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ABSTRACT

Epstein-Barr virus (EBV) was the first oncovirus found in humans. Almost all
adults worldwide are asymptomatic carriers of EBV. The latent EBV-infection
malignifies in approximately 200,000 individuals each year. The risk of
developing certain types of EBV-associated cancer is high in specific regions,
for example nasopharyngeal carcinoma in Southeast Asia and Burkitt’s
lymphoma in Africa. The overall aim of this thesis was to characterize the EBV
gene expression patterns in biopsies and elucidate the function of the expressed

viral genes.

Bulk transcriptome datasets of 615 tumors from four types of known EBV-
associated neoplasms and single-cell transcriptome data from 63
nasopharyngeal samples were screened for EBV expression. The most
abundant EBV RNA found at both tissue and single-cell levels, were RPMS1
and the novel co-terminating transcripts which we named BAREs.
LMP1/BNLF2a/b and LMP2A/B/BNRF1 were expressed to a lesser extent and
large differences were observed between individuals. Single-cell sequencing

of B-lymphocytes isolated from the peripheral blood of a patient with a high



EBV DNA load showed a similar EBV expression profile as the EBV-positive
tumors. Moreover, the highly expressed EBV genes RPMS1 and BAREs were
subjected to full-length single-molecule sequencing and all isoforms were

characterized using our newly developed bioinformatics tool FLAME.

Our results show that available EBV cell models inadequately portray primary
tumors with regard to the viral gene expression and/or the propensity for
reactivation. We developed an in vitro nasopharyngeal pseudostratified
epithelium model which could mimic an EBV infection in the nasopharynx. A
donor-dependent susceptibility for EBV infection was observed and both latent
and lytic EBV expression patterns were detected in cells from a single donor.
Single-cell sequencing data analysis could further distinguish that cells in late

lytic stage with virus host shutoff were found amongst the suprabasal cells.

The single-cell data from peripheral EBV-transformed B-lymphocytes
identified that EBV induces proliferative pathways. In nasopharyngeal
carcinoma tissue the EBV-transformed epithelial cells exists in a
microenvironment with lymphocytic infiltration and interferon. Single-cell
characterization of the nasopharyngeal cancer cells identified that the EBV
expression of RPMS1 along with the miR-BARTSs encoded in the introns
promotes immune evasion by downregulation of interferon responsive genes.
The findings suggest that EBV contributes to tumorigenesis in two ways, the
first is by host cell reprogramming and induction of proliferation by EBNAs
and LMP1, and the second is by immune evasion and escape by RPMS1 and
BNLF2a.

Keywords: Epstein-Barr virus, tumor, RPMSI, miRNA, single-cell
sequencing, immune evasion
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Sammanfattning pa svenska

Epstein-Barr-virus (EBV) var det forsta tumdrviruset som hittades hos
méanniskor. Naéstan alla i den vuxna befolkningen varlden Over &ar
asymtomatiska bérare av EBV. Den latenta EBV-infektionen malignifierar hos
cirka 200’000 individer varje ar. Risken att utveckla sarskilda former av EBV-
associerad cancer dr hog i vissa regioner, t.ex. nasofarynxcancer i Sydostasien
och Burkitts lymfom i Afrika. Det dvergripande syftet med denna avhandling
var att skédrskdda det virala genuttrycket i tumorbiopsier och klarldgga

funktionerna av de uttryckta generna.

Transkriptomdata frén 615 tumdrer med kidnd EBV-koppling och
encellstranskriptomik av 63 nasofarynxprover undersoktes med avseende pa
EBV-RNA. De virala gener som visades vara uttryckta i stdrst omfattning pa
savil vivnads- som enskild cellnivd var RPMS1 samt nyupptéckta transkript
med samma slutsekvens som RPMS1, vilka vi valt att bendmna BAREs. Andra
virala gener, fraimst LMP1/BNLF2a/b och LMP2A/B/BNRF1, var uttryckta i
mindre utstrackning och stora skillnader kunde observeras mellan individer.
Encellssekvensering av B-lymfocyter isolerade fran perifert blod taget fran en
patient med hoga nivder av EBV-DNA visade pa ett monster av viralt
genuttryck som liknade det i EBV-positiva tumdrer. De 1 tumdrvdvnad hogst
uttryckta EBV-generna RPMS1 och BAREs genomgick dessutom
fullingdssekvensering pa enskild molekylnivd varvid alla isoformer

karaktdriserades med vart nyutvecklade bioinformatiska verktyg FLAME.

Vara resultat visar att tillgangliga cellmodeller inte avspeglar priméra tumdorer
betrdaffande viralt genuttryck och benédgenhet till reaktivering. Vi utvecklade
en in vitro pseudostratifierad nasofaryngeal epitelmodell i syfte att efterlikna
en EBV-infektion i nasofarynx. En donatorberoende kénslighet for EBV-

infektion observerades och savil latent som lytiskt genuttryck kunde pavisas



hos en enskild donator. Vidare kunde vi med encellssekvensering urskilja
fullskalig lytisk EBV-infektion och dértill nedreglering av den cellulédra

transkriptionen i suprabasala celler.

Encellssekvensering av perifera EBV-transformerade B-lymfocyter indikerade
att EBV inducerar proliferativa signalvégar. I vivnad frén nasofarynxcancer
existerar de EBV-transformerade epitelcellerna i en mikromiljo med
lymfocytinfiltration och interferon. Karaktérisering av nasofaryngeala celler
pa enskild cellniva visade att det virala uttrycket av RPMS1 och miR-BARTs
som kodas i intronen frimjar immunflykt genom nedreglering av
interferonstimulerade gener. Detta fynd tyder pa att EBV bidrar till
tumoruppkomst pa tva principiellt olika sétt, dels genom omprogrammering av
vérdcellen och induktion av proliferation via EBNAs och LMP1, dels genom

immunflykt formedlad av RPMS1 och BNLF2a.
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EBV gene expression

1 INTRODUCTION

Epstein-Barr virus (EBV), a member of the Herpesviridae family, also
called Human gammaherpesvirus 4 (HHV4), is transmitted through
saliva. EBV was first discovered by electron microscope in a cell line of
cultured Burkitt's lymphoblasts [1]. An infection with EBV during
childhood is usually asymptomatic or mild. A delayed primary infection
to adolescence or adulthood may result in infectious mononucleosis
(IM). Following the primary infection — no matter if it passed unnoticed
or with characteristic clinical manifestations — the virus establishes a
latency stage in B-lymphocytes. The vast majority of adults around the
world carry EBV asymptomatically, however, a small fraction of infected
people develop different types of EBV —associated diseases under
certain conditions. EBV has been shown to be associated with several
types of human tumors originating from lymphocytes or epithelial cells
(Table 1). It is also suggested that EBV infection increases the risk of
development of multiple sclerosis (MS) [2, 3] and chronic fatigue
syndrome (CFS) [4]. There is currently no specific treatment against
EBV-associated diseases available.

Table 1. EBV and cancer

Cancer EBY prevalence Reference

Burkitt’s lymphoma 95-100% in endemic (eBL) [5] Howley et al. 2021

(BL) 15-85% in sporadic (sBL)
Hodgkin’s lymphoma 20-80%
(HL)
post-transplant >90% tumors developing
lymphoproliferative within one year after
disorder (PTLD) transplantation
gastric 10% [6] TCGA-STAD 2014
adenocarcinoma
(GAC)
nasopharyngeal 100% [7] Chen et al. 2019

carcinoma (NPC)




New cancer cases attributable to EBV infection yearly were estimated
to be 160,000 in a worldwide incidence analysis in the 2018
GLOBOCAN project [8]. The association was further confirmed based
on next generation sequencing (NGS) datasets from tumor biopsies
(RNA; PCAWG, DNA) [9, 10]. More than 55 years of effort have been
put into the biological life cycle of EBV and its role in the causation of
cancer. The coevolution of EBV with its host and their intricate and
complex interactions during its life-long persistence complicate the
matter.

Although many types of therapies are under development [11], specific
and effective therapeutics is still unavailable. In recent years, a
considerable amount of work on vaccines has been done, including viral
glycoproteins (gp350, gp42, gH/gL, Appendix B) as preventive
measures for PTLD, infectious monnucleosis, and multiple sclerosis. At
the end of 2021, the clinical trial NCT05164094 on mRNA EBV vaccine
(mRNA-1189) was initiated [12]. Also, therapeutic vaccines for NPC
expressing EBNA1, LMP1 and LMP2A, and T-cell therapy for EBV-
associated diseases are in development [13].

This thesis will attempt to comprehensively elucidate the EBV
transcriptome in different samples, including bulk tissues and single-
cells, from in vitro to in vivo. The data was generated from multiple
sequencing platforms, traditional bulk RNA sequencing (RNA-seq),
single-cell RNA sequencing (scRNA-seq) and single-molecule
sequencing. Based on the detailed landscape of viral expression in
cancer cells, the viral genes may in the future serve as drug targets for
the treatment of EBV-associated diseases.
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1.1 THE EBV GENOME

The EBV genome, double-stranded DNA, approximately 170 kilobases
(kb) in length, is packed into capsid proteins in a linear form in the virion,
and upon entry into the host nucleus, it is circularized and
chromatinized as an episome in latency phase [14]. The EBV genome
rarely integrates into the host genome, but such events have been
described in tumors [15, 16]. The EBV reference genome NC_007605.1
(NCBI RefSeq) was updated in 2018 and is a hybrid between the B95-
8 and Raiji strains (Figure 1). Besides the repeat sequences, the EBV
genome also harbors a wealth of genes involved in the different life
cycle stages of the virus. A detailed gene list can be found in Appendix
A. Forty-three genes are shared with other viruses in the Herpesviridae
family [17, 18].
A oriP orilyt1 orilyt2

ol
1 | ] ] ]

IR1 IR2 IR3 IR4 TR
* based on NC_007605.1
B: ’
I

NC_007605.1 (strain B95-8+Raji) ]

T T I T T
o 1 30000 60000 90000 120000 150000

Akat

Ma1

C666-1
SNU-71
Daudi

P3HR1

Namal

PacBio:
Tonsil-derived
spontanecus

LCLEBYV

genome

Alarmart Sooes <40 W0-50 [DS0-20 Ee0-200 =20

Figure 1. lllustration of the EBV genome architecture. A: The bars in beige are repeat
regions, IR1-4 are four main internal repeats, and TR stands for terminal repeat. The
origins of replication are highlighted in orange, oriP is considered as the latent
(plasmid/episome) replication origin, and oriLyts are used in the Iytic life cycle. B:
Comparison of EBV genomes from different cell lines by multi-alignment (BLASTN).
The bottom seven genomes were generated by long-read sequencing. The horizontal
bars are colored and coded by alignment score.

EBV genomic variations have been suggested to be correlated with the
incidence of some diseases [19-21]. One mutation in RPMS1 and two
in BALF2 were found to be correlated to NPC cases in southern China



[22, 23]. EBV genetic variations in different populations have recently
been cloned and sequences from tonsil-derived lymphoblastoid cell line
(LCL) have been generated by using long-read sequencing [24].
However, there are genomic variations within the same individual, and
it has been shown that EBV strains in saliva differ from the clones in
tumor lesions in gastric cancer [25]. A multi-alignment of frequently
used EBV strains in different cell lines compared to the NC_007605.1
reference using BLASTN (default settings) is illustrated in Figure 1B.
Some of the EBV strains have been sequenced several times [26]. The
EBV strain is one of the main factors that needs to be taken into
consideration for the design of vaccines and precision medical
treatment, as well as for the choice of model system for research.
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1.2 HOST PERTURBATIONS IN EBV POSITIVE
TUMORS

Host epigenomic, genomic and transcriptomic perturbations can be
found in the different types of EBV-associated malignancies (Table 2).
Somatic mutations in the most common EBV-associated neoplasms
NPC and GAC [27], eBL and sBL [28], have been well characterized by
NGS (whole genome sequencing and whole exome sequencing).
Tumor cell microdissection enrichment followed by whole genome
sequencing of NPC samples further uncovered that the host changes
of immune pathways were enriched in the EBV-positive tumors in
comparison with blood samples [29]. This indicates that EBV might be
able to establish latency in cells with a perturbed immune response, or
that EBV induces these changes. Generally perturbed pathways can be
observed in the different cancers. EBV appears to be able to
downregulate hurdles for proliferation (e.g. TP53), but still needs to
overcome specific compensatory mechanisms (e.g. CDKN2A) in order
to malignify.

Table 2. The landscape of host perturbations in EBV-positive tumors compared with
EBV-negative tumors in each cancer type

EBV+ NPC EBV+ GAC EBV+ BL (eBL/sBL)
Epi CIMP*; 3p21.3%%; CIMP;
6p21.3 (immune genes);
9p21;
Tumor suppressor:
CDKN2A (pl6, CDKN2A promoter
chr9p21.3) methylation; | methylation;
CDHI,; lack of MLH1
PTEN hypermethylation
I T T T 1
DNA | [gain] [gain] IG-MYC translocation
1q, 11q, 12p, 12q, 17q; 9p24.1,3q, 7, 20 t(8:14), t(8:17)
CCND1(11q13); 80/20: IGH (chr14)
MYC(8q24) /IGL (22) or IGK (2)

[loss] [loss]
3p, 9p, 11q, 13q,14q,16q; 18q
CDKN2A;

MTAP;




TGFBR2;

Type I IFNs
[mutations] [mutations] [mutations]
relative low mutation somatic
load; hypermutation;
ERBB2/3; fewer driver mutation;
PIK3CA; PIK3CA; TCF3;
PTEN; PTEN ID3;
N/KRAS CCND3
ARIDI1A; ARID1A; ARIDI1A;
MHC-I BCOR; CDKN2A;
JAK2; PVT]1 promoter;
NF-kB negative NOTCHI1 PAXS;
regulators (TRAF3,
CYLD, NFKBIA,
NLRC5)
TP53 (low TP53 less TP53 mutation less TP53 mutation
mutations compared to
other head and neck
cancers)
I T T T
RNA  CD274 (PD-L1)1; PD-L1/21; AICDA (eBL)1;
NF-kB pathway?; cyto- Immune cell MDK|;
/chemo-kines?; signaling?;
IFN-induced genes?; DNMTIT;
CDKN2A |; PAX4|;
TGFBR2|; EGF|;
MHC-1;

* CIMP: CpG island methylator phenotype; ** Human chromosomes.

1 increase/activation; | decrease;,

This table is based on these references: Han et al. 2021 [27] (review on NPC and
GAC), Bruce et al. 2021 [29] (NPC, China), Lin et al. 2014 [30] (NPC, Singapore),
Wong et al. 2021 [31] (review on NPC), TCGA-STAD 2014 [6] (GAC, USA), Chen et
al. 2021 [25] (GAC, China), Grande et al. 2019 [28] (BLGSP), Schmitz et al. 2012

(BL) [32].
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1.3 EBV GENES

EBV encodes more than 100 genes across the entire genome [33]. The
genes in the first fragment till IR2 in Figure 2 only encode rightward
transcripts, the other regions contain bidirectional genes. Nomenclature
of EBV genes is based on BamHI-digested fragments, and the
classification is dependent on the sequential activation post-infection
within hours [34], and grouped into immediate early (IE, alpha), early
(EL, beta) and late (LL, gamma) lytic genes (color-coded in Appendix
A).

EBV can also transcribe several different types of non-coding RNAs
(Figure 2). The viral long non-coding RNA RPMS1 is a 4kb
polyadenylated transcript [35]. A potential long non-coding transcript
from BHLF1 has also been suggested [36]. Two EBV-encoded small
non-coding RNAs (EBER1 and EBER2) are transcribed by host cellular
RNA polymerase lll, and play roles in EBV latency maintenance [37].
Other small non-coding RNAs are also found in the EBV genome, four
microRNAs (miRNAs) in the BamHI H rightward frame (miR-BHRF1)
and 40 miRNAs in the BamHI A region (miR-BART), all verified and
recorded in miRBase [38]. In addition, circular RNAs have been
detected in latency (EBNA/RPMS1) and during reactivation
(BHLF1/LMP2) [39-41]. It was suggested that miR-BART11 and 17-3p
[42], circBART2.2 [39] from the RPMS1 gene could upregulate PD-L1
to facilitate immune escape, while miR-BHRF1-2 could reduce PD-
L1/L2 [43]. Interestingly, both the IncRNAs, miRNAs and three circular
RNAs are adjacent to the origins of viral DNA replication (Figure 2).
Other herpesviruses also express spliced transcripts and non-coding
RNAs during latency (miRNA [44], circRNA [40]).

oriP orilyt orilyt2
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Figure 2. The distribution of non-coding RNAs found in EBV. EBV NC 007605.1
annotation was used as the reference for plotting. Blue circle: circRNA; Blue rectangle:



microRNA; Pink arrows represent latency genes, purple unknown. The direction of the
transcripts is indicated by the arrows.

In order to uncover how EBV contributes to oncogenesis in the host
cells, it is necessary to characterize the expressed viral transcripts,
especially in cancer cells. All types of EBV positive tumors contain
mainly latent EBV infection. EBV latency programs are divided into (1)
latency 0: only non-coding RNAs; (2) latency I: genes in latency 0 with
the addition of EBNA1; (3) latency lla: addition of LMP1 and LMP2A/B;
IIb; addition of EBNAs and BHRF1; (4) latency llI: full range expression
of LMPs, EBNAs, and BHRF1 [45]. BL was classified as latency | in the
literature, and NPC was latency lI(a). Our findings from primary tissues
in Paper | do not support the proposed latency programs.

The role of EBV in oncogenesis has been studied in vitro using cell
models originating from tumor-derived cell lines or EBV-transformed
LCL. These models have been essential for the study of virus-host
interactions during transformation and reactivation. In recent years, an
increased amount of omics-data has been generated from primary
EBV-infection of lymphocytes (transcriptome [46], proteome [47],
epigenome/transcriptome/metabolome  [48]) and  reactivation
(epigenome [49]). The following two parts aim to summarize the
dynamic EBV expression changes during LCL establishment and EBV
positive cell line reactivation.
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1.3.1 EBV LIFE CYCLE

Once EBYV attaches and enters the host cell, it could undergo a lytic
cycle, by sequentially activating the viral lytic genes (immediate early,
early, late lytic) and repurpose the host machinery for viral production.
The major events include: (1) The EBV envelope is fused with the
cellular membrane by using the viral glycoproteins for binding with
receptors on the host cell. After fusion the capsid is released into the
cytosol (Figure 3); (2) The EBV capsid is transported to the nucleus and
injects the viral genomic DNA; (3) Both new viral capsid assembly and
EBV genome encapsidation occurs in the nucleus; (4) After nuclear
egress, the capsid and associated tegument proteins are enveloped
with the help from endoplasmic reticulum (ER), Golgi apparatus; (5)
Mature EBYV virion is transported to the plasma membrane for release
[45].

EBV infection EBV lytic-latent EBV reactivation
@ "
o= ®
1 virion
B production

tegument
envelope

—®ceovael, 9B BMEFZ ga3sy/20 -

- Integrins/EphAZ Integrins

Iytic gene
expression

— (epithelial cell) (epithelial cell)
s HLA Classll (vgpd2} CR2/CD21
(B-cell) (B-cell)

Figure 3. EBV structure and its life cycle. EBV interacts with its host cell through
different glycoproteins(black) on its envelope binding with corresponding host
receptors (Left bottom, yellow). After the viral capsid enters the host cell cytosol, EBV
could undergo Iytic cycle in some cell, or establish latent stage under intracellular
factors restriction (Middle). EBV latency could be reactivated to express some Iytic
gene or fully Iytic to virion secretion with the help of the immediate early gene BZLF1

(Right).

EBV could also enter the transcriptionally latent stage in the host cell
with only a few viral protein-coding genes being expressed. In latency
phase, the EBV genomic DNA is highly methylated and maintained in
the nucleus as an extra chromosome. During latency, the DNA



replication of the EBV genome is in synchrony with the host genome
assisted by EBNA1 [50]. EBV positive cell lines can reactivate the EBV
lytic cycle as a response to multiple types of chemicals [35, 54, 69].
EBV reactivation is frequently observed in EBV associated tumors. For
example, the EBV DNA load in the plasma samples of NPC and PTLD
patients is markedly increased [51-53], and antibody titers against EBV
Iytic protein are higher, for example, EA 1gG [54].

10
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1.3.2 KINETICS OF EBV EXPRESSION DURING PRIMARY
INFECTION

To dissect the EBV gene expression in cell cultures at the
transcriptomic level, several techniques could be utilized, such as
quantitative reverse transcription PCR (RT-gPCR), EBV probe-based
array and RNA-seq. EBV transcriptomics in CD19+ B-lymphocytes
have been well deciphered by RNA-seq [55, 56] at different time points
post after de novo infection (day 0/2/4/7/14 etc.). Naive B-lymphocyte
EBV-infection has also been monitored during one week using RNA-
seq, and transcriptional perturbation was seen within 24h [57]. Similarly,
mass spectrometry proteomics have been used to follow the EBV-
infection [47]. The relative abundance of EBV genes at protein (left
panel) and RNA (middle) levels are presented in Figure 4. Multiple EBV
lytic genes were detectable. The lytic EBV expression pattern in LCL
has also been addressed in Paper | and IV. However, LCL is
conventionally classified as latency .

B-lymphocyte heterogeneity is an issue when studying the role of EBV
in LCL. EBV-positive B lymphocytes in vivo have been shown to be
primarily memory B lymphocytes (Paper IV), however, LCLs are mainly
generated from PBMCs (peripheral blood mononuclear cells) or CD19+
B lymphocytes. During the first week of the generation of LCLs from
primary human CD19+ B lymphocytes, EBV-infected B-lymphocytes
first undergo hyperproliferation, and then growth arrest or continuous
proliferation [58]. LCLs that continuously proliferate have normal
karyotypes, but before 150 passages the cells either undergo
proliferative crisis and die or immortalizes with a strong telomerase
activity and become aneuploid [59]. LCL-transformation also
circumvents the immune response mediated by CD8+ and/or CD4+ T-
lymphocytes [60, 61].

11
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Figure 4. EBV gene expression during primary in vitro infection. A: Proteomics of
EBV proteins in different time points after primary infection (days), genes were
grouped and ordered by IE (immediately early), EL (early Iytic), LL (late Iytic), Latent
(Lat) and other genes of interest. The relative abundance of each protein for the
different days post-infection is shown ([47] Wang et al. 2019 Cell Metab.). B: The
relative abundance of EBV gene RNA levels. C: Cpm-values of EBV genes in LCL
single-cell sequencing datasets processed as bulk.
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1.3.3 EBV TRANSCRIPTION IN REACTIVATION

The latent EBV can reactivate and enter the lytic cycle and produce
virus particles. Reactivation can also be aborted (abortive lytic), in this
case the immediate-early genes BZLF1/BRLF1 are induced, but the
subsequent transcription of early and late lytic genes are not initiated
and no virus particles are produced (Figure 3) [62]. EBV-positive cell
lines have a variable ability to be reactivated and enter the Iytic cycle.
For example, the BL cell line, Raji, lacks the viral DNA binding protein
BALF2 and cannot produce viral particles. By adding BALF2 to Raiji
cells a complete reactivation can be induced [63]. Although some cell
lines are not able to enter the viral productive stage, many lytic genes
can be triggered to be transcribed in vitro [64]. EBV reactivation has
been considered as a potential therapeutic approach for the treatment
of both NPC [68], and EBV-positive lymphoma. Various drugs as well
as T-lymphocytes have been tested to induce a “kick and kill” scenario
for anti-viral treatment [69].

The path from latency to reactivation and viral production is complicated.
A CRISPR/Cas9 screen for genes essential for EBV reactivation in
P3HR1 identified MYC, which is also essential for the development of
endemic BL [65]. Here are some examples of how EBV reactivation has
been investigated. EBV gene expression during reactivation has been
profiled in various cell lines including JSC-1, Akata and Raiji [33]. Akata
EBV transcription in IgG-induced reactivation has also been profiled
using long-read sequencing [35], and the early-late genes sequential
activation has been described before [34]. Also, the global Akata EBV
bidirectional transcription during reactivation was descirbed based on
CAGE-seq [66]. Furthermore, RNA polymerase mapping in Mutu |
during latency and reactivation was characterized using Precision
nuclear Run On followed by deep Sequencing (PRO-seq), which
indicated that RNA polymerase paused at CTCF binding sites on the
EBV genome during reactivation [49]. The EBV genome template for
transcription switched from latency to reactivation has been reviewed
[67]. However, the conclusions of these studies are not suitable to be
generalized on the reactivation mechanism because (1) various starting
cell lines and EBV strains were investigated; (2) different chemicals
were utilized for inducing lytic reactivation, which might cause cascade
reactions of different pathways affecting lytic EBV gene expression; (3)
RNA-seq data on different time point post inducing are not available.
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1.4 MODELS FOR EBV RESEARCH

Cell lines are the most frequently used in vitro models for EBV research,
of which the BL-derived lymphocytes Namalwa, Daudi, P3HR1 and Raji
were included in the CCLE project (DepMap) and well characterized
using multi-omics. In Table 3, a collection of EBV-positive cell lines is
listed. B95-8 is an EBV positive cell line constructed in marmoset B
lymphocytes using IM-derived EBV, and its genome sequence was the
first assembled and is frequently used as the EBV reference genome.
M81 is an NPC-derived EBV-infected marmoset lymphocyte cell line
and is considered to harbor an EBV-strain more prone to reactivate than
the B95-8 strain. C666-1 is one of the few NPC cell lines available. It is
derived from xenograft in nude mice and cannot undergo lytic
reactivation.

Compared to EBV positive BL cell lines, the EBV-positive NPC cell lines
are not easy to establish directly from the biopsy [70] and requires a
selection step in patient-derived xenografts (PDXs). Both the latent EBV
cell line C666-1 [71] and the first reactivable C17 were derived from
EBV-positive PDXs in nude mice [70]. NPC43, harboring variably EBV-
copies at different passages, was cultured directly from an NPC biopsy
using ROCK inhibitor in order to inhibit lytic reactivation [64]. The gastric
cell line SNU719 EBV expression patterns is like most BL cell lines
different from tumor biopsies (Paper I) [72]. Thus, most of the EBV-
positive cell lines cannot accurately portray in vivo conditions, which is
a major challenge for the research field.

Table 3. The well-characterized cell lines available for EBV research

Name Cell/ EBYV EBV ID of EBV Length Cellosa Disease
Type copy genome of EBV urus

genome No.

B95-8 marmoset  >800  VO0I1555.2%** 172281 CVCL_ M
B*/1 1953

Namalwa B/1 1-2 LR8&13082.1 152359 CVCL_ BL
0067

Daudi B ~100  LN827545.1 172089 CVCL_ BL
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(negative 0008
MHC 1)
P3HRI1 B/1I >800 LN827548.2 172083 CVCL_ BL
(non- 2676
transformi
ng)
Raji B/1 ~60/5 KF717093.1 166182 CVCL_ BL
00 0511
Akata B/1 ~20 KC207813.1 171323 CVCL_ BL
0148
Mutu B KC207814.1 171687 CVCL_ BL,
7202 t(8:14)
MS81 marmoset KF373730.1 176041 / NPC
B/I
C666-1 E* ~12 KC617875.1 171317 CVCL_ NPC
7949
SNU719 E/l ~800 APO015015.1 169425 CVCL_ GAC
5086

*B stands for lymphocyte and E for epithelial cell [73]. **The ID of the EBV
genome is the accession number in NCBI. The genome ID prefix stands for the
source of the storage database.

EBV-transformed LCL has been utilized for generating donor specific
genetic materials, because of its low propensity for acquiring mutations.
LCL can be grouped into spontaneous LCL from peripheral blood or
tissue, and in vitro transformed LCL according to the procedure for
generation [74]. The LCLs generated for EBV research were mainly
derived from enriched CD19+ B lymphocytes, rather than PBMC. The
EBV strain used for transformation often comes from the B95-8, Akata
or Mutu cell lines. However, the EBV expression in LCLs are quite
different from EBV positive B lymphocytes in vivo (Paper | and IV). The
population doubling rate of LCLs is dependent on the accumulation of
host changes (such as telomerase activity and karyotype), which are
the key factors to distinguish them between “transformed” and
“immortalized” [59].
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For epithelial cells, human adult stem cells-derived airway organoids
have been widely used for the study of respiratory viruses [77]. EBV-
associated nasopharyngeal carcinoma most often originates from a
specific location of the nasopharyngeal lateral wall, where the
epithelium is pseudostratified and lymphocyte-rich (Paper Ill). EBV has
been shown to preferentially induce the lytic cycle when infecting
stratified differentiated epithelial cells [78]. Therefore, to emulate the
EBV-infection that could develop into NPC, the air-liquid interface
culture model of the human airway epithelial cell has been developed
to study the interaction between EBV and the host [79, 80].

More and more evidence indicate that the role of EBV in cancer might
be through its contribution to immune evasion, which points out the
need for an in vivo model for EBV research. Some NPC patient-derived
xenografts have been constructed for such studies including x666,
C15/17/18 and other four new PDXs [64].

Also, the relationship of immune control and the EBV infection have
been studied in humanized mice models [81, 82]. It has been suggested
that EBV miRNA attenuated T-cell mediated immune control through
dampening antigen recognition [83]. EBV primary infection was also
modeled in other animals, such as tree shrews [84] and rabbits [85].
Moreover, many researchers have analyzed primary biopsies, including
liquid biopsies and solid tissues, which better reflect the in vivo
physiological events of EBV in its natural host.
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1.5 RNA SPECIES IN MAMMALIAN CELLS AND
THEIR PROPERTIES

There are multiple species of RNA in the mammalian cells transcribed
by different types of RNA polymerases (Figure 5). The majority of the
RNAs in human cells are non-coding transcripts. Protein-coding regions
of the genome only account for approximately 2% of the human
genome and only around 15% of the protein coding genes are
druggable [86]. The different RNA species possess different half-lives
[87], and genome-wide individual RNA half-life (decay) was deciphered
in human K562 and Hela cells by combining PRO-seq and RNA-seq
[88]. The non-coding RNAs have been demonstrated to play roles in
transcription and post-transcriptional regulation as well as scaffolding
and condensates [89].

fég};:fsc(cﬂ;:? mRNA pol Ii minutes-hours
f
IncRNA pol Il minutes-hours
Untranscribed
regions
(~25%) .
miRNA pol Il
Human PIRNA
" RNA pol lI/1ll
Genome Nencoding circRNA (Sn pelllly )
regions
(~73%)
tRNA pol Il
pol |
rRNA (55 rRNA pol I1l) Sl
o

Figure 5. RNA species in a human cell. Left circle: RNA in the human genome; Right
columns: RNA species, RNA polymerases, RNA half-life. RNA: ribonucleic acid;
mRNA: messenger RNA; IncRNA: long non-coding RNA; miRNA: microRNA [90];
PIRNA: PIWlI-interacting RNA; circRNA: circular RNA; snRNA: small nuclear RNA;
tRNA: transfer RNA; rRNA: ribosomal RNA.
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1.6 LIBRARY CONSTRUCTION AND SEQUENCING
TECHNOLOGY

Most transcriptomic datasets have been generated from oligo(dT)-
enriched libraries and thus limited to the polyadenylated RNA. Viral
genomes are compact and contains multiple intersecting and co-
terminating genes. The direction and coverage are therefore important
for annotating the short reads correctly to the EBV genome. Therefore,
stranded libraries containing the information on transcript direction
would be better suited for viral transcriptome analysis. More recently,
the rRNA depleted library preparation protocols have become more
common, containing both mRNAs and small RNAs. Furthermore,
specific workflows have been developed and utilized for miRNA and
circRNA sequencing (Figure 6). However, the biogenesis and turnover
of the RNAs are dynamically changing [91]. The transcription initiation,
elongation and cleavage should be taken into consideration to get an
accurate quantification [92], as well as the stochastic nature of
transcription [93].

@ Readout

\ mRNA (polyA) non-stranded mRNA transcripiome
mRNA

|
UL L L0553 non-TRNA & relative-long
= rRNA depeletion stranded transcriptome
£

B small RNA transcriptome
| miRNA seq

miRNA  snRNA  circRNA

ﬁ@{:ﬁ 1 CIrcRNA $eq circRNA transcriptome
- |

RNA  rRNA |

single-cell full-length

smart-seq2 mRNA transcriptome

single-cell 3'/5-enriched

10x mRNA transcriptome

Figure 6. Transcriptome profiling techniques and corresponding readouts.
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1.7 SINGLE-CELL RNA SEQUENCING

Due to the variable level of non-malignant cells in tumor lesions, the
specific properties of the malignant cells are difficult to discern in the
bulk RNA-seq data of tumor biopsies. Single-cell RNA sequencing
(scRNA-seq) technology can disentangle the tumor microenvironment
at a single-cell resolution. In recent years, there have been multiple
studies published using single-cell sequencing of EBV-associated
samples, however the EBV gene expression was not reported (Table
4). We analyzed NPC scRNA-seq dataset, and compared EBV-positive
malignant cells with healthy epithelial cells (Paper ). The malignant
cells were identified using inferred copy number variation analysis
based on the single-cell transcriptome comparison [94, 95]. Moreover,
the differentiation of the cells could be predicted using the RNA velocity
[96] combined with the trajectory inference [97]. All the scRNA-seq
workflows rely on reverse transcription of oligo(dT) (indexed for 3’
transcriptome) captured mRNA followed by a template switch using an
indexed 5’ primer. Smart-seq is similar, but the whole transcript is
sequenced. However, the capture rate of single cell transcriptome
technologies was limited to 20-40% compared to bulk RNA-seq [98],
which means that the scRNA-seq only depict the most abundant mRNA
in each cell.
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Table 4. The studies using scRNA-seq of EBV-positive samples

No. Sample type scRNA-seq ID of Dataset Reference
1 LCL (CD19+B 10x 3’ v2 GSE158275 [99] SoRelle et
lymphocytes) al. 2021
2 LCL 10x 3’ v2 PRINA508890/ [100] Osorio et
PRINAS521545 al. 2019
3 NPC 10x 3’ v2 CNP0000428 [94] Chen et al.
2020
4 NPC 10x 3’ v2 HRA000087 [101] Jin et al.
2020
5 NPC/PBMC 10x 5° HRAO000159/GSE  [102] Liu et al.
TCR VDJ 162025 2021
6 NPC 10x 5’ GSE150825 [103] Gong et
TCR/BCR al. 2021
VD]
7 NPC 10x 3’ v2 - [104] Zhao et
al. 2020
8 GAC 10x HRAO000051 [105] Zhang et
al. 2021
9 LCL 10x 3’ PRINA794826 [106] Bristol et

al. 2022

* TCR/BCR: T/B cell receptor.
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1.8 EBV MIR-BARTS

EBV miRNAs include miR-BHRF1s and miR-BARTs (Figure 2 and 7),
and the transcription of respective pri-mRNAs are in close proximity to
oriLyt1 and oriLyt2 respectively. The miRNA transcriptome analysis
based on miRNA sequencing in EBV-associated tumors have been
reported in GAC [6] and BL [28]. The viral miRNAs miR-BART6-3p,
miR-BART7-3p, and miR-BART10-3p were in the most abundantly
expressed EBV miRNAs within both tissue types [107]. EBV miRNAs in
NPC biopsies and NPC cell line C666-1 were demonstrated using
multiplexed stem-loop RT-PCR, and found all miR-BARTs were
expressed at high levels, but not miR-BHRF1s [108]. The same miR-
BARTSs were detected in the plasma of patients with GAC, BL and NPC
[109], NPC tissues [110], and NPC PDXs [111].
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Figure 7. lilustration of BamHI A region (IGV). CDS, white arrows.

EBV miRNAs interact with their target mRNA primarily through Ago2.
The miR-BARTSs and their targets have been investigated using various
techniques by Ago enrichment [112]. However, because of the diverse
EBV expression in the cell models as well the EBV strain and host
background very few target genes overlapped between the four
published studies (Table 5 and 6).
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Table 5. EBV miRNA target screening

Reference Method Cell and antibodies Number of targets
[113] HITS- Jijoye (BL) 925
EMBO, CLIP anti-Ago mAb 2A8 or 11A9  Abundant EBV
Riley et al. miRNAs: BART10-3p,
2012 BART13-3p,
BART4-5p,
BART7-3p
[114] PAR- EBV-B95-8 LCLs: 540
Plos Path., CLIP EF3D-AGO2, a FLAG-
Skalsky et al. tagged Ago2
2012 LCL35, and LCL-BAC
LCL-BAC-D1 (miR-
BHRF1-1 ko)
LCL-BAC-D3 (miR-
BHRF1-3 ko)
mAb: anti-FLAG and anti-
Ago2
[115] PAR- C666-1 (NPC), 1254
Plos Path., CLIP Ab against all four human Abundant EBV
Kang et al. Agos miRNAs:
2015 BART2-5p,
BART9-3p,
BART19-3p
BART22
[107] CLASH  Akata (BL), SNU719 (GAC) SNU719: 16976,
Plos Path., pan-AGO antibody Akata: 534,
Ungerleider
et al. 2021
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Table 6. Potential target mRNAs of the miR-BART6/7/10

miR-BART

Found in two cell
lines

Found in three cell
lines

miR-BART6

C666(76)
Akata(9)

miR-BART7

C666(71)
SNU719(3199)
Akata(89)
Jijoye(66)

SNU719(477)

[C666] and [SNU719]:
STEAP3, HSPHI1,
TNPO2, KIAA1217,
CTNNBI

[SNU719] and [Akata]:

CD74, ZMATS3,
DDX58, GIGYF1

[C666]) and [SNU719]:
KIAA1522, MSI2,
IL23A, IL27RA,
POLRIB, PPIL3,
STK35, UBXN7,
UBAG6, PAHA2,
JARID2, NONO,
SESN2, POGZ,
CDC123, GSTOL,
PPP1CC, IFTSS,
RBBP6, RALY,
SHROOM3, G3BP1,
PRLR, IARS, ZFP91,
HIPK2

[Akata] and [Jijoyel]:
RASGRP3
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[C666] and [SNU719]
and [Akata]:
COX5A, LRRC58

[SNU719] and
[Akata] and [Jijoyel:
YWHAG

[C666] and [SNU719]
and [Jijoye]:

RPL5, CSDEI,
ZNF180, PATZI,
CLCN3, ING3,
ZCCHC7



miR-BARTI10 [SNU719] and [Akata]: [C666] and [SNU719]

ATP6VOE1, TPR, and [Jijoye]:
YN FAMI111A, RSPRYI, MEX3C
: / B TMEDS, SNU13,
AW N /. DARS, CREBBP
VS N |
yar / / [SNU719] and [Jijoye]:
N |/ SMCHDI, APIS3,
AN / TNFRSF10B, PPP6C,
.\, RBM26, TFRC
[C666] and [lijoye]:
gﬁ?ﬁézalo) ANKRDI11, ACSL4
Akata(11)
Jijoye(58)
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2 AIMS

The aim of this thesis was to comprehensively characterize the EBV
transcriptome in primary EBV-positive tissues and provide new viral
targets for future therapy.

Paper | - Determining the EBV expression in tumor biopsies at both
bulk and single-cell level and to understand the function of the EBV
RNA in tumors.

Paper Il - Characterization of the splice variants of RPMS1 using single-
molecule long-read sequencing.

Paper Ill - Establishing a de novo infection in pseudostratified
nasopharyngeal epithelial cells and characterizing the infected cells at
single cell level.

Paper IV - Establishing single-cell bioinformatic methods and workflow
for identifying and characterizing EBV in B-lymphocytes from peripheral
blood.
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3 MATERIALS AND METHODS

3.1 Cells and patient samples

The Burkitt’'s lymphoma B-cell lines Namalwa, Daudi and Akata, the
NPC cell lines C666-1 and HK1, were all maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum and cultured at
37°C with 5% CO.. The other Namalwa-derived cell lines were kept in
the same medium with additional G418 (and puromycin).

In Paper |, there were three Namalwa-derived cell lines created using
Tet-On 3G system (Takara), they were all based on a stable Tet3G
expressing cell line with pCMV-Tet3G selected by G418 screening; (1)
pTRE is a cell line with empty pTRE3G-BI-mCherry, in which mCherry
can be induced by doxycycline (Dox); (2) pTRE-RPMS1 (pTRE3G-BI-
mCherry-RPMS1IncRNA) is the second cell line with a bidirectional
TRE3G promoter encoding both the long non-coding RNA RPMS1 and
mCherry which can be induced in response to Dox; (3) Pro-Re is the
cell line in which the promoter of RPMS1 gene was replaced by the
bidirectional promoter TRE3G-BI-mCherry using CRISPR/Cas9. The
puromycin gene was inserted in these cell lines by co-transfection of a
1.8kb linear dsDNA fragment. Therefore, these cell lines were kept in
RPMI medium with both 100 ug/ml G418 and 2 ug/mL puromycin.

The CRISPR vector px458-RS2-29 used for the establishment of the
Pro-Re cell line contained two guide gRNAs [116]. The guide RNAs
were designed at 138265-138284, 138332-138351 of the EBV genome
NC_007605.1. The Namalwa cells were chosen because they contain
an integrated EBV genome. The RPMS1 promoter in these cells were
replaced with the TRE3G-BI-mCherry construct by homology-directed
repair. This construct contained a bidirectional promoter encoding
mCherry flanked by a 300-500 fragment containing the complementary
sequence of the insert site in the EBV genome.

Paper Il presented the single-molecule long-read sequencing
characterization of RPMS1 splice variants in the NPC cell line C666-1,
the Burkitt's lymphoma cell line Daudi, and a GAC biopsy. The GAC
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samples were punch biopsies taken directly after resection and
subsequently snap frozen.

The cell cultures used in Paper lll included HK1 and Akata. HK1-EBV
and rAkata harbor recombinant EBV with pSV40-EGFP inserted into
the BXLF1 gene. The recombinant Akata EBV strain was modified by
inserting EGFP cassette (under SV40 promoter) into BXLF1 loci [46, 56,
75, 76]. The pseudostratified nasopharyngeal epithelium (pseudo-ALI)
cultures were generated from primary nasopharyngeal cells. The
primary cells were collected from cytobrush scraping of the donors’
nasopharynx. The cells were cultured, expanded and reprogrammed on
3T3-J2 feeder fibroblasts with the presence of ROCK inhibitor, and
differentiated into pseudo-ALl in an air-liquid interface.

Blood samples used in Paper IV were collected at the Sahlgrenska
University hospital. For one sample, the PBMC was isolated from whole
blood using Lymphoprep™ (Stemcell). The primary B-lymphocytes
were enriched using Dynabeads™ Untouched™ Human B Cells Kit
(Invitrogen) and subsequently prepared for scRNA-seq according to the
protocol CG00039 Rev C. Five published LCL scRNA-seq datasets
were included for reanalysis (Table 7).

Table 7. The details of LCLs in single cell RNA sequencing studies

B
lymphocyt Culture time

Sample Donor EBYV strain es (month)
LCLI 1 B95-8 (Type 1) CDI9+B 1
LCL2 1 M&1 (Type 2) CD19+B 1
LCL3 2 B95-8 CD19+B 6
LCL4 3 (GM18502) B95-8 / /
LCLS 4 (GM12878) B95-8 / /

* All datasets were generated using 10x 3’ chemistry.
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3.2 RNA quantification

RNA was extracted using TRIzol reagent (Life Technologies) followed
by quantification by NanoDrop 2000. DNA was removed by DNase
treatment (TURBO DNA-free™ Kit, Thermo Fisher Scientific).

(1) RT-qPCR

The DNA-free RNA samples were the starting materials for RT-qPCR.
Both SuperScript 1ll Platinum One-Step RT-gPCR Kit and two-step
workflow were used. Reverse transcription was performed using High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher) in Paper I,
and TATAA GrandScript cDNA FreePrime Kit (TATAA Biocenter) in
Paper IV. The primers used for the cDNA synthesis were random
hexamers and oligo(dT)20 primers. The reaction mixture was incubated
at 25°C for 10min, 42°C 45 min, 85°C 5 min and held at 4°C. The
plasmid 17ADVGAP contained the entire RPMS1 IncRNA cDNA, which
was ordered from GeneArt. A T7 promoter was added upstream of
RPMS1 using annealed double strand oligonucleotides, which was then
used as the template for preparing RPMS1 RNA standard using in vitro
transcription (MEGAscript™ T7 Transcription Kit). The synthesized
RPMS1 RNA was used as a spike-in control for RNA extraction and RT-
gPCR in Paper I. For enhanced RT-qPCR mentioned in Paper IV, the
cDNA was preamplified using mixed target-specific primer pairs for
multiplex EBV genes [117].

(2) Bulk RNA sequencing in Paper |

The Namalwa derived cell lines pTRE, pTRE-RPMS1 and Pro-Re were
prepared in triplicates with different DOX concentrations, pTRE: 0, 50
and 1000 ng/mL; pTRE-RPMS1: 0, 50 ng/mL; Pro-Re: 0,1000 ng/mL.
The 21 total RNA samples were sent to Genewiz (Germany) in dry ice
for rRNA depleted stranded RNA sequencing.

(3) Single-cell RNA sequencing

In Paper lll, the EBV infected pseudoALl was washed and dissociated
into single-cell suspension followed by 10x 3’ v3 library preparation. For
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Paper IV the single-cell gene expression libraries and single-cell BCR
V(D)J libraries were prepared following the manufacturer’s user guide:
Chromium NextGEMSingleCell5'v2 User Guide RevC (CG000331).
More than ten thousand cells were loaded per reaction. Both the patient
and the control B-lymphocytes were loaded into two sequencing lanes,
the library pool was subjected to high-depth sequencing aiming at
approximately 5,000 reads/cell for the VDJ library and 27,500 reads/cell
for the transcriptome library. The quality control of the library was
checked using TapeStation (Agilent), and the pool of indexed libraries
was sequenced by NGI Sweden.

Datasets from four NPC scRNA-seq studies were collected and
analyzed in Paper |. The design of the four studies and the available
data types were shown in Figure 8.
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Figure 8. The data types of four NPC studies.
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(4) Single-molecule long-read sequencing in Paper | and Paper I

The total RNA was extracted from the sample using TRIzol and
subjected to DNA removal using DNase |. RPMS1 reverse primer (5’-
TTGCATGTCTCACACCATGG-3) was used for gene specific reverse
transcription according to the Nanopore protocol SQK-DCS109. The
cDNA library was built using Maxima H Minus Reverse Transcriptase
(Thermo).

Specific forward primers at the start of RPMS1 exon 1 and BARE1-3
(BamHI A rightward element) were used for PCR amplification. The
PCR was performed using Q5 High-Fidelity 2x Master Mix (New
England Biolabs). Subsequent library preparation steps using NEBNext
Ultra Il End repair/dA-tailing Module and Blunt/TA Ligase Master Mix
created libraries with covalently attached sequencing adaptors. The
purification steps were performed using Agencourt AMPure XP beads.
The final purified libraries were mixed with the beads, loaded onto the
flow cell and sequenced on a Nanopore MinlON device.

3.3 Sequencing data analysis
(1) Bulk RNA-seq analysis

The raw reads were quality filtered, and the adapters were removed
using prinseq and TrimGalore (Figure 9). All reads were trimmed from the
3’-end, and the reads with a mean quality score below 20, length shorter
than 30bp or percentages of Ns higher than 10 were removed. The
trimmed sequences were mapped to human genome reference
GRCh38 and EBV reference separately using STAR. The EBV
reference was modified from NC _007605.1 for stranded and non-
stranded datasets. The alignment results were filtered to allow 10 multi-
mapped reads, maximum of 3 mismatches and a minimum of 40
nucleotides alignment length. The relative EBV load for each sample
was calculated as the number of EBV reads per million total reads (parts
per million, ppm). The reads from each annotated gene were recorded
with featureCounts from subread. To calculate the amount of a specific
mRNA per million RNA molecules, the gene length and the sequencing
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depth were normalized sequentially to get the relative transcripts per
million (tpm) values.

The coverage plots were based on the alignment files and created using
in-house R scripts. The depth of each position on the EBV genome was
calculated using bedtools, 100 bins were used to segment the BamHI-A
region, and 15% of the highest peak was the threshold of the reported
bins. Reads with the polyA signal sequence AATAAA were extracted
from the filtered fastq file and mapped towards NC_007605.1 using
BWA. The downstream softclipped polyA tails were counted and
summarized with the polyA signal location on the EBV NC_007605.1
reference. The junction reads (>5) within the BamHI-A region of the
EBV positive samples (ppm>10) were plotted using GVIZ in R.

Raw data Filtering Filtered fastq
fastq.gz Trimming AdapterTrimmed

3
EBV Mapping
EBVAlignment HumanAlignment
.bam(.bam.bai) .bam(.bam.bai)

NC_007605
|

MappedQC

——

Quantitation

Human
Grch38

N 4

Figure 9. The workflow for bulk RNA-seq analysis.



(2) Single-cell RNA-seq analysis

To get a comprehensive landscape of EBV gene expression in scCRNA-
seq, multiple EBV references based on NC_007605.1 (B95-8 and Raiji)
and/or Akata EBV genome KC207813 were used: 1) the entire EBV
reference genome as an exon, 2) original reference with CDS/gene
changed to exon, 3) the modified reference genome with fused
annotations. For the alignment and read counting, cellranger was used
to index the merged genomes of human and EBV DNA. The output raw
and filtered matrix were compared and only subtle variations in the
number of EBV positive cells were observed in most samples.
Therefore, the filtered matrix was used for the subsequent analyses.
The cells with @ minimum of 200, maximum of 9,000 genes were
selected. Every sample was processed separately using Seurat in R,
and all genes of the selected cells were used for clustering after
sctransfrom.

In Paper I, the cell types were annotated using singleR and curated cell
markers. The EBV expression profile was plotted in a heatmap using
UMIs of EBV genes. The fraction of EBV-positive cells within each cell
type and the fraction of EBV gene amongst the positive cells was
calculated. To enable a comparison of EBV expression levels in bulk
RNA-seq with scRNA-seq, the EBV gene cpm in all cells, epithelial cells,
and only EBV positive epithelial cells were calculated and shown in
heatmaps, generated using Prism 8. The epithelial cells in each sample
were extracted as separated Seurat objects and then renormalized and
regrouped (Figure 10).
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Figure 10. The workflow for scRNA-seq analysis in Paper I

Ten samples with subclusters that were distinctively EBV-positive or
negative were further analyzed. By comparing EBV-positive epithelial
subclusters with the EBV-negative subclusters, a wide span of number
of differentially expressed genes were found between samples. The
pathway enrichment analysis of the differentially expressed genes was
performed in GSEA/ GO/ clusterProfiler 4.0. Twelve genes were found to
be perturbed in all ten samples.

(3) long-read sequencing analysis

After the fast5 files were generated, the bases were called using Guppy
with default settings to generate fastq files. The alignment of the long
reads was conducted using minimap2, and secondary alignment was
excluded. The sam files from minimap2 were converted into bam files
using samtools. Upon manual inspection, a large proportion of the reads
were considered as artifacts, therefore the following criteria were used
to filter the reads: 1) the read should not be shorter than 1,000 bases,
2) the read needs to contain the forward primer sequence for
RPMS1/BAREs. The filtered bam files were then converted into BED12
format using bedtools, which were the input files for the newly developed
tool FLAME (full-length adjacency matrix and exon enumeration). The reads
that aligned to the reference annotation were assigned as annotated
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while the reads that did not map were classified as incongruent. The
incongruent reads were further analyzed and the differences from the
local reference annotation in terms of exon start position, end position
or length were used for complementing the reference annotation. The
reads with the same exon patterns were collapsed and counted, and
the consecutive exon linkage was listed in a weighted adjacency matrix.
Three aspects were taken into consideration for novel exon definition:
1) the usage frequency of the splice site, 2) splicing donor and acceptor
GU-AG signal at the intron-exon junction, and 3) supportive evidence
of junction reads from short read sequencing.
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4 RESULTS AND DISCUSSION

Paper |

In this project we characterized the EBV polyadenylated RNA in tumor
biopsies at tissue and cellular level. In total, 676 bulk datasets from four
types of tumors and associated cell lines were screened for EBV, 156
samples had an EBV load of more than 10 ppm. At single-cell level, 63
nasopharyngeal tissues from four studies were analyzed, of which 52
datasets are from NPC.

In the EBV positive bulk RNA-seq datasets from tumor biopsies, more
than 85% of EBV reads were aligned to the BamHI A region. However,
the conclusions regarding the EBV gene expression profile in the former
studies were contradictory to our results due to (1) most RNA-seq
datasets were generated with non-stranded sequencing protocols, and
(2) EBV BamHI-A region contains intersecting genes, including both
rightward genes RPMS1 and seven leftward genes. By investigating the
reads mapped in this region, we concluded that the most highly
expressed EBV gene was RPMS1 in primary tumors. The reasons
included (1) the reads mapped to RPMS1 unique exons; (2) the
coverage peaks matched to the RPMS1 exon coordinates; (3) the
junction-spanning reads correlated well with the RPMS1 exon-exon
connections; (4) the location of the reads with polyadenylation signal
(AAUAAA) and tail (A-stretch) indicated rightward termination.
Stranded sequenced datasets of eBLs further support the conclusion
that the maijority of read were transcribed in a rightward direction. Also,
peaks in the RPMS1 introns could be characterized using single-
molecule sequencing of gene-specific amplicons and classified into the
new genes which we named BAREs. Moreover, for the overlapped 3'-
end of three leftward genes LMP1, BNLF2a/b, we concluded that the
dominant transcripts were BNLF2a/b because the tpm-value of the 2 kb
LMP1 unique region was less than 5 in the majority of samples.

In accordance with the bulk sequencing data, RPMS1 was ubiquitously
detected in malignant cells in scRNA-seq datasets from NPC. The data
from the first two studies were generated using a 3’ library preparation
method and the other two 5. The fourth study captured only a few
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epithelial cells and in the second study, the tumor biopsies were
dissociated and FACS-sorted for epithelial cells. The epithelial cells
were then remixed with the stromal cells and the enriched epithelial
content can be observed for these samples, three datasets contained
approximately 50% epithelial cells.

In a few samples the expression of LMP1/BNLF2a/b was dominant. In
these tumors EBV reads were found in all types of stromal cells. Also,
the fraction of EBV-positive cells was similar for the different cell types.
Moreover, EBV expression in the stromal cells mirrored the EBV
expression in the epithelial cells, which argues that the EBV RNA
originates from contaminants, exosomes or apoptotic bodies. However,
in NPC46, a large proportion of the cells expressed BRLF1/BZLF1
indicating an ongoing reactivation, and this pattern was not observed in
the epithelial cells.

To understand the role of EBV in the malignant cells, the epithelial cells
of each sample were extracted as a separated seurat object. Because
the number of epithelial cells varied amongst the samples, we focused
on the samples with more than 100 epithelial cells. Normalization and
clustering of the epithelial cells were reperformed, and differentially
expressed genes between EBV positive and negative clusters were
found. The number of genes varied, and the significantly enriched
pathways of each sample based on the FoldChange and adjusted p
value selected genes were mainly TNFA signaling via NFKB, MYC
targets, immune response, G2M checkpoint, E2F targets, apoptosis,
etc. Twelve commonly changed genes were found in the gene lists
without filtering. Interestingly, most of them were target genes for
interferon response. We could validate this finding in a Burkitt's
lymphoma cell line in which expression of RPMS1/miR-BARTs were
induced, as well as the LCLs from the same donor transformed with
different EBV strains B95-8 (miR-BARTSs deleted) and M81. Interferon
gamma were found to be expressed at higher levels in the EBV-positive
NPC epithelial cells compared with EBV-negative tumors/biopsies.
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Paper Il

Full length EBV INcRNA RPMS1 splice variants from a GAC biopsy and
the NPC cell line C666-1 were characterized using nanopore long read
sequencing. Analysis of the entire spliceome was initially found to be
restricted by current computational tools which rely on which rely on the
existing exon annotation. To solve this issue, we developed a Python-
based tool called FLAME, which efficiently retrieved and annotated
transcript variants from long read sequencing with the complementation
of short read sequencing data. All RPMS1 isoforms reported before
were detected using FLAME, including the potential ORFs. In addition,
32 novel exons were found within RPMS1, and the three large exons
HI/VIVIl contained abundant intraexonic splicing events. The different
usage frequency of the exon Ib, Il, and Vla was different between C666-
1 and GAC. Overall, the pipeline FLAME is suitable for accurate
identification of novel exons. The comprehensive characterization of the
alternative splicing variant of RPMS1 could be utilized as a reference
for multiple purposes, such as, potential protein screening, secondary
structures prediction, and ASO design.

Paper Il

The maintenance of EBV latency and the virus propensity to switch into
lytic replication is highly influenced by the method by which the cells are
cultured and cell differentiation. The EBV genome in the HK1-EBV cell
line is kept in a latent stage when the cells are grown in two-dimensional
setting and lytic reactivation is observed when the cells are cultured as
stratified epithelium. Three-dimensional pseudostratified air-liquid
interface (pseudo-ALl) of reprogrammed nasal epithelium can be used
as a model for investigating EBV de novo infection. This infection model
would thus more accurately portray the initial infection/transformation
process leading to the development of EBV-associated NPC. /n situ
hybridization and immunostaining demonstrated that all cell types of the
nasopharyngeal pseudostratified epithelium were represented in our
cultures.

We present evidence that EBV can infect nasopharyngeal pseudo-ALI
cultures and can be maintained in 3 out of 9 donors, of which two
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samples exhibited latent EBV infection markers (EBER+, BZLF1-,
gp350-). Cultures derived from donor 4 expressed EBV lytic genes
(BZLF+, gp350+, LMP1+). This sample was subsequently subjected to
scRNA-seq.

Based on the EBV gene expression of individual cells the different
stages of the virus life cycle could be identified including lytic cells in
which the host expression had been shut off. Furthermore, scRNA-seq
confirmed that every cell type including basal, suprabasal,
mucosecretory and ciliated cells were susceptible to EBV infection. The
suprabasal cells had the highest proportion of cells in which EBV was
lytic.

Paper IV

In this study, we screened single cell RNA sequencing datasets from
peripheral blood cells for latent viral content. In a human
immunodeficiency virus-infected (HIV) patient lymphocyte we found
EBV RNA from RPMS1. Further investigations of blood from
immunosuppressed patients using an enhanced sensitivity RT-gPCR
showed that the EBV non-coding RNAs (RPMS1 and EBERs) were
most abundantly expressed. Also, the number of EBV genes detected
was positively correlated with the EBV DNA load in the blood sample.

In order to characterize the EBV-transformed cells we enriched B-
lymphocytes from a splenectomized patient with a high EBV DNA load
in blood, >5,000,000 EBV copies per milliliter. EBV was detected in
approximately 30% of the B-lymphocytes based on EBER-ISH. The B-
lymphocytes were subjected to 5’ single cell transcriptome and B-cell
receptor VDJ sequencing. Considering the low capture rate associated
with the single cell sequencing technology we expected to detect
significantly fewer EBV-positive cells compared with EBER-ISH. EBV
RNA was only found in 645 out of 25,218 cells (2.6%). By inferring the
positive EBV-status for cells with the same B-cell receptor VDJ
arrangement we could further increase the EBV-positive fraction to
6.6%. The EBV expression pattern for this patient showed a high
similarity with the tumors (Paper I) with more than 70% of the EBV
transcripts originating from the BamHI-A region. RPMS1 and LMP1
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were the dominant EBV mRNA in the B-lymphocytes. The
transcriptome of the EBV-positive cells in vivo was different from in vitro
EBV-transformed B-lymphocytes in terms of number of RNA molecules
and number of EBV genes expressed per cell.

We also reanalyzed the single-cell transcriptomic data of five LCLs, and
a subset of cells with abundant EBV gene species (lytic) and low total
RNA content were observed. This population of cells will affect the EBV
expression pattern in bulk RNA-seq analysis. Four out of the five LCLs
showed lytic EBV gene expression pattern (Figure 4C). LCL3 was in
latency Il with more than 5 counts per million (cpm) of the latency genes.
The reasons for the different EBV expression pattern formation could
be due to host cell factors and the number of passages.
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5 CONCLUSION AND FUTURE
PERSPECTIVES

To accurately depict the EBV expression landscape, the biases and
limitations of different transcriptomic profiling techniques should be
considered. Based on the results shown in our studies, the
constitutively expressed EBV genes in tumor cells in vivo are non-
coding RNAs EBERs, RPMS1/BAREs and EBV microRNAs. The most
abundant RPMS1/BAREs are highly spliced genes (Paper | and Paper
Il). In some individuals, protein coding genes BNLF2a/b, LMP1 and
LMP2 were also abundant (Paper | and Paper IV). All EBV-positive
samples contained low levels of lytic EBV transcript in bulk sequencing
datasets indicating that a few cells in the samples were undergoing lytic
reactivation. This low background signal was significantly reduced in
the scRNA-seq dataset, but a few cells in most tumors still expressed
lytic transcripts. In a recent study the transcriptome of microdissected
NPC tissues showed that IFN related genes were upregulated at the
normal adjacent compared with the dysplastic epithelium [118][118].
However, scRNA-seq of NPC in Paper | suggested that although EBV-
positive NPC epithelium had higher levels of interferon, the IFN
stimulated genes in EBV-positive malignant cells were downregulated
by miR-BARTs. Therefore, the EBV-positive cells most likely have a
higher tolerance for stress signals and through expression of the miR-
BARTs likely increases the fithess of the cell for that particular
microenvironment.

EBV expression pattern varies between in vivo and in vitro tissues.
Firstly, primary tumor biopsies contained different types of EBV
transcripts compared to in vitro cultures based on the bulk RNA-seq
analysis (Paper I). Secondly, the total amount of RNAs per cell in EBV
transformed LCL was much higher than primary EBV-positive B-
lymphocytes (Paper IV). Finally, the enriched EBV-positive primary B -
lymphocytes displayed the same EBV expression pattern as primary
tumors (Paper IV). This argues that the EBV latency program in primary
tissue is ubiquitous for all EBV-infected cells and that the minor
differences observed between patients is mainly due to restrictions by
the hostimmune system. In order to understand the EBV transformation
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process a comprehensive approach using, (1) 3-D models with different
stages of EBV (Paper lll), (2) co-culturing EBV infected cells with
stromal cells, (3) in vivo models, or (4) primary EBV-positive cells
(Paper IV) should be utilized.

Due to the limitation of the different RNA sequencing protocols, not all
types of RNAs, including circular RNA and short non-coding RNA, could
be quantified and compared simultaneously. However, there are some
bioinformatic tools emerging for direct comparing linear and circular
RNA [119, 120]. Moreover, customized viral oligos compatible with
existing platforms could provide a strategy for comprehensive profiling.
Furthermore, the ratio of EBV RNA and protein could be affected by the
half-life of the viral RNA and the turn-over of the viral protein as well as
translational perturbations caused by viral elements [121, 122]. Hence,
the interaction of EBV with its host on the temporal and spatial level
needs to be further investigated in order to get more detailed
information on the in vivo dynamic co-development of EBV immune
evasion and transformation.
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Appendix A. Map of EBV genome
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Appendix B. List of EBV genes

The genes were ordered firstly by EBV stage, then the alphabetical order of
gene name. The underlined genes are the EBV antigens selected for animal
trials, * are for EBV vaccine clinical trials, ** mRNA vaccine.

Gene Name Description EBV stage
EBER1/2 non-coding Latent
RPMS1 non-coding Latent

Epstein-Barr nuclear antigen leader protein
EBNA-LP EBNA-LP Latent
EBNA-1* Epstein-Barr nuclear antigen 1 Latent
EBNA-2A Epstein-Barr nuclear antigen 2 Latent
EBNA-3A* Epstein-Barr nuclear antigen 3 Latent
EBNA-3B* Epstein-Barr nuclear antigen 4 Latent
EBNA-3C* Epstein-Barr nuclear antigen 6 Latent
LMP-1* Latent membrane protein 1 Latent
LMP-2A* Latent membrane protein 2A Latent
LMP-2B* Latent membrane protein 2B Latent
BRLF1 Rta

Trans-activator protein,
BZLF1 XEBRA/ZEBRA/Zta/EB1
BALF1 Viral-bcl-2 antagonist EL
BALF2 Major DNA-binding protein (EA) EL
BALF5 DNA polymerase EL
BaRF1 Ribonucleotide reductase small subunit EL
BARF1 Transformation-associated? EL
BBLF2/3 Primase accessory protein EL
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BBLF4
BcRF1
BDLF4
BFLF1
BFLF2

BFRF1
BFRF2
BGLF4
BGLF5
BHLF1
BHRF1
BKRF3
BLLF2
BLLF3
BMLF1

BMRF1
BNLF2a
BNLF2b

BORF2
BRRF1
BSLF1
BSLF2
BXLF1
LF3

Helicase

Unknown

gpl115

(DNA) Packaging protein UL32 homolog

Nuclear membrane protein

Virion egress (membrane/viron) protein
UL34 homolog, 37kDa

Virion egress

Protein kinase

Alkaline exonuclease
Unknown

bcl-2 homologue, vBcl2
uracil DNA glycosylase
Unknown

dUTPase

MRNA export factor ICP27 homolog

DNA polymerase processivity factor (EA),
accessory protein

Immune evasion

Potential gp141

Ribonucleoside-diphosphate reductase
large subunit

Transcription factor
Primase

SM, mRNA export factor
Thymidine kinase

Unknown

EL
EL
EL
EL
EL

EL
EL
EL
EL
EL
EL
EL
EL
EL
EL

EL
EL
EL

EL
EL
EL
EL
EL
EL
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BALF3
BALF4**
BBLF1
BBRF1
BBRF2
BBRF3
BclLF1
BCRF1

BDLF1
BDLF2

BDLF3
BdRF1
BFRF3
BGLF1
BGLF2
BGRF1
BILF1
BILF2
BKRF2
BKRF4
BLLF1**

BLRF1

BLRF2
BMRF2

Glycoprotein transport?

Envelope glycoprotein B gB/gp110/gp125

Tegument protein
Capsid protein
Unknown
Glycoprotein gM
Major capsid protein

viral IL-10, vIL10

Triplex (/minor) capsid protein VP23
homolog

Tegument protein

Probable membrane antigen gp85/gp150
BDLF3

Capsid protein p40
Capsid protein p18
Tegument protein
38Kd protein
Packaging protein
Glycoprotein gp60
Glycoprotein gp78/55

Glycoprotein gL (gp25)

Tegument protein

Envelope glycoprotein gp350/220 BLLF1

Glycoprotein gN

Tegument protein, capsid protein p23
(VCA)

53/55Kd membrane protein

LL

LL
LL
LL
LL
LL
LL

LL
LL

LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL
LL

LL
LL
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BNRF1 Major tegument protein p143 (VCA) LL

BOLF1 Tegument protein LL
BORF1 may be needed for capsid assembly LL
BPLF1 Large tegument protein LL
BRRF2 Tegument protein LL
BSRF1 Tegument protein LL
BTRF1 Capsid maturation LL
BVRF1 Tegument protein LL
BVRF2 Protease LL
BXLF2** Envelope glycoprotein H gH/gp85 LL
BXRF1 Basic core protein LL
BZLF2** Glycoprotein 42 gp42 LL
BDLF3.5 Unknown Unknown
BFRF1la DNA packaging Unknown
BGLF3 Unknown Unknown
BGLF3.5 Tegument protein Unknown
BVLF1 Unknown Unknown
BWRF1 Hypothetical protein Unknown
LF1 Unknown Unknown
LF2 Unknown Unknown
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