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ABSTRACT

Epstein Barr Virus (EBV) is a human herpes

population. It is associated with several malignancies including Burkitt lymphoma and
nasopharyngeal carcinoma. EBV infects B cells and establishénalife cycle as an
extrachromosomal plasmid or produces mature virions by undergoing lytic replication.
We show that EBV is present in some multiple myeloma cell lines and patients and when
present, it is detected in a subpopulation of cells. Preumestigators, noting the

phenotypic heterogeneity of clonal myeloma cell lines, have presented evidence that cells
with a plasma cellike phenotype develop from cells with a B el@e phenotype in

culture and that a similar process may occur in pegien

In this report, we present evidence that EBV persists in a phenotypically distinct cellular
fraction. We have investigated cells with a cancer sterrlikelmature B cell phenotype

in the peripheral blood of patients with multiple myeloma (MM) andAM cell lines.

We investigated in tissue culture and found that in commonly studied MM cell lines
(MM.1S, RPMi#8226, NCHH929, KMS11), EBV was also present, but almost
exclusively in the subpopulation of cells with a mature B cell phenotype. Limiting
dilution analysis shows that the frequency of cells that harbor EBV in thesevisésss

than 1 in 100. However, the presence of rare EBV infected watsconfirmed by

fluorescence in situ hybridization and immunofluorescence for viral nuclear antigens.

Gene expression of EBV nuclear antigen (EBNA)and 2 as well as latency membrane



protein (LMP}2 was detected by RPCR and confirmed by immunofluorescence. The
subpopulation of cells that harbor virus were phenotypically distinct GTL938 cells.
Blocking plasma cell differentiation led to a higher frequency of CB1€ells and
subsequently an increased frequency of EBV infected cells, thereby confirming that in
MM, EBV was harbored in the B cdlke population. Introduction of a dominant

negatiwe inhibitor of the EBV latency protein EBNA affected celgrowthkinetics in
EBV(+) MM cells but not in EBV) cell lines. These results suggest that in some MM
cell lines, EBV is harbored in a B cdilke progenitor fraction that may overlap with the

putative cancer stem cell fraction. EBV may be lost during differentiation to plasma cells.

Treatment with antiviral drugs like acyclovir stabilized EBV viral copy number over
months showing that the virus was present in a latent plasmid form. TargetiBgNi#e
2 protein function slowed down the growth kinetics of the myeloma cell lines that were

EBV positive.

Knock down of a pralifferentiation transcription factor (XBR) led to an increase in the
frequency of EBVinfected cells. Expression of a transdoamt inhibitor of latency viral
replication and segregation was accompanied by a slowing of cell growth as measured by
doubling time in myeloma cell lines that harbor EBV but not in cell lines lacking the virus
consistent with the interpretation that thiea genome plays an important role in the
growth kinetics of the MM cell lines in which it is found. Eviction of the EBV nuclear
plasmid or inhibition of EBVgrowth signaling slows the growth of the culture as a whole
consistent with the possibility th&BV plays a role in maintaining the growth of MM

cancer stem cells.



In peripheral blood lymphocytes from MM patients, EBV DNA is enriched 10 fold in
aldehyde dehydrogenaé®l D) rich-mature memory B cells (CD20+CD27+) expressing
the same light chain types malignant plasma cells, and enriched approximately 100 fold
over the CD19+ peripheral B cell population. The presence of &@8¢onfirmed
CD20+CD27-ALD """ cellsby quantitative PCR for EBV DNANd

immunofluorescence. In contrast EBV is absent fromsealmatients plasma cells. The
phenotypic characteristics of tHED20+CD27-ALD "" fractionoverlap with the

putative cancer stem céfhction These results taken together suggest a new model of

EBV associatedhultiple myeloma.
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INTRODUCTION

EpsteinBarr virus (EBV) one of eight human herpesviassinfects over ninety percent

of humans and maintains infection throughout the lifetime @p#rson. EBV is a

gamma herpesvirus and is considered to be one of the most successful human parasites.
EBV has been associated with several diseas&sling infectious mononucleosis,

cances and autoimmune disease$ EBV is an archetype for human tumor viruses and

was the first virus to be associated with candeBy/ was discovered by M. Anthony

Epstein, Bert Achong and Yvonne Barrli964 using electron microscopgn cells

isolated from a Burkitt lymphoma tissue sample. Since then, EBV has been implicated in
infectious mononucleiosis, nasopharyngeal carcinomaHualgkins lymphoma, AIDS

related malignanciegnd several otlieanalignancies “.
EBV genome

EBV is designated as human herpesvirus 4 (HHV The EBV genome consists of 172
to 184 kilobase pairs of double stranded DNZA&he virus exists in a latent plasmid form

in infected cells or a lytic form which leads to production of infectious virions

EBV virions have linear double stranded gensthat encode near00 proteins. The
EBV genome is surrounded by a nucleocapsid consistifigradjor capsid protein and 6
capsid proteinsThe nucleocapsid is surrounded by a protein tegument which in turn is
surrounded by a viral envelope consisting of glycoproteins. Tgigseproteins are

important for hosteceptor recognition and cell tropiSm



There are two subtypes of EByype-1 and type2 differ from eachmainly in the
sequence of EBNAR and EBNA3A, 3B and 3C sequenc&sEBV typel is
predominant in the Western hemisphere and Southeast Asia whereas both theetypes a

equally prevalent in Africa™.
Latent EBV infection

In vitro, EBV infects Bcells Some of the infected cells are driven to constant
proliferation and are said to be immortaliZeth vivo, initial EBV infection occurs in the
oropharynx. EBV is transmittetirough salivaand infects tonsillar tissife Although

EBV infectslymphocytes and epithelial celithe long term reservoir is believed to be in

B lymphocyes™. The viral glycoprotein, gp350, binds to the complement receptor,
CD21, on B cells* following which another viral protein, gp42, interacts wike B-cell
major histocompatibility complex (MHC) class Il molecules and tnigg@&usi host
membrane fusioff. In epithelial cells,the EBVBMRE pr ot ein interacts
integrins and the EBV envelope protein, gH/gligders viruscell fusion va integrin

U 3 b thter8ction™ . The nucleocapsid containitige EBV genome is released into the
cytoplasm following vesicular endgiosis of the virus and its subsequent fusion with the
vesicular membrane. The genome is transported to the nucleus after dissolution of the
viral nucleocapsid. In the nucleus, DNA polymerases aid viral replication. EBV
establshes latency in memory-€elis’. This is a quiescent state wherein EBV expresses
very few viral proteins and does not produce any infectious virus particles. The number
of EBV infected cells and the number of genomes per infected cellkiadsvn as the

viral load, is kept low by circulating cytotoxic-Gells ™.

2



EBV latency is classified into 4 types depending on the latent gene expression patterns.
The viral genes expressed during the lalién cycle include six EBV nuclear antigens
(EBNA), threelatent membrane proteins (LMP), two EBV encoded RNAs (EBERjpand
family of BamHI A transcripts (BART). EBNAL protein interacts with viral DNA and
allows for EBV plasmid maintenance indglls'’. EBNA-2 upregulates the expression
of LMP-1, LMP-2 and cellular proteins that aiddIl transfornation and growti®’.
EBNA-3 subypes A, B and C together regulate the expression of cellular {eh&4P-

1 has oncogeniproperties®. LMP-2 prevents lytic reactivation of EBV by blocking
phogphorylation of a tyosine kinasé'. The EBERs do not encode any proteins lmay
play a role in resistance to apoptosis or other properties relevant to oncofeiiésise
genes are differeially expressed during the 4 types of latency programs. Table 1

summarizes the current latency classification system and the associated diseases.

In latency |, only EBNA1 andthe EBERs are expressed whereas EBNAthe EBERS,
LMP-1 and LMR2 are expresed in latency Il. In the third type, latency lll, all the viral
latercy genes are expressdResting maturd®-cells from healtii donors(the main EBV
reservoir)infected with EBV show a fourth latency subtype in whictydhe EBERs and

LMP-2 are detected|
EBV Nuclear Antigen-1 (EBNA-1)

EBNA-1 is expressed in dkitently infected proliferatingells. It is a crucial latent life
cycle protein that is required for maintenance and replication of the EBV genome.
EBNA-1 binds to the origin of plasmid replication (oriP) in a sequencefgpeznner?

The oriP is a 1.7 kbps long contiguous EBV DNA fragment that supports autonomous
3



extrachromosomal replication d¢feé EBV genomé*?. EBNA-1 binds to oriP andecruits
cellular DNA machinery and activates several viral promdfeESBBNA-1 is separated
into amine andi carboxy terminal domains by a GlyctAdanine (GlyAla) repeat
sequence. This repeat sequence stabilizes the mature-EBRNX#ein by preventings

breakdown by the proteasorhe

EBV Nuclear Antigen-2 (EBNA-2)

EBNA-2 plays a crucial role in theansformatiorof B-cells in vitro’. EBNA-2 interacts
with a sequence specific DNA binding prote@£11 (also known as GBL or RBP-m 9 )
which leads to transcriptional activation of cellular genes sis5cCD23 and LMA and

LMP-2A 2028

Latent Membrane Protein 2 (LMP2)

The LMP2 proteins LMP2A and LMP2B are not essentaBEBV transformaon in

vitro ?°. LMP2A expression abrogates normatéll development in transgenic mite
LMP-2A is capable of driving proliferation and survival ofcBlls in theabsence of the
B-cell receptor (BCR) signaling. LMPA has been found to induce expression of genes

involved in celicycle induction, immune evasi and inhibition of apoptosis

EBV lytic replication

Rare inkcted cells in a population can undergo spontaneous or exogenously induced lytic
reactivation'”. Chemical agents like arithmunoglobulin (antigG), phorbol esters,
sodium butyrate (NaB) and trichostafi(TSA) 3, and5-aza?2 -@leoxycytidine (8Aza)

increase lytic gene expressidinti-IgG activates the 8ell receptor by crosslinking of
4



cell surface immunoglobulif’s Phorbol esters likel 2-O-tetradecanoylphorbdl 3-acetate
(TPA) are protein kinase C (PKC) agoni§end NaB and TSA are histone deacetylase
(HDAC) inhibitors*. 5-Aza is a DNA methyltransferase inhibifor ER stress inducers

like thapsigargin and bortezomaltsoinduce lytic reactivatiori®®.

Lytic gene expressios tightly controlled. Thee phasesf expression are recognized:
immediate early (IE), early (E) and late (L). The IE genes are BZLF1 and BRLF1. These
immediate early genes are transactivatorsatetranscribed even in ¢hpresencefo

protein synthesis inhibitorS. These genes activate the expression of early and then late
EBV genes. The majority of early genes are required for viral DNA replication and
evasion of cellular immune nesnse. Late genes products are mainly structural proteins
that are expressed after viral DNA synthéSisThis sequence and nomenclature of gene
expression was determined using DNA replication inhibitors suph@sphophonoacetic
acid. The delayed early viral genes can be expressed in the presence of viral DNA
replication inhibitors but not in the presence of protein synthesis inhibitors. The late viral
genes cannot be expressed in the presence of inhibitairaldDNA polymerase.

Expression of Zta protein gufficientto trigger the lytic gene signaling cascauohal its

expression is often monitored as an indicatdyti activation®.

ZTA

The BZLF1 geer encodes for Zta protein (also denoted as Z, ZEBRA et ER is a
basic leucine zipper (bZIP) transcription factor and acts as a dimer in itsbtbNiAd and
unbound formg*“ The ZT'A promoter (Zp) contains many transcription factor binding

sites that coordinate Zp activation in response to lytic inducers. The factors that mediate
5



Zp activation or transcription include CCAAJox/enhancer bindmprotein (C/EBP),
activator protein (AP1, myocyte enhancéactor 2D (MEF2D)cAMP-response element
binding protein (CREB) as well as ZTA itself. ZTA binds to promoters containing the
ZTA-responsive elsement (ZRE). Once ZTA is expressed , it binds to its own promoter

and activates the anotheBV immediate early transcription factor, RTA.
RTA

RTA is encoded by the gene BRLF1 thantains the ZRE binding sité ZTA and RTA
then synergistically activate transcription of downstream lytic genes. Kbfaats as a
replication factor by binding to the ZRE consensus binding sites iorigjia of
replication (oriLyt)*2 The oriLytZTA interaction is required for replication of the EBV

genome.

The cell tanscription factor XBRL plays a key role ithe production of plasma ceffs
and was found to contribute to regulation of the activity of the Zp proniader,which

BZLF1 is expressetf



EBV 1 associated diseases Burkitt ymphoma

EBV was discovered using tumor cells isolated from Burkitt lymphoma®(Blhe
oncogene-mychas a reciprocal translocation in an ionmglobulin gene that &
hallmark of the cancef>*®, *’. In African BL virtually every tumor is EBVassociated.
The great majority of tuntacells harbor viral genomé$ EBNA-1 is the only latent gene
expressed in BL. EBV evades elimination via immune response by restricting its

expressin in a noAmmunogenic Beell *.
B cell environment

EBV is found in the germinal centerd®lls and persists in the memoncBlls.

Immature Bcells originate in the bone marrow. cells can develop into memory B cells
and memory plasma cells (PC#$Juman memory B cellsra predominantly identified by
surface expression of CD27. Mutated immunoglobulin sequences are found almost
exclusively in CD27B cells in humas®. In particular, CD27 is ituced on B cells as
they enteias vell as leave germinal centers (G@)cell survival can also be achieved
by infection with EBV. Infected cells overcome insufficient or unstable availability of the
extrinsic ligands required for stimulation ofd@ll receptor (BCR) or BARR (B-cell
activating factor) by inducing the expression of viral surrogate receptors ondék B
surface such as latemembrane proteid (LMP-1) and LMR2a*. LMP-2a can
substitutefor BCR signaling®and LMP1 mimics signals received normally via CD40

increasing proliferatiof” **and survivaF? of infectedB cells. Reactivated memory B



cells can differentiate into large antibesigcreting PC& Human PC can be identified by
an upregulation of surface markers such as CD38 and CD27 and a concomitant

downreguléion of CD20*. Mature plasma cells express CD138 on their surface.

Multiple Myeloma (MM)

MM is a neoplasm that is characterized by malignant plasma&’ kel acounts for 1%

of all cancers and is the second most common hematologic malighdrey diagnosis

of myeloma is based on the presence of clonal bone plasma d&isammarrow

(making up at least 10% of marrow ls¢land/or other evidence of clonal plasma cells
such as the presence of clonal immunoglobulin moleculesrum and urine. Over the

last few years, evidend®s emerged suggesting the presafiaancer stem cells (CSCs)
that resemble mature B lymphocygtasbeing responsible for myeloma initiation and
maintenancé® *’. The scientific relevance of the cancer stem cell theory is based on both,
the existence of a hierarchically organizealf eenewing malignant progenitor cells

within each tumor as well as studies showing that their drug resistance may account for
the high frequency of relapse that renders myeloma mostly incurable in spite of the

options of several cytotoxic druds

The research presented in this dissertation sugtiegtEBV persisten cancer stem cells
in MM patients and in four out of seven commonly studied MM cell limés.
phenotypic characteristics ofishfraction overla with the putativeancerstem cell
fraction. Knock down of a prdifferentiation transcription factor (XBE) leads to an
increase in the frequency of EBNfected cellsExpression o& transdominant inhibitor

of latency viral replication and segregatiwas accompanied byskbowing of cell growth
8



as measured by doubling timemyeloma cell lines that harbor EBV but notcell lines
lacking the virus consistent with the interpretation that the viral genome plays a

important role in the growth kinetmf the MM cell lines in which it is found



Table 1EBV latency patterns and disease associafions

Latency | EBNA- | EBNA- | EBNA- | LMP- | LMP- | EBER | Associated Disease
Type 1 2 3 1 2
+ - - - - + Burkitt lymphoma

Il + - - + + + Nasopharyngeal
carcinoma, Hodgkin
Disease, peripheral-T|
cell lymphoma

1] + + + + + + Lymphoproliferative
disease, infectious
mononucleosis

Other + - - - + + Healthy carrier

10



CHAPTER 1: EBV IS PRESENT IN A SUBPOPULATION OF CELLS IN

MULTIPLE MY ELOMA

SUMMARY

Esptein Barr virus is a gamnafeerpesvirus that is associated with several malignancies. It
has been shown to be associated with lymphomas like Burkitt, Hoggkipherall

cell/NK cell lymphomas; B cell lymphoproliferative disease; ,agatric and

nasopharyngeal carcinomas. EBV primarily infects naive B cells and establishes a latent
infection in resting memory B cells. Multiple myeloma is a neoplasm of the plasma cells
that has not been previously shown to be associated with EBV. Plaésraree

terminally differentiated B cells. We identified EBV in 4 out of 7 multiple myeloma cell
lines. We used quantitative real time PCR to show that iEB\éassociated/IM cell

lines, EBV was presetttless than 1 copy per cell. This was unlike otBBV-positive

tumor cell lines wherein the virus present ithe great majority of cells, typicalin

multiple copies. We found that EBVas present innly a subpopulation of celusing

limiting dilution analyses. We quantified EBV frequency and copmber per infected

cell in theEBV-positive myeloma cell lines using quantitative PCR and Po@salysis

In the cells that harbor virus, the genome is preisemultiple copiesWe confirmedhe
limiting dilution PCR data usinfuorescencen situ hybridization(FISH) techniques to
identify cellswith the EBV genome. Wsimilarly confirmed the presence of virus in rare

cellsby immunofluorescence to show the presence of latahcyantigens in rare cells.

11



INTRODUCTION

EBV is a human herpesvirusat af fects 90% of the worl dés
infection with EBV is benign in acute stages and latent in chronic stages. However in
some cases, EBV has been demonstrated to be involved in the development of many
malignancies, both hematologic andtleglial. The first association was with endemic

Burkitt lymphoma. Subsequently other lymphomas like Hodgkin aneHuatgkin

lymphomas as well as epithelial malignancies like nasopharyngeal carcinoma and gastric
carcinoma have been classified as EBV asdedimalignancies. AlID8ssociated

lymphomas and postansplant lymphoproliferative disease have also been shown to be
associated with EBY. The relatively low incidence of EB¥lated tumors compared to

the high prevalence rate of EBV infection shows that there are many factors that
contribute to EBV tumorigenesis, not just persistent EBV infection. EBV has a biphasic
life cycle: latent and lytic. During latency, very few viral genes are expretsedatat

EBV genome can undergo spontaneous or externally induced lytic replication. In the lytic
life cycle, the circular EBV genome becomes linear and expresses a cascade of viral
genes that ultimately lead to the production of infectious virions. A full daschviral

genes is transcribed during lytic replication cy@lenong these, the viral DNA

polymerase is targeted by several antiviral ageath as acyclovir and ganciclovit.

Thecascade of EBV lytic gene expression follows a hierarchy. The lytic gene
transactivator, ZTA (BZLF1, ZEBRA, Z) is the first protein to be expressed. ZTA serves
as a transcription factor as well as a replication factor. ZTA activates transcription of

otherearly and late viral genes. It also binds to the origin of lytic replicatiorL )i

12



({30 Rennekamp,Andrew J. July 15, 2010%e ZTA-Ori-Lyt interaction is required

for EBV genome replication.

Multiple myeloma is the second most common hematologic malignancy in the United
States of America. It is recognized in part by the presence of clonal plasma cells. It
remains incurablealthough the resultsf chemotherapy have markedly improved over

the last decadéMolecular investigations of MM cell populations have shown that the
malignant clones are not limited to cells with the plasma cell like phenotype but include a
smaller population of cells withraature B cell like phenotype. These have been

identified as the putative cancer stem cells of MM

Thorley-Lawson, et al. investigated the role of EBV lytic induction in a multiple
myeloma cell line systeth He usedh MM cell line (that he found harbored EB)
show that EBV underwent lytic replication concurrently witkdd differentiation. He
showed that a transcription factefBP-1 required for plasma cell differentiation

activates an EBV lytic gene, ZTA which then sets off the cascade for lytic replication.

EBV genome has been detected in cancer cell lines using a variety of techniques that
includepolymerasechainreaction(PCR) analysis, Southern hybridization and
immunohistochemistry specific for EBV protein EBNA (i.e., EBV nuclear antidei)

situ hybridization using a probe that detects the EB\¢oded RNAs (EBERS) is
commonly usedor localizing latent EBV in tissusample™®. EBV copy number is
determined using standard DNA isolated from a unique Burkitt lymphoma cell line,

Namalwa. This cell line has 2 copies of the EBV genome integrated in chromo€ome 1
45

13



We wanted to investigate whether EBV was present in other commonly used multiple
myeloma cell lines. We used the American Type Culture Collection (ATCC) for all the
multiple myeloma cell lines. We conducted estpents to detect for EBV prevalence

using quantitative PCR techniques. We quantified EBV copy number using laboratory
standards. We performed limiting dilution analyses to calculate EBV frequency. In this
report, we show that EBV is present in several mmmly used multiple myeloma cell

lines. When present, it persists in only rare cells of the cell line. We show here that EBV

exists in a range of copy numbers in a subpopulation of some myeloma cell lines.

14



MATERIALS AND METHODS

Cell lines

MM.1S, RPMI8226, NCFH929, U266, KMS11, KMS12, MM.1R are human plasma
cell lines derived from multiple myeloma. The panel of EBV associ&adkitt
lymphoma (BL) cell lines includeNamalwa, Raji and Akata. The virus genome is
integrated in the human chromosome in Nanaabt&lls while Akata and Raji harbor the
episomal form. Lymphoblastoid cell lines (LCLs) are EBV immortalized PBM(G$2

is an EBV negative human myeloid leukemia cell line. These cell lines were maintained
in RPMI 1640 medium containing 10% fetal boviregwsn, 100 units/mL penicillin, 100
eg/ mL strept omy-glutamjne. Bactdof thedeDcelMines tested negative

for mycoplasma.

DNA isolation and quantification of EBV viral load by quantitative PCR

Genomic DNA was isolated used the QlAamp DNA mikit (QIAGEN) according to

the manufacturer's protocol. To detect EBV,BalWH pr i mer s ( f wd 5 Nj
CCCAACACTCCACCACACC 306 and rev 5N TCTTAGGA
theBamHW f | uorescent probe (5N (FAM) CACACACT
(BH1) 3Nj) wer eumbeswad deteriniBed using [PNA from the Namalwa

cel | l i ne as st aiideegPCR.readfi@ncdntairked 1x&SsoFastf r e a l
Probes SuperMix (Bi®Rad), a 250M concentration of each primer, a 26
concentration of t he nmwcydimgegnditens dere295°€for20f DN

minutes for 1 cycle and 95°C for 5 seconds and 60°C for 10 seconds for 40 cycles.

15



Limiting Dilution Analysis

To measure the frequency of EBV positive cells in culture, a limiting dilution analysis
was performed. Notdat serial dilutions were never performed on cell extracts or DNA
but always on cells. These were serially diluted@60, 500 and 100 cells/mith 10

replicates eaclDNA was isolated separately from each dilution replicate. Quantitative
real time PCR s carried out as described above. Poisson distribution analysis was used
to calculate the frequency of ERB¥fected cells using Poisson distribution software

ELDA *°

Fluorescence in situ hybridization

The assay utiied a plasmid (pSL76, kindly provided by S.D. Hayward) that contained

two copies of the BamH\W repeat fragment (6.2 Kb insert) as EBV probe. DNA isolated
from plasmid was direlst labeled with GreewlUTP (Abbott Molecular) in a standard

nick translationeaction. The labeled DNA was-poecipitated with salmon sperm DNA

and the pellet was resuspended in 2X SSC containing 10% dextran sulfate and 50%
formamide. Cell cultures from cell lines, Namalwa, K562 and MM.1S were treated with
hypotonic KCI (0.075Mand fi xed in Carnoyods fixative (
acid) and the cell suspension was dropped onto clean slides. Slides and probe were co
denatured at 75 °C for 90 seconds and hybridization continued over night at 37 °C. Slides
were washed in 2XSC/0.3% NP40 at 60 °C for 3 min and in two washes of 2X SSC at
room temperature, 3 minutes each. The slides were counterstained with DAPI, air dried

and mounted with Vectashield antifade under a coverslip. The slides were imaged under

16



Nikon Eclispse TE20UE confocal microscope using a Plan Apo 60x 1.4nahersion

objective and 0.5uM-stacks. EZC1 was used software analysis.

17



RESULTS

EBV is present in a subpopulation of some myeloma cell lines.

We obtained 7 multiple myeloma cell lines from the Ameri¢gpe Culture Collection
(ATCC®). We first wanted to determine if any of the commonly used cell lines were
positive for EBV presence. We isolated DNA from 1 million cellgath ofthe multiple
myeloma cell lines and Burkitt lymphoma cell lines, Akatd Blamalwa. We also

isolated DNA from lymphoblastoid cell lines (LCLs). We performed a quantitative PCR
on the bulk DNA from all the cell lines. We quantified EBV copy number using
laboratory standard DNA from Namalwa cells. Namalwa is a Burkitt lymphoihinee

that has 2 copies of the EBV genome integrated into chromosomeTtpSgiral

genomes are separated by 340 kb of cellular DN#erefore, Namalwa always carries 2
copies of EBV in every cell and is useful as a standard to calculate EBV copiksrin o
cell line. Quantitative real time PCR on the cell lines confirmed previous results that
Akata cells had the most EBV copies per cell. Akata cells harbored EBV in a range of
100 to 200 copies per cell. These results are similar to previous reportsiitipie

labs. The presence wérying copy number over a broad range reflects the presence of
latent viral genomes as well as occasional egltdergoingspontaneoubytic replication
leading to much higher copy numbeReattime PCR analysis of DNA isated from a
panel of standard myeloma cell lines identified EBV DNA in 4 of 7 cell lines. However,
the copy number was very low in every cell line tested as compared to the known EBV
positive cell lines. The EBV(+)MM cell lines all carried less than lyadffEBV DNA

per 200 cells (Table-1).
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To determine the frequency of infected cells, limiting dilution analyses (LDA) was
performed Figure 1-1). Limiting dilution is useful to determine the frequency of cells
having a particular trait in a mixed poptibn of cells. In this case, we used it to
determine the frequency of EBV infected cells. We first tested the suitability of this
method by diluting EBV positive Akata cells with EB\égative cell§K562) in the ratio

of 1:500 to resemble a cell line witkw EBV positive cells. We then performed limiting
dilution analyses and PCR for EBV DNA per cell in the mixed (Ak&d&2). Using
Poisson distribution analysis, we found that in this mixed cell line, an EBV positive cell
was present every 1 in every 4€€lls which was close to the estimated dilution. The
copy number per infected cell was 175 which was in the expected range for Akata cells.
This validated the limiting dilution system. Limiting dilution analysis was performed on

all the EBV positive myelom cell lines.

As can be seen in Table 1, in the MM1S cell line, cells harboring EBV alpresent

at a frequency of 1 in 395. In other positive cell lines, EBV was present at even lower
frequencies. In wells with 100 cells (the lowest dilution studiE8V was not detected

by PCR in most wells. In those where it was detected, Poisson probability considerations
predicedthat only a single infected cell should be present in most such wells. Therefore,
we guantified copy number in these cells to proadeapproximation of the numbers of

EBV genomes per infected cell. In MM1S the median copy number was 33 viral genomes

per infected cell.

19



Fluorescence in situ hybridizationconfirms presence of EBV DNA in MM cell lines

We confirmed the presence of EBVingenes in the MM1S cell line in rare cells by
fluorescence isitu hybridization(FISH). As can be seen Kigure 12, most cells in the
MMLS cell line show no hybridization signal, but rare cells show many signals. In
contrast, FISH of a Burkitt cell lindamalwa that carries 2 copies of the viral genome
shows 1 or 2 closely spaced signals per®elhnother Burkitt lymphoma cell line,

Akata shows multiple EBV signals aimostevery cell.

Immunofluor escenceonfirms expression ofEBV antigen in rare cells of MM cell

lines

We also checked for EBV nuclear antigeEBNA-1) expression in a representative
myeloma cell line, MM.1S. Immunofluorescence shows EBNéxpression in rare cells
in MM1S but no vial antigen expression in the great majority of cells as showigure

1-3.
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Table 1-1 EBV is present in a subpopulation of some multiple myeloma cell lines

Cell line EBV copies/ug Frequency of Median EBV copies/
DNA (EBV infected cells (95% | infected cell = S.D.
copies/cell) C.l)

MM.1S 3x10' (0.2) 1in 395 (234667) | 33+1.9

RPMI-8226 | 2x1(f(0.12) 1in 648 (3761115) | 12+4.5

NCI-H929 | 1.8x1d(0.11) | 1in 565 (331961) | 228

KMS-11 1.5x10(0.09) | 1in 941 (5211699) | 10£3.7
MM.1IR ND ND ND
KMS-12 ND ND ND
U266 ND ND ND

ND: Not Detected; C.l.: Confidence Interval
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Figure 1-1 MM.1S cellular DNA was isolateddm 10 replicates for each dilution.
Quantitativei PCR was performed for the BamW region of EBV for every wglWhen

DNA from 1000 cells was present in each well, 9 out of 10 wells were positive for EBV.
B) When DNA from 500 cells was present in eacti weout of 10 wells were positive

for EBV. C) WhenDNA from 100 cells was present in each well, 3 out of 10 wells were
positive for EBV. Poisson distribution showed EBV was present in 1 in every 395 cells in

the MM.1S cell line.
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Figure 1-2 Fluorescence in situ hybridization to confirm presence of EBV in

myeloma

24



Figure 1-2 Fluorescence in situ hybridizatidor EBV DNA shows the presence of EBV
in rare cells of MM.1S myeloma cell line. Control cell line, Namalwa shows signal from
2 copies of integtad EBV DNA signal in every cell. Burkitt ymphoma cell line, Akata

shows multiple signalsdm EBV latent genonsan every cell.
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Figure 1-3 Immunofluorescence shows EBNAL expression in rare cells in MM1S
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Figure 1-3 Immunofluorescencefor EBNA-1 antgen expression shows only rare cells

positive for EBV. Majority of the cells were negative for any antigen expression.
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DISCUSSION

Multiple myeloma is the second most common hematological malignancy in the US. It
has a high rate of relapsespite of seval drugs that are used currently for
chemotherapy. This high rate of disease relapse suggests that the cells responsible for

tumor regeneration are relatively drug resistant.

This is the first report to show the presence of EBShrall subpopulationsf cells in

tumor cell lines. We used sensitive PCR techniques and limiting dilution to quantify EBV
frequency and copy number present in rare cells of multiple myeloma cell lines (Table 1).
We visually confirmed these results using fluorescence in situdigdion (FISH)

techniques.

EBV has been associated with a number of lymphoid malignancies, all of which harbor
the virus in every cell of the tumor. Our results show that a subset of multiple myeloma
cell lines is associated with EBV in a minority bétcell populations.

The first evidence of a distinctive relationship between virus and tumor cell line was the
result of quantitative PCR in combination with limiting dilution analysis which
demonstrated that in these MM cell lines, viral genomes asemprat less than one copy
per cell. The rare cells that carry EBV had at least several copies (Table 1). Copy
number is stable over monthsaayclovir. Taken together, this data suggests that the

viral genome is maintained in these cell lines by lateapiication and that the tiny
percentage of cells that harbor virus are stably maintained over months or years. This is

contrary to the present understanding of other-alediracterized EB\associated tumor
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cdl lines wherein multiple copies of the virggénomes are found to be present in every

cell of the tumor.
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CHAPTER 2: EBV IS PRESENT IN A PHENOTYPICALLY DISTINCT

POPULATION OF CELLS IN MULTIPLE MYELOMA
SUMMARY

EBVisahumanheggs vi rus that | atently affects the
population. EBV enters the host through the epithelial lining of the oropharynx and

establishes a long term quiescent life cycle in the B cell populatithe human host.

B cells are lymphocytes involved in immune response to antigens. Immatelés Be

made in the bone marrow and then migrate to lymphoid tissue where they develop into
memory B cells or plasma cells. ThecBlls can be identified based on their surface
markers some of which include CD19 and CD20. Plasma cells are identified by CD138
expression on their surface. Previous reports have shown that multiple myeloma cells
expressing memory B cell markers, CD19, CD20 and DCD27 give rise to clonogenic
multiple myeloma growth in vitro and in transplanted nit¢& They concluded that

these ciralating clonotypic memory B cell populations within multiple myeloma plasma

cells were the cancer stem cells.

We confirmed the presence of a heterogeneous cell population within multiple myeloma
cell lines using fluorescence activated cell sorting (FACBgse cells were positive for
CD19 cell surface marker expression. Most of the myeloma cells were plasma cells that
expressed CD138 on their surface. We used magnetic activated cell sorting technique
(MACS) to separate out the CDT®D138 fractions from he CD19CD138 fractions.

We also found a dual positive CDT®D138 population. We saw that the CDTED138

30



B cell population comprised only a minority of the total cell population. The B cells were
only 2.5% oftheentire cell line. The plasma cells congad 72% and the dual positive
CD19'CD138 cells were around 25% of the cell line population. We performed limiting
dilution analyses on all 4 of the positive myeloma cell lines. They followed the same

trend.

We then performed limiting dilution analysesttwe sorted fractions of the myeloma

cells. We found that even though the CD@P138 population comprised only 2.5% of

the cell line, EBVinfected cellsvere present at the highest frequency in this small
subpopulation of cellsThefrequency of EBV-infected cellsdecreased as the cell

became more plasma céike. This suggests that the rare cells that harbor the virus are B

cell like and express CD18D138 markers on their surface.
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INTRODUCTION

Several investigators have identified the presencepbkaotypically distinct cell

population in multiple myeloma cell lines and patient saml&hey showdevidence

that several human cancers including multiple myeloma have functionallpdetesus

cells within the neoplasm that share biological features with normal adult stem cells
including drug resistance, self regulation and self renewal. These cells are classified as
cancer stem cells that are responsible for sustaining the tlivegrare highly

clonogenc cell populations that can phenotypically recapitulate the tumceli lines

and mouse modets 7 6t

In multiple myeloma, the existencéa@ancer stem cells was proposed several years ago
%293 The exact nature of the myeloma stem cell and its relationship to normal plasma cell
andB cell development has been elucidated byddeet al. They showed that clonotypic
cells isolated from multiple myeloma patients and cell lines expressing normal B cell
surface antigens were capable of producing myeloma in NOD/SCID mice upon
transplantation. They showed the cancer stem cell fraofionultiple myeloma to have
distinct B-cell properties. These stem like B cells differentiate to give rise to the
neoplastic plasma cell in myeloma. The clonotypic cells express CD19, CD20 and CD27
surface markers. The non clonotypic plasma cells aréy@ofor CD138 expression on
their surface. These cells comprise majority of the tumor cells with the B cell being a rare

population.

EBV infectsB cells both in vitro and in vivo. In vitro, EBV infects B cells and

immortalizes thengiving rise to a lympoblastoid cell lineln vivo, EBV alsoinfects B
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cells Early events are poorly understood, but the viral genmengists in the mature
restingmemory B cellsn healthy individual These B cells are marked by the surface
expression of CD19, CD20 and CDZhese memory B cell markers are also seen in the

clonotypic cell population of multiple myeloma.

Since we found some multiple myeloma cell lines to harbor EBV in rare cells, we wanted
to investigate the characteristics of these cells that carry the Vifel performed
fluorescence activated cell sorting (FACS) and magnetic activated cell sorting (MACS)
to separate the EBV positive cell lines into B cell and plasma cell fractions. We
performed limiting dilutions analyses and quantitative PCR on DNA esbladm the
separated fractions. We wanted to identify which fraction of the EBV positive myeloma
cell lines harbored the virus. We show here that the cell fraction that is positive for
surface expression of CD19 harbors the greatest frequency of vieatemftells. The

CD138 plasma cell population had the lowest frequency of EBV infected cells.

In addition, we analyzed the phenotypically distinct subpopulations of cesdisiiie
nucleotide polymorphism (SNP) analysisd&termine whether the differeplenotypes

might differ with regard to polymorphism and so suggest an admixture of cell lines from
different individuals. Howevecell linefractions enriched foED19" CD138 and CD19
CD138 were genetically indistinguishabfleus lending no support tell line

contamination as an explanation for phenotypic heterogeneity. In contrast, SNP analysis
did identify several genomic differences between MM.1S and MM.1R. The differences

were consistent with cancer evolution within a particular individual (ouiture) as had
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been suggested in previous rep&ftsThus the findings cannot be readily accounted for

by either PCR contamination or cell line contamination.
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MATERIALS AND METHODS

Cell lines

MM.1S, RPM-8226, NCIH929, U266, KMS11, KMS12, MM.1R are human plasma
cell lines derived from multiple myeloma. The panel of EBV associated Burkitt
lymphoma (BL) cell lines include Namalwa, Raji and Akata. The virus genome is
integrated in the human chromosome ianiilwa cells while Akata and Raji harbor the
episomal form. Lymphoblastoid cell lines (LCLs) are EBV immortalized PBMCs. K562
is an EBV negative human myeloid leukemia cell line. These cell lines were maintained
in RPMI 1640 medium containing 10% fetal e serum, 100 units/mL penicillin, 100
eg/ mL str ept aniWyLegiutamine.d&achd of h&sé@ cell lines tested negative

for mycoplasma.

MACS isolation of EBV harboring cells

CD138 or CD19 subsets were isolated from MM.1S cell line using mouskeuaman
antibodies coupled to magnetic microbeads (Miltenyi Biotec, Auburn, CA) followed by

magnetic column depletion (Miltenyi Biotec, Auburn, CA).

Fluorescenceactivated cell sorting and flow cytometry

Cell lines were centrifuged to eliminate necrotidsahd then stained with fluorescein
isothiocyanate (FITG)onjugated mouse antihuman CD138 afidphycocyanir(APC)-
conjugated mouse affiuman CD19 antibodies (BD Pharmingen) for 20 minutes on ice.
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Cells were washed, then resuspended in stain buffarrfifingen) andortedon a BD

Aria Il cell sorter and analyzed using FACSDiva Version 6.1 software. Knockdown cell

lines were analyzed using FACSCalibur cytometer for RFP, FITC and APC expression
according to manuf aweraamalyzedsing therFiowJo software T h e

(Tree Star, Inc., Ashland, OR, USA).

DNA isolation and quantification of EBV viral load by quantitative PCR

Genomic DNA was isolated used the QlAamp DNA micro kit (QIAGEN) according to

the manufacturer's protocol. To detect EB&mMHW pr i mer s ( f wd 5 N;j
CCCAACACTCCACCACACC 306 and rev 5N TCTTAGGA
theBamHW f | uorescent probe (5N (FAM) CACACACT
(BH1) 3N) were used. EBV copy number was d
celllineas standar€ a ¢c h 2 0 -time gRCR reacton dontained 1x SsoFast

Probes SuperMix (Bi®Rad), a 250M concentration of each primer, a 20
concentration of the probe, and 2 €L of DN

minutes for 1 cycle and 95°C forsgconds and 60°C for 10 seconds for 40 cycles.

Limiting Dilution Analysis

To measure the frequency of EBV positive cells in culture, a limiting dilution analysis
was performed. Note that serial dilutions were never performed on cell extracts or DNA
but dways on cells. These were serially diluted. @0, 500 and 100 cells/mith 10
replicates eaclDNA was isolated separately from each dilution replicate. Quantitative

real time PCR was carried out as described above. Poisson distribution analysisdvas us
36



to calculate the frequency of EB¥fected cells using Poisson distribution software

ELDA *°

37



RESULTS
Multiple myeloma cell lines are phenotypically heterogeeous

We labeled EBVYpositive myeloma cell lines withdbrescent markers and performed
fluorescence activated cell sorting (FACS) to look for phenotypically distinct
subpopulations. We found that all the myeloma cell lines had a minority subset of CD19

positive cells with the majority of the celbeing CD138 psitive cells (Figure 2)

EBV is present in the CD19CD138 fraction of the positive myeloma cell lines.

Some clonal MM cell lines are phenotypically heterogeneous with a mix of progenitor B
and plasma celf$**°"%2 |n order to determine whether the distribution of EBV differed
among phenotypically distinct subpopulations, we fractionated wath magnetic
activatedcell sorting (MACS) beadsCD19" and CD138 fractions of myeloma cell lines
were separatedConsistent with previously published d&t&® 5" ®?the CD19 cdls
comprisedapproximately2% of cells (Fig 2). The bulk of the cell population expressed
CD138. We also detectellspositive for both CD19 and CD138 markers. Limiting
dilution on the separated fractions showed gre&tegtiencyof EBV in the

CD19'CD138 population (1 in 162). The frequency of EBV harboring cells was
decreased in those expressing CD138 (1 in 2539) (Bjg Phis result was verified in all

the EBV (+) myeloma cell lines.
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Figure 2-1 MM1S cells are phenotypically heterogenous.
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Figure 2-1 MM1S cells are phenotypically heterogenousACS data shows a subset of
cells positive for CD19 expression their surface. Majority of the cells are positive for

CD138 surface expression.
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B cell-like
CD19"CD138

Intermediate
CcD19'CD138"

Plasma cell-like
CD19CD138"

CD19138 CD197138* CD19138*
Cellline | %o cell Frequency %o cell Frequency %o cell Frequency
population | ofinfected population | of infected population | of infected
cells (95% cells (95% cells (95%
C.L) C.L) C.L)
MM.158 25 lin 162 255 lin 339 72 1in 2539
(87-303) (200-575) (1872-3444)
RPMI-8226 | 2.8 lin 158 272 lin 331 70 lin 1106
(84-297) (195-561) (658-1862)
NCI-H929 | 1.9 lin 121 19.1 1in 366 79 lin 1373
(61-239) (217-619) (786-2400)
KMS511 1.1 lin 147 26.9 1in 298 72 lin 1106
(77-279) (174-510) (658-1862)

Figure 2. Frequency of EBV positve cells in cellular subpopulations
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Figure 2. Frequency of EBV positive cells in cellular subpopulationslagnetic beads
were used to enrich the subpopulations. Limiting dilution was performed on separated

fractions
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Table 21 Genomic diferences in MM.1S and MM.1R sorted fractions

Chromosome| Location MM.1R CD19(+)CD133(

MM.1S CD19(+)CD13J(

2| 231,064,469 | Deletion

No deletion in same region

242,517,966
4 Extra copy of chromosome 4 in no extra copy
low % of cells
10 Extra copyf chromosome 10 in no extra copy

low % of cells

11| 62,685,230 | No increase in region

Increase in region

118,795,145
19| 267,039 Increase in region ihigh Increase in region ilow
2438,119 percentage of cells percentage of cells
X 43118 No celetion in the same region | Deletion
53,329,263

The differences were identical in the plasma cell population CBIRD138(+) within the two

cell lines.

There was no difference in the fractions within each cell line.
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DISCUSSION

Multiple myeloma is characterized by functionally and phenotypically heterogeneous
cells. The majority of cells are malignant plasma c&lt§ °*** that lack replicative ability
whereas the clonogenic capacity is attributed to the smedliBsubpopulation of celf$
57,6556 Some have suggested that cancer stem cells can be identified in the small
subpopulation of cells with a-Bell phenotype and results show that theseBs are
important for sustaining myeloma cell linés”. We sought to characterize the
subpopulation of cells that are positive for EBV. Using, flow cytometry and surface
marker recognition assays, we found that the cells that harbor the virus are positive for
CD19 expressionn their surface. CDI2ells have been characterized as theeB
population in multiple myeloma and differentiate into plasma cells that are characterized
by CD138 surface expressitir” °> % The frequency of EBV infected cells was much
greater in the B celike population (CD19CD138) than the plasma ceike (CD19

CD138) population. We also detected a dually positive cell fagjmn (CD19CD138)

that harbored the virus anintermediate frequency.

The presence of EBV in a small phenotypically distinct fraction of cells in some
myeloma cell lines raised the question as to whether this phenotypic heterogeneity
reflected a miof distinct cell lines or the presence of cells at various stages of
differentiation. In order to address this question, we separated cell lines intd CD19
CD138 and CD19CD138 enriched fractions and used single nucleotide polymorphism
(SNP) analysisat demonstrate that both the fractions were genetically indistinguishable.

SNP arrays can also be useful for whgémnome screening to allow discovery of new,



significant loci in disease speciméfisUsing this techology, we set out to identify}
genomic differences between EBV positive and negative cell lines MM.1S and MM.1R.
We saw that the EBV negative cell lines are genomically different from EBV positive
cell lines eventtough these were isolated from a single MM pafiérfhis suggests

EBV negative cell lines may have mutations that allow them to survive without EBV.
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CHAPTER 3: VIRAL GENE EXPRESSION PATTERN IN MULTIPLE

MYELOMA
SUMMARY

In tumors, EBV persistasanuclearplasmid in a latent stat¥iral gene expression in
latency varies among cell types. A common classification of patéigene expression
is shown in Tabldl %% We characterized the viral gene expression patterns in the
EBV-positive myeloma cell lines. Our results shopadtern oflatencygene expression
that differs from any of the standard in vitro deles. ThusBurkitt lymphoma cell ling
such adAkata (latencyl), show EBNA-1 expression (anMP-2A RNA is expressed in
at least some cell$)’. EBV immortalized lymphoblastoid cell lingsCLs, express alll
the EBNA proteins, EBNAL, 2, 3A, 3B, 3C and LMR and LMR2A, 2B and are
classified as latency Ift "®® "> There are no wekstablished latency Il cell lines, but in
primary tumor tissue, latency Il expression (EBIALMP-1, LMP 2A/B) is
characteristic of EBMassociated Hodgkin lymphoma and nasopharyngeal carcinoma.
The EBV-associatednyeloma cell lines express EBNAand EBNA2 along with low
levels of LMR2A. None of the EBNA3 gene transcriptson LMP-1 nor LMP-2B were
detected.Low levelsexpression of thitic genemRNA ZTA were also detected o
understand the genemession characteristics, we fractionated the cell lines into
(CD19°'CD138) and (CD19CD138) populations and found that the latency genes are
expressed in only the CD18 cell population. The CD13&ells were only positive for

ZTA expression. This indates that in myeloma, EBV persists in a latent form in the
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CD19'CD138 B-cell progenitor population and undergoes lytic reactivation in tandem as

the cell becomes a CDT®D138 plasma cell.
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INTRODUCTION

EBV has distinct latent and lytic programs of vigahe expressioh In the latent
program, the viral DNA is generally maintained as egtreomosomal plasmids. These
plasmids are replicated by cellular enzymes in tandem with the replication of
chromosomal DNAwith each cell cycle. Only a single viral protein the Epskanr

virus nuclear antigen 1 (EBNA) is required for this proce$s The EBNA1 protein
binds to specific sites in the viral genome and healctivate DNA replication. It also
binds to chromatin and tethers viral plasmids to chromosomes and so facilitates
segregation of viral plasmids to daughter cells following mitgsis In the lytic

program, viral plasmids serve as templates for replication of DNA to generate linear
concatemers of viral genomes that are cleaved to genome length and packaged into

virions 2

In vitro EBV infection of Bcells leads to lymphoblastoid cell lines that are referred to as
immortalized because they grow indefinitely in culttir&. In healthy seropositive
individuals,latency viral gene expression is readily detected in resting
CD19+CD20+CD27+ memory B cellsLytic viral gene expression, on the other hand, is

almost exclusively detected in plasma cé&lls

Nearly 100 genes are expressed during the productive life cycle phas¥ &uEBNly

10 genes are expressed in latently infected B cells inYViérmuclear antigen proteins, 2
different types of nontranslated RNA and 2 membrane proteins are expressed in these
latent B cells. EBV evades detection by cytotoxic T cells by limiting viral gene

expression during latendy
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EBV is maintaineds an extr@hromosomal plasmid The EBV nuclear antigen (EBNA)

1 protein tethers the circular viral genome to the host chromosome and allows EBV to be
maintained as an extrachromosomal plasmid. EENApregulates EBV latent

membrane protein (LMP) 1 andMP-2 expression, as well as cellular proteins that
contribute to B cell transformation and growth. EBISAegulates cellular gene

expression whereas EBNA leader protein (EBNA) enhances the ability of EBN2A
mediated upregulation of LMP1. LMP-1 istrarnsforming in various tissue culture
assasysind its expression in transgenic mice results-zeBlymphomas? LMP-1

binds to several of the tumor necrosis factor recéptsociated factors both in vitro and,

in EBV-positive lymphomas, in vivo. These activities result in activation of the nuclear
factorkB (NF-kB) transcription factor, activation ofjan, cytokine production, and-B

cell proliferation. EBV LMP2 blocks tyrosine kinase phosphorylation and pneve
reactivation of EBV from latency. Expression of LMRn transgenic mice allows nen
transformed B cells to survive even in the absence of norroallBeceptor signaling.

The EB\+encoded RNA (EBER) dmsnot encode proteins, but they may be important f
oncogenesis and for conferring resistance to apoptosis-dsBdtiated diseases

generally show viral gene expression limited to one of three patterns of latency (Table 1
1). In the first form, type |, only EBNA and EBER are expressed, whereas in type
EBNA-1, LMP-1, LMP-2, and EBER are expressed. In the third pattern, type lll, all the
latency genes are expressed. A fourth pattern of latency is seen in B cells obtained from
the peripheral blood of healthy persons infected with EBV in the past,ianwhly

EBER and LMP2, and in some studies, EBNIARNA have been detected.
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In order to characterize the pattern of viral gene expression in the MM1S cell line, we
used RTPCR for a panel of viral mMRNAs. We also used a cDNA array for a whole
genome analys of viral gene expressioWe see that the myeloma cell lines express
EBNA-1 and EBNA2 along with low levels of LMP2A. None of the EBNA3 gene
transcripts, neither LMR nor LMR-2B were detected. This suggests an intermediate
latency pattern. In addain, we also saw low levels of lytic gene, ZTA. In our studies, we
found that EBV persists in a latent form in the CDAB138 B-cell progenitor

population and undergoes lytic reactivation in tandem as the cell becomesa CD19

CD138 plasma cell.
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MATERIAL S AND METHODS

Cell lines

MM.1S, RPMI8226, NCIH929, U266, KMS11, KMS12, MM.1R are human plasma
cell lines derived from multiple myeloma. The panel of EBV associated Burkitt
lymphoma (BL) cell lines include Namalwa, Raji and Akata. The virus genome is
integrated in the human chromosome in Namalwa cells while Akata and Raji harbor the
episomal form. Lymphoblastoid cell lines (LCLs) are EBV immortalized PBMCs. K562
is an EBV negative human myeloid leukemia cell line. These cell lines were maintained
in RPMI 1640 medium containing 10% fetal bovine serum, 100 units/mL penicillin, 100
eg/ mL str ept aniWyLegiutamine.d&achd of h&sé@ cell lines tested negative

for mycoplasma.

RNA isolation and real time PCR

RNA was isolated using the RNeasy Plus KitAQEN) according to the manufacturer's
protocol. c¢cDNA was synthesized from 1 g o
(Bio-Rad) according to the manufacturer's protocol. The synthesized cDNA was used as a
template. Each PCR reaction contained 1x SstoF@aGreen Supermix (Bigad), 500nM

primer concentrations, cDNA corresponding to 25 ng of total RNA, and nudlease

water to a final volume of 20 e€L. Themocyc
cycle and 95°C for 5 seconds and 60°C forcoeds for 40 cycles. Latency gene

expression patterns were tested using primers for EBNf#vd-
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5ATTCTGCAGCCCAGAGAGTA®BA@C 3b6and rev
TCGTCAGACATGATTCACACTTAAAG3 6 ) , -ZE(vN5AD
TAACCACCCAGCGCCAATC3 6 arev6 6 GTAGGCATGATGGCG GCAG 3
EBNA-3A (fwd-50GATTCTGCAGCCCAGAGAGTAGD®C 36 and r
GTAGGCATGAT GGC G GE&BMA-3B (vals p
GATTCTGCAGCCCAGAGAGT REIC GOAGQGATTT
CTTCATTATTCA GG T-3C¥wd-5, GAETEENGCAGCCCAGAGAGTAGTC
andre5 6 CCAGGGTCCTGATCAT-G®@IE6306), LMP
TCATCGCTCTCTGGAATTTG -8 and rev
TCCAGATACCTAAGACAAGTAAGQAAC f3wa) 56L MP
CTACTCTCCACGGGATGA CTCAT 36 and rev 56 GGC
36),2BMPfwd 560 CGGGAGGCC GTGCTTTAG 36 and
GGCGGTCACAACGGTACTAACT 36) and ZTA (fwd 56
ACATCTGCTTCAACAGGAGGad rev 50 AGCAGACATIGGTGTTCC
GAPDH was used as an internal control with primers {Bwvij
TCTTTTGCGTCGCCAGCC AN 3ART TaMAAAGCRAGCCCTGGT G#

3 Nj) .

MACS isolation of EBV harboring cells

CD138 or CD19 subsets were isolated from MM.1S aadl lising mouse artiuman
antibodies coupled to magnetic microbeads (Miltenyi Biotec, Auburn, CA) followed by

magnetic column depletion (Miltenyi Biotec, Auburn, CA).
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Fluorescenceactivated cell sorting and flow cytometry

Cell lines were centrifuged tdiminate necrotic cells and then stained with fluorescein
isothiocyanate (FITG)onjugated mouse antihuman CD138 alidphycocyanifAPC)
conjugated mouse arfiuman CD19 antibodies (BD Pharmingen) for 20 minutes on ice.
Cells were washed, then resuspehuhestain buffer (Pharmingen) asdrtedon a BD

Aria 1l cell sorter and analyzed using FACSDiva Version 6.1 software.

Immunofluorescence assays.

MM.1S, Akata EBV/(+), LCL and K562 cells were seeded at 13c&ls per well in

two-well slide chambers. s were washed in PBS, fixed with 4% paraformaldehyde in
PBS for 10 min at room temperature, and permeabilized for 20 min on ice in 0.2% Triton
X-100 in PBS. Cells were incubated with primary antibody for 60 min at 37°C and with
secondary antibody at 37%6r 30 min. Between each staining step, the cells were
washed in PBS three times for 5 min each time. The antibodies used wdEBIEAt1

mouse monoclonal antibody (1:200; Ab8329 from AbCam, Cambridge, United
Kingdom) and antEBNA-2 (1:200; DAKO). Cy3conjugated goat antnouse
immunoglobulin G (1:200) was a gift from P.Desai (Johns Hopkins Sidney Kimmel
Caner Center). The cells were mounted using VectaShietinting media with DAPI
(Vector Labs, CA, USA). The slides were imaged under Leitz Wetzldmbzdeb
microscope using a Plan Apo 60x oil immersion objective. Image pro Plus 5.1 was used

for software analysis.
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cDNA microarray and analysis

Reattime gRTPCR arrays containing PCR primers targeting all ORFs of the EBV
genome were designed and perfed as previously describe23j. Azidothymidine
inhibitsNFe B and i n dBaoeras génp expression in Burkitt lymphoma.
RNA used in the microarray analysis was coimmunoprecipitated and purified as
described above. RT of RNA was performed with reverse transcriptase (Invitrdgen),
mM deoxyribonucleoside triphosphates, 2.5 mM Mg&NAsin (Applied Biosystems
Inc.), and random hexamers. The conditions for RT were 42°C for 45 min, 52°C for 30
min, and 70°C for 10 min. Following RT, the removal of excess RNA was performed by
incubaton of each RT reaction mixture with 1 U of RNase H at 37°C.-Re& PCR

was performed in triplicate for each sample with SYBR green PCR mix (Applied
Biosystems) using universal cycling conditio@8)( Raw cycle thresholdX;) values

were determined by threshold analysis and used directly to compare differences.
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RESULTS

In order to characterize the pattern of viral gene expression in the MM1S cell line, we
used RTPCR fa a panel of viral mMRNAs. Previously characterized EBV cell lines, LCL,
a Burkitt lymphoma cell line (Akata), and an EBVieukemia cell line (K562) were
included in the assay as controls. Consistent with similar assays of the control cell lines
inthel t erature, all of the transcrliapdtlosv wer e ¢
level LMP-2A and ZTA were detected in EBV(+) BE® ", In contrast to these control
cell lines, MM.1S expressed EBNA 2 and low level LMP2A and ZTA (Fig 3A).
Immunofluorescence for EBNA and EBNA2 confirmed the presence of expression in
rare MM.1S cells. LCLs were positive for both EBNAand EBNA2 in every cell

whereas most Akata cells were fin® for EBNA-1 only. Therefore expression of
antigens was more uniform in the control cell lines. In light of previous ref3 dntst

ZTA expression was characteristic of cells with plasma cell differentiation, we assayed
for viral gene expression in cell fractions. The EBV latency genes EBNEBNA-2,
LMP-2A were detected in the fraction enriched for CD@B138 but not in the fraction
enriched for CD19CD138, and conversely ZTA was only expressed in the CD19
CD138 fraction. LCLs had a very low level of ZTA expression with the highest
expression being in Akata cellBhe pattern & seds similarto theexpression pattern in
cell lines ewblished from patients with chronic lymphocytic leukemia (CHZL

Klein,Eva 2013}}In contrast to normal B cells, these E8\fected CLL B cells are not
immortalized and showed only shaogrm growth in culture. Expssion of EBNAL and

2 but not LMR1 has also been reported in a humanized mouse model of EBV infection

and lymphoproliferative disordéf.
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We alsouseda gPCR based/holeviral genome quantitative real time rese

transciption array to look for all the viral genes expressed in the MIMONA samples
and therebyndependently confirm these ddtdfigure 3-2). In order to enhance the
sensitivity given the presence of B only rare cells, we studied ti@D19" fraction

The results confirmed the viral gene expression in this subpopulation. In contrast, no
EBV gene expression was demonstrated in the CD138+ fra@idp.the MM.1S
CD19'CD138 with reverse transcriptasBT) sample (second row from bottom) showed
consistent evidence of EBV mRNAs (as measured by multiple EBV mRNAs being
detected). Neither the MM1S CDI®D138 RT- nor the MM1S CD1€ D138 RT+
samples had evidence of EBV mRNAs. EBV expression is detected @R19CD138,

but not CD19CD138 fraction of the MM.1S cell line.

Because the CT values for EBV mRNAs were so high, indicative of extremely low
abundance, we scaled the CT values by primer (column). This identified for each mRNA
the lowest expressingample in blue (here the NTC reactions) and the highest expressing
sample in red (here the Namalwa DNA at the highest concentration). Because we were
operating near the limit of detection of the assay, the scale is not [Draage/red signal
indicatesthe presence of a particular target and a blue/white signal the absence of the

target

We also sorted the cell line into COT®D138 and CD19CD138 to look for expression
levels in the sorted fractions. We confirmed the presence UfdeBe transcriptiom

these samples in the CDT8D138 fraction.
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Figure 3-1: Viral gene expression
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Figure 3-1: Viral gene expressionA) RT-PCR gene expression data for a panel of EBV
genes in Akata, LCL, and MM1S. B) FACS sorted Cbaad CD138 fractions show
ZTA expression only in the CD138 fraction. C) Immunofluorescence showing that only
rare MM.1S cells express EBNA and EBNA2. Akata is used as positive control for
EBNA-1 expression and LCL is used as positive control for EENKS562 isused as

negative control.
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Figure 32: Heat map of unsupervised hierarchical clustering of EBV MRNA
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