KSHV prior to EBV grew significantly slower than the 

population exposed to the two viruses in the reverse order. We know that EBV infection 

induces proliferation of B cells; we thus tested whether prior exposure to KSHV induces 

a delay in entry into the cell cycle. Peripheral B cells were exposed to EBV and the 

percentage of cells in each stage of the cell cycle was monitored in absence or presence 

of KSHV infection. Cells were fixed and stained with propidium iodide at day 5 to 7 post-

infection with EBV and analyzed by flow cytometry (Figure IV.5A). We found that the 

percentage of cells in G0/G1 was higher when cells were exposed to KSHV prior to EBV 

indicating that these cells were delayed in their entry into the cell cycle. We also observed 

an increase in the percentage of cells in sub G1 (58 ± 5%), which is used as a measure 

of apoptosis, in this population (Figure IV.5B). The percentage of cells in sub G1 was the 

lowest when cells were exposed to EBV alone (24 ± 11%) and in between when cells 

were exposed to KSHV following infection with EBV (40 ± 1%). Therefore, our data 

indicate that cells infected one day later with EBV have a lower number of viable cells, 

which is consistent with our finding that exposure to KSHV alone does not lead to survival 

of B cells, and this subset of viable cells is then delayed in its entry into the cell cycle and 

grow more slowly when infected with EBV. The difference in growth of the two populations 

of B cells exposed to both viruses thus likely indicates that the timing of EBV infection 

allows selection of different subsets of CD19+ B cells. 

 

KSHV lytic gene expression is not required for infection of peripheral B cells. 
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We also tested for any required role for KSHV's lytic cycle in infection of peripheral 

B cells. Some groups reported latent KSHV infection (81), while others found high rates 

of spontaneous activation of the lytic cycle (82) during the first 5 days following infection 

of tonsillar B cells. We used a strain of KSHV, KSHV BAC16RTAstop, that does not 

express the viral protein RTA (100) which is required for entry into the lytic cycle. Cells 

infected with this strain of KSHV therefore cannot undergo the lytic cycle. For construction 

of KSHV BAC16RTAstop, a stop codon was inserted in the second exon of the RTA gene 

which resulted in a new NheI restriction site (100). We isolated DNA from KSHV 

BAC16RTAstop viral particles and confirmed that the RTA gene was mutated in this strain 

of KSHV by enzymatic digestion (Figure IV.6A). Isolated CD19+ B cells were exposed to 

KSHV BAC16RTAstop at different time points prior to or following EBV infection or 

activation with IL-4 and CD40L. The mutant strain of KSHV infected peripheral B cells 

with similar efficiencies as the wild-type KSHV BAC16 strain (Figure IV.6B). Thus, KSHV 

lytic gene expression is not required for optimal infection of peripheral B cells. 
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Figure IV.1: IL-4 and CD40L activation of peripheral B cells supports detectable but 

inefficient KSHV infection. 

Isolated CD19+ B cells were exposed to KSHV BAC16 at MOI 2 to 3 by

spinoculation at different time points following or prior to activation with IL-4 and CD40L. 

In all conditions, cells were cultured for 4 to 7 days following exposure to KSHV. Live cells

were analyzed for CD19 and GFP expression using a BD LSR Fortessa cytometer, and

analysis was performed using FlowJo software. Each dot represents the percentage of 

GFP-positive cells measured in one biological replicate. The number of biological

replicates is indicated for each condition. The mean of data is indicated by the horizontal

bar. p > 0.05 between each condition by Wilcoxon rank sum test. 
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Figure IV.1 
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Figure IV.2: EBV infection supports an optimal infection of peripheral B cells by

KSHV. 

(A and B) Isolated CD19+ B cells were exposed to KSHV BAC16 at MOI 2 to 3 by 

spinoculation at different time points following, prior to, or on the same day as EBV

infection. 

(C) Isolated CD19+ B cells were exposed to KSHV BAC16 at MOI 2 by

spinoculation. Cells were washed to remove excess, unbound virus and treated 24 hours 

later with anti-gpK8.1A 4A4 for two hours at 37°C. Cells were then washed and infected

with EBV. 

In all conditions, cells were cultured for 4 to 7 days following exposure to KSHV.

Live cells were analyzed for CD19 and GFP expression using a BD LSR Fortessa 

cytometer, and analysis was performed using FlowJo software. (A) One representative 

experiment is shown out of 3 to 8 independent biological replicates. (B and C) Each dot 

represents the percentage of GFP-positive cells measured in one biological replicate. The 

number of biological replicates is indicated for each condition. The mean of data is

indicated by the horizontal bar. * p < 0.05; ** p < 0.01 by Wilcoxon rank sum test. 
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Figure IV.2 
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Table IV.1: Additional conditions tested for the efficiency of infection with KSHV. 

Isolated CD19+ B cells were exposed to KSHV BAC16 at MOI 2 to 3 by 

spinoculation at the same time or following EBV infection or activation with IL-4 and 

CD40L (day of exposure/treatment shown in parentheses). In all conditions, cells were 

cultured for 4 to 7 days following exposure to KSHV. Live cells were analyzed for CD19 

and GFP expression using a BD LSR Fortessa cytometer, and analysis was performed 

using FlowJo software. The percentage of GFP-positive cells measured in each condition 

is indicated. 
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Table IV.1 

 

 
Percentage of 

GFP+ cells 
# biological 
replicates 

IL-4 + CD40L + KSHV (Day 0) 0.00 % n=1 

EBV + IL-4 + CD40L (Day 0) + KSHV (Day 1) 0.48 % n=1 

  



85 
 

  

Figure IV.3: DC-SIGN is not required for KSHV entry into B cells. 

(A) To confirm sensitivity of two independent antibodies to DC-SIGN, the 

percentage of THP-1 cells binding anti-DC-SIGN antibody clone 120507 or anti-DC-SIGN 

antibody clone DCN46 and their respective isotype controls was measured by flow

cytometry. 

(B) The percentage of GFP-positive cells following exposure to KSHV (hatched)

was compared to the percentage of cells binding anti-DC-SIGN antibody clone 120507 

(solid black) or its corresponding isotype control (solid grey). The efficiency of infection

with KSHV and DC-SIGN expression were measured on non-activated CD19+ B cells, 

and on B cells 1 day following infection with EBV or treated for 1 day with IL-4 and CD40L. 

(C) The percentage of GFP-positive cells following exposure to KSHV (hatched)

was compared to the percentage of cells binding anti-DC-SIGN antibody clone DCN46 

(solid black) or its corresponding isotype control (solid grey). The efficiency of infection

with KSHV and DC-SIGN expression were measured on non-activated CD19+ B cells, 

and on B cells 4 days following infection with EBV.  

(B and C) Live cells were analyzed for CD19, GFP and DC-SIGN expression using 

a BD LSR Fortessa cytometer, and analysis was performed using FlowJo software. DC-

SIGN expression was measured in 1 or 2 independent biological experiments in each 

condition. 
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Figure IV.3 
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Table IV.2: The survival of populations of CD19+ B cells exposed to EBV and/or 

KSHV depends on the type of virus and the timing of infection. 

Peripheral B cells were stained with the Ghost Dye Red 780 viability dye and the 

percentage of viable cells was measured by flow cytometry at day 4 to 8 following 

exposure to EBV and/or KSHV (day of exposure shown in parentheses). The percentage 

of viable cells in uninfected B cells was measured at day 7 and 8 following isolation from 

peripheral blood. 

* p < 0.05; ** p < 0.01 by Wilcoxon rank sum test (compared to the percentage of 

viable cells in the condition EBV (Day 0)). 

† p < 0.05; †† p < 0.01 by Wilcoxon rank sum test (compared to the percentage of 

viable cells in the condition EBV (Day 0) + KSHV (Day 1)). 
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Table IV.2 

 

 
Percentage of 

viable cells (± SD) 
# biological 
replicates 

Uninfected B cells 17.1 ± 0.8%*† n=2 

EBV (Day 0) 82.4 ± 23.2% n=11 

KSHV (Day 0) 35.3 ± 20.7%**†† n=5 

EBV + KSHV (Day 0) 88.0 ± 7.7% n=2 

EBV (Day 0) + KSHV (Day 1) 89.2 ± 8.3% n=8 

EBV (Day 0) + KSHV (Day 3) 93.5 ± 5.6% n=4 

KSHV (Day 0) ± anti-gpK8.1 4A4 (Day 1) + 
EBV (Day 1) 

74.2 ± 11.3%† n=5 
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Figure IV.4: The rate of growth of populations of CD19+ B cells exposed to both

EBV and KSHV is affected by the timing of infection. 

The growth of populations of CD19+ B cells exposed to both KSHV and EBV or

EBV only was tracked over time. The first time point on the X-axis (Day 0) corresponds 

to the first day of infection. Data from 2 to 4 independent biological experiments are shown 

for each population. The R-squared of the trendlines is indicated. * P < 0.05 by Sen-

Adichie test. 
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Figure IV.4 
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Figure IV.5: Peripheral CD19+ B cells exposed to KSHV prior to EBV are delayed in 

their entry into the cell cycle. 

(A) Cells exposed at different time points to EBV only or to both EBV and KSHV

were fixed at day 5 to 7 post-infection with EBV. The percentage of cells in each stage of 

the cell cycle was determined by propidium iodide staining and fluorescence-activated 

cell sorting (FACS) analysis. The average of 2 independent experiments (± SD) is shown.

(B) Cells in (A) were analyzed by FACS to determine the percentage of cells in sub

G1 in each population. Data from 2 independent biological experiments are shown for 

each population. 
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Figure IV.5 
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Figure IV.6: KSHV lytic gene expression is not required for infection of peripheral

B cells. 

(A) DNA was isolated from mutant (mut) and wild-type (wt) KSHV BAC16 viral 

particles. A fragment of 476 bp spanning the mutation in ORF50 (RTA), which introduces 

a stop codon resulting in a new NheI restriction site, was amplified by PCR and digested

with NheI. 

(B) Isolated CD19+ B cells were exposed to KSHV BAC16RTAstop at MOI 2 to 3 

by spinoculation at different time points following or prior to EBV infection or activation

with IL-4 and CD40L. In all conditions, cells were cultured for 4 to 7 days following

exposure to KSHV BAC16RTAstop. Live cells were analyzed for CD19 and GFP 

expression using a BD LSR Fortessa cytometer, and analysis was performed using

FlowJo software. 
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Figure IV.6 
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DISCUSSION 

Primary Effusion Lymphomas (PELs) are characterized by their being derived from 

B cells infected with KSHV and in most cases dually infected with EBV. These lymphomas 

have not been readily modeled in vitro although multiple studies have detected initial 

infections, particularly of tonsillar B cells, with KSHV. We set out to determine conditions 

in which peripheral B cells could be infected with KSHV both because these cells are 

readily available and because they are not prone to be activated as is often the case for 

portions of tonsillar-derived B cells. We found that an optimal infection of peripheral B 

cells with KSHV required co-infection by EBV within 24 hours. We found that the infecting 

EBV partner allowed activation of the B cells and expression of KSHV genes. 

Our study highlights the role of B cell activation in infection with KSHV. Infection 

with KSHV could only be detected in peripheral B cells activated with IL-4 and CD40L or 

by infection with EBV. An experiment using a neutralizing antibody against KSHV 

suggests that KSHV can either bind irreversibly or enter non-activated peripheral B cells. 

We could not detect GFP expression following exposure to KSHV, indicating that, if KSHV 

enters non-activated B cells, B cell activation or blast-formation is needed for KSHV gene 

expression. Therefore, our results suggest that tonsillar B cells are more susceptible than 

peripheral B cells to KSHV infection because they are isolated from patients with highly 

activated tonsils (83). 

We found that co-infection with EBV allowed more efficient infection with KSHV 

than activation with IL-4 and CD40L. In addition, the order and timing of infection with 

EBV and KSHV significantly altered the efficiency of infection with KSHV: early events of 

EBV infection promoted infection by KSHV while later events inhibited this co-infection. 
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Our finding that KSHV infection of activated B cells is inhibited over time is consistent with 

reports of EBV-positive B cell lines being resistant to KSHV infection (76–78). It is possible 

that later events of EBV infection, involving changes in expression of cell surface 

molecules, inhibit KSHV infection by decreasing KSHV binding to B cells or by 

downregulating a receptor for entry. The former hypothesis is supported by preliminary 

results where more human fibroblasts (HF) became infected with KSHV when co-

cultivated with B cells exposed to KSHV alone compared to B cells exposed to EBV prior 

to KSHV, suggesting that less KSHV virions were bound to EBV-infected B cells. 
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CHAPTER V.  
 
 
Dually infected B cells are stably transformed in vitro 
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Parts of this chapter have been adapted into a manuscript. The manuscript has been 

accepted for publication and is referenced below: 

 

Aurélia Faure, Mitch Hayes and Bill Sugden (2019) How Kaposi’s sarcoma-associated 

herpesvirus stably transforms peripheral B cells towards Lymphomagenesis. Proc Natl 

Acad Sci, in press. 

 

 

A note on the contributions to this chapter: 

 

Mitch Hayes contributed to the sorting of populations of dually infected B cells and the 

RNA-Sequencing analysis. Bill Sugden helped count the number of KSHV signals per cell 

in FISH slides in Figure V.4. Bill Sugden and Nora Herzog, an undergraduate student, 

electroporated the EBNA1-OriP plasmids p3828, p174 and p3829 into the BC-1 PEL cell 

line.  
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INTRODUCTION 

In CHAPTER IV, we have defined conditions to infect peripheral B cells with KSHV 

using a dual infection with EBV. Contrary to EBV, KSHV has not previously been found 

to transform B cells in vitro. KSHV did not lead to transformation of peripheral CD19+ B 

cells and umbilical cord blood mononuclear cells and infection of these cells could only 

be detected by DNA PCR or RT-PCR shortly after exposure to the virus (76, 78, 79). 

Similarly, KSHV did not transform tonsillar B cells (81, 83, 84). Because KSHV and EBV 

are both retained as plasmids in PELs, we asked whether the dually infected cells 

obtained in CHAPTER IV were transformed by the dual infection. We first isolated dually 

infected, GFP-positive cells from infected populations of B cells and asked whether KSHV 

and EBV were maintained in them. We then studied and compared the phenotypes of 

different dually infected B cells over time. We found that the dually infected cells were 

transformed, maintaining both KSHV and EBV for months in culture. In addition, these 

cells were clonal and expressed lambda light chain mRNA similar to PEL cells. We show 

that some transformed cells grew more slowly than cells infected only with EBV and were 

often overgrown whereas others grew to dominate the culture. These latter cells showed 

increased expression of most KSHV genes, including those encoded by the latency locus 

and the viral interleukin-6 gene. In addition, they also regulated the expression of some 

cellular genes as do PEL cells, and thus shared multiple properties with these cells. This 

in vitro transformation of peripheral B cells by KSHV and EBV, for the first time, allows a 

mechanistic analysis of the viral and cellular genes that mediate early events in the 

progression towards PEL. 
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RESULTS 

Dually infected, proliferating B cells are transformed to maintain both viruses.  

B cells have not yet been dually infected in vitro and propagated successfully over 

long times in culture. GFP-positive cells were sorted therefore from populations of cells 

exposed to both EBV and KSHV 3 to 7 weeks post-infection. FACS-sorting initially yielded 

60-90% GFP-positive cells. Subsequently, the fraction of GFP-positive cells in these 

sorted populations was monitored over time by fluorescence microscopy. 

In some populations, the fraction of GFP-positive cells decreased over time (Figure 

V.1A) and correlated with the fraction of cells positive for KSHV by FISH (Figure V.1B). 

The fraction of KSHV-infected and EBV-infected cells was monitored over time by FISH 

in both GFP-negative and GFP-positive populations (Figure V.1C-F). In KSHV-positive 

cells, the copy number of KSHV genomes ranged from 2 to 28 with an average of 11 

genomes per cell indicating that KSHV is extrachromosomal in these cells. In addition, 

GFP-negative populations were negative for KSHV by FISH, confirming that GFP was not 

silenced but that loss of GFP indicated either a decrease in the fraction of dually infected 

cells or a loss of KSHV genomes from dually infected cells in these populations. Most 

GFP-negative and GFP-positive cells were positive for EBV by FISH demonstrating that 

KSHV-infected cells were also infected with EBV. EBV-positive cells were maintained in 

both GFP-negative and GFP-positive cells over time and the number of EBV genomes 

ranged from 1 to 44 in these cells. The growth of GFP-positive and GFP-negative cells 

was also monitored over time (Figure V.2A and B). The GFP-positive cells grew at the 

same or slower rate than the GFP-negative cells. We also continued to see the effect of 

the timing of infection with EBV and KSHV on the rate of growth (see CHAPTER IV): in 
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populations of B cells exposed to KSHV prior to EBV, both the GFP-negative and GFP-

positive cells grew significantly slower than cells in populations of B cells exposed to the 

two viruses in the reverse order.  

Among the populations of infected B cells that we followed, some GFP-positive, 

KSHV-positive cells began to predominate. We observed multiple fluctuations in the 

percentage of GFP-positive cells over time. Some populations, in which the percentage 

of GFP-positive cells had previously decreased, still maintained a low number of GFP-

positive cells for several months. In others, the percentage of GFP-positive cells 

spontaneously increased in absence of any selection by FACS, and either continued to 

increase over time or later decreased. We therefore tested whether the dually infected 

cells in populations of infected B cells were transformed to maintain both KSHV and EBV 

stably. We followed and repeatedly sorted two different populations of infected cells for 

GFP, measured the number of EBV and KSHV genomes in them, and analyzed their 

proliferation and clonal composition based on VDJ recombination in the immunoglobulin 

heavy chain locus. In the first population (population 1), the GFP-positive cells outgrew 

the GFP-negative cells to become stably, dually infected (we term these cells 

"KSHV+/EBV+ fast"). The percentage of GFP-positive cells increased from 1.4% to 90% 

over 5.5 months and KSHV was still maintained in these cells after 7 months of culture 

(Figure V.3A). We cultured and sorted portions of population 1 and compared their 

phenotypes to those of a second population (population 2) that needed FACS selection 

of the GFP-positive fraction (termed "KSHV+/EBV+ slow") to avoid its being overgrown. 

Early in the culturing of this second population (before FACS selection), the percentage 

of dually infected, GFP-positive cells increased to ~10% before the GFP-negative cells 
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(EBV-only infected cells) began to overgrow them. These two populations were compared 

longitudinally for three to five months.  

Cells from unsorted and sorted populations were collected at different time points 

and analyzed for the presence of KSHV and EBV by qPCR (Figure V.3B). The average 

number of KSHV genomes per cell in the population 1 increased over time from ~3 to 31 

genomes per cell. Analysis by FISH showed that this increase is due to the percentage 

of KSHV-positive cells (KSHV+/EBV+ fast cells) increasing over time in the population 

and reaching almost 100%, while the average number of KSHV genomes remained 

constant in these cells (Figure V.4). In the population 2, there was on average ~6 KSHV 

genomes per cell by qPCR which correlated with a low fraction of cells being KSHV-

positive (KSHV+/EBV+ slow cells) at the time of analysis. Analysis by FISH indicated that 

the average number of KSHV genomes per cell in the KSHV+/EBV+ fast and the 

KSHV+/EBV+ slow cells was similar (between 11 and 16 genomes per cell) and that 

KSHV was present as a plasmid in these cells (with a range of 1 to 52 and 1 to 27 KSHV 

signals per cell respectively). Furthermore, analysis by FISH confirmed that the 

KSHV+/EBV+ fast cells were not overgrown by KSHV-negative cells: close to 100% of 

the cells remained KSHV-positive following each sort, as opposed to the KSHV+/EBV+ 

slow cells that were overgrown by the EBV-only infected cells (only ~35% of the cells 

were KSHV-positive 31 days after sort). The average number of EBV genomes per cell 

was similar in the population 1 (~11 to 22 genomes per cell) and the population 2 (~10 

genomes per cell). In the population 1, analysis by qPCR found a higher copy number of 

both EBV and KSHV genomes at day 160 after KSHV infection (> 30 genomes per cell). 

However, analysis by FISH showed that there was on average ~15 KSHV genomes per 
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cell in the KSHV+/EBV+ fast cells at this time point. The higher number of both EBV and 

KSHV genomes in this sample can either be explained by a small fraction of the cells 

supporting KSHV’s and EBV’s lytic cycle or an artifact of the qPCR.  

To look for competitive growth advantages between dually infected and EBV-only 

infected cells, we analyzed the clonal composition of the populations 1 and 2. RNA was 

isolated at different time points before and after sorting of GFP-positive cells and analyzed 

computationally with MiXCR, to determine the percentage of each clone based on VDJ 

recombination in the immunoglobulin heavy chain locus (Figure V.5). In the first 

population, the dually infected GFP-positive cells (KSHV+/EBV+ fast cells) represented 

primarily one clone which overgrew other cells in the population and was also selected 

by sorting the GFP-positive cells. Analysis with MiXCR indicated that this clone expressed 

IgM and λ light chain mRNA (Table V.1). Interestingly, in the second population, dually 

infected KSHV+/EBV+ slow cells were likely also clonal because a clone and its progeny, 

also expressing IgM and λ light chain mRNA, predominated after each sort of GFP-

positive cells. However, contrary to the KSHV+/EBV+ fast cells, these cells were 

overgrown by other clones. The EBV-only infected clones that overgrew the 

KSHV+/EBV+ slow cells expressed IgM or IgG and κ light chain mRNA as shown by the 

increase in IgG and κ light chain expression when cells were left unsorted (Table V.1). 

These findings indicate that the KSHV-negative cells that overgrew the sorted 

dually infected, GFP-positive cells usually arose from pre-existing KSHV-negative, EBV-

only infected cells which contaminated the FACS sorts. Therefore, both the KSHV+/EBV+ 

fast and the KSHV+/EBV+ slow cells were transformed to maintain KSHV and EBV stably 
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over time, but the KSHV+/EBV+ fast cells had a proliferative advantage over the EBV-

only infected cells as opposed to the KSHV+/EBV+ slow cells. 

 

KSHV gene expression is increased in the KSHV+/EBV+ fast transformed cells. 

We analyzed the viral and cellular mRNAs expressed in the different types of dually 

infected cells. We analyzed enriched fractions of dually infected cells (≥ 60% GFP-

positive) that spontaneously arose in the population or were obtained by FACS selection 

as shown in Figure V.5. We isolated RNA sequentially over a period of 3 to 5 months from 

seven samples of KSHV+/EBV+ fast cells and five samples of KSHV+/EBV+ slow cells. 

The viral RNAs were mapped to their respective genomes following the approach of 

Bruce et al. (108) to disentangle any overlapping transcripts (see CHAPTER II). 

More than 6,000 cellular genes, some EBV genes (17 out of 78) and most KSHV 

genes (72 out of 98) were differentially expressed between the KSHV+/EBV+ fast and the 

KSHV+/EBV+ slow transformed cells (Figure V.6A). Differentially expressed EBV and 

KSHV genes were mainly upregulated in the KSHV+/EBV+ fast cells compared to the 

KSHV+/EBV+ slow cells and are represented in Figure V.6B and C. Among the 72 

upregulated KSHV genes, most of the latency locus genes (30) were statistically 

upregulated in the KSHV+/EBV+ fast cells compared to the KSHV+/EBV+ slow cells, 

including v-FLIP (ORF71), v-cyclin (ORF72), LANA1 (ORF73), Kaposin A/C (ORF K12) 

and the miRNA cluster (miR region). In addition, expression of vIL-6 (ORF K2), which is 

thought to serve as a growth factor for PEL (48, 49), was increased in the KSHV+/EBV+ 

fast cells. Coverage plots of RNA-seq reads also showed the increased KSHV gene 
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expression in the KSHV+/EBV+ fast cells compared to the KSHV+/EBV+ slow cells which 

contrasted with the similar EBV gene expression in these two cell types (Figure V.6D). 

 

KSHV+/EBV+ fast cells regulate the expression of some cellular genes as do PEL 

cells. 

Principal Component Analysis (PCA) allows the identification of patterns within 

complex sets of data. We therefore used PCA to analyze the viral and cellular transcripts 

in the different types of dually infected, stably transformed cells. PCA confirmed the 

similar EBV gene expression and differential KSHV gene expression in KSHV+/EBV+ fast 

and KSHV+/EBV+ slow cells. A PCA of EBV gene expression did not distinguish the 

KSHV+/EBV+ fast and KSHV+/EBV+ slow cells (Figure V.7A) as opposed to a PCA of 

KSHV gene expression in which the seven samples of KSHV+/EBV+ fast cells clustered 

apart from the five samples of KSHV+/EBV+ slow cells (Figure V.7B). Cellular gene 

expression also distinguished the two types of dually infected cells (Figure V.7C) 

underscoring the correlation between the differential expression of KSHV genes and 

cellular genes in these cells. Cellular gene expression in nine cases of PEL has previously 

been compared to that in 53 cases of various non-PEL B-cell malignancies and a pattern 

of expression characteristic of PEL has been defined (113). Using Gene Set Enrichment 

Analysis (GSEA), we compared the sets of genes that were upregulated or 

downregulated in PEL and found that cellular genes characteristically inhibited in PEL 

were also inhibited in the KSHV+/EBV+ fast cells relative to the KSHV+/EBV+ slow cells 

(p < 0.001) (Figure V.7D). 
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In addition, using GSEA, we have identified cellular genes expressed at higher 

levels in the KSHV+/EBV+ fast relative to the KSHV+/EBV+ slow cells and found that 

genes in the pathway involving NF-κB were upregulated in the KSHV+/EBV+ fast cells (p 

< 0.001) (Figure V.7E). Among genes that were upregulated, we identified CCL20 as well 

as NFKB1. NF-κB was found to be constitutively activated in PEL cells and its activity was 

necessary for their survival (126). Increased expression of KSHV genes, in particular v-

FLIP, likely contributes to increased NF-κB activity and CCL20 expression in the 

KSHV+/EBV+ fast cells (27, 127). This altered expression of viral and cellular genes in 

the KSHV+/EBV+ fast cells distinguishes their transformed properties from those of the 

KSHV+/EBV+ slow cells and associates them more closely with PEL cells. 

 

Dually infected cells exhibit a range of phenotypes between those of the 

KSHV+/EBV+ slow and the KSHV+/EBV+ fast cells.  

We analyzed the dually infected cells in one additional population (population 3). 

The percentage of dually infected cells in this population decreased over time as shown 

in Figure V.1 but a small number of GFP-positive cells then persisted in the population 

for several months. We termed these dually infected cells KSHV+/EBV+ intermediate 

cells. GFP-positive cells in population 3 were repeatedly sorted and the number of KSHV 

and EBV genomes was determined by qPCR directly following sorting. We found on 

average 5 EBV genomes and 9 KSHV genomes per cell in a single experiment (Figure 

V.8A). Analysis with MiXCR showed that the KSHV+/EBV+ intermediate cells were likely 

clonal because a clone predominated following FACS selection of the GFP-positive cells 
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(Figure V.8B). This clone also expressed IgM and λ light chain mRNA, similar to the 

KSHV+/EBV+ fast and the KSHV+/EBV+ slow cells (Table V.1).  

Principal Component Analysis (PCA) showed that EBV gene expression was 

similar in the three types of dually infected cells (Figure V.8C). KSHV gene expression 

was increased in the KSHV+/EBV+ intermediate cells and was closer to that of the 

KSHV+/EBV+ fast cells (Figure V.8D). However, in a PCA of cellular gene expression, 

the KSHV+/EBV+ intermediate cells did not cluster with the KSHV+/EBV+ fast or the 

KSHV+/EBV+ slow cells (Figure V.8E). Their phenotype was intermediate between these 

two types of dually infected cells. Thus, it is likely that dually infected cells in populations 

of infected B cells exhibit a range of phenotypes between two extremes: the 

KSHV+/EBV+ slow cells and the KSHV+/EBV+ fast cells. Dually infected cells with a 

phenotype closer to the KSHV+/EBV+ fast cells have acquired additional proliferative 

and/or survival advantages that allow them to grow to predominate in a culture.  

 

EBV’s BART miRNAs provide selective advantages to the BC-1 PEL cell line. 

We found that EBV fosters the infection of peripheral B cells with KSHV and both 

viruses are maintained in dually infected, transformed B cells as well as in PEL cells. 

Therefore, KSHV but also EBV contribute selective advantages to the transformed B 

cells. In order to understand the contributions of EBV to dually infected cells, we asked 

what EBV genes can complement the loss of EBV genomes from PEL cells. It should be 

noted that PEL cells have evolved both in vivo and in cell culture and their dependence 

on EBV is likely to be less than the newly transformed B cells. We introduced three 

EBNA1-OriP plasmids expressing different subsets of EBV genes known to be expressed 
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in PEL into the BC-1 PEL cell line (Figure V.9A). Cells carrying each individual plasmid 

were selected with hygromycin and the loss of the endogenous EBV genomes was 

measured by qPCR after 9 months of culture. Each plasmid was present in cells at 2 to 7 

copies per cell, indicating that they were maintained as extrachromosomal plasmids 

(Figure V.9B). We found that introducing the plasmid p3829 that expresses EBNA1 and 

the BART miRNAs into BC-1 cells led to the complete loss of EBV genomes from these 

cells. The plasmids p3828, also expressing EBNA1, and p174, expressing EBNA1 and 

the EBV-encoded small RNAs (EBERs), did not lead to the loss of EBV genomes. Cells 

carrying these two plasmids had on average between 3 and 5 EBV genomes per cell, 

consistent with the number of EBV genomes found in the parental BC-1 cells (on average 

between 2 and 3 signals per cell by FISH). Therefore, ectopic expression of the EBV’s 

BART miRNAs was sufficient to complement the loss of EBV genomes from BC-1 cells, 

indicating that they contribute to the survival and/or proliferation of these cells. 
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Figure V.1: The fraction of KSHV-positive cells decreases in some populations of

infected peripheral B cells. 

Isolated CD19+ B cells were exposed to KSHV 24 hours prior to or following EBV

infection. KSHV infected GFP-positive cells were sorted 3 to 7 weeks post-infection. 

(A) The number of GFP-positive cells was monitored over time by fluorescence

microscopy. The percentage of GFP-positive cells was normalized to the number of GFP-

positive cells at zero doublings (first day after sorting). Data from 3 independent biological

experiments are shown for each population. 

(B) The number of KSHV-infected cells was quantified by fluorescence in situ

hybridization (FISH) and compared to the number of GFP-positive cells at 3 different time 

points in one experiment. The R-squared of the trendlines is indicated. N.S. p > 0.05 by

Sen-Adichie test. 

(C-F) The number of KSHV- and EBV-infected cells was quantified over time by 

FISH in both GFP-negative and GFP-positive cells. (C and E) Representative FISH

images are shown when samples were incubated with hybridization probes for detection

of KSHV (left) or EBV (right) plasmids; Bars, 10 µm. (D and F) The percentage of EBV-

and KSHV-positive cells and the average number of signals per cell in positive cells were

determined by FISH at different time points following sorting. 
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Figure V.1 

 

 

  



111 
 

  

Figure V.2: In populations of B cells analyzed in Figure V.1, the dually infected, 

GFP-positive cells grow at the same or slower rate than the GFP-negative cells. 

KSHV infected GFP-positive cells were sorted 3 to 7 weeks post-infection. The 

growth of GFP-positive and GFP-negative cells was compared within (A) and between

(B) each population of CD19+ B cells exposed to both EBV and KSHV. The first time point

on the X-axis (Day 0) corresponds to the first day after sorting. Data from 3 independent

biological experiments are shown for each population. The R-squared of the trendlines is 

indicated. * p < 0.05; ** p < 0.01; *** p < 0.001 by Sen-Adichie test. 
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Figure V.2 
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Figure V.3: Some cells within populations of infected B cells maintain both viruses.

(A) Following KSHV infection, the percentage of GFP-positive cells was followed 

over time in the populations 1 and 2. Live cells were analyzed for GFP expression using

a BD LSR Fortessa cytometer, and analysis was performed using FlowJo software. 

(B) Populations shown in A were repeatedly sorted for GFP-positive cells 

(KSHV+/EBV+ fast and KSHV+/EBV+ slow cells respectively) (grey arrows) and

harvested in Trizol at different time points. Following isolation of DNA, the average

number of EBV and KSHV genomes per cell was quantified by qPCR. 
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Figure V.3 
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Figure V.4: Some cells within populations of infected B cells maintain KSHV. 

Populations of cells described in Figure V.3 were repeatedly sorted for GFP-

positive cells (KSHV+/EBV+ fast and KSHV+/EBV+ slow cells respectively) (grey arrows)

and fixed at different time points. The number of KSHV-infected cells and the average 

number of signals per cell in KSHV-positive cells were determined by fluorescence in situ

hybridization (FISH). 
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Figure V.4 
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Figure V.5: KSHV-negative cells that overgrow the dually infected, GFP-positive 

cells arise from pre-existing KSHV-negative cells. 

Populations of cells described in Figure 4 were repeatedly sorted for GFP-positive 

cells (KSHV+/EBV+ fast and KSHV+/EBV+ slow cells respectively) (grey arrows) and

harvested in Trizol at different time points. RNA was isolated and analyzed with MiXCR

to determine the percentage of each clone based on VDJ recombination in the

immunoglobulin heavy chain (IGH) locus. Each clone with a percentage ≥ 0.5% in the 

population is represented with a single color. Clones with a percentage < 0.5% were

combined and their total percentage is represented in grey. The percentage of GFP-

positive cells at the time of harvest was determined when possible. Samples noted “ND”

were directly sorted into Trizol and the number of GFP-positive cells could not be 

determined. 
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Figure V.5 
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Table V.1: Percentage of each immunoglobulin heavy and light chain in samples

analyzed in Figure V.5 with sorting for KSHV-encoded GFP. 

RNA from populations of cells repeatedly sorted for GFP-positive cells 

(KSHV+/EBV+ fast and KSHV+/EBV+ slow cells) was analyzed with MiXCR (see Figure 

V.5). The clonal composition of one additional population sorted for GFP-positive cells 

(KSHV+/EBV+ intermediate cells) (see Figure V.8) was also determined. The percentage 

of each type of immunoglobulin heavy and light chain in each sample is indicated. 
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Table V.1 
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Figure V.6: KSHV gene expression is increased in the KSHV+/EBV+ fast cells. 

(A) Volcano plot of up- and downregulated cellular and viral genes in dually

infected KSHV+/EBV+ fast cells relative to KSHV+/EBV+ slow cells. 

(B and C) Heatmaps depicting the normalized expression values of the

differentially expressed EBV (B) and KSHV (C) genes (adjusted p-value < 0.05 and fold 

change < -1.5 or > 1.5) between the KSHV+/EBV+ fast and KSHV+/EBV+ slow cells for

each sample. Genes shown in heatmaps were ordered by p-value (the gene with the 

smallest p-value is on the left of the heatmap). 

(D) Coverage plots of RNA-seq reads of the KSHV+/EBV+ fast and KSHV+/EBV+

slow cells mapped to the forward (blue) or reverse (red) strands of the EBV and KSHV

genome. To allow visualization of transcription across the genome, the normalized

expression of highly expressed genes was cropped. 
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Figure V.6 
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(A, B and C) Principal Component Analysis based on EBV (A), KSHV (B) and 

cellular (C) transcript reads of seven samples of KSHV+/EBV+ fast and five samples of 

KSHV+/EBV+ slow cells. 

(D) Heatmap depicting the normalized expression values for the core enriched 

genes in GSEA analysis of the seven samples of KSHV+/EBV+ fast cells compared to 

the five samples of KSHV+/EBV+ slow cells from the set of genes downregulated in PEL 

(113), p < 0.001, FDR q-value < 0.001. 

(E) GSEA analysis of the seven samples of KSHV+/EBV+ fast cells compared to 

the five samples of KSHV+/EBV+ slow cells with the hallmark gene set “TNF-α signaling 

via NF-κB”, p < 0.001, FDR q-value < 0.001, Normalized Enrichment Score (NES) = 3.8. 

  

Figure V.7: KSHV+/EBV+ fast cells regulate the expression of some cellular genes

as do PEL cells. 
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Figure V.7 
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Figure V.8: Dually infected cells exhibit a range of phenotypes between those of 

the KSHV+/EBV+ slow and the KSHV+/EBV+ fast cells. 

Population 3 was repeatedly sorted for GFP-positive cells (KSHV+/EBV+ 

intermediate cells) (grey arrows) and harvested in Trizol at the indicated time point.  

(A) Following isolation of DNA, the average number of EBV and KSHV genomes

per cell was quantified by qPCR. 

(B) RNA was isolated and analyzed with MiXCR to determine the percentage of

each clone based on VDJ recombination in the immunoglobulin heavy chain (IGH) locus.

Each clone with a percentage ≥ 0.5% in the population is represented with a single color. 

Clones with a percentage < 0.5% were combined and their total percentage is

represented in grey. The percentage of GFP-positive cells at the time of harvest was 

determined when possible. Samples noted “ND” were directly sorted into Trizol and the 

number of GFP-positive cells could not be determined. 

(C, D and E) Principal Component Analysis based on EBV (C), KSHV (D) and 

cellular (E) transcript reads of seven samples of KSHV+/EBV+ fast, five samples of 

KSHV+/EBV+ slow and one sample of KSHV+/EBV+ intermediate cells. 
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Figure V.8 
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Figure V.9: EBV’s BART miRNAs provide selective advantages to the BC-1 PEL cell 

line. 

(A) Schematic representation of the experimental method. Three EBNA1-OriP 

plasmids (p3828, p174 and p3829) encoding different subsets of EBV genes and a

hygromycin resistance gene (HygR) were electroporated into the BC-1 PEL cell line. Cells 

carrying each individual plasmid were selected with hygromycin. The number of

endogenous EBV genomes per cell was measured in them after 9 months of culture. 

(B) Cells carrying each individual plasmid, p3828, p174 or p3829, were cultured 

for 9 months under hygromycin selection. The average number of endogenous EBV

genomes (BALF5 molecules) and plasmids (hygromycin molecules) per cell was

quantified by qPCR. 
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Figure V.9 
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DISCUSSION 

Most Primary Effusion Lymphomas (PELs) are dually infected with KSHV and 

EBV. We formerly lacked an in vitro model of PEL because of the difficulty in infecting B 

cells with KSHV in vitro and because KSHV has not been found to transform these cells. 

In CHAPTER IV, we have defined conditions to infect peripheral B cells with KSHV 

efficiently by co-infecting them with EBV. These conditions supported the long-term 

proliferation of dually infected cells. We have shown that the infecting EBV partner 

allowed activation of the B cells and expression of KSHV genes. It likely also supported 

proliferation of the dually infected cells given its ability to maintain proliferation of EBV-

only infected cells. This likelihood is supported by the findings that forcing the loss of EBV 

genomes from PEL cells either by inhibiting EBNA1 with its dominant negative derivative 

or by targeting EBNA1 with CRISPR/Cas9 gRNAs inhibits both their proliferation and the 

maintenance of their KSHV genomes (60, 68). 

We showed that the dually infected cells in populations of B cells exposed to both 

viruses varied in their proliferative capacities. Some were outgrown by B cells infected 

only with EBV and could be isolated by repeated rounds of FACS. These we refer to as 

KSHV+/EBV+ slow cells. Some dually infected cells outgrew the singly infected cells and 

are termed KSHV+/EBV+ fast cells. Importantly, both sets of cells maintained both viral 

genomes indicating that both KSHV and EBV contributed selective advantages to their 

proliferative and/or survival phenotypes and thus both were transformed by the dual 

infection. This understanding underscores the desirability of targeting not only KSHV but 

also EBV in developing new therapies for PEL. This is further supported by our finding 
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that EBV BART’s miRNAs contribute to the survival and/or proliferation of the BC-1 PEL 

cells. 

Both the KSHV+/EBV+ fast cells and the KSHV+/EBV+ slow cells expressed the 

λ light chain which is consistent with the work of Totonchy et al. (84) who showed that 

KSHV infection induces a B-cell receptor (BCR) revision resulting in expression of λ light 

chain. One study suggested that PELs often have lambda light chain genes productively 

rearranged (4). Even though heavy chain genes are expressed at the RNA level, PELs 

often do not express surface immunoglobulins detectably (1, 3, 4). We analyzed publicly 

available data from RNA sequencing of PEL cell lines with MiXCR and found a low 

expression of immunoglobulin heavy and light chain genes. This analysis confirmed the 

previously reported use of λ light chain in BCBL-1 cells and κ light chain in HBL-6 cells 

(4). In addition, we found BC-3 and AP3 cells to express λ light chain, too. The 

immunoglobulin light chain used in other analyzed PEL cell lines (AP5 and AP2) could 

not be determined due to its low or absent expression. Thus, 3 of 4 PEL cell lines express 

λ light chain mRNA as do both the KSHV+/EBV+ fast and the KSHV+/EBV+ slow 

transformed cells. Furthermore, we found that the KSHV+/EBV+ fast and the 

KSHV+/EBV+ slow cells were clonal, similar to PEL cells. On the contrary, EBV-only 

infected cells were polyclonal and expressed κ light chain mRNA. 

The analysis of RNAs expressed in multiple samples of the KSHV+/EBV+ fast and 

the KSHV+/EBV+ slow cells revealed that the KSHV+/EBV+ fast cells have distinct, 

transformed properties. It showed that the KSHV+/EBV+ fast cells express higher levels 

of KSHV viral latent and lytic genes. KSHV latency locus and viral interleukin-6 genes, 

which are expressed in PEL, were among those genes upregulated in the KSHV+/EBV+ 
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fast cells. Furthermore, GSEA analysis showed that cellular genes characteristically 

inhibited in PEL were also inhibited in the KSHV+/EBV+ fast cells relative to the 

KSHV+/EBV+ slow cells. In addition, NF-κB activity, which is essential for the survival of 

PEL cells (126), was increased in the KSHV+/EBV+ fast cells. These three characteristics 

define KSHV+/EBV+ fast cells' distinct, transformed properties, associating them with 

features of bona fide PEL cells. 

The characteristic transformation of the KSHV+/EBV+ fast cells likely results from 

their increased expression of the KSHV transforming genes. The overexpression of KSHV 

vIL-6 in the KSHV+/EBV+ fast cells compared to the KSHV+/EBV+ slow cells was the 

most statistically significant. KSHV vIL-6 acts in an autocrine loop and PEL cells depend 

on this viral cytokine for proliferation and survival (48, 49). Increased expression of KSHV 

vIL-6 could therefore drive the transformation of the KSHV+/EBV+ fast cells. In addition, 

increased expression of KSHV v-FLIP likely contributes to the increased NF-κB activity 

and to the transformed phenotype of these cells (27, 127). Another insight into this 

transformation comes from the finding that it is not necessary for KSHV to express its lytic 

genes in order to infect B cells optimally along with EBV (see CHAPTER IV). This subset 

of viral genes therefore is not needed for the early events in transformation.  

We found that dually infected cells in other populations of infected B cells can 

exhibit a phenotype between those of the KSHV+/EBV+ slow and the KSHV+/EBV+ fast 

cells: we called these cells KSHV+/EBV+ intermediate cells. The KSHV+/EBV+ 

intermediate cells did not overgrow the EBV-only infected cells but persisted for several 

months in the population. We found that the KSHV+/EBV+ intermediate cells upregulated 

the expression of KSHV genes, similar to the KSHV+/EBV+ fast cells, but their cellular 
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gene expression was intermediate between that of the KSHV+/EBV+ fast and the 

KSHV+/EBV+ slow cells. The KSHV+/EBV+ intermediate cells were also clonal and 

expressed λ light chain mRNA. It is thus likely that the KSHV+/EBV+ fast and 

KSHV+/EBV+ slow cells represent two extremes in the transformation of dually infected 

cells. These findings support the notion that multiple events need to occur for cells to 

evolve towards lymphomagenesis and that the upregulation of KSHV genes likely occurs 

prior to the differential expression of cellular genes. 

The long-term dual infection and transformation of peripheral B cells by KSHV and 

EBV advances our ability to identify steps in a progression towards PEL. We can now 

identify the viral genes that regulate the expression of cellular genes in patterns shared 

with PEL. In a recent study, NSG mice that were reconstituted with human CD34-positive 

cells and subsequently infected with KSHV and EBV showed enhanced tumor formation 

compared to mice infected with EBV only (87). It is particularly revealing that the distinct, 

transformed properties of the KSHV+/EBV+ fast cells arose in the absence of any 

selective pressures in an animal or human host. Our model of dual infection in vitro 

therefore enables the genetic dissection of the viral and cellular genes that mediate the 

early stages of transformation towards PEL. 
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CHAPTER VI.  
 
 
Discussion and Future Directions 
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Primary Effusion Lymphomas (PELs) are causally associated with Kaposi's 

sarcoma-associated herpesvirus (KSHV), and 90% of them are also co-infected with 

Epstein-Barr virus (EBV) (1, 2, 5, 6, 18, 19). KSHV and EBV are lost from proliferating 

cells if they do not provide their host cells selective advantages (24–26). Because both 

viruses are maintained as extrachromosomal plasmids in PELs, they both contribute to 

tumor phenotypes. PEL, therefore, is a unique tumor: it is the only human tumor to be 

known to depend on two oncogenic viruses. KSHV was found to express genes essential 

for the survival or proliferation of PEL cells (27–29). The role of EBV in PEL is still unclear, 

although several studies suggested that EBV plays a role in supporting proliferation of 

PEL cells and the maintenance of their KSHV genomes (60, 68). Even though KSHV is 

thought to be the genetic driver of PEL, B cells have notoriously been difficult to infect 

with KSHV in vitro, and when they can be infected, KSHV has not been found to transform 

them. We therefore formerly lacked a model which allows complete characterization in 

vitro of the early steps of development of PEL. 

 

CONTRIBUTIONS DESCRIBED IN THIS DISSERTATION 

I have established a protocol to produce and infect 293 cells with KSHV efficiently 

and reproducibly. I found that spinoculation increases KSHV binding to cells, which 

significantly enhances the efficiency of infection when cells are washed following 

exposure to the virus. Using this technique to expose cells to KSHV, I have defined a role 

for EBV in supporting co-infection of peripheral B cells by KSHV. I found that EBV plays 

a dual role in infection by KSHV and that optimal infection is achieved within 24 hours of 

EBV infection. My experiments underlined the role of B cell activation in KSHV infection 
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and suggested that EBV is allowing infection by KSHV in part by providing activation of 

the cells. These experiments further provided a possible explanation to why tonsillar B 

cells, which are often derived from activated tonsils, have been more susceptible to KSHV 

infection than peripheral B cells. I have then showed that the dually infected peripheral B 

cells are transformed and maintained both EBV and KSHV for months in culture. The 

dually infected cells were clonal and expressed lambda light chain mRNA similar to PEL 

cells. These dually infected cells varied in their proliferative capacities and showed 

distinct, transformed properties. Cells that grew to predominate in a culture showed 

enhanced KSHV gene expression, regulated the expression of some cellular genes as 

do PEL cells, and thus shared multiple properties with PEL cells. In this dissertation, I 

have therefore described a new model of dual infection in vitro that enables, for the first 

time, the genetic dissection of the viral and cellular genes that mediate the early stages 

of transformation towards PEL. 

 

FUTURE DIRECTIONS  

Future work will test for the mechanism by which EBV allows infection of peripheral 

B cells by KSHV. We found that EBV plays a dual role in infection of peripheral B cells by 

KSHV: early events of EBV infection promoted infection by KSHV while later events 

inhibited this co-infection. Our results suggested that KSHV can either bind irreversibly or 

enter non-activated peripheral B cells. If KSHV can enter resting B cells, EBV infection is 

therefore needed for KSHV gene expression. Later events of EBV infection could inhibit 

KSHV infection by decreasing its binding to cells or downregulating a receptor for entry. 

To test these hypotheses, we will monitor KSHV entry into non-activated B cells 
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compared to B cells exposed to KSHV prior to or following EBV infection. We will use 

fluorescence in situ hybridization (FISH) to measure the number of KSHV genomes in the 

nuclei of these cells. Preliminary experiments showed that KSHV binds to the surface of 

B cells and it can be difficult to distinguish the KSHV genomes bound to the surface from 

those in the nuclei. We therefore plan to treat cells with trypsin to remove the KSHV virions 

bound to the surface of the cells prior to analysis by FISH. 

We have characterized and compared the phenotypes of two populations of dually 

infected cells: the KSHV+/EBV+ slow and the KSHV+/EBV+ fast cells. They were both 

transformed and maintained KSHV and EBV. Both populations were clonal and 

expressed lambda light chain mRNA, similar to PEL cells. The KSHV+/EBV+ slow cells 

were often overgrown by cells infected only with EBV while the KSHV+/EBV+ fast cells 

outgrew the singly infected cells. The KSHV+/EBV+ fast cells showed a higher level of 

KSHV gene expression compared to the KSHV+/EBV+ slow cells and regulated the 

expression of some cellular genes as do PEL cells. 

By following the evolution of the dually infected, GFP-positive cells in populations 

of B cells, we have therefore identified different populations of dually infected cells based 

on their proliferative capacities compared to those of the EBV-only infected cells. We have 

then characterized their transformed properties and showed that the KSHV+/EBV+ fast 

cells have distinct, transformed properties that associate them more closely with features 

of PEL cells. In future experiments, the dually infected, GFP-positive cells will be cloned 

shortly following infection. By monitoring the number of GFP-positive cells over time, we 

will test whether all dually infected cells are transformed by EBV and KSHV or if some 

cells lose KSHV over time. Preliminary results suggest that a fraction of the dually infected 
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cells lose KSHV over time. We found that when the dually infected, GFP-positive cells 

were sorted and cloned at day 7 post-infection, only 40% of the wells that formed stably 

proliferating populations remained GFP-positive. We will measure the rate of growth and 

the expression of KSHV and cellular genes in each of these stably dually infected clones. 

Our results suggest that the clones of dually infected cells will differ in their rate of growth. 

These studies will determine the fraction of cells that acquire the phenotype of the 

KSHV+/EBV+ fast cells compared to that of the KSHV+/EBV+ slow cells. Our finding that 

some cells, the KSHV+/EBV+ intermediate cells, showed a phenotype between those of 

the KSHV+/EBV+ slow and the KSHV+/EBV+ fast cells suggests that the clones of dually 

infected cells will exhibit a range of phenotypes between those of the KSHV+/EBV+ slow 

and the KSHV+/EBV+ fast cells.  

In preliminary experiments, we estimated the frequency at which KSHV+/EBV+ 

fast cells arise in populations of B cells exposed to both viruses. Dually infected, GFP-

positive cells were sorted at day 7 post-infection and plated on human fibroblast feeders 

by limiting dilutions. We defined the KSHV+/EBV+ fast transformed cells as dually 

infected cells which overgrew mixed populations such that all cells grew to be GFP-

positive. We looked at wells where multiple cells capable of proliferating were plated and 

counted those wells at 7 weeks in which all cells were GFP-positive. We found that the 

KSHV+/EBV+ fast transformed cells comprised approximately 1 cell per 10,000 B cells 

initially exposed to both KSHV and EBV. 

We also plan to test what viral genes play a role in the transformation of the 

KSHV+/EBV+ fast cells. These cells upregulated KSHV genes found to be expressed in 

PEL such as the KSHV latency locus genes and vIL-6. The increased expression of these 
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genes, in particular v-FLIP and vIL-6, likely contribute to the characteristic cellular gene 

expression of the KSHV+/EBV+ fast cells. To ask if these genes are essential to the 

phenotype of the KSHV+/EBV+ fast cells, we will inhibit their expression using shRNAs 

and monitor the growth and survival of these cells. We will also use mutants of KSHV that 

lack expression of each KSHV latency locus gene or vIL-6 and infect primary B cells with 

each mutant in combination with EBV. Using the clonality assay described above, we will 

then compare the fraction of dually infected cells that acquire the phenotype of the 

KSHV+/EBV+ fast cells when cells were infected with a wild-type or a mutant strain of 

KSHV. 

In addition, we plan to test for the role of EBV in supporting the growth or survival 

of the dually infected B cells. Based on our finding that EBV’s BART miRNAs contribute 

to the survival and/or proliferation of the BC-1 PEL cells, these miRNAs could play a role 

in the transformation of the dually infected B cells. In future experiments, primary B cells 

will be infected with a mutated strain of EBV that does not express the BART miRNAs 

plus or minus KSHV. We will ask whether the absence of expression of EBV’s BART 

miRNAs affects the efficiency of infection or the maintenance of KSHV in peripheral B 

cells. We will also compare the fraction of dually infected cells that acquire the phenotype 

of the KSHV+/EBV+ fast cells when cells were infected with the wild-type or the mutant 

strain of EBV. We will also test for the requirement of other EBV’s genes. In preliminary 

experiments using ɤ-irradiation of the B95-8 strain of EBV, we found that EBV’s nuclear 

antigens are required early for dual infection of peripheral B cells by KSHV. Using an 

EBNA2-null variant of EBV, HH514 clone 16, in dual infections, we found a 62% decrease 

in GFP-positive cells relative to B95-8 virus at day 5 post-infection. Our preliminary results 
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thus indicate that EBV must express one or more transforming genes, including EBNA2, 

in primary B cells for dual infection and transformation by KSHV. 

Future work will also examine the role of EBV and KSHV lytic cycles in the 

transformation of the dually infected cells. We found that KSHV lytic genes and some 

EBV lytic genes were upregulated in the KHSV+/EBV+ fast cells compared to the 

KSHV+/EBV+ slow cells. Several of the differentially expressed lytic genes between the 

KSHV+/EBV+ fast and the KSHV+/EBV+ slow cells are thought to play a role in 

tumorigenesis (128). By using a strain of KSHV that does not express the viral protein 

RTA, we found that KSHV lytic gene expression is not required for infection of peripheral 

B cells by KSHV. This subset of viral genes therefore is not needed for the early events 

in transformation. We will extend this experiment by asking if the dually infected cells are 

transformed and maintain the mutated strain of KSHV. In preliminary experiments, I 

observed fluctuations in the percentage of GFP-positive cells over time that were similar 

in populations of cells exposed to the wild-type or to the mutant strain of KSHV. These 

results suggest that cells can be transformed by dual infection with the mutated strain of 

KSHV. We will ask whether a fraction of these dually infected cells shares the same 

characteristics in cellular gene expression with PEL cells than the KSHV+/EBV+ fast cells. 

A recent study found that EBV lytic gene expression in dually infected mice lead 

to increase tumor formation (87). In future experiments, we will infect peripheral B cells 

with KSHV and a mutated strain of EBV that does not express BZLF1 and BRLF1 and 

therefore cannot undergo the lytic cycle. We will measure the efficiency of infection with 

KSHV and the maintenance of KSHV in these dually infected cells. If the cells are 

transformed by this dual infection, we will characterize the phenotypes of the dually 
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infected cells and test whether a smaller fraction of these cells acquire the phenotype of 

the KSHV+/EBV+ fast cells. 

In preliminary experiments, we monitored the fraction of cells that undergo EBV’s 

or KSHV’s lytic cycle in the KSHV+/EBV+ fast compared to the KSHV+/EBV+ slow dually 

infected cells. We found that 1.2% of the KSHV+/EBV+ fast and 0.5% of the KSHV+/EBV+ 

slow cells display amplified, compartmentalized KSHV DNAs by FISH, which are 

characteristic of KSHV’s lytic cycle. Using immunofluorescence, we found that 0.6% of 

the KSHV+/EBV+ fast cells and 0.8% of the KSHV+/EBV+ slow cells expressed the early 

antigen encoded by BHRF1, indicating that they support entry into EBV’s lytic cycle 

similarly. These preliminary results indicate that the viral lytic phases are likely not 

determining the bulk properties of the KSHV+/EBV+ fast cells. 

 

IN CONCLUSION 

This new model of dual infection in vitro allows for the first time a mechanistic 

analysis of the contributions of EBV and KSHV to early steps in the development of PEL. 

Future work will identify the viral and cellular genes that mediate the transformation of the 

dually infected cells and their progression towards lymphomagenesis. This model also 

establishes a role for EBV in the development of PEL. EBV both promoted infection of 

peripheral B cells by KSHV and provided survival and/or proliferative advantages to the 

dually infected cells. Therefore, this work more generally underscores the desirability of 

targeting not only KSHV but also EBV in developing new therapies for PEL. 
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APPENDIX 1. IDENTIFYING THE CONTRIBUTIONS OF KSHV TO PRIMARY 

EFFUSION LYMPHOMAS 

 

INTRODUCTION 

Previous work by Dr. Prabha Shrestha has shown that ectopic expression of genes 

from the KSHV latency locus in PEL cell lines leads to a partial but incomplete loss of 

endogenous KSHV genomes (129). My goal was to identify a limited set of KSHV genes 

that would be sufficient to complement the loss of KSHV genomes from PEL cells. In PEL, 

KSHV expresses an additional anti-apoptotic gene outside of the latency locus, called 

latent-nuclear antigen 2 (LANA2) or viral interferon regulatory factor 3 (vIRF3) (43, 44). 

First, I tested whether ectopic expression of LANA2 can complement the loss of KSHV 

genomes from PEL cells. Second, I wanted to ask whether ectopic expression of the 

KSHV latency locus genes along with LANA2 was sufficient to lead to a complete loss of 

KSHV genomes from PEL cells. 

 

MATERIALS AND METHODS 

Cloning of LANA2. 

The DNA sequence of LANA2 was amplified from the genomic DNA of the JSC-1 

PEL cell line using the forward primer: 5'-GCA GTG CGG CCG CAT TCT GAC AGG TCA 

CCA TGG CGG G-3' and the reverse primer: 5'-GCA GTA TGC ATA CTA TTA GTC ATC 

ACA TGT AAC TGA ACG C-3'. This sequence was then cloned into the retroviral vector 

p3051 and verified by sequencing. This construct was transfected into 293T cells to verify 
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the correct expression of LANA2 by Western Blotting. The LANA2 antibody CM-A807 

from Novus Biologicals was used for detection of LANA2. 

 

Introducing LANA2 into the BC-1 PEL cell line. 

LANA2 was transduced into BC-1 cells using retroviral transduction by co-

cultivation. Briefly, 293T cells were plated in 10 cm plates and transfected when they 

reached ~60% confluence with 10 µg of the retroviral vector expressing LANA2, 3 µg of 

Gag/Pol, 1 µg of NF-κB and 1 µg of VSVG using Lipofectamine 2000 (Invitrogen). 293T 

cells were then irradiated and co-cultivated with the BC-1 cells for 24 hours. 

 

Quantitative reverse transcription PCR (RT-qPCR). 

The plasmids p4170 and p4171 were transfected into 4 KSHV-negative cell lines 

using lipofectamine 2000 (Invitrogen). Cells were cultured under hygromycin selection for 

5 days. Total RNA was isolated from 293 cells using Trizol reagent (Invitrogen) following 

the manufacturer’s protocol. RNA was precipitated in presence of 5 µg/mL linear acrylamide 

(Ambion). RNA was then treated with Turbo DNAse (Ambion) and re-purified using Trizol. 

The reverse transcription was performed using AMV reverse transcriptase (Roche). The 

protocol used for real-time PCR and the primers used for detection of LANA1 are 

described in CHAPTER II. The primers used for detection of v-cyclin, v-FLIP and Kaposin 

A/C are as followed: 
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v-cyclin 
Forward 5’-AGCTGCGCCACGAAGCAGTCA-3’  
Reverse 5’-CAGGTTCTCCCATCGACGA-3’ 
Probe 5’-6-FAM-TAGCGTACTCTCGCGGCCCAGC-IABk-3’

v-FLIP 
Forward 5’-CGTCTACGTGGAGAACAGTGAGCT-3’
Reverse 5’-CTGGGCACGGATGACAGGGAAGTG-3’
Probe 5’-6-FAM-TCTAAGTGAAGCAGGTCGCGCAA-IABk-3’

Kaposin A/C 
Forward 5’-AACTCGTGTCCTGAATGCTAC-3’ 
Reverse 5’-TTACTAAATGGGTGTCGCTGG-3’ 
Probe 5’-6-FAM-ACCACTCGTTTGTCTGTTGGCGAT-IABk-3’

 

 

Real-time PCR (qPCR). 

Total DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen). To 

measure the number of copies per cell of the plasmids p4170 and p294.8, the number of 

hygromycin and rhodopsin molecules was monitored by real-time PCR. The protocol and 

the primers used for real-time PCR are indicated in CHAPTER II. 

 

Fluorescence in situ hybridization (FISH). 

FISH to measure the number of KSHV genomes per cell was performed as 

previously described (see CHAPTER II). To monitor the number of copies of the plasmid 

p4170 by FISH, the plasmid p4170 was used as hybridization probe. 

 

RESULTS 

Ectopic expression of LANA2 leads to a partial loss of KSHV genomes from PEL 

cells. 

Previous work by Dr. Prabha Shrestha showed that ectopic expression of the anti-

apoptotic protein v-FLIP leads to a complete loss of KSHV genomes from a fraction a 
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PEL cells (129). Like v-FLIP, LANA2 was found to inhibit apoptosis (44, 56). Previous 

studies have shown that partial knock-down of LANA2 expression with siRNA reduces 

proliferation of PEL cells (28). We therefore asked whether ectopic expression of LANA2 

can complement the loss of KSHV genomes from PEL cells. We used a retroviral vector 

to ectopically express LANA2 in the BC-1 PEL cell line. The number of KSHV genomes 

per cell was monitored by FISH after 2 months of culture. We found that the ectopic 

expression of LANA2 led to a decrease in the number of KSHV genomes per cell (Figure 

1). These results indicate that LANA2 contributes to the survival and/or proliferation of the 

BC-1 cells. However. ectopic expression of LANA2 was not sufficient to lead to the 

complete loss of KSHV genomes from these cells.  

 

The EBNA1-OriP plasmid p4170, and its backbone p294.8, integrate in 4 different 

cell lines. 

We then wanted to ask whether ectopic expression of KSHV latency locus genes 

in combination with LANA2 was sufficient to complement the loss of KSHV genomes from 

PEL cells. Two EBNA1-OriP plasmids, p4170 and p4171, containing the DNA sequence 

of the KSHV latency locus have been generated (129). We first tested whether each gene 

of the KSHV latency locus was expressed from these plasmids by transfecting them into 

293 cells. 

The level of expression of KSHV genes from the plasmids p4170 and p4171 was 

measured by RT-qPCR in transient transfection of 293 cells. Expression of v-cyclin, v-

FLIP, LANA1 and Kaposin A/C in 293 cells 5 days post-transfection was similar to their 

level of expression in PEL cell lines (Figure 2). Efficient expression of LANA1 from the 
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plasmids p4170 and p4171 was also confirmed by Western-Blotting. The protein LANA1 

was expressed from both plasmids but the plasmid p4170 was found to express higher 

levels of LANA1 compared to the plasmid p4171. 

We then performed qPCR experiments to monitor the number of copies per cell of 

the plasmid p4170 in 293 cells. We found that the plasmid p4170 was present at ~1 copy 

number per cell indicating that this plasmid was integrated in these cells. Furthermore, 

we showed that the plasmid p4170, but also its backbone p294.8, integrate in 4 different 

cell lines: 293, Saos2, AGS/EBNA1/CR2 and U2OS cells (Table 1). These results were 

confirmed by FISH. Our findings indicate that experiments using EBNA1-OriP vectors 

should always be performed with caution and the correct maintenance of these vectors 

as extrachromosomal plasmids in cells should be monitored. 
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Figure 1: Ectopic expression of LANA2 leads to a partial loss of KSHV genomes 

from PEL cells. 

LANA2 was ectopically expressed in the BC-1 PEL cells for 2 months. (A) The 

average number of KSHV genomes per cell was measured by FISH. (B) The percentage 

of cells with the given number of KSHV genomes is indicated. 
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Figure 1 
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Figure 2: Expression of KSHV latency locus genes from the plasmids p4170 and 

p4171. 

The expression of KSHV latency locus genes was measured by RT-qPCR in 293 

cells 5 days following transfection of the plasmid p4170 or p4171 and in the JSC-1, BC-

1 and BCBL-1 PEL cell lines. The expression of v-cyclin, v-FLIP, LANA1 and Kaposin 

A/C relative to the JSC-1 PEL cell line is indicated (expressed in fold change). 
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Figure 2 
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Table 1: The EBNA1-OriP plasmids p4170 and p294.8 integrate in 4 different cell 

lines. 

The number of plasmids p4170 or p294.8 per cell was monitored by real-time PCR 

in 4 different cell lines. The BJAB cell line was used as a negative control. 
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Table 1 

 

Sample # plasmids/cell 

293 + 294.8 0.55 

293 + 4170 0.62 

Saos2 + 294.8 0.65 

Saos2 + 4170 1.53 

AGS/EBNA1/CR2 + 294.8 0.54 

AGS/EBNA1/CR2 + 4170 0.61 

U2OS + 4170 replicate #1 0.40 

U2OS + 4170 replicate #2 0.93 

BJAB 0.14 
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APPENDIX 2. IDENTIFYING THE CONTRIBUTIONS OF EBV’S BART miRNAS TO 

BURKITT’S LYMPHOMAS 

 

INTRODUCTION 

Previous work by Dr. Malika Kuzembayeva suggested that EBV’s BART miRNAs 

foster the growth of Wp-restricted Burkitt’s lymphoma cells (130). A retroviral vector 

encoding the cellular anti-apoptotic gene Bcl-xL was used to ectopically express Bcl-xL 

in the OkuI Burkitt’s lymphoma cell line. The ectopic expression of Bcl-xL induced the loss 

of EBV from a fraction of these cells (130). An EBV-negative clone was generated, called 

Bcl-xL-positive EBV-negative OkuI clone 3.4. The Bcl-xL-positive EBV-negative OkuI 

cells grew significantly slower than the parental OkuI cells. Their rate of growth was 

restored by the ectopic expression of EBV’s BART miRNAs. In order to identify the subset 

of EBV’s BART miRNAs that provides selective advantages to the OkuI cells, several 

EBNA1-OriP plasmids expressing different subsets of these miRNAs were introduced into 

the Bcl-xL-positive EBV-negative OkuI cells.  

 

MATERIALS AND METHODS 

Real-time PCR. 

Total DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen). To 

determine the number of endogenous EBV genomes per cell, the number of molecules 

of BALF5 and rhodopsin was measured by real-time PCR. The protocol and the primers 

used for real-time PCR are indicated in CHAPTER II.  
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Growth curves. 

The rate of growth of the Bcl-xL-positive EBV-positive SalI cells and the Bcl-xL-

positive EBV-negative SalI clone 3 cells was measured using a Coulter counter. 

 

RESULTS 

One copy of EBV is integrated in Bcl-xL-positive EBV-negative OkuI clone 3.4 cells. 

Previous results showed that the Bcl-xL-positive EBV-negative OkuI cells grow 

significantly slower than the parental OkuI cells. Expression of different subsets of EBV’s 

BART miRNAs restored the growth of these cells to the level of the parental OkuI cells. 

In particular, the Bcl-xL-positive EBV-negative OkuI cells transfected with the EBNA1-

OriP plasmid p4046 encoding the cluster I of EBV’s BART miRNAs grew significantly 

faster than those transfected with its backbone plasmid (p220.2). 

I measured the number of endogenous EBV genomes per cell in the parental OkuI 

cells and the Bcl-xL-positive EBV-negative OkuI clone 3.4 by real-time PCR (Table 1). 

The number of EBV genomes was also measured in the population of OkuI cells 

transduced with the retroviral vector expressing Bcl-xL, called the Bcl-xL-positive EBV-

positive OkuI cells. Only a fraction of these cells loses EBV and the majority of cells in 

this population remain EBV-positive. I found on average between 5 and 7 EBV genomes 

per cell in the parental OkuI cells and the Bcl-xL-positive EBV-positive OkuI cells. 

However, the Bcl-xL-positive EBV-negative OkuI clone 3.4 cells contained 1 EBV genome 

per cell. The same results were obtained with the Bcl-xL-positive EBV-negative OkuI 

clone 3.4 cells that were transfected with the EBNA1-OriP plasmid p4046 or its backbone 

p220.2. These results indicate that one copy of the endogenous EBV genome is 
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integrated in Bcl-xL-positive EBV-negative OkuI clone 3.4 cells. These results were 

confirmed by FISH (FISH was performed by Ya-Fang Chiu and Bill Sugden). 

 

EBV does not provide a proliferative advantage to Bcl-XL-positive EBV-negative 

SalI cells. 

Bcl-xL was ectopically expressed in another Wp-restricted Burkitt’s lymphoma cell 

line, named SalI. The ectopic expression of Bcl-xL also induced the spontaneous loss of 

EBV from a fraction of these cells. An EBV-negative clone, named Bcl-xL-positive EBV-

negative SalI clone 3 cells, was generated. I measured the number of endogenous EBV 

genomes in these cells compared to the Bcl-xL-positive EBV-positive SalI cells (Table 1). 

I found no evidence of integration of the EBV genome in the Bcl-xL-positive EBV-negative 

SalI clone 3 cells. 

I then asked whether I could reproduce the results observed with the OkuI cell line: 

the OkuI cells that lost EBV upon expression of Bcl-xL showed a reduced rate of growth 

compared to the parental OkuI cells. I measured the rate of growth of the Bcl-xL-positive 

EBV-positive SalI cells compared to the Bcl-XL-positive EBV-negative SalI clone 3 cells 

and found no difference in cell growth between these two cell types (Figure 1). 
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Table 1: One copy of EBV is integrated in Bcl-xL-positive EBV-negative OkuI clone 

3.4 cells. 

The number of endogenous EBV genomes per cell was measured by real-time 

PCR in OkuI and SalI cells. BJAB cells were used as a negative control. repl.: replicate.
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Table 1 

 

Sample # EBV genomes/cell 

OkuI 4.70 

Bcl-xL+/EBV+ OkuI 7.20 

Bcl-xL+/EBV- OkuI clone 3.4 repl. #1 0.55 

Bcl-xL+/EBV- OkuI clone 3.4 repl. #2 0.38 

Bcl-xL+/EBV- OkuI clone 3.4 repl. #3 0.80 

Bcl-xL+/EBV- OkuI clone 3.4 repl. #4 0.63 

Bcl-xL+/EBV- OkuI clone 3.4 + p220.2 0.63 

Bcl-xL+/EBV- OkuI clone 3.4 + p4046 0.86 

Bcl-xL+/EBV+ SalI 7.22 

Bcl-xL+/EBV- SalI clone 3 0.00 

BJAB 0.00 
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Figure 1: EBV does not provide a proliferative advantage to Bcl-XL-positive EBV-

negative SalI cells. 

The rate of growth of the Bcl-xL-positive EBV-positive SalI cells and the Bcl-xL-

positive EBV-negative SalI clone 3 cells was monitored in 3 independent biological 

replicates for each population. Error bars show the standard deviation. 
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Figure 1 
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The transcripts of the DNA-binding inhibitor ID3 are targeted by EBV’s BART 

miRNAs in OkuI cells. 

The following work was carried out by an undergraduate student, Dalton Banh, 

under my mentorship as part of the Integrated Biological Sciences Summer Research 

Program at the University of Wisconsin-Madison.  
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