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Abstract

Background: The Epstein-Barr virus (EBV) is a member of the herpesvirus family and is highly
prevalent among the global population. It is estimated that more than 90% of adults have been
exposed to this virus, making it one of the most common human viruses worldwide. After initial
infection, infectious mononucleosis (IM), which typically occurs during childhood or adolescence,
EBV establishes a long-lasting latent infection within B lymphocytes. EBV is associated with
various diseases such as Burkitt's lymphoma, Hodgkin's lymphoma, nasopharyngeal carcinoma,
and certain types of Gastric cancer. Studying the overall viral molecular epidemiology and genetic
diversity of EBV can provide valuable insights into the pathogenesis, diagnosis, and management
of EBV-associated diseases. The objectives of the study were on various aspects of EBV among
lymphoma patients. It encompasses the detection of EBV, determining the genotypes, analysis of
its methylation status, and identification of sequence variations.

Methods: The study was conducted at Tikur Anbessa Specialized Hospital in Addis Ababa,
Ethiopia, spanning from June 2021 to August 2023. A total of 305 participants were enrolled
retrospectively and prospectively, and formalin-fixed paraffin-embedded (FFPE) tissues, blood,
and lymph node biopsy samples were collected. From the whole blood samples, serum plasma and
polymorphonuclear blood mononuclear cells (PBMCs) were isolated. Additionally,
lymphomononuclear cells (LMNCSs) were isolated from the lymph node biopsy samples. DNA was
extracted from FFPE samples, PBMCs, and LMNCs. Serological tests were conducted using Viral
capsid antigen (VCA) IgG to detect antibodies, and molecular detection and quantification were
carried out using quantitative PCR (qPCR) by targeting EBV EBNAL gene. Genotyping was
performed using conventional PCR targeting the EBNA3C gene. The viral methylation profile was
assessed using the IPLEX assay, and sequencing of the viral genome was performed using next-
generation sequencing technology (Illumina). We utilized statistical analysis tools such as
descriptive statistics (mean, median, frequencies, percentages) and employed techniques like chi-

square test, bioinformatics, and phylogenetic tree analysis for in-depth data examination.

Results: The mean age of the study participants was 38 years (+ SD, 17.5). Among the lymphoma
patients in the study, 32% (n=91) were diagnosed with Hodgkin lymphoma, while the remaining
(68%) patients had non-Hodgkin lymphoma (n=197). Within the non-Hodgkin lymphoma cases,
the highest percentage (18%) was attributed to small lymphocytic lymphoma, followed by diffuse
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large B-cell lymphoma (13%). Serological testing revealed that 96% of the study participants had
evidence of previous exposure to EBV. Using gPCR, EBV was detected in 99% of the lymphoma
patients. The quantification of EBV copies/ml ranged from 102 to 10°, with a median viral load
count of approximately 1.1 x 10% EBV copies/ml. Among the study participants, 56.3% had a high
EBV viral load (>10,000 EBV copies/mL), 16% had a low EBV viral load (ranging from 5,000 to
10,000 EBV copies/mL), and 27.8% had a very low EBV viral load (<5,000 EBV copies/mL).
With regards to EBV genotyping, it was found that 52.2% of the patients had EBV genotype 1.
EBV genotype 2 was detected in 38.2% of the patients, and 9.7% of the patients were coinfected
with both EBV genotypes. Looking specifically at Hodgkin's lymphoma (HL) patients, 52.8%
showed the presence of genotype 1, while 42.8% had genotype 2 and 2.3% had both genotypes.
Among non-Hodgkin's lymphoma (NHL) patients, 51.8% had genotype 1, 35.8% had genotype 2,
and 12.4% had both. The average methylation status of the lymphoma samples ranged from 45%
to 50%. Most samples exhibited an intermediate/polyclonal-like methylation pattern, indicating a
non-clonal origin of EBV (i.e., derived from non-tumor cells). The correlation between EBV load
and EBV methylation status suggests that the release of EBV is predominantly non-lytic in nature.
The analysis of EBV capture sequencing data revealed contrasting degrees of genetic variation
between EBV type 1 and type 2. Specifically, EBV type 1 exhibited variations in the amino acid
sequences of coding regions like LMP1, whereas EBV type 2 showed no variation in coding
regions such as EBNA LP, EBNA 2, and LMP2B and variations on other latent genes. Moreover,
phylogenetic tree analysis demonstrated the presence of sequence similarities among multiple

samples within each genotype.

Conclusion: This study presents the first evidence-based data in Ethiopia, providing valuable
insights into the epidemiology and virological characteristics of lymphoma patients with EBV
infection. These findings significantly contribute to our understanding of the relationship between
EBV and lymphoma, emphasizing the importance of viral load, genotyping, methylation status,
and genetic variations in different EBV genotypes. However, further research across diverse
populations is necessary to broaden our knowledge of this complex virus and its association with
lymphoma development. Such knowledge holds great potential for the development of region-

specific diagnostic and therapeutic strategies targeting EBV-associated lymphoma.
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CHAPTER 1. INTRODUCTION

1.1. Background

Epstein-Barr virus (EBV), a human tumor virus, was first identified in 1964 by Epstein and
colleagues in a cell line derived from Burkitt lymphoma (Epstein, 1964). EBV is known as
human herpesvirus 4, is a member of the Herpesviridae family and the Gamma
Herpesviridae subfamily. It is a double-stranded DNA virus. As a y-1 herpesvirus, EBV
has the capability to infect B-lymphocytes and establish a latent infection within the host.
This latent infection has the potential to transform B-lymphocytes (C. A. Alford et al.,
1993). The prevalence of EBV is exceptionally high, with over 90% of the global
population being carriers of the virus (Tzellos & Farrell, 2012).

EBV is primarily transmitted through oral routes, such as saliva. The virus can be detected
in the oropharyngeal secretions of individuals with Infectious Mononucleosis (IM), as well
as immunosuppressed individuals. Additionally, EBV can be found to a lesser extent in the
oropharyngeal secretions of healthy individuals who have previously been infected with
the virus (Tao et al., 2006). Despite its high prevalence and transmission through saliva,
EBV typically causes minimal adverse effects in most infected individuals. The infection
persists throughout life, with primary infection often occurring without symptoms during
childhood. The pathogenicity of EBV is generally limited unless there is an underlying
compromise in the immune system (Williams & Crawford, 2006).

EBV-associated cancers are characterized by the presence of viral DNA or RNA and the
expression of viral genes within tumor tissues. These cancers encompass a range of
lymphocytic diseases, including Hodgkin's disease (HD), Burkitt's lymphoma (BL), and
post-transplant lymphoproliferative disorders (PTLD). Although EBV primarily infects B-
lymphocytes, it can also infect T lymphocytes or epithelial cells. As a result, EBV is
associated with T-cell lymphomas, oral hairy leukoplakia (OHL), nasopharyngeal
carcinoma (NPC), and undifferentiated gastric carcinoma (Maeda et al., 2009; Santpere et
al., 2014).



Following primary infection, the immune response, including antigen-specific adaptive
cellular and humoral components, usually effectively controls EBV. However, the virus
eventually enters a latent state within the memory B cell compartment, resulting in lifelong
persistence. The mechanisms of oncogenesis by EBV vary depending on the specific type
of tumor. Nevertheless, different EBV-associated cancers share fundamental
characteristics of EBV biology. The initial stage of EBV-associated tumorigenesis involves
the establishment of a persistent (latent) infection (Kutok & Wang, 2006).

Approximately 20% of human tumors are associated with latent viral infections, including
EBV. The viral latency observed in these tumors is controlled through a combination of
viral genetic and epigenetic regulatory mechanisms (Speck & Ganem, 2010). During latent
infection of EBV, a highly active and dynamic process occurs, involving the orchestrated
interaction between viral DNA and host-cell fate decisions such as proliferation,
differentiation, and survival. Within this state, the viral genome selectively expresses a
restricted set of latency-associated genes, undergoes controlled replication, and faithfully
distributes to newly divided daughter cells. The expression programs of latency-associated
genes are influenced by host-cell-specific factors and environmental signals, contributing

to the dynamic nature of EBV latency (Lieberman, 2015).

During latency, EBV expresses multiple genes. Epstein-Barr nuclear antigens (EBNAS)
are expressed through alternative splicing of primary transcripts, resulting in the production
of EBNAL, EBNA2, EBNA3A, EBNA3B, EBNA3C, and EBNA leader protein (EBNA-
LP). Latent membrane proteins (LMPs), specifically LMP1, LMP2A, and LMP2B, are
expressed individually from distinct promoters. Additionally, EBV expresses non-coding
RNAs, including EBV-encoded small RNAs (EBER)-1 and EBER-2, as well as several
viral microRNAs (miRNAs), during latency (Ansari et al., 2013).

EBV demonstrates three distinct types of latencies known as latency I, 11, and Ill. Each
latency program is distinguished by the specific expression of a unique set of latency-
associated genes (Kempkes & Robertson, 2015). During latency I, EBV expresses a limited
number of genes, primarily EBNAL and non-coding RNAs (EBERs and viral miRNAS).
Latency Il is characterized by the expression of EBNAL, LMP1, LMP2A, and LMP2B,



along with non-coding RNAs. Latency Il involves the expression of all latency-associated
genes, including EBNAL, EBNAs 2, 3A, 3B, 3C, LMP1, LMP2A, LMP2B, as well as non-
coding RNAs. (Yin etal., 2019). The presence of distinct latency programs in EBV enables
the virus to adjust its gene expression profile according to different cellular environments.
This adaptability allows EBV to establish persistent infection and potentially contribute to
tumorigenesis under specific circumstances (Tempera & Lieberman, 2014). EBV
demonstrates variations in latency programs between B cells and epithelial cells, resulting
in the production of distinct viral proteins and transcripts specific to each type of latency
(Calderwood et al., 2007).

EBV can be categorized into two primary genotypes: type 1 (A) and type 2 (B). These
genotypes are differentiated by variations in the EBV nuclear antigen 2 (EBNA-2) gene,
which displays only 54% similarity between the two types. The divergence in the sequence
of the EBNA-2 gene serves as a crucial marker for distinguishing between type 1 and type
2 EBV genotypes (Miinz, 2015). Among the genes of EBV, the latent membrane protein 1
(LMP-1) oncogene displays higher degree of polymorphism. Different variants of LMP-1
have been categorized into seven main groups: B95-8, Alaskan, China 1, China 2, Med+,
Med—, and NC. These various LMP-1 variants represent distinct genetic variations within
the population of EBV (H.-P. Li & Chang, 2003; Yakovleva et al., 2015).

The detection of EBV in various EBV-associated malignancies varies depending on
geographic regions, as well as factors such as age and sex (Khan et al., 2020).
Geographically, populations from Europe, America, China, and South Asia have a higher
prevalence of EBV type 1, while EBV type 2 is less commonly found in these regions.
Conversely, EBV type 2 is more frequently observed in African and Papua New Guinean
populations. These regions with a higher prevalence of EBV type 2 also tend to have a
higher incidence of immunocompromised individuals who are more susceptible to
acquiring both types of EBV infections (Bouvard et al., 2009). EBV type 1 and type 2 differ
in their abilities to transform B cells, with EBV type 1 demonstrating a higher efficiency
in B cell transformation compared to type 2. This discrepancy in transforming abilities
between the two types contributes to the distinct characteristics and outcomes observed in
EBV-associated diseases (Brooks et al., 2000; Dolan et al., 2006; Tiwawech et al., 2008).



Research conducted in various geographic regions has indicated a correlation between
specific socioeconomic factors, such as overcrowded living conditions with poor sanitation
and low income, and a higher likelihood of younger-aged children testing positive for EBV
antibodies (seropositivity) (Bouvard et al., 2009; Chabay & Preciado, 2013). In countries
where poor hygiene standards are prevalent, EBV infection is typically acquired during
early childhood. Consequently, the majority of children in these developing countries are

seropositive for EBV by the age of 6 years (Papesch & Watkins, 2001).

Various techniques can be employed to detect EBV, including Epstein-Barr virus-encoded
RNA-in situ hybridization (EBER-ISH), serology using viral IgG and IgM ELISA, and
molecular techniques such as polymerase chain reaction (PCR). Each method has its own
strengths and limitations. EBER-ISH is commonly regarded as the gold standard for
detecting EBV in pathology specimens. It enables the visualization of viral RNA within
cells, offering direct evidence of viral presence. PCR is valuable for assessing viral load
and is extensively utilized in both research and clinical settings (Dowd et al., 2013; Gulley,
2001; Hassan et al., 2006; Nystad & Myrmel, 2007).

1.2.  Statement of the problem

Between 1990 and 2010, there has been a significant increase in the overall global burden
of malignancies attributed to EBV. Over this 20-year period, the burden has risen from
5.779 million cases in 1990 to 7.978 million cases in 2010. Analysis of EBV-attributed
malignancies in 21 world regions revealed that the highest mortality was in East Asia. 47%
of all EBV-attributed malignancies occurred in East Asia (Khan & Hashim, 2014) (Figure
1.1).
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Figure 1.1: Global burden of death from EBV attributed malignancies, 1990-2010

EBV is associated with the development of several malignancies, including the endemic
form of BL, NPC, 30 to 50% of Hodgkin’s disease, and approximately half of AIDS-
associated lymphomas. EBV is present in over 95 %, 5-10 %, and 3-40 % of endemic,
sporadic, and HIV-associated Burkitt’s lymphoma cases, respectively. EBV infects
approximately 60% to 80% of PTLD patients and is the virus also associated with

approximately 40% of cHL cases (Ocheni et al., 2010; Shannon-Lowe & Rickinson, 2019).

In 2017, there were 1.442 million new cases and 973,000 deaths attributed to HL, BL, NPC
and GC combined. The global burden of EBV-associated fraction in these four
malignancies accounted for over 265,000 (18%) new cases, 164,000 (17%) deaths, and 4.6
million (20%) disability-adjusted life years (DALYS) (Khan et al., 2020). Another estimate
in 2020 by Wong et al. also showed that EBV was associated with approximately 239,700
to 357,900 new cases of cancer and 137,900 to 208,700 cancer-related deaths worldwide.
These figures represent approximately 1.3% to 1.9% of the global cancer burden (Wong et
al., 2022).

In 2020, NHL accounts for over 254,400 to 265,200 deaths and 536,000 to 552,800 new
cases of lymphoma globally and this comprise more than 75% of all lymphomas, while HL
accounts for the remaining 10-25% (Ervik et al., 2021; Sung et al., 2021). According to
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global Burden of Disease (GBD) 2017 estimates, there were 1,526 incident cases of non-
Hodgkin lymphomas (NHLs) in the age group of 1-4 years in East Sub-Saharan Africa. In
this specific age group and region, it has been estimated that 90.5% of NHL cases
correspond to BL and 95% of the BL cases in this age group are EBV associated (De Martel
et al., 2012; Parkin, 2006).

Ethiopia is one of the countries in SSA that has been most severely affected by HIV
infections, with about 720,000 PWH and 27,104 newly diagnosed cases by 2020
(Misganaw et al., 2022) and EBV is a major hurdle in managing HIV/AIDS-infected
individuals, since it is one of the most frequent causes of morbidity and mortality in this

population (Sachithanandham et al., 2014).

In Ethiopia, it was estimated that in 2019, there were approximately 53,560 new incident
cases of cancer, resulting in 39,480 deaths, and causing 1.42 million DALYSs. Out of the
total new incident cases reported, there were 650 cases of HL and 480 cases of NHL.
Between 2010 and 2019, there was an observed increase in cancer incidence by 32%,
deaths by 29%, and DALYs by 19% (Awedew et al., 2022). Lymphoma is the leading
cancer diagnosed in the Gondar hospital, Ethiopia which accounts for 17.2% of the total
cancer cases (Tefera et al., 2016) Additionally, according to Ethiopian cancer registry

report, NHL is the 2" most common cancer in the men population (Timotewos et al., 2018).

International collaboration is crucial to combat B-cell malignancies in Ethiopia and Sub-
Saharan Africa. Many countries in this region still face challenges in terms of diagnostic
capabilities and lack the necessary resources for expensive chemotherapy treatments. To
address these obstacles, a proactive approach to preventing the development of EBV-

associated malignancies becomes paramount.

Studies conducted globally have identified variations in the molecular epidemiology and
genetic diversity of EBV strains among different populations. However, the knowledge
regarding the molecular characteristics of EBV strains and their association with
lymphomas in Ethiopia is limited. Additionally, investigating possible risk factors and
transmission patterns of EBV in this context is crucial to understanding the underlying

mechanisms of lymphomagenesis. The specific issue this research aims to address is the
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lack of understanding regarding the molecular epidemiology and genetic diversity of EBV
among lymphoma patients in Ethiopia. More specifically, we need to determine the
prevalence and distribution of different EBV strains, identify potential genetic variations,
and assess their association with lymphoma subtypes in the Ethiopian population.

Understanding the molecular epidemiology and genetic diversity of EBV in lymphoma
patients in Ethiopia is significant for several reasons. Firstly, it provides crucial insights
into the pathogenesis and etiology of EBV-associated lymphomas, which can contribute to
the development of targeted diagnostic and therapeutic strategies. Additionally, identifying
specific EBV strains and genetic variations associated with lymphoma subtypes can aid in
risk stratification, prognosis assessment, and personalized treatment approaches.
Furthermore, knowledge about the prevalence and transmission patterns of EBV strains in
Ethiopia can inform public health initiatives and preventive measures to reduce the burden
of EBV-associated lymphomas. Therefore, conducting research on the molecular
epidemiology and genetic diversity of EBV in Ethiopian lymphoma patients will make a
significant contribution. This study will provide a vital baseline of data for future

investigations, policymakers, and other stakeholders involved in preventive measures.

1.3.  Significance of the study

The International Agency for Research on Cancer (IARC) classifies EBV infection as a
Group I carcinogen (Niedobitek et al., 2001). Although EBV is prevalent globally, there is
observed geographic variability in the incidence of EBV-related tumors. This means that
the occurrence of tumors associated with EBV can vary across different regions of the
world (Smatti et al., 2018).

The comprehensive study of molecular epidemiology and genetic diversity of EBV is
crucial for gaining insights into the pathogenic mechanisms underlying EBV-associated
malignancies. Such research can help identify effective therapeutic targets for the clinical
management of these diseases. By extensively characterizing the properties of pathogenic
EBV strains, a deeper understanding of the role of EBV in various EBV-associated
malignancies can be achieved. Moreover, it has been discovered that the genomic diversity

of EBV is more extensive than previously acknowledged. (C. M. Chang et al., 2009). Our



understanding of the specific characteristics and variations of EBV strains in this
geographic area is currently limited. This knowledge gap highlights the need for further
research and investigation to elucidate the molecular epidemiology and genetic diversity
of EBV in sub-Saharan Africa, specifically in East Africa. Therefore, exploring and
recognizing this greater genomic diversity can provide novel perspectives and knowledge

regarding the behavior and impact of EBV in different EBV-associated malignancies

The understanding of genetic variation in different geographic locations is of paramount
importance for disease monitoring and evaluations. However, the lack of studies
investigating the distribution of EBV genotypes in sub-Saharan Africa, specifically in
Ethiopia, is a notable gap in our understanding about virus-disease interactions. In addition,
there is a lack of knowledge regarding the prevalence, distribution, and specific EBV
strains associated with different lymphoma subtypes in the Ethiopian population. This

study is significant as it aims to fill this knowledge gap and provide valuable insights.

This research represents a significant and valuable contribution to our understanding of the
relationship between viral variability and geography-related demographic events,
particularly regarding the underrepresentation of circulating EBV genomes in Africa, with
a focus on Ethiopian lymphoma populations. Furthermore, this study has the potential to
shape future research, inform healthcare policies, and guide public health interventions,
ultimately contributing to the overall understanding and management of EBV-associated
lymphomas in Ethiopia and potentially in other similar populations. Additionally, the
findings have the potential to impact future research, policy, and practice. It can also serve
as a foundation for further research on EBV-associated lymphomas in Ethiopia, prompting
comprehensive studies on the molecular mechanisms of lymphomagenesis, genetic
determinants of disease progression, and potential therapeutic targets. From a policy
perspective, the results can inform healthcare policies and guidelines for the diagnosis and
management of EBV-associated lymphomas in Ethiopia, while also influencing public
health practice by guiding preventive measures such as vaccination campaigns or
educational programs to reduce the incidence and impact of EBV-associated lymphomas

in the population.



CHAPTER 2. LITERATRE REVIEW

2.1.  Structure and genome

The EBV genome is composed of a linear, double-stranded DNA molecule that spans
approximately 172 kilobases (kb) in length. It encodes over 85 genes, each serving specific
roles in the viral lifecycle (Kieff, 2001). It possesses a protein core with a toroid shape,
housing the viral DNA that is tightly wrapped around it. The nucleocapsid of EBV is
composed of 162 capsomers, with a protein tegument situated between the nucleocapsid
and the outer envelope. The outer envelope of EBV features virus-encoded glycoprotein
spikes (C. Alford et al., 1993). The EBV genome contains more than 80 protein-coding
open reading frames (ORFs) and approximately 30 distinct non-coding RNAs (ncRNASs)
(Skalsky & Cullen, 2015) (Figure 2.1).
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Figure 2.1: Structure of EBV genome

2.2. EBV types and strain

EBV is classified into two types: EBV-1 (B95-8) and EBV-2 (AG876), which are
differentiated based on genetic variations in the EBNAs (EBNA-2, -3A, -3B, and -3C)
(Sample et al., 1990). Specifically, when comparing EBV type 1 and type 2, the EBNA-2
gene exhibits 70% homology at the gene level and 54% homology at the protein level.
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These differences in the EBNA-2 gene sequence contribute to the distinction between EBV
type 1 and type 2 (Farrell, 2015). The B95-8 type of EBV was isolated from a patient in
North America, while the AG876 type was obtained from patients with infectious
mononucleosis and Burkitt lymphoma in central Africa. EBNA-3C, along with EBNA-2
and other EBNA-3 proteins, plays a crucial role in regulating the expression of B
lymphocyte genes and is essential for the transformation of B cells. Thes two EBV types
may exhibit varying abilities to transform B cells. In particular, EBV type 1 is known to
have a higher tendency for B-cell transformation compared to type 2 (Dolan et al., 2006;
Tiwawech et al., 2008).

2.3. EBV lifecycle and transmission

EBV can infect both lymphoid and epithelial cells. It undergoes replication in the
oropharynx, but establishes a latent infection in long-lived memory B lymphocytes. During
primary infection, which is typically transmitted through saliva, EBV often goes unnoticed
clinically. However, in some cases, it can lead to IM. IM is a self-limiting
lymphoproliferative disease characterized by an overactive but ineffective T-cell response
to EBV-infected B cells (Callan et al., 1996). EBV infects both lymphoid and epithelial
cells through distinct attachment and entry mechanisms. In the case of B lymphocytes, viral
attachment protein (VAP), also known as gp350, binds to the cluster of differentiation
(CD)21 receptor on the cell membrane. Additionally, the viral protein gp42 interacts with
MHC class Il molecules present on the cell surface. These interactions facilitate the fusion
of the viral envelope with the cell membrane, enabling EBV to enter B cells (Johannessen
et al., 2002; Moore et al., 1991).

Once EBV enters the cell, an uncoating process occurs in the cytoplasm, during which the
viral protein coat is shed, and the viral DNA is transported to the cell nucleus. In both
lymphoid and epithelial cells, EBV can undergo a lytic replication cycle, leading to the
production of infectious virions. In B cells, the lytic replication of EBV is typically
observed following the reactivation of latent virus. On the other hand, in epithelial cells,
Iytic replication has been observed to occur directly during primary infection after the virus
enters the cell (Odumade et al., 2011).
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During the lytic cycle, EBV reproduces and releases viral particles, which can infect other
mucosal cells and lymphocytes. Infected B cells that enter the latent cycle migrate back to
lymphoid tissue. There, they undergo proliferation and a portion of them are eliminated by
cytotoxic T cells. The remaining infected B cells enter a latency program, ceasing the
expression of antigen molecules that trigger cytotoxic responses. These cells become
resting memory B cells, allowing EBV to persist in a lifelong infection. Infected memory
B cells act as a reservoir for the virus, occasionally releasing infectious viruses into saliva.
Some infected memory B cells differentiate into plasma cells, releasing EBV and entering
the lytic cycle in peripheral tissues. EBV released from B cells in the lytic cycle is
associated with EBV-related epithelial neoplasms. Burkitt lymphoma is linked to activated
c-myc oncogenes, while Hodgkin's lymphoma arises from EBV-infected B cells blocked
at the germinal center due to cellular mutations. In immunosuppressed individuals, the
absence of cytotoxic T cells can lead to lymphoproliferative diseases (Figure 2.2) (Maeda
et al., 2009).
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Figure 2.2: Epstein-Barr virus (EBV) infection and pathogenesis of EBV-related diseases.
Adopted from (Maeda et al., 2009).
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2.4. EBV epidemiology

EBV is carried by more than 90% of individuals worldwide, with the majority being
asymptomatic carriers (Young & Rickinson, 2004). EBV has been linked to various
lymphoproliferative diseases, particularly in individuals with compromised immune
systems. In immunocompromised patients, such as those with impaired cell-mediated
immunity, acute EBV infection can lead to the development of lymphoproliferative
diseases. These conditions are associated with high mortality rates ranging from 50% to
80% (Paya et al., 1999).

Certain EBV-related tumors exhibit geographic variability in their incidence. NPC and BL
are endemic in southern China and equatorial Africa, respectively, but uncommon in other
parts of the world. Extra nodal nasal-type natural killer (NK)/T-cell lymphomas also
demonstrate a geographic predilection for regions in Asia, South America, and Central
America, while being rarely observed in the United States and Europe (Neparidze & Lacy,
2014).

Studies indicate that BL is more common in areas where malaria is endemic. However,
when examining incidence data at the country level, it is observed that BL is more prevalent
in Eastern Africa compared to other African countries where malaria is also endemic. This
indicates that additional factors beyond malaria may contribute to the higher incidence of
BL in Eastern Africa (Orem et al., 2007). In equatorial and central Africa, where BL has
become endemic, the reported annual incidence rate of BL in children is approximately 5
to 10 cases per 100,000 (Van den Bosch, 2004).
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2.5. EBV persistence and latency

Persistent EBV infection is a continuous cycle involving infection, differentiation,
persistent infection, reactivation, and reinfection, which takes advantage of various aspects
of mature B cell biology. The expansion of the virus is balanced by the immune response.
This ongoing cycle, combined with the quiescent infection of peripheral memory B cells,
allows the virus to be maintained at very low and stable levels typical of persistent
infection. Importantly, EBV does not disrupt the normal progression of latently infected

cells into memory cells (D. A. Thorley-Lawson, 2015).

During latency, EBV gene expression is significantly limited compared to the active lytic
cycle. The extent of gene expression during latency varies depending on the specific tissue

or tumor type from which the EBV-positive cell line originated (Babcock et al., 2000).

The EBV life cycle consists of four latency stages (I11, 11, I, and 0), during which the virus
modulates its gene expression program. In each latency stage, up to 9 viral proteins are
expressed, including EBNAL, EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNALP, latent
membrane protein 1 (LMP1), LMP2A, and LMP2B. Additionally, two non-coding RNAS
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(ncRNAs), EBER1 and EBER?Z, are expressed consistently throughout all latency stages.
While the expression of EBV-encoded proteins is regulated across the four latency stages,
EBER1 and EBER2 are continuously present (Speck & Ganem, 2010).

Latency Il is characterized by the unrestricted expression of all EBNAs, EBERs, and
LMPs. However, the prolonged expression of these proteins is typically observed only
when T cell immune surveillance is impaired, as many of these proteins elicit strong
immune responses. Latency Il is more limited, involving the expression of EBNA-1,
EBERs, LMP-1, and LMP-2A and LMP-2B. Latency 0-I represents the most restricted
program observed in resting B cells. During this phase, EBV-infected B cells may either
exhibit no expression of any EBV gene product (latency 0) or only express EBNA-1
(latency 1), along with non-coding RNAs (Tempera & Lieberman, 2014).

EBV undergoes replication during latency I, 11, and Il by proliferating activated B cells.
However, it is primarily during latency 0 and I, following extensive methylation of the viral
genome, that efficient induction of lytic replication occurs. In the lytic cycle, over 80 viral
genes are expressed. This induction is facilitated by the immediate early transcription factor
BZLF1, which works in cooperation with the BRLF1 transcription factor to initiate the
production of infectious viral particles. Notably, BZLF1 prefers methylated CpG
sequences. Stimulation of the B cell receptor in EBV-infected B cells expressing latency 0

or | triggers lytic reactivation (Woellmer, Arteaga-Salas and Hammerschmidt, 2012).

Distinct EBV transcription programs during specific latency stages have been observed in
various human tumors, such as immunoblastic lymphoma in immunosuppressed patients,
BL, HD, and NPC. These tumors originate from specific stages within the EBV life cycle
and appear to be linked to immune system dysregulation (D. A. Thorley-Lawson & Gross,
2004). Latency | is primarily associated with EBV-associated Burkitt lymphoma. Latency
Il is associated with Hodgkin disease, T-cell non-Hodgkin lymphoma, as well as
nasopharyngeal and gastric carcinoma. Latency Il is commonly observed in
immunocompromised individuals, including those with posttransplant lymphoproliferative
disorders (PTLD) and HIV-associated lymphoproliferative disorders (Klein & Ernberg,
2007).
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Table 2.1: EBV latency types and associated malignancies

Latency types EBYV genes expressed EBV-associated malignancies

Latency O EBER-1, EBER-2, EBNA-1, Dormant B cells in healthy carriers
LMP-2A, BART

Latency | EBER-1, EBER-2, EBNA-1, Burkitt’s lymphoma, gastric carcinoma
BART, BARFO

Latency Il EBER-1, EBER-2, EBNA-1, Hodgkin lymphoma, nasopharyngeal
LMP-1, LMP-2A, LMP-2B, carcinoma
BART

Latency 111 EBER-1, EBER-2, EBNA-1, Post-transplant lymphoproliferative
EBNA-2, EBNA-3 (A, B and C), disease, infectious mononucleosis,
LMP-1, LMP-2A, LMP-2B, AlDS-associated lymphomas

EBNA-LP, BART, BARFO

2.6. The role of EBV latent genes on the pathogenesis of EBV

Different types of lymphomas are associated with distinct patterns of latency programs. In
the first pattern (type 1), BL is characterized by the selective expression of EBNA 1. The
second pattern (type Il), observed in HL and peripheral T-cell lymphoma, involves the
expression of EBNA-1, LMP-1, and LMP-2. The third pattern (type Ill), known as the
"growth program,” is commonly seen in post-transplantation lymphoproliferative disorders
and is characterized by the expression of all nine latent-cycle EBV antigens (Roschewski
& Wilson, 2012).
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LMP 1

It’s a membrane protein which plays a crucial role in signal transduction by engaging in
numerous interactions through its C-terminal region. These interactions have a significant
impact on the regulation of NF-«xB and cell survival through various mechanisms.
Therefore, it is conceivable that sequence variations in LMP1 can influence these
processes. A significant advancement in comprehending the extensive polymorphism in
LMP1 occurred with the categorization of LMP1 variants into seven primary groups
(Mainou & Raab-Traub, 2006). LMP1 exhibits sequence variants in comparison to the
B95-8 strain, which have been assigned specific names to distinguish them. These variants
include the Alaskan variant, China 1 variant, China 2 variant, Med+ variant, Med- variant,
and NC variant (W. E. Miller et al., 1994; Walling et al., 2004).

LMP-1 mimics the activity of the CD40 receptor, a cell surface receptor typically found on
B cells, dendritic cells, and other immune cells. When LMP-1 is expressed, it acts as a
constitutively activated CD40 receptor, meaning it is continuously turned on and
transmitting signals within the cell. This constitutive activation leads to the activation of
downstream signaling pathways, including the NF-kB pathway, MAPK/ERK pathway, and
PIBK/AKT pathway. These signaling pathways are involved in various cellular processes,
including the differentiation and survival of B cells. In the context of memory B
lymphocytes, LMP-1 signaling promotes their differentiation, leading to the generation of
long-lived memory B cells that can provide a rapid and robust immune response upon re-
exposure to the same pathogen (Breda et al., 2010; Petrara et al., 2015). In addition to its
role in signaling pathways and cellular processes, LMP-1 has been found to have
implications for genomic stability. LMP-1 has been shown to induce genomic instability
by interfering with DNA repair mechanisms and suppressing DNA damage checkpoints
(Q. Cai et al., 2015).

LMP2A

LMP2A has been found to play a role in enhancing cell survival. One of the mechanisms
through which LMP-2A exerts this effect is by inhibiting apoptosis induced by TGF-B1. In
addition to inhibiting TGF-B1-induced apoptosis, LMP-2A has been implicated in other
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mechanisms that enhance cell survival. For instance, LMP-2A can activate signaling
pathways, such as the PISK/AKT pathway, which promotes cell survival and inhibits
apoptosis. LMP-2A can also modulate the expression of anti-apoptotic proteins, such as
BCL-2, which further contributes to cell survival (Liu et al., 2016; Roughan & Thorley-
Lawson, 2009).

Additionally, LMP-2 can activate the Lyn/Syk signaling pathway. This pathway is a
tyrosine kinase pathway that plays a critical role in the survival of hematopoietic
malignancies, making it an essential component for tumor cell survival (Frappier, 2012).
Activation of this pathway can promote the survival of cancer cells by enhancing anti-
apoptotic signaling and promoting cell growth and proliferation. By hijacking this pathway,
LMP-2 can contribute to the survival and proliferation of cancer cells, facilitating tumor
progression and evasion of cell death mechanisms (M. Cohen et al., 2013). Additionally,
LMP-2A possesses a unique capability of inducing epigenetic changes. One of the
mechanisms through which LMP-2A accomplishes this is by promoting the
phosphorylation of STAT3, a transcription factor that regulates gene expression. This
phosphorylation event triggered by LMP-2A leads to the activation of DNA
methyltransferases (DNMTs)(Gréomminger et al., 2012; Shareena & Kumar, 2023).

EBNA-1

EBNA-1 is the only viral protein that is consistently expressed in all latently infected cells.
EBNA-1 plays a crucial role in the maintenance of the viral genome and in the regulation
of viral gene expression (Shinozaki-Ushiku et al., 2015). It plays a pivotal role in ensuring
the persistence of the viral genetic material within infected cells and serves as a critical
protein for the replication and maintenance of the EBV. Additionally, emerging evidence
suggests that EBNA-1 may act as an oncogene, contributing to the development and
progression of EBV-associated malignancies. (Swerdlow et al., 2016). EBNA-1 is involved
in protecting infected cells from undergoing apoptosis. It achieves this by suppressing the
expression of the myc oncogene while promoting the expression of anti-apoptotic proteins
such as Bcl-2 and surviving (Q. Cai et al., 2015). In addition, EBNA-1 has been found to

induce the generation of reactive oxygen species (ROS) within infected cells. The exact
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mechanisms by which EBNA-1 triggers ROS production are not fully understood, but it is
believed to involve the modulation of cellular signaling pathways and alterations in cellular
metabolism (Gruhne et al., 2009).

EBNA2

EBNA-2 plays a pivotal role in both promoting the proliferation of transformed B cells and
preventing their apoptosis. Working in collaboration with EBNA-LP, EBNA-2 is directly
responsible for initiating the transcription of several key viral and cellular proteins (Petrara
et al., 2015). EBNA-2 and EBNA-LP form a complex that interacts with specific DNA
sequences in the viral genome, known as enhancer elements. This interaction leads to the
activation of transcription of viral genes, as well as cellular genes that play critical roles in
B cell biology. By initiating the transcription of these genes, EBNA-2 and EBNA-LP
contribute to the establishment of a cellular environment favorable for B cell

immortalization and transformation (Ojeniyi, 2017; Q. Peng et al., 2020).

EBNA3 Family

EBNA-3 exerts multiple effects that contribute to the transformation and survival of
infected cells. Its actions include preventing the accumulation of cyclin-dependent kinase
(CDK) inhibitors, degrading the tumor suppressor protein Rb (retinoblastoma protein),
stabilizing the c-myc oncogene, and suppressing pro-apoptotic proteins (Fukuda et al.,
2001). EBNA-3 interferes with the accumulation of CDK inhibitors, such as p16 and p27,
thereby promoting cell cycle progression and facilitating the proliferation of infected cells.
By preventing the accumulation of CDK inhibitors, EBNA-3 supports uncontrolled cell
growth, a hallmark of transformed cells(Saha & Robertson, 2013).

EBER RNAs

During latent infection, cells infected with EBV express a significant amount of viral RNA
transcripts known as EBERs. These EBERs have been found to exert diverse effects on
various cellular processes, including cell proliferation, apoptosis, production of growth
factors, and cellular signaling (Shinozaki-Ushiku et al., 2015). One prominent effect of

EBERs is their influence on cell proliferation. Studies have revealed that EBERs can
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enhance the proliferation of infected cells by promoting cell cycle progression and
increasing the rate of cell division (Z. Li et al., 2021). EBERs play a crucial role in
protecting cells from apoptosis by modulating signaling pathways such as IRF-3 and NF-
kB, as well as suppressing IFN-a-mediated apoptosis. In addition, EBERs are capable of
inducing the production of growth-promoting cytokines, including IL-6, IL-9, IL-10, and
IGF-1(Q. Cai et al., 2015).

BZLF1

BZLF1 is a transcription factor that plays a crucial role in initiating the reactivation of the
Iytic cycle in B cells infected with EBV. The promoter of BZLF1 is tightly regulated, as it
serves as the key mediator for switching from viral latency to the lytic cycle. Understanding
the variants of BZLF1 that could potentially influence its function or expression has
attracted significant interest in research (Imajoh et al., 2012; Jin et al., 2010; Lorenzetti et
al., 2009). The activation of BZLF1 is a critical step in the transition from viral latency,
where the virus remains dormant within the host cell, to the lytic cycle, where the virus
replicates and produces new viral particles. BZLF1 binds to specific DNA sequences in the
viral genome and initiates the transcription of a cascade of lytic genes, leading to viral
replication and the release of infectious virions (Murata et al., 2021; Swaminathan &
Kenney, 2009).

Table 2.2: EBV latent antigens on B-cell transformation and subsequent lymphoma

development

EBV latent protein  Function related to B-cell lymphomagenesis

EBNAL1 Regulates viral DNA replication and transcription of
numerous viral and cellular genes; facilitates p53 degradation,

thereby promoting overall oncogenesis.

EBNA2 Serves as a key viral transcription factor; in conjunction with
EBNALP, regulates transcription of multiple viral and

cellular genes; essential for B-cell transformation.
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EBNALP Acts as a transcriptional coactivator for EBNA2-mediated
transcription of both viral and cellular genes; bypass cell

innate immune response; essential for B-cell transformation.

EBNA3A Together with EBNA3C, represses transcription of BIM, p14,
p15, pl16, and p18 genes through epigenetic regulation;
inhibits B-cell-to-plasma cell differentiation; essential for B-

cell transformation.

EBAN3B Functions as a virus-encoded tumor suppressor protein.

EBNA3C Alongside EBNA3A, represses transcription of BIM, p14,
p15, p16, and p18 genes through epigenetic regulation;
facilitates cell cycle transitions from G1 to S and G2 to M;
hijacks the ubiquitin-proteasome pathway; inhibits p53-,
E3F1-, and Bim-mediated apoptosis; activates autophagy;

essential for B-cell transformation.

LMP1 Functionally mimics the CD40 signaling pathway; acts as a
major transcriptional regulator; constitutively activates NF-
kB, JAK/STAT, ERK MAPK, IRF, and Wnt signaling
pathways; stimulates expression of bcl-2 and a20 to block

apoptosis; essential for B-cell transformation.

LMP2A Functionally mimics the B-cell receptor (BCR) signaling
pathway; blocks apoptosis; regulates EBV latency.

LMP2B Regulates the functions of LMP2A.

EBERs Most abundant noncoding viral RNAs found in all forms of

EBV latency programs; influences innate immune response

and gene expression; blocks PKR-dependent apoptosis.

MiRNAS Transcribed from BART and BHRF1 loci; maintain latently

infected B cells by blocking cellular apoptosis.
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2.7. EBV Lytic infection and oncogenesis

Previously, it was believed that EBV-induced cancers solely resulted from latent infection
with the virus, and the lytic cycle did not contribute to oncogenesis. Latency was
considered a critical state for cancer development, as most EBV-positive cancer cells
exhibited latent infection, and initiation of the lytic cycle led to cell cycle arrest. However,
recent studies utilizing lytic replication-incompetent EBV have demonstrated that the lytic
cycle of EBV enhances the efficiency of B cell transformation (Katsumura, Maruo and
Takada, 2012).

Lytic infection is now recognized to contribute to the oncogenicity of EBV. It has been
observed that lytic infection precedes the development of EBV-associated Hodgkin's
lymphoma, nasopharyngeal carcinoma, Burkitt's lymphoma, and post-transplant
lymphoproliferative disorders (C. K. Chan et al., 1991). Therefore, it is highly probable
that lytic infection plays a crucial role in tumor development by expanding the population
of latently infected cells. This expansion increases the chances of a latently infected cell
undergoing neoplastic transformation. Additionally, lytic infection may contribute to the
oncogenicity of EBV by stimulating the expression of proinflammatory cytokines, growth
factors, and cellular signaling molecules (Arvey et al., 2012). In a humanized mouse model,
it has been demonstrated that the induction of the lytic cycle is essential for the

development of B cell lymphoma (Ma et al., 2011).

The process of lytic replication leads to the efficient secretion of viral and cellular cytokines
and growth factors, with 1L-13 playing a significant role. These factors can potentially
contribute to oncogenesis. Notably, the virus encodes functional IL-10, and cellular
cytokines and growth factors such as IL-10, IL-8, TGF-b, and vascular endothelial growth
factor are released from cells undergoing lytic replication. These released factors have the
ability to promote cell cycling in neighboring cells that harbor latent EBV infection, further

augmenting the potential for oncogenesis (Hong et al., 2005; Rosemarie & Sugden, 2020).

2.8. EBV associated diseases

EBV association refers to cases where the viral genome or gene products are detected
within malignant cells (Razzouk et al., 1996). The mechanisms by which EBV causes
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tumors differ depending on the specific type of tumor. However, there are certain
fundamental characteristics of EBV biology that are present in various EBV-associated
cancers. The initial step in the process of EBV tumorigenesis is the establishment of a
persistent infection (Kutok & Wang, 2006). Different types of lymphomas are associated
with distinct patterns of latency programs. In the first pattern (type I), BL is characterized
by the selective expression of EBNA 1. The second pattern (type Il), observed in HL and
peripheral T-cell lymphoma, involves the expression of EBNA-1, LMP-1, and LMP-2. The
third pattern (type Ill), known as the "growth program,” is commonly seen in post-
transplantation lymphoproliferative disorders and is characterized by the expression of all

nine latent-cycle EBV antigens (Roschewski & Wilson, 2012).

2.7.1. Hematologic malignancies
2.7.1.1. Hodgkin’s Lymphoma

This particular lymphoma is characterized by the presence of Reed-Sternberg cells, which
are large mononucleated or multinucleated neoplastic cells (Ayee, Ofori, Wright, et al.,
2020).. The presence of EBV can influence the expression of cytokines and chemokines
and these cytokines play a critical role in the immunopathogenesis of HL, acting as both
autocrine growth factors and initiators/sustainers of the reactive infiltrate (Massini et al.,
2009).

There are two variants of Hodgkin's lymphoma (HL) are known as classical Hodgkin's
lymphoma (cHL) and nodular lymphocyte-predominant Hodgkin's lymphoma (NLPHL).
These variants differ in terms of their clinical presentation, histological characteristics, and
prognosis (Swerdlow et al., 2008; Vockerodt et al., 2014). cHL can be categorized into
four distinct histological subtypes: mixed cellularity (MC), nodular sclerosis (NS),
lymphocyte-rich (LR), and lymphocyte-depleted (LD). These subtypes differ in their
histological characteristics and have unique clinical and prognostic implications (Pileri et
al., 2002).

In developed countries, the rate of Epstein-Barr virus (EBV) association in classical
Hodgkin's lymphoma (cHL) typically ranges between 30% and 50%. However,

significantly higher rates of EBV positivity have been reported in developing countries.
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Within the context of cHL, EBV-positive cases are more commonly observed in two age
groups: children under 10 years of age and adults over 80 years of age. Furthermore, EBV
positivity is usually associated with the less common subtypes of mixed cellularity and
lymphocyte-depleted cHL (Kutok & Wang, 2006; Shannon-Lowe et al., 2017). In contrast,
nodular sclerosis Hodgkin's lymphoma is infrequently associated with EBV, with a
prevalence of approximately 15% to 20%. Additionally, EBV is never detected in
lymphocyte-rich Hodgkin's lymphoma (Grywalska & Rolinski, 2015; S. Wang et al.,
2014).

2.7.1.2. Non-Hodgkin’s lymphoma
2.7.1.2.1. Burkit’s Lymphoma

BL is an aggressive B-cell lymphoma derived from germinal centers, frequently
characterized by MYC translocation. It gained significance as the first malignancy
attributed to EBV and was initially identified in central Africa (Epstein & Achong, n.d.).
The strong correlation of BL with malaria endemicity suggested the involvement of an
infectious agent, which was later confirmed to be EBV (D. Thorley-Lawson et al., 2016).
In BL a type 1 pattern of latency is observed, characterized by the expression of EBNA-1

and EBER without the expression of latent membrane proteins(Tsao et al., 2017).

BL can be categorized into three clinical variants: endemic BL, sporadic BL, and
immunodeficiency-associated BL, each exhibiting notable differences in epidemiology,
clinical presentation, and biology(Gulley et al., 1992). Endemic Burkitt lymphoma (eBL)
has an estimated annual incidence ranging from 5 to 10 cases per 100,000 individuals. This
form of lymphoma represents a significant portion, accounting for approximately 50% of
all pediatric cancers in malaria-endemic regions such as Equatorial Africa and Papua New
Guinea. In these areas, the Epstein-Barr virus (EBV) is detected in approximately 95% of
all diagnosed eBL cases (Bornkamm, 2009; Lenze et al., 2011). Sporadic Burkitt's
lymphoma (sBL) exhibits a broad geographic distribution worldwide but occurs at a lower
frequency compared to endemic Burkitt's lymphoma. It primarily affects children and
young adults. In the United States and Western Europe, sBL accounts for approximately
30-50% of all pediatric neoplasms, whereas its incidence in adults is less than 1% (Blum
et al., 2004). Immunodeficiency-associated Burkitt's lymphoma (iBL) is characterized by
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its occurrence in individuals with HIV infection who develop the lymphoma prior to
progressing to AIDS. Compared to the sporadic form of the disease, iBL has a significantly
higher incidence, ranging from 10 to 100 times greater. Furthermore, approximately 30-
40% of iBL cases are found to be positive for EBV(Gloghini et al., 2013).

In endemic BL, the primary role of EBV may be to protect B-cells already harboring a c-
myc translocation from apoptosis. The presence of EBV contributes to telomere
dysfunction and genomic instability in these cells. Patients with acute malarial infection
exhibit an increased EBV viral load, possibly due to viral reactivation triggered by malarial
antigens. The immunophenotype of BL resembles that of germinal center cells and
persistent malarial infection could promote the hyperactivation of these germinal centers,
thereby heightening the risk of somatic hypermutation and c-myc translocations (Chene et
al., 2009).

2.7.1.2.2. Diffuse Large B-Cell Lymphoma

DLBCL is a subtype of non-Hodgkin's lymphoma that represents 30% to 40% of all NHL
cases. The latency pattern of EBV infection in EBV-positive DLBCL cases varies
depending on the immune status, with the virus exhibiting either type 11 or type Il latency
(Menon et al., 2012). Among immunocompromised patients, particularly those with HIV,
approximately 30-35% of DLBCL cases are associated with EBV. In these cases, there is
an increased diversity in the latency programs exhibited by the virus (Cesarman, 2013).
However, in immunocompetent hosts, EBV infection is associated with DLBCL in

approximately 10% of cases. (Roschewski & Wilson, 2012).

DLBCL can be classified into two subsets based on the cell-of-origin mode: germinal
center B cell-like (GCB) and activated B cell-like (ABC). Initially, ABC DLBCLs were
identified in older patients and tentatively referred to as EBV-positive DLBCLs of the
elderly. However, as more evidence has emerged regarding the occurrence of EBV-positive
DLBCL in younger immunocompetent patients, the disease has been reclassified as
DLBCL-NOS (‘not otherwise specified’) to encompass this broader patient population (M.
Cohenetal., 2014). DLBCL is the most prevalent subtype of NHL among people with HIV
(PWH). The introduction of combined antiretroviral therapy (CART) has led to substantial
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improvements in immune function and better management of infectious complications
during lymphoma treatment in PWH (Huguet et al., 2023). As a result, the composition of
HIV-related DLBCLs has undergone changes in the post- CART era. However, the overall
incidence and the rate of association with EBV in these tumors still remain significantly
higher than those observed in DLBCL cases within the general population (Arvey et al.,
2015).

2.7.1.2.3. Post-transplantation lymphoproliferative disease

PTLD encompass a diverse range of diseases observed in immunocompromised patients
who have undergone solid organ or hematopoietic stem cell transplantation. The 2016
WHO classification categorizes PTLD into several subtypes, including non-destructive
PTLD (such as plasmocytic hyperplasia, florid follicular hyperplasia, and infectious
mononucleosis), polymorphic PTLD, monomorphic PTLD (consisting of B-cell or T-cell

lymphoma), and lesions resembling classic Hodgkin lymphoma (Swerdlow et al., 2008)

PTLD can be seen in up to 15-20% of lung transplant cases, which involve the
transplantation of larger amounts of lymphoid tissue. In PTLD cases arising from lung
transplants, the malignant cells typically originate from the host rather than the donor.
Another significant risk factor for PTLD development is when the transplant recipient is
EBV seronegative and receives an organ from an EBV-positive donor (Paya et al., 1999).
EBV infection is detected in a significant proportion of PTLD patients, ranging from 60%
to 80% overall. In the case of early-onset PTLD, EBV infection is found in 100% of
affected individuals (Thompson & Kurzrock, 2004).

2.7.1.2.4. Extranodal NK/T-cell lymphoma

Extranodal NK/T-cell lymphoma (ENKTL) is classified as a rare subtype of non-Hodgkin
lymphoma (NHL). Compared to other types of NHL, ENKTL is less commonly
encountered in clinical practice and accounts for a smaller proportion of lymphoma
cases(Teras et al., 2016). Epidemiological studies have indicated that ENKTL is more
commonly diagnosed in individuals of Asian descent and is particularly prevalent in certain
regions of Asia(Fox et al., 2020). ENKTL primarily affects adults, with the median age of

onset falling between 40 and 50 years, and it is more commonly observed in males than
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females(Shannon-Lowe et al., 2017). ENKTLs display a Latency Il gene expression profile
characterized by the presence of LMP1 expression, which is a defining feature of these
malignancies. Gene expression profiling of ENKTL tumors has revealed the activation of
multiple oncogenic pathways, including NF-kB, MAPK, and JAK-STAT (Jiang et al.,
2015). The persistent activation of NF-kB and its downstream pathways has been suggested
to play a crucial role in the development and advancement of T/NK cell diseases (Chuang
et al., 2005).

EBV is consistently associated with ENKTL, including nasal NK/T-cell lymphoma. While
the involvement of EBV in the pathogenesis of this specific subtype is evident, the precise
mechanisms by which EBV contributes to the development and progression of nasal NK/T-
cell lymphoma are still under investigation (Harabuchi et al., 1990). The level of circulating
EBV DNA serves as a measure of tumor burden and activity in NK/T-cell lymphoma, as it
is released into the bloodstream from apoptotic tumor cells. Increased quantities of EBV
DNA copies are associated with adverse clinical characteristics, diminished response to
treatment, and inferior overall clinical outcomes. Regular monitoring of EBV DNA levels
can assist in prognostication, treatment planning, and assessing disease progression in

patients with this aggressive lymphoma (Au et al., 2004; Kwong et al., 2014).

2.7.2. Epithelial malignancies

The precise molecular mechanism by which EBV infects epithelial cells is still not fully
understood. However, several key factors involved in viral attachment, membrane fusion,
and cell-to-cell contact-mediated viral transmission have been identified (Wu et al., 2005;
Wu & Hutt-Fletcher, 2007). Gastric cancer and nasopharyngeal carcinoma are the

exclusive epithelial tumors currently known to be associated with EBV infection.

2.7.2.1. Nasopharyngeal Carcinoma

NPC is the first known epithelial carcinoma to be associated with EBV infection (Klein G
etal., 1974). MP1 and LMP2 play a crucial role in influencing the genetic expression and
promoting the proliferation of cells, leading to the aggressive and malignant growth seen
in NPC. The establishment of EBV latency and transformation in epithelial cells is

considered a major contributing factor in the development of NPC (Raab-Traub, 2002).
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Nearly all cells in NPC have been found to be infected with EBV. In NPC, EBV establishes
type Il latency, characterized by the expression of multiple latent genes. The presence of
EBV infection and the expression of latent genes, particularly LMP1, can contribute to
global hypermethylation, leading to the dysregulation of various cancer-related genes and
increased tumor heterogeneity in NPC. As the tumor progresses, additional genetic

alterations are acquired (Tsao et al., 2017).

BV infection plays a significant role in driving the pathogenesis of NPC through multiple
pathways. One key mechanism is the promotion of a hypermethylation phenotype in the
host, leading to the inactivation of tumor suppressor genes. This hypermethylation can be
a result of the host's defense response or the direct action of viral genes, such as LMP1,
which activates DNMTs. Both lytic and latent EBV genes contribute to NPC development.
The lytic genes induce genomic instability and stimulate the release of immune-suppressive
cytokines to evade immune surveillance. The expression of latent genes drives
tumorigenesis and the acquisition of stemness characteristics in NPC cells. LMP1 is well-
documented for its transformation properties, many of which are mediated through NF-kB
activation. Additionally, emerging evidence highlights the important role of BART-
miRNAs in NPC pathogenesis, particularly in anti-apoptosis and immune evasion (Su et
al., 2023; Tsao et al., 2017).

2.7.2.2. Gastric carcinoma

Gastric cancer is among the top five most commonly diagnosed cancers worldwide and
ranks as the third leading cause of cancer-related deaths (Jemal et al., 2011).
Approximately 10% of gastric carcinomas worldwide are characterized by monoclonal
proliferations of tumor cells carrying EBV (Shibata & Weiss, 1992). EBV-positive gastric
cancer predominantly manifests in the proximal stomach, affecting the cardia and gastric
body. It typically presents as lumps or ulcers accompanied by lymphocyte infiltration. An
important characteristic of EBV-positive gastric cancer is its tendency to invade the
submucosa easily, while exhibiting a lower rate of lymph node metastasis (Sun et al.,
2020).
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EBV-associated gastric cancer (EBVaGC) is classified as latency type | or 1, characterized
by the expression of EBERs, EBNA-1, BARTs, and BART miRNAs. Additionally,
approximately half of EBVaGC cases exhibit the expression of LMP-2A (Luo et al., 2005;
Sugiura et al., 1996). Global CpG island hypermethylation, which leads to the epigenetic
silencing of tumor suppressor genes, is a distinctive characteristic of EBVaGC. This
hypermethylation is considered to play a crucial role in the carcinogenesis of EBVaGC
(Shinozaki-Ushiku et al., 2015).

2.7.3. Infectious mononucleosis

Infectious mononucleosis (IM), also known as glandular fever or kissing disease, is a
manifestation of EBV infection that typically occurs in individuals between the ages of 15
and 25. However, the EBV infection is frequently asymptomatic in healthy individuals and,
in young children, often leads to acute but self-limiting disease (Hess, 2004). When
primary EBV infection is delayed until adolescence, it can result in infectious
mononucleosis. This condition is characterized by a range of symptoms, including severe
fatigue, sore throat, swollen lymph nodes, fever, and enlarged spleen. Additionally,
individuals with infectious mononucleosis may experience headaches, muscle aches, loss
of appetite, and a general feeling of malaise (Ascherio & Munger, 2010; J. I. Cohen, 2000).
It is estimated that approximately 30% to 50% of individuals who experience late primary
EBV infection will develop IM. In these cases, the delayed onset of EBV infection,
typically occurring in adolescence or early adulthood, increases the likelihood of
developing IM compared to primary infection in younger individuals (Ascherio & Munger,
2010). In most cases, the infection typically resolves within a period of 3 to 6 weeks without
the need for medical intervention. Most individuals who contract the virus during this time
frame experience a self-limiting course of the disease (Vetsika & Callan, 2004). While the
diagnosis of infectious mononucleosis is primarily based on clinical symptoms and the
detection of heterophile antibodies, it is important to note that the heterophile antibody test
can be unreliable and prone to false negatives. Healthcare providers consider multiple
factors, including clinical presentation and other laboratory tests, to make an accurate
diagnosis of IM (Ravanfar et al., 2016).
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Table 2.3: Prevalence of EBV among EBV associated malignancies

EBV- associated diseases EBV Infected cell High risk population
association
Infectious mononucleosis >99% B cells or plasma  Children and young
cells individuals
Hodgkin lymphoma 20-80% B cells
Burkitt’s lymphoma-endemic 100% B cells Equatorial Africa, New
Guiana
Burkitt’s lymphoma- 30% B cells
sporadic
Burkitt’s lymphoma-HIV- 30-40% B cells HIV patients
related
Post-transplant 60-80% B cells Recipients with heart, lung,
lymphoproliferative disease or intestine transplantation
Diffuse large B cell 20-60% B cells HIV patients
lymphoma-HIV related
Extranodal NK/T-cell >90% NK/T cells
lymphoma
Nasopharyngeal carcinoma >99% Epithelial or East Asia

squamous cells

Gastric carcinoma 5-25% Epithelial cells

2.8. Immune response for EBV associated malignancies

Host immune responses are considered crucial in both limiting primary EBV infection and
controlling the persistent carrier state throughout a person's life. In healthy individuals,
EBV infections are typically well-controlled by the immune system, particularly through
the activity of antigen-specific T lymphocytes. When humans are infected with EBV, both
humoral (antibody-based) and cellular (T-cell-based) immune responses are generated

against the virus. In cases of EBV-related malignancies, nearly all patients test positive for
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EBV antibodies. Similar to many viral infections, primary exposure to EBV is

characterized by an early IgM antibody response (Minz, 2015).

2.8.1. Innate immunity

The primary target cells of EBV include B cells and oropharyngeal epithelial cells. The
oropharyngeal epithelium serves as the initial innate barrier against infection. The
interaction between EBV and the innate immune system involves various pathways and
steps, including recognition by cell surface, endosomal, and intracellular sensors, as well
as production and signaling of interferons (IFNs). The interplay between EBV and innate
immunity plays a significant role in determining the outcome of the infection (Pontejo et
al., 2018).

The mechanism by which EBV gains access to B cells through the epithelial barrier is not
fully understood, and there are ongoing debates regarding this process. According to one
current model, EBV released from epithelial cells has an affinity for B cells, while EBV
released from B cells shows a preference for epithelial cells (Shannon-Lowe & Rowe,
2014). However, further research is needed to elucidate the precise mechanisms and clarify

this aspect of EBV infection.

During primary infection, EBV triggers the innate immune response, primarily by
activating Toll-like receptors (TLRs). The infected cells recognize viral components
containing pathogen-associated molecular patterns (PAMPS) through pattern recognition
receptors (PRRs). This recognition leads to the induction of an innate antiviral immune
response. As a result, the infected cells produce and release various cytokines, including
interleukins (ILs), tumor necrosis factor (TNF), and interferons (IFNs). The type | IFN
response is a crucial defense mechanism employed by host cells to combat viral infections
(Stephenson et al., 2016).

Innate immune responses, involving natural killer (NK) cells and natural killer T (NKT)
cells, may be involved during the primary acquisition of EBV. NK cells can potentially
contribute to either protecting against EBV infection or the pathogenesis of IM (Williams
et al., 2005). Despite conflicting findings, a substantial body of research supports the role
of NK cells in the immune response against EBV. Specifically, NK cells have been shown
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to exert a suppressive effect on the EBV-mediated growth transformation of B cells
(Strowig et al., 2008). To evade innate immune sensing and the subsequent activation of
antiviral responses, EBV has developed various effective countermeasures. These
countermeasures can interfere with different pathways and steps involved in the
recognition of EBV by cell surface, endosomal, and intracellular sensors, as well as the
production and signaling of IFNs. The interplay between EBV and innate immunity plays

a significant role in determining the outcome of the infection (Tabtieng & Gaglia, 2018).

Classical dendritic cells (cDCs) can produce IL-12, which activates CD56bright NK cell
subsets, as well as produce IFN-o/B, which can directly inhibit EBV infection and
transformation within a short timeframe. In EBV-infected B cells, the production and
secretion of Epstein-Barr virus-encoded small RNAs (EBERs) occur. EBERs can be
recognized by cDCs through Toll-like receptor 3 (TLR3), leading to the activation of
cytokine production. Plasmacytoid dendritic cells (pDCs) also produce IFN-o/f, which can
recruit and activate NK cells and neutrophil granulocytes. The specific role of neutrophil
granulocytes in the context of EBV infection is still to be determined. Macrophages can
sense EBV and EBERs through TLR3, but their precise role remains unclear. Monocytes
recognize unmethylated EBV DNA through TLR9, although their significance as non-
target cells and the in vivo relevance of this interaction are subjects of ongoing debate. NK
cells have demonstrated efficient inhibition of B-cell transformation and targeting of lytic
replicating cells, with these effects being dependent on distinct subsets of NK cells
(Chijioke et al., 2013; Christian, 2014).

During EBV infection, the expression of various lytic EBV gene proteins can hinder the
secretion of antiviral cytokines. Notably, immediate early lytic proteins such as BZLF1
and BRLF1 have been found to inhibit interferon response genes and the production of
type | interferons. Moreover, these lytic EBV proteins can impact the host's innate
immunity by modulating the expression of Toll-like receptors (TLRs) on the surface of
infected cells, thereby interfering with intracellular NF-kB signaling (Albanese et al., 2022;
Kenney, 2007).
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Figure 2.4: Interplay between EBV and innate immunity effectors

2.8.2. Adaptive immunity
2.8.2.1. Cell mediated immunity

Cellular immunity plays a crucial role in controlling EBV infection during both the primary
and persistent phases. CD8+ and CD4+ T lymphocytes can distinguish between EBV-
infected or EBV-transformed B cells and, as a result, can inhibit their growth. EBV-specific
T lymphocytes recognize antigens in the form of molecular complexes consisting of viral
peptide epitopes bound to Major Histocompatibility Complex (MHC) molecules, which
are expressed on the surface of infected or transformed B lymphocytes (Callan, 2004;
Landais et al., 2005).

In the context of cellular immune control of EBV latency | and Il malignancies, CD8+ and
CD4+ T cells primarily function as cytotoxic T cells capable of lysing target cells that
present EBNAL and/or LMP1 on MHC class 1. However, in the case of EBV latency Ill,
it is probable that CD4+ T cells play a crucial role in supporting CD8+ T cell responses
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that specifically target the EBNA3 and LMP2 proteins. While CD8+ T cells have limited
recognition of LMP1, CD4+ T cells frequently target this protein (Sohn et al., 2015).

CD4+ T cell responses are generated against various epitopes within latent cycle antigens
of EBV. Among these responses, a subset of CD4+ T cells is capable of recognizing
latently infected target cells that express HLA class Il molecules (Hislop et al., 2007).
CD4+ T cells specific to the EBNAL protein can exert direct antiviral effects on EBV-
transformed cells through their production of cytokines and their lytic function.
Additionally, these CD4+ T cells can support and sustain the CD8+ cytotoxic T
lymphocyte (CTL) response against other EBV antigens associated with lymphoma, such
as LMP1 and LMP2 (Minz et al., 2000).

2.8.2.2. Humoral immunity

During primary EBV infection, the virus elicits a humoral immune response characterized
by robust antibody production against certain lytic cycle proteins. When individuals
present with IM, most of them demonstrate strong IgM responses and developing IgG
responses to nucleocapsid and envelope proteins, also known as "viral capsid™ antigens.
Additionally, 1gG responses to specific immediate early and early lytic cycle proteins,
referred to as "early” antigens, as well as to the latent protein EBNA 2, are typically
detectable (Rowe & Zuo, 2010). Subsequently, IgG antibodies targeting the latent protein
EBNA 1 begin to develop. However, neutralizing antibodies, which are specifically
directed against gp350 (a component of the "membrane” antigen), emerge relatively late
during primary infection. As a result, these neutralizing antibodies are unlikely to have a
significant role in preventing the spread of the virus during the early phase of infection.
(Callan, 2004).

The evaluation of the humoral response to EBV has primarily focused on its diagnostic
role and the development of EBV vaccines. During natural infection, the initial appearance
of antibodies is directed against the viral capsid antigen (VCA), which likely plays a role
in viral neutralization. VCA is expressed late during the lytic phase of infection and
typically follows earlier T cell responses targeting immediate early (IE) and some early (E)

antigens in terms of the adaptive immune response timeline. Serologic testing for EBV is
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considered the gold standard for assessing exposure to the virus. Antibodies against viral
structural proteins, specifically IgM antibodies, indicate a primary acute infection, while
IgG antibodies against VCA emerge later, persist for a lifetime, and indicate recent or past
infection. Antibodies to EBNA, a latent cycle protein, appear later after infection and
persist for life, indicating a prior infection. The presence of 1gG antibodies against early
antigen diffuse (EA-D) can suggest viral reactivation. Therefore, evaluating the combined
serostatus of these various antigens can aid in distinguishing whether an individual is
experiencing an early primary infection, an ongoing active infection, a prior infection, or

even viral reactivation (Martinez & Krams, 2017).

2.9. EBV strategies against immune evasion

Immune evasion is a prominent characteristic of human cancer cells, and the expression of
foreign antigens in virally infected cells makes them vulnerable to immune detection. In
the context of EBV infection, the virus has developed various strategies to evade host
immune responses. The role of EBV lytic proteins in immune evasion during lytic

reactivation of the virus in B cells is widely acknowledged (Bentz et al., 2010).

EBV employs immune evasion strategies that involve both lytic and latent cycle gene
products, as well as virally encoded microRNAs. These strategies operate at multiple levels
to thwart immune responses, including inhibiting the production of antiviral proteins,
disrupting antigen presentation by infected cells, interfering with cell death pathways used
by virus-specific effector T cells or NK cells, and producing molecules that dampen the

function of innate or adaptive immune cells (Ressing et al., 2015).

Host immune responses are modulated by latent EBV gene products. Among them, the
EBV-encoded gene product called EBER is expressed at high levels in all types of EBV
latency. EBER exerts its immune-modulating effects by binding to PKR, a double-stranded
RNA-dependent protein kinase, and inhibiting interferon-stimulated gene activity (Nanbo
et al., 2002). EBV also codes for BARFL1, a soluble form of the CSF-1 receptor. BARF1
can neutralize the effects of CSF-1, resulting in a decrease in IFN-alpha secretion by
mononuclear cells. Additionally, BARF1 is referred to as viral IL-10 due to its capacity to
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suppress the production of IFN-gamma, IL-2, and IL-6 by CD4+ T cells that are involved

in antiviral responses (Jochum et al., 2012; Strockbine et al., 1998).

Various types of EBV proteins are involved in targeting the processing and presentation of
viral antigens, facilitating immune evasion. For instance, EBNA-1 possesses a glycine-
alanine repeat that hinders the processing and presentation of antigens by HLA class |
molecules. During the early lytic cycle, the protein BNLF2a disrupts peptide loading onto
HLA class | molecules by interacting with the transporter associated with antigen
processing (TAP). Additionally, BGLF5, a DNAse/exonuclease with host shutoff function,
inhibits the synthesis of new HLA class I and class Il molecules. BILF1, on the other hand,
downregulates cell surface class | molecules by targeting them for lysosomal degradation.
In its effort to promote viral persistence, EBV employs various strategies to prevent
apoptosis of infected cells. One such tactic involves the functional bcl-2 homolog encoded
by BHRF1, which can inhibit apoptosis induced by different stimuli, partly by binding to
the pro-apoptotic protein Bim (Hatton et al., 2014).

2.10. EBV epigenetics

EBV-induced epigenetic changes play a critical role in the pathogenesis of EBV-associated
malignancies and LPDs (Kaneda et al., 2012; H. H. Niller et al., 2016; Tsao et al., 2012).
Epigenetic programming encompasses a range of processes, such as DNA methylation,
nucleosome positioning, histone tail modifications, and the formation of higher-ordered
structures like promoter-enhancer loop interactions(Tempera & Lieberman, 2014). These
epigenetic changes play a crucial role in regulating gene expression and are involved in
various biological processes, including development, differentiation, and disease

pathogenesis.

During the development of EBV-associated cancers, the infection with EBV can alter the
formation of heterochromatin and influence the transcriptional regulation of host genes
through DNA methylation. These epigenetic modifications induced by EBV play a
significant role in the pathogenesis of EBV-associated malignancies (L. Li et al., 2018).
Moreover, the viral products of EBV could directly impact gene expression by mimicking

the epigenetic regulators found in the host cells. This allows EBV to manipulate the
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epigenetic landscape and exert control over the expression of various genes (Buschle &
Hammerschmidt, 2020). The latent transcripts of EBV, including EBNA2, EBNALP,
EBNA3A, EBNA3C, and LMP1, engage in interactions with various host epigenetic
modifiers. These interactions are critical for the transformation of B cells, a process
associated with EBV-induced oncogenesis. The engagement of these viral transcripts with
host epigenetic modifiers plays a pivotal role in shaping the epigenetic landscape and gene

expression patterns that contribute to B cell transformation (Kang & Kieff, 2015).

The viral genome is typically devoid of histone modifications and CpG methylation during
the virion stage. However, upon infection and establishment of latency in host cells, the
EBV genome can undergo significant epigenetic modifications, including histone
modifications and CpG methylation, which play crucial roles in regulating viral gene
expression and the host-virus interaction (Fernandez et al., 2009). Upon initial infection,
both latent and lytic genes can be expressed for a brief period of time due to the absence of
epigenetic inhibition (Wen et al., 2007). However, as epigenetic modifications occur, the
viral genome undergoes changes that ultimately lead to the suppression of immediate early
gene transcription when the viral genome remains intact. These epigenetic modifications
play a crucial role in regulating the switch from lytic to latent infection and maintaining
viral latency (Paulson et al., 2002; Scott, 2017)

2.10.1. CpG methylation of EBV genome

DNA methyltransferases are enzymes responsible for catalyzing the addition of a methyl
group to cytosine residues, resulting in the conversion of cytosine to 5-methylcytosine.
This process predominantly occurs at CpG-rich regions of the genome, with the exception
of CpG islands located near promoters of actively transcribed genes (Smith & Meissner,
2013). CpG methylation plays crucial roles in various aspects of cancer development,
including the silencing of tumor suppressor genes, loss of imprinting, impaired expression
of DNA repair enzymes, and the loss of expression of viral immunodominant antigens
necessary for immune surveillance. These epigenetic modifications contribute significantly
to the pathogenesis of cancer (Robertson & Wolffe, 2000; Tao & Robertson, 2003).
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Methylation of the EBV genome plays a crucial role in controlling viral gene expression
in both healthy and malignant cells. This epigenetic modification leads to the silencing of
the majority of latent EBV promoters. By silencing these promoters, infected cells become
more resistant to antiviral nucleoside analogues and can evade immune surveillance.
Methylation of the EBV genome provides a mechanism for infected cells to regulate viral
gene expression and promote their survival and persistence (Ambinder et al., 1999).
Frequent inactivation of tumor suppressor genes through focal hypermethylation can
contribute to the development of cancer. This process involves the abnormal increase in
DNA methylation at specific regions of the genome, leading to the silencing or reduced

expression of tumor suppressor genes (Niller et al. 2012).

Upon primary infection in B lymphocytes, the regulation of LMP1/2 promoters and the
sites where lytic gene transcription initiates is influenced by the gradual methylation of
viral DNA (Paulson et al. 2002; Bergbauer et al. 2010). CpG methylation is more abundant
in the C promoter (Cp), which is essential for EBNA transcription, as well as in the LMP1
promoters. This higher level of CpG methylation plays a crucial role in regulating the
establishment of different latency types, specifically Type I latency versus Type Il latency.
The differential CpG methylation patterns in these promoters contribute to the regulation
of EBNA expression and the expression of LMPL1, ultimately influencing the specific

latency program adopted by the virus. (Tempera & Lieberman, 2010) (Figure 2.5A).

Even though methylation of EBV DNA is typically associated with the repression of
transcription, methylation of viral promoter regions is also necessary for the reactivation
of the lytic cycle. This paradoxical effect is due to the ability of the virally expressed
immediate early protein Zta to bind specifically to the region of methylated DNA that
contains viral lytic gene promoters. The interaction between Zta and methylated DNA
facilitates the initiation of the lytic cycle by promoting the expression of genes required for
viral replication and release. (Bergbauer et al., 2010; Sinclair, 2013; Zalani et al., 1996)
(Figure 2.5B). Thus, methylation of specific viral promoter regions serves as a regulatory
mechanism for the controlled reactivation of the lytic cycle in EBV
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Figure 2.5: Effects of CpG DNA methylation of EBV genome on the viral life cycle and
disease progression. (A) Methylation of the EBV DNA will silence most of the latent genes
and keep in different latent stages. (B) Reactivation of the EBV genome from latent stage
via the binding of BZLF/BRLF into the methylated region of the viral DNA origin of lytic
replication, ori-Lyt and initiates the lytic phase of EBV which then starts to replicate and
infects new B cells. Abbreviations: DLBCL.: Diffuse large B cell lymphoma; BL: Burkitt
lymphoma; HL: Hodgkin lymphoma

2.10.2. Histone modification

Histone modifications play a vital role in regulating chromatin structure and gene
transcription. The acetylation and deacetylation of histones have a significant impact on
the accessibility of DNA to transcription, replication, and repair elements (Fuks et al.,
2003). Generally, histone deacetylation is associated with gene inactivation, while histone
hyperacetylation promotes transcription. Dysregulation of chromatin structure contributes
to EBV-induced cellular transformation and cancer progression (H. H. Niller et al., 2014).
he chromatin composition of the EBV genome varies depending on the latency type, and
histone modifications frequently coincide with expected marks at regions involved in

transcriptional gene activation and repression. Notably, there are substantial epigenetic
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differences between Type | and Type I11 latency at the transcription start sites of viral genes
exclusive to Type Il infection. Acetylated histones are particularly abundant in the
LMP1/LMP2 and Cp promoters (Gerle et al., 2007; J. M. Niller et al., 2007)

Histone modifications also play a critical role in controlling the reactivation of the EBV
genome from its latent phase to the lytic phase by inducing a de-repressive epigenetic
modification of the Zp promoter, which is essential for immediate early transcription of
Zta. In latent cells, the Zp region exhibits suppressive histone markers, including
H3K27me3, H3K9me2/3, and H4K20me3. Conversely, high levels of histone acetylation,
phosphorylation, and histone H3 lysine 4 trimethylation markers are associated with viral
reactivation (Murata et al., 2012). Among these modifications, the repressive histone
marker H3K27me3 appears to be particularly crucial for maintaining latency. Interestingly,
a point mutation in the MEF2 binding sites within Zp leads to a significant increase in
H3K27me3 modifications. This increase in H3K27me3 correlates with a loss of Zta
expression, subsequent loss of viral latency, and the induction of the lytic phase (Murata et
al., 2013).

2.10.3. microRNAs

EBV was the first virus in which microRNAs (miRNAS) were discovered. These small
RNA molecules serve as an additional layer of epigenetic regulation and play a critical role
in the development of EBV-associated neoplasms. Two primary groups of miRNAs are
implicated: EBV-encoded viral miRNAs and EBV-regulated host-cell miRNAs. The EBV-
encoded miRNAs can be categorized into two clusters: the BHRF1 miRNA cluster (miR-
BHRF1-3) and the BART miRNA cluster (miR-BART1-22) (Giudice et al., 2016; M.
Wang et al., 2018).

Approximately 44 distinct miRNA species have been identified to play a role in both the
development of carcinogenesis and the regulation of viral latency (Barth et al., 2008).
These miRNAs contribute to the intricate network of molecular interactions within infected
cells, influencing key cellular processes involved in cancer development (L. Li et al.,
2018). The coordinated regulation of both viral and host-cell miRNA types plays a crucial

role in aiding the virus in evading host immune surveillance and contributing to EBV-
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associated tumorigenesis. The miRNA families involved in this process have distinct
impacts on different types of tumors. The BART miRNA family, for example, influences
the development of lymphomas and epithelial tumors, while the BHRF1 miRNA family
predominantly contributes to a subset of lymphocyte malignancies (Yang et al., 2013).

Viral-encoded miRNAs play a crucial role in downregulating the expression of viral
immediate-early genes, which facilitates the establishment of persistent EBV infection and
contributes to host cell carcinogenesis (Barth et al., 2011). These viral miRNAs also assist
the virus in evading the host's immune response (Stern-Ginossar et al., 2007). Through
their regulatory effects on gene expression, these miRNAs participate in the molecular
mechanisms underlying tumor initiation, progression, and immune evasion mediated by
EBV (Albanese et al., 2016; L. Cai et al., 2015).

2.11. Detection of EBV

EBV detection is crucial for the diagnosis and monitoring of patients affected by EBV-
related diseases, which encompass a broad range of clinical manifestations, from transient
benign infections to aggressive malignancies (Gulley, 2001). In the field of diagnostics, a
combination of new molecular tests alongside traditional serological or histochemical
assays has proven to be valuable. The choice of diagnostic approach depends on the
specific clinical context and the types of samples available for testing. For instance, the use
of EBER in situ hybridization on biopsy samples has been established as a reliable method.
Additionally, more recent advancements include EBV viral load testing of blood samples,
which provides an accurate assessment of the patient's clinical status. These diagnostic
tools aid clinicians in accurately diagnosing and monitoring EBV-related diseases,

enabling appropriate management and treatment strategies (Gulley & Tang, 2008).

2.11.1. Serological methods

Recent advancements have led to the development of several serological tests that aid in
diagnosing EBV infection. By utilizing viral capsid antigen (VCA) IgG, VCA IgM, and
EBV nuclear antigen (EBNA)-1 1gG, it is now possible to differentiate between acute and
past infections. Acute infection is indicated by the presence of VCA IgM and VCA IgG
without EBNA-1 IgG, while past infection is characterized by the presence of VCA IgG
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and EBNA-1 1gG without VCA IgM. However, interpreting serological findings can
sometimes be challenging. VCA 1gG may be present without VCA IgM or EBNA-1 IgG
in cases of both acute and past infections. Additionally, all three parameters can be detected
simultaneously in recent infections or during reactivation (De Paschale & Clerici, 2012).

To accurately interpret these patterns, additional tests are necessary. These include
determining 1gG avidity, identifying anti-EBV I1gG and IgM antibodies through
immunoblotting, and searching for heterophile antibodies, anti-EA (D) antibodies, or viral
genomes using molecular biology methods (Abusalah et al., 2020).

2.11.2. EBER in Situ Hybridization

EBER in situ hybridization offers a significant advantage in its capability to precisely
localize EBV within the context of cytological and histopathological features of the tissue.
Typically, EBER is expressed uniformly across all tumor cells in EBV-associated
malignancies, indicating a consistent presence of the virus (J. W. Sixbey, 2000). EBER in
situ hybridization is widely regarded as the gold standard for the detection and localization
of latent EBV in tissue samples. This technique plays a crucial role in various clinical
scenarios. One common application is its routine use in confirming a diagnosis of EBV-
driven PTLD (Gulley & Tang, 2010).

EBER in situ hybridization can be performed on paraffin sections or cytology preparations,
providing flexibility in sample types (Braz-Silva et al., 2008). This technigue serves as an
excellent marker for EBV infection due to its high sensitivity and specificity. It can be
detected in nearly all EBV-infected cells, and its expression levels are typically quite high.
In cases where the differential diagnosis involves infectious mononucleosis, Hodgkin's
disease, and/or non-Hodgkin's lymphoma, EBER hybridization is often invaluable in

facilitating an accurate diagnosis (Ambinder & Mann, 1994; Gulley & Tang, 2008).

2.11.3. Molecular methods

Multiple molecular techniques have been developed and utilized for the detection and
guantification of EBV DNA, enabling the diagnosis and monitoring of primary EBV

infection, reactivation, and EBV-related diseases. Among these techniques are quantitative
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real-time PCR (qRT-PCR), Southern blotting, and Dot blotting (Gulley & Tang, 2008;
Kimura et al., 2008). gRT-PCR has proven to be highly sensitive in detecting and
quantifying EBV DNA, enabling early and accurate diagnosis of primary EBV infection
and the detection of silent reactivation of the virus. This molecular technique provides a
quantitative assessment of viral DNA levels, allowing for precise monitoring of the viral
load in patient samples over time (Bauer et al., 2005; K. H. Chan et al., 2001; Gartzonika
et al., 2012; Maurmann et al., 2003).

gRT-PCR assays can be performed on various types of samples, including serum, whole
blood, tissue biopsy, and peripheral blood mononuclear cells (PBMCs). However,
determining the optimal specimen to use depends on several factors, such as the patient's
condition and the stage of the disease. While there is ongoing debate surrounding this topic,
the selection of the best sample type aims to maximize diagnostic accuracy and clinical
relevance (Gan et al., 1994; Kimura et al., 2008; Ryan et al., 2004). EBV DNA detected in
serum can serve as a valuable indicator for both primary EBV infection and reactivation.
Studies have shown that patients with active infection or those with EBV-associated
cancers tend to exhibit higher levels of viral load in their cell-free blood (Gulley & Tang,
2008). Moreover, there is evidence to suggest that the viral load in serum correlates with
the severity of EBV-associated malignancies and lymphoproliferative diseases. Higher
viral loads have been associated with more severe disease outcomes. Consequently, the
quantification of EBV DNA in serum can serve as a prognostic marker, providing insights
into the progression and prognosis of these conditions (Gértner & Preiksaitis, 2010;
Holman et al., 2012)

Table 2.4: Laboratory test for EBV detection

Laboratory tests Purpose

In situ hybridization Identify EBER transcripts or EBV DNA in specific cell types
within histologic lesions. It provides information about the

presence and localization of the virus in tissues.
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EBV clonality assay by Southern
blot analysis

This assay assesses the clonality of lesions by analyzing the
structure of EBV DNA. It can distinguish between latent and
replicative infection based on the episomal (latent) or linear

(replicative) structure of the EBV genome

EBV DNA amplification

Detects the presence of viral DNA in patient tissues.
However, it lacks disease specificity and may not differentiate
between different EBV-associated conditions.

EBYV viral load

This test quantitates the amount of EBV DNA in blood or
body fluids. It is used to monitor the disease status over time,
providing insights into the viral replication and response to

treatment.

Immunohistochemistry (LMP1,
EBNAL, EBNA2, LMP2A,
BZLF1)

Identify EBV protein expression in specific cell types within
histologic lesions; distinguish latent from replicative infection

based on expression profiles

Culture of EBV or of EBV-
infected B lymphocytes

This method detects and semi-quantitatively measures
infectious virions or latently-infected B lymphocytes.
However, it is not routinely used in clinical practice due to

practical limitations.

Electron microscopy

Used to identify whole virions that represent replicative viral
infection. However, it is not practical for routine clinical use

due to technical challenges and limitations.

Serology (VCA, EBNA, EA,
heterophile antibodies)

Measure antibody response to viral proteins in serum sample.
They helped to distinguish acute from remote infection and

monitor disease status over time
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2.12. Therapeutic strategies for EBV-associated malignancies

The expression of viral antigens in tumors that are positive for EBV presents potential
targets for immune-based therapies. T cells specific to each of the latency-associated
antigens have been identified in patients with EBV-related malignancies. In
immunocompromised patients, inhibiting lytic infection has been proposed as a
prophylactic strategy. However, currently available drugs do not effectively block lytic
infections in patients. The discovery of new anti-EBV drugs depends on a comprehensive
understanding of the diverse mechanisms utilized by the virus to promote lytic infection
(Gottschalk & Rooney, 2015; Pei et al., 2020).

Clinical trials have extensively investigated immunotherapeutic approaches for the
treatment of EBV-associated diseases, with promising results observed in certain cases.
During primary infection, the host's CD4+ and CD8+ cytotoxic T cells, along with NK
cells, play a crucial role in eliminating EBV-infected cells (W. Li et al., 2023). One
effective immunotherapeutic strategy is adoptive immunotherapy, which involves the ex
vivo expansion of virus-specific cytotoxic T lymphocytes (CTLs) for subsequent
administration. Adoptive immunotherapy has demonstrated safety and efficacy in the
treatment of various EBV-associated malignancies, including HL, extranodal NK/T-cell
lymphoma, PTLD, and NPC (Heslop et al., 2021).

Another promising strategy for targeting EBV and infected cells involves a combination
therapy approach. This approach focuses on inducing the lytic phase gene expression of
EBV, followed by exposing the tumor cells to anti-herpesvirus drugs. To achieve this,
adenoviral vectors containing the genes BZLF1 or BRLF1 are injected. These genes are
responsible for initiating the Iytic phase of EBV. Once the lytic phase is induced, anti-
herpesvirus drugs are administered. These drugs are specifically designed to target and
inhibit the replication of herpesviruses, including EBV (Lv et al., 2022; Pei et al., 2020).
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HYPOTHESIS

Hypothesisl: The prevalence and viral load of Epstein-Barr virus among lymphoma
patients in Ethiopia will exhibit a significant elevation compared to other populations.

Hypothesis 2: The genomic variability of EBV within the lymphoma patient population in
Ethiopia will demonstrate distinguishable patterns when compared to EBV variations

observed in other populations.

Hypothesis 3: The methylation profile of EBV DNA in lymphoma patients from Ethiopia
will exhibit distinctive characteristics, differing from the methylation profiles observed in

other populations.

OBJECTIVES

General objective
%+ To determine molecular epidemiology and genetic diversity of Epstein -

Barr virus among lymphoma patients in Ethiopia.
Specific objectives
% To determine the Sero- prevalence and molecular detection of EBV among

patients with different lymphoma.

%+ To characterize the distributions of EBV genotypes isolated from patients

with lymphoma.

% To assess DNA methylation profiles of EBV from EBV associated

lymphomas.

%+ To determine the genetic variations of EBV among different lymphoma

types
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CHAPTER 3. MATERIALS AND METHODS

3.1. Study area

The study was conducted at Tikur Anbesa Specialized Hospital (TASH) located Lideta sub
city in Addis Ababa Ethiopia under the College of Health Sciences, Addis Ababa
University (Figure 3.1). It is one of the referrals and oldest public hospitals serving the
entire nation in providing all forms of medical service. It is the main teaching hospital for
both clinical and preclinical training of most disciplines. It is the largest of the public
teaching hospitals having more than 26 departments. It is also an institution where
specialized clinical services that are not available in other public or private institutions are
rendered to the whole nation. The TASH has 200 doctors, 379 nurses and 115 other health
professionals dedicated to providing health care services. The various departments,
faculties and residents under specialty training in the School of Medicine provide patient
care in the hospital. The hospital also has 950 permanent and contract administrative staff
to support the hospital activities. The annual Cancer patients diagnosed at TASH is more
than five thousand excluding the blood cancer coming from all over the country. The blood
cancer patients that are under follow-ups at haematology clinic are more than one thousand

per year.
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MAP OF THE STUDY AREA
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Figure 3.1: Map of Tikur Anbessa Specialized Hospital, Lideta Sub city, Addis Ababa
Ethiopia.

3.2.  Study design and period

We have conducted a hospital-based study at Tikur Anbessa Specialized Hospital in Addis
Ababa, Ethiopia, combining retrospective and prospective cross-sectional approaches. For
the retrospective component, we have collected formalin-fixed paraffin-embedded (FFPE)
lymphoma tissue blocks from the Pathology department at the hospital. This data collection
focuses on FFPE blocks diagnosed within a two-year period, specifically from 2019 to
2020. In addition, for the prospective portion of the study, we recruited two groups of
participants. Firstly, we enrolled lymphoma patients who were already under follow-up in
the hematology clinic at the hospital. Secondly, we included suspected lymphoma patients
who were referred to the hospital for lymph node biopsy to confirm the presence of
lymphoma.
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3.3.  Sample size calculation

A total of 133 Lymphoma confirmed FFPE blocks were collected from pathology
department from the two years (2019-2020). The prospective sample size was determined
based on the global prevalence of EBV, which has been reported to be more than 90%
according to the epidemiological studies conducted by (Tzellos & Farrell, 2012).
Considering an assumed prevalence of 90% for EBV, the sample size was calculated using

the following formula:

() v
n=-"—m
where, n = sample size
Z = confidence interval
p = proportion
q=1-p
By using 95% confidence interval i.e.Z = 1.96
P=0.9
d=0.05 as 95% confidence interval is taken.

Therefore, to achieve the desired sample size, a total of 172 study participants were
prospectively recruited, considering a non-lymphoma rate of 20% and accounting for

potential non-responses.

3.4. Inclusion and exclusion criteria
3.4.1. Inclusion criteria

% FFPE blocks diagnosed as lymphoma between the years 2019 and 2020 were
included.

%+ Selected blocks needed to contain enough tissue for staining and genomic DNA
isolation.

+» Patients who expressed willingness to participate in the study and provide oral

and written consent were included in the prospective cohort.
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3.4.2. Exclusion criteria

%+ We excluded FFPE blocks that had insufficient tissue samples and lacked
sociodemographic and clinical data.

% Pregnant women, patients with other hematologic malignancies, and those

undergoing chemotherapy were also not included in the study.

3.5. Data and sample collection

For the retrospective study, we conducted a thorough review of pathology department
reports from 2019 to 2020. Any cases of lymphoma identified in these reports were
included in our FFPE block collection. In addition to the FFPE blocks, we obtained
sociodemographic data and Hematoxylin and Eosin (H&E) reports for each included case.
To analyze the genomic DNA, we collected two sections, each measuring 5um, from the
FFPE blocks. These sections were carefully preserved in 1.5ml Eppendorf tubes until we

performed nucleic acid extraction.

In the prospective study, we enrolled two distinct groups of participants to gather data for
our research. The first group consisted of lymphoma patients, from whom we collected
20ml of peripheral blood to isolate peripheral blood mononuclear cells (PBMCs) and
extract plasma and serum. The second group of participants comprised individuals with
suspected lymphoma who underwent lymph node biopsy. From these patients, we removed
a 5mm? block of fresh lymph node tissue for further analysis. Additionally, we collected a
10ml blood sample from this group. Blood samples were collected in Acid Citrate Dextrose
(ACD) and serum separator tubes (SST) in accordance with the manufacturer’s instructions
for the plasma and serum separation respectively. While the tissue sample was stored in
1% phosphate-buffered saline (PBS) immediately after surgery until single cell suspension
was performed. Lymphomononuclear cells were isolated from the lymph node biopsy
specimen. In addition to the biological samples, we also collected clinical and

sociodemographic data from both groups of participants.
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3.6. Laboratory procedure

Sample collection
FFPE, Blood and fresh tissue samples
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Figure 3.2: The flowchart illustrating the sequential steps and processes of the study.

3.7.  Sample processing
3.7.1. Isolation of peripheral blood mononuclear cells

To isolate peripheral PBMCs from the collected blood samples, we employed the Ficoll-
Paque technique (Global Life Sciences Solutions, Marlborough, MA, USA). This method
utilizes a density gradient medium, Ficoll-Paque, which facilitates the separation of
different cellular components based on their density. The blood samples were first diluted
1:1 in 1X phosphate buffered saline (PBS), and the diluted blood was then layered on top
of Ficoll-Paque PLUS solution. After centrifugation at 2000rpm for 30 minutes at 20°C,
the blood cells underwent differential migration, leading to the formation of distinct layers
consisting of various cell types. (Figure 3.3). PBMCs were collected from the interface
layer between the PBS and Ficoll-Paque PLUS. Then PBMCs were washed with a PBS
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twice to eliminate platelets, Ficoll-Paque PLUS, and any remaining plasma. After
determining the viable count of PBMCs, the PBMCs were transferred to cryovials along
with freezing medium containing 10% dimethyl sulfoxide (DMSQO). The cryovials were
placed in a Mr. Freezie and after 24 hours they were stored at -80°C for further analysis.

Layers before Layers after
centrifugation centrifugation

Whole blood Centrifugation Plasma

LD
[ '\
/4 \{
)

[ PBMCs (interphase)

Ficoll

Ficoll Granulocytes

RBCs

A\ 4

Figure 3.3: Isolation of PBMCs using Ficoll-Paque

3.7.2. lsolation of Lymphomononuclear cells

For the isolation of lymph node mononuclear cells from fresh lymph node biopsies, we
utilized a single cell suspension technique. This technique involved dissociating the tissue
into individual cells, enabling the separation and isolation of specific cell populations
(LMNC:s). To sterilely harvest the lymph node, it was placed in a conical tube with PBS.
In a hood, a 70uM cell strainer was placed in a petri dish, and the lymph node and PBS
were poured into the strainer. Using the backside of a syringe plunger, the lymph node was
mashed and passed through the strainer, ensuring fluid flow into the petri dish. Once fully
dissociated, the strainer was placed back on the conical tube, and the liquid was filtered
through a 70uM cell strainer using a pipette. Additional rinsing with PBS was done to

maximize recovery. The tube was then filled to 50mL with PBS. For cell counting, 10uL
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of the solution was taken and the remaining 50mL conical tube with lymph node cells was
placed on ice. The tube was centrifuged at 1200 RPM for 10 minutes, the supernatant was
removed, and freezing media was added. The pellet was gently resuspended by pipetting,
and 1mL of the solution was transferred into each cryovial. The cryovials were placed in a

Mr. Freezie for at least 24 hours before storing them in -80°C.

3.7.3. Trypan blue staining

To ensure the quality of the isolated cells, viability and cell count assessments were
performed. To perform Trypan blue staining for cell counting, we started by preparing a
cell suspension through cell harvesting. The suspension was then appropriately diluted to
achieve a suitable concentration for counting. Next, an equal volume of the diluted cell
suspension was mixed with Trypan blue dye using a 1:1 dilution. The stained cell
suspension was loaded onto a counting chamber or hemocytometer, allowing the cells to
settle and distribute evenly. Under a microscope at 100X magnification, the viable
(unstained) and non-viable (stained) cells were observed and counted within the designated
grids or squares of the counting chamber. The total cell count and viability were calculated
based on the obtained numbers. The viability percentage was determined by dividing the
total number of viable cells per ml of the aliquot by the total number of cells per ml of the

aliquot and multiplying by 100.

Viable cells (%) = total number of viable cells per ml of aliguot x100
total number of cells per ml of aliquot

Most of the samples demonstrated viability exceeding 90%, indicating that the isolated
cells were of good quality and suitable for subsequent analysis. Following isolation, both
the PBMCs and LMNCs were stored at -80°C in 10% dimethyl sulfoxide (DMSO) (Thermo
Fisher Scientific, Waltham, MA, USA) until DNA extraction was conducted.

3.7.4. Serum and plasma isolation

To isolate serum and plasma, blood samples were collected using appropriate tubes or
containers. For serum collection, the samples allowed to clot, resulting in the separation of
serum from the clot. In contrast, for plasma isolation, the collected blood samples were

directly subjected to centrifugation. After clot formation, centrifugation was carried out at
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1500% g for 10 minutes. Following centrifugation, the serum or plasma was carefully
separated and transferred into separate vials using pipettes. Finally, the isolated serum and

plasma samples were stored at -80°C in a freezer for future use and analysis.

3.8. Extraction of Genomic DNA

Two 5um FFPE tissue samples were deparaffinized using a ready-to-use deparaffinization
solution (QIAGEN, Hilden, Germany). The solution was added to the samples, facilitating
the removal of the paraffin from the tissue. Subsequently, DNA extraction from the FFPE
samples was conducted using the QlAamp DSP DNA FFPE tissue kit (QIAGEN, Hilden,
Germany). For the extraction of genomic DNA from the PBMCs and LMNCs, we followed
the manufacturer's instructions and employed the QlAamp mini-DNA kit (QIAGEN,
Hilden, Germany). This kit provided the necessary reagents and protocols for efficient
DNA extraction.

The final elusion volume for the extracted DNA differed depending on the sample type.
For the FFPE DNA, the elusion volume was 40uL, while for the DNA extracted from
PBMCs and LMNCs, the elusion volume was 100uL. These elusion volumes ensured
enough DNA for subsequent analysis. To assess the concentration and quality of the
extracted DNA, we utilized both the Qubit (Invitrogen, Waltham, MA, USA) and
Nanodrop (Thermo Scientific, Waltham, MA, USA) spectrophotometers. The DNA
concentration was measured using the Qubit, and the range varied from 8.6 ng/uL up to
908.4 ng/uL. The quality of the DNA was determined by measuring the absorbance at
260/280 nm using the Nanodrop spectrophotometer, with values ranging between 1.7 and
2.2. A 2uL volume of elution was used to determine the quality and quantity of the
extracted DNA.

3.9. Serology of EBV using VCA IgG antibody using ELISA

To determine the presence of EBV IgG antibodies, we employed the BioPlex 2200 EBV
IgG kits on a BioPlex 2200 Analyzer (Bio-Rad, Hercules, CA, USA) following the
manufacturer's instructions. Serum samples collected from the study participants were used
for the serological detection of EBV. The BioPlex 2200 Analyzer, along with the EBV 1gG
kits, allowed us to measure the levels of EBV IgG antibodies present in the serum samples.
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The results of the EBV IgG antibodies were categorized based on the antibody index (Al).
The interpretation criteria for the results were as follows: Al < 0.8 indicated a negative
result, Al 0.9-1 indicated an equivocal or intermediate result, and AI > 1.1 indicated a
positive result. To ensure the accuracy and reliability of the test, we included internal
positive and negative controls as part of the analysis. These controls served as reference

points to validate the performance of the test and ensure the accuracy of the results.

3.10. Detection of the EBV EBNAL gene using real time gPCR

The presence of EBV was detected using real-time quantitative PCR (QPCR) using a Viia7
gPCR machine (Applied Biosystems, Waltham, MA, USA). For each gPCR reaction, 10
ng of DNA was used as the starting material. The reaction mixture consisted of 5 pL of 2x
Fast SYBR green master mix (Applied Biosystems), 0.25 pL of forward primer (10 pM),
0.25 pL of reverse primer (10 uM), 2.5 pL of distilled water, and 2 pL of DNA with a
concentration of 5 ng/uL, resulting in a total reaction volume of 10 puL. The qPCR reaction
consisted of 40 cycles, with denaturation at 95°C for 1 second, annealing at 60°C for 20

seconds, and extension at 70°C for 30 seconds.

To quantify the EBV viral load, we used 12 standards for the EBNAL gene and the ACTB
gene. The gPCR reaction for the standards used a total volume of 10 uL, including 5 pL of
2x Fast SYBR green master mix (Applied Biosystems), 0.25 uL of forward primer (10
pUM), 0.25 pL of reverse primer (10 uM), and 2.5 pL of distilled water, along with 2 pL of
the ACTB standards. The thermal profile for the reaction was denaturation at 95°C for 1
second, annealing at 60°C for 20 seconds, and extension at 70°C for 30 seconds, with a

total of 40 cycles.

3.11. Reference strains and cell lines

To validate the accuracy of the assay, we used the Raji cell line as a positive control and
the K562 cell line as a negative control. These cell lines, obtained from the American Type
Culture Collection (ATCC), were stored in the laboratory (ATCC numbers CCL-86 and
CCL-243, respectively). For genotyping, the B95-8 cell line (ATCC VR-1492) was used
as a representative of EBV type 1, and the Jijoye cell line (ATCC CCL-87) was used as a
representative of EBV type 2.
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The EBNAL gene standard was derived from the EBNA1 amplicon with an accession
number of EBNA1-NC_007605.1 (Figure 3.4). The stock concentration of the standard
was 1.98 ng/uL, and the standards were prepared by twofold dilutions, resulting in a range
of concentrations from 2.6 x 106 copies/pL to 1.2 x 103 copies/pL.

EBNA1-NC_0O07605.1.dna (Linear / 86,350 bp)

GGAGCAGGAGGGGCAGGAGGGGCAGGAGCAGGAGGAGGGGCAGGAGGGGCAGGAG
1 1 M 1 1

+ t T t 1 85,195
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EBNA1-NC_007605.1.dna (Linear / 86,350 bp)
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Figure 3.4: EBNA1 amplicon primer sequence sites (sequence number; Forward-85,519-
85,538; Reverse 85,566-85,586)

The ACTB gene, which served as a housekeeping gene for normalizing the host genome
DNA, was obtained from Homo sapiens with an accession number of NM_001101.5
(Figure 3.5). The stock concentration of the ACTB standard was 4.3 ng/uL, and the
standards were prepared through twofold serial dilutions, ranging from 8.2 x 105 copies/pL

to 4 x 102 copies/pL.

56



NM_001101.5 Homo sapiens actin beta (ACTB), mRNA.dna (Linear / 1812 bp)
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Figure 3.5: ACTB amplicon primer sequence sites (sequence number; forward 707-726;
reverse 794-814)

3.12. Standard curves design

For the design of the EBV standard curve, a reference standard with known
concentrations of EBV for both EBNA1 and ACTB genes was obtained. Serial dilutions
of the reference standard were prepared to establish the dynamic range of real-time
quantitative PCR. The Ct values obtained from the analysis of 12 different
concentrations of the standards were then plotted against the logarithm of the known
concentrations, resulting in the generation of a standard curve. Subsequently, the
standard curve was utilized to quantify EBV levels in the study samples by
interpolating the Ct values. All the standards, samples, and controls were run in
triplicate to ensure reproducibility. The CT values obtained from the gPCR were used
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to generate a standard curve for quantification. The CT values of each standard were
calculated and converted into EBV copies/mL to obtain the EBV viral load using the
AACt method (Figure 3.6).

Amplification Plot

1EM1

1E0

ARN

2001 BRI

Figure 3.6: The amplification curve for EBV detection and quantification by targeting the
EBNAL gene.

3.13. EBV typing using EBNA3C gene

EBV typing was determined by targeting EBNA3C gene using a specific primer designed
to distinguish between EBV type 1 and type 2. The primer sequences are provided in Table
3.1 and were designed to target the region of divergence between EBV type 1 (B95
coordinate 87,651-87,669) and EBV type 2 (B95-8 coordinate 87,803-87,783) (Kafita et
al., 2018). These coordinates correspond to the nucleotide sequences in the reference
genome (accession number: NC_007605.1). The PCR reaction was performed in a total
volume of 20 pL, which included 10 pL of NEBNext Q5 Hot Start HiFi PCR Master Mix
(New England Biolabs, Ipswich, MA, United States), 1 pL of forward primer (10 uM), 1
ML of reverse primer (10 uM), 3 uL of distilled water, and 5 pL of DNA sample with a

total concentration of 50 ng.
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The PCR reaction consisted of an initial denaturation step at 98°C for 30 seconds, followed
by 50 cycles of denaturation at 98°C for 10 seconds, annealing at 68°C for 30 seconds, and
extension at 72°C for 10 seconds. After PCR amplification, 2% agarose gel electrophoresis
was performed to visualize the PCR products. For reference, the B95-8 cell line (ATCC
VR-1492) was used as a representative of EBV type 1, and the Jijoye cell line (ATCC
CCL-87) was used as a representative of EBV type 2. These cell lines were obtained from
the American Type Culture Collection (ATCC) and stored in the laboratory. Differentiation
between EBV type 1 and type 2 genotypes was achieved by observing the size of the
amplification products, with a product size of 153 bp indicating EBV type 1 and a product
size of 246 bp indicating EBV type 2.

Table 3.1: Primer sequences for EBV detection and genotyping

PCR Reactions Forward Reverse

EBNAl TCATCATCATCCGGGTCTCC CCTACAGGGTGGAAAAATGGC
ACTB TCGTGCGTGACATTAAGGAG CAGGCAGCTCGTAGCTCTTC
EBNA3C AGAAGGGGAGCGTGTGTTG GGCTCGTTTTTGACGTCGG

3.14. Bisulfite conversion of DNA for methylation assay

For the bisulfite conversion of DNA, we utilized the EZ DNA Methylation kit (Zymo
research, CA, USA) according to the manufacturer's instructions (Figure 3.7). Each

bisulfite treatment involved using an input amount of DNA ranging from 500 ng to 2 ug.
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Figure 3.7: The general procedure for DNA bisulfite conversion using the EZ DNA
Methylation Kit

3.15. Region-specific quantitative DNA methylation analysis using
methylation-iPLEX

EBV DNA methylation analysis was carried out using methylation-iPLEX (Giacopelli et
al., 2019). iPLEX capture and extension primers were designed to amplify and target EBV
CpGs from bisulfite-converted DNA sequences using the Typer4.0 software (Agena
Biosciences, Sandiago, USA). Capture primers were designed to overlap at least 3 non-
CpG cytosines to ensure amplification of bisulfite-converted DNA only. For extension
primer design, CpGs of interest were treated as a C/T nucleotide polymorphism, reflecting

methyl cytosine and cytosine after bisulfite conversion (Table 3.7).

For the methylation-iPLEX workflow, we followed the iPLEX method (Agena
Biosciences, Sandiago, USA). Briefly, regions around CpGs of interest are amplified in a
multiplexed capture PCR reaction followed by treatment with Shrimp alkaline phosphatase
to dephosphorylate unincorporated dNTPs. A multiplexed single base extension PCR was
then performed using mass modified terminator nucleotides and primers that anneal
immediately 5’ to the CpGs of interest. Following desalting, samples are dispensed onto
the Spectro CHIP array for analysis by MALDI-ToF (Shimadzu instruments, Maryland,

USA). The ratio of the extension products is reported directly as the percent methylation.
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Samples were dispensed using the RS1000 nano dispenser and analyzed using the Mass
ARRAY Analyzer4 system in 384 sample chip formats. For data quality control, single
CpG measurements displaying less than 80% primer extension or combined extended peak

areas (methylated + unmethylated) <10 intensity units in the mass spectrum were excluded
(Giacopelli et al., 2019).
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Figure 3.8: IPLEX assay procedure for determination of EBV DNA methylation status

3.16. EBV capture sequencing
3.16.1. Library preparation

We have used KAPA HyperPrep Kit (Roche diagnostics, IN, USA) for performing the

library preparation for EBV capture sequencing using Illumina. The protocol begins with
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input recommendations, where libraries are prepared from fragmented DNA between 150-
350 bp using third-party library preparation Kits. For this capture sequencing, we have used
500 ng of DNA as a starting material. The protocol requires specific consumables and
equipment, including xGen Lockdown Probe Pools, xGen Hybridization and Wash Kit,

blocking oligos, xGen Universal Blockers, and other items from IDT and other suppliers.

3.16.2. EBV genome capture

The workflow consists of several steps. The steps include performing the hybridization
reaction by combining the library and probe pool, followed by incubation and capturing of
target DNA fragments. Buffers are prepared for the hybridization and wash steps, and
Streptavidin beads are washed to remove unbound DNA fragments and contaminants. Bead
capture is performed by incubating the Streptavidin beads with the captured DNA,
followed by additional washes to remove non-specifically bound DNA fragments. Post-
capture PCR is then conducted to amplify the captured DNA fragments, and the resulting
PCR fragments are purified to remove unwanted artifacts and contaminants. The captured
library is validated and quantified using appropriate methods, and finally, sequencing of
the captured library is performed using next-generation sequencing platforms. Figure 3.9
illustrates the overall workflow of EBV capture sequencing. The detailed procedure for
Library preparation (Annex 10) and Illumina capture sequencing can be found in the
Annex 11.
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sequencing applications)
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Figure 3.9: The overall work flow of EBV capture sequencing using KAPA HyperPrep
Kit.
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3.17. Phylogenetic tree analysis

Phylogenetic trees were built using the identified variants as input for the IQTREE2 tool.
IQTREE2 is a fast and effective stochastic algorithm to infer phylogenetic trees by
maximum likelihood. IQTREE2 has been run with the following parameters: B 1000: to
enable the ultrafast bootstrap (UFBoot) approximation with 1000 replicates,
which provides approximately unbiased branch support values. m MFP: to
enable ModelFinder, which automatically selects the best-fit model to infer the maximum-
likelihood tree. bnni: to reduce the risk of overestimating branch supports with UFBoot

due to severe model violations. These phylogenomic trees have been generated using two

layouts: a classic layout and a semi-circular one.

3.18. Quality assurance

The research quality was assured through three main phases, with each phase characterized

by specific measures:
Phase I: Pre-Analytical

< Ethical approval for the research proposal was obtained from the relevant
department, college, and national ethical review committees, ensuring compliance

with ethical standards.

< The laboratory setup was prepared, and specific training was undertaken to ensure

proper handling of samples and data.

< Study participants were recruited based on predefined inclusion criteria, ensuring a

representative sample population.

< Sample and data collection were performed in collaboration with nurses,

phlebotomists, and surgeons, following standard protocols.

< Samples and isolated DNA were preserved at -80 degrees Celsius to maintain

sample integrity.
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Phase I1: Analytical

< Qualified laboratory experts and senior advisors were involved in the analysis,
specifically for epigenomic and genomic analysis.

< Standard Operating Procedures (SOPs) were strictly followed during all study

protocols to maintain consistency and accuracy.

< Bioinformaticians played a crucial role in analyzing the genomic data, ensuring
accurate interpretation and analysis.

Phase I11: Post-Analytical

< All clinical, demographic, and laboratory findings were meticulously entered into

computer software, ensuring accurate data management.

< Manuscript writing was undertaken and the results were disseminated to the

scientific community through conferences.

3.19. Data analysis

Data entry and analysis was performed using Statistical Package for the Social Sciences
(SPSS) version 26 software. Descriptive statistics were computed to provide a summary of
the data. To assess the association between EBV detection, viral load, EBV typing and
other sociodemographic and clinical variables, the Pearson Chi-square test was employed.

Statistical significance was determined for associations with p-values below 0.05.

DNA methylation data from iPLEX were quality-filtered based on number of obtained
methylation values per samples, with the lowest quality sample tertile removed (amounting
to samples with >50% of data excluded due to technical peak intensity threshold).
Hierarchical clustering was carried out using Cluster 3.0 V1.52 (De Hoon et al., 2004)
with Euclidean Distance metric and TreeView (Saldanha, 2004) for visualization. Principal
Component analysis (PCA) was generated with Qlucore Omics Explorer V3.8. Box- and

Violin plots were generated using BoxPIlotR (Spitzer et al., 2014) and Vioplot (Adler &
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Kelly, 2005), respectively. Statistical analysis of inter-group differences was carried out

using Fisher exact test and Student’s t-test.

Analysis of the capture sequencing involves trimming adapters and filtering low-quality
bases from the sequencing reads. Adapters are sequences that are ligated to the DNA
fragments before sequencing and need to be removed to avoid interference in subsequent
analysis. Low-quality bases, which can arise due to sequencing errors or technical factors,
also need to be filtered out to ensure the accuracy of downstream analysis. Once the
preprocessing steps are completed, the reads are aligned against the reference genomes of
the host (human) and other potential contaminants, such as the Illumina PhiX spike-in. This
alignment helps identify and remove reads that originate from the host or other sources,
ensuring that subsequent analysis focuses on EBV. For the unmapped reads that do not
align to the host or other contaminants, a secondary alignment step is performed against
the reference genomes of EBV Types | (NC_007605.1) and Il (NC_009334.1). This step
aims to identify and categorize reads that potentially originate from the EBV virus. To
avoid counting duplicate reads multiple times, a marking process is implemented to flag
and remove duplicated reads. These duplicated reads are not considered in the subsequent

variant calling analyses.

The analysis of the sequencing data involved several software tools. First, fastqc v0.12.1
was used to conduct a quality check of the FASTQ data, evaluating the overall sequencing
data quality. Subsequently, fastp v0.23.4 was applied for trimming and quality filtering of
the FASTQ files. This step aimed to remove low-quality reads and adapter sequences from
the data. To address potential contamination in the FASTQ data, a combination of bowtie2
v2.4.4, samtools 1.17, and picard v3.1.0 was employed. Bowtie2 performed the alignment
of the reads against a contaminant database, while samtools and picard facilitated the
removal of the aligned reads corresponding to contaminants. For the extraction and
alignment of reads associated with the EBV, bwa-mem2 v2.2.1 was utilized. This specific
tool conducted the alignment of the reads against the EBV reference genome, allowing for
the identification of EBV-associated sequences.
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In the subsequent steps, variant calling was performed using lofreq v2.1.5, normalizing the
identified variants with vt v0.57721--heae7c10_3. Finally, variant annotation was
accomplished using snpeff v5.1d and snpsift v5.1d, providing functional annotations for

the identified variants.

3.20. Ethical clearance

Ethical clearance was secured from Department of Microbiology, Immunology and
Parasitology (Meeting number: DRERC/004/2021), College of Health Sciences
Institutional Review Board (Protocol number: 056/21/DMIP), Addis Ababa University and
National Ethical Review Committee (Reference number: 8/182/552/22).

Both verbal and written consent were obtained prior to collecting samples from each
patient. Patient confidentiality was strictly maintained throughout the process, as their
identification was not disclosed. Instead, laboratory IDs were assigned for data and sample
collection purposes. To ensure the security of the collected information, it was stored

confidentially on a password-protected computer.
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CHAPTER 4. RESULTS

4.1. Sociodemographic and Clinico-pathological characteristics

A total of 305 participants were enrolled in this study. Among them, 133 individuals were
included based on retrospectively collected FFPE lymphoma blocks, while 120 participants
were confirmed lymphoma patients. The remaining 52 participants were suspected to have

lymphoma.

In terms of gender distribution, n = 197 (64.6%) of the study participants were male, with
a male-to-female ratio of 1.8 to 1. The age of the participants varied from 3 to 85 years,
with a mean age of 38 + 17.5 years (standard deviation). The age group between 41 and 50
years had the highest number of participants n = 69 (22.6%). Sociodemographic and
clinical profiles of the study participants are provided in Table 4.1.

Table 4.1: Demographic and clinical characteristics of the study participants.

Characteristics Number Percent

Study participants (n = 305)

FFPE blocks 133 43.6
Confirmed lymphoma subjects 120 39.3
Suspected lymphoma subjects 52 17

Sex
Male 197 64.6
Female 108 354

Age at diagnosis

<20 50 16.4
21-30 58 19.0
31-40 59 19.3
41-50 69 22.6
51-60 34 111

>61 32 10.5

Not applicable 3 1
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HIV status (n = 172)

Positive 29 16.9

Negative 122 70.9

Unknown 21 12.2
Lymphoma types

Hodgkin’s lymphoma 91 29.8

Non-Hodgkin’s lymphoma 197 64.6

Non-lymphoma (from
_ 17 5.6
suspected subjects)

4.2.  Histopathological Profiles

Out of the total 305 study participants, 288 individuals were diagnosed with lymphoma
based on confirmed pathology reports. On the other hand, 17 patients initially suspected to
have lymphoma were found to be negative for the disease after obtaining a pathology
report. Consequently, these non-lymphoma patients were excluded from further analyses.

Among the 288 lymphoma patients, n = 91 (32%) were classified as Hodgkin’s lymphoma
patients and n = 197 (68%) were categorized as non-Hodgkin’s lymphoma patients. Within
the NHL subgroup, most cases were small lymphocytic lymphomas (SLLs), accounting for
18% (n = 52) of the total NHL patients. Other NHL subtypes included diffuse large B cell
lymphoma (DLBCL) with 13% (n = 37), Burkitt lymphoma (BL) with 4% (n = 10),
follicular lymphoma (FL) with 2% (n = 6), mantle cell lymphoma (MCL) with 1% (n = 3),
T cell lymphoma (TCL) with 1% (n = 3), low grade lymphoma with 0.7% (n = 2), mucosa-
associated lymphoid tissue lymphoma (MALT L) with 0.3% (n = 1), marginal zone B cell
lymphoma (MZBCL) with 0.3% (n = 1), extranodal natural killer/T cell lymphoma
(ENKTCL) with 0.3% (n = 1), and the remaining cases were NHL subtypes not otherwise
classified(n = 81.28%) (Figure 4.1).
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Figure 4.1: Histologic subtypes of lymphoma in all study participants (n = 288).
Abbreviations: DLBCL.: diffuse large B cell lymphoma; BL: Burkitt lymphoma; HL.:
Hodgkin’s lymphoma; NHL: non-Hodgkin’s lymphoma—not otherwise specified; SLL:
small lymphocytic lymphoma; FL: follicular lymphoma, MCL: mantle cell lymphoma;
MALT L: mucosa-associated lymphoid tissue lymphoma; MZBCL: marginal zone B cell

lymphoma; ENKTCL.: extranodal natural Kkiller/T cell lymphoma; TCL: T cell lymphoma.

There was a higher prevalence of male patients in both HL and NHL groups. Among the
91 HL patients, 64.8% (n = 59) were male, while among the 197 NHL patients, 67% (n =
132) were male (Figure 4.2a). HL was more predominant in the age group younger than
20 years old, accounting for 60.4% (n = 29) of cases within that age range. On the other
hand, a higher proportion of NHL patients were found in the age group of 51-60 years old,
comprising 91% (n = 30) of cases within this age group (Figure 4.2b). Out of the total HL
patients, 9.9% (n = 9) were found to be HIV-positive. Similarly, among the NHL patients,
8.6% (n = 20) were HIV-positive. Among the NHL patients who were HIV-positive, 45%
(n =9) of them were diagnosed with DLBCL.
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Figure 4.2: Distribution of sex and age groups with the lymphoma types. (a) The
distribution of different lymphoma types with sex; (b) the distribution of different
lymphoma types with age group. Abbreviations: HL: Hodgkin’s lymphoma; NHL: non-
Hodgkin’s lymphoma.

4.3.  Seroprevalence of EBV

A total of 164 serum samples were collected from both suspected and confirmed lymphoma
patients to test for EBV VCA IgG. Among these samples, 150 were subjected to serological
analysis (49 from HL patients and 101 from NHL patients). The remaining 14 samples
were excluded from further analysis due to non-lymphoma reports obtained from
pathologies of suspected patients cohort groups.

Out of the 150 serum samples analyzed, 96% (n = 144) of the study participants were tested
as positive for the EBV IgG antibody. However, 3.3% (n = 5) tested negative and 0.07%
(n = 1) showed an intermediate result for EBV 1gG antibodies, respectively. From the
different lymphoma types, EBV 1gG was detected in the serum of 98% (n = 48) of HL
patients and 95% (n = 96) of NHL patients. Among the different types of NHL, it was
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observed that some patients with T cell lymphoma (TCL), mantle cell lymphoma (MCL),
and small lymphocytic lymphoma (SLL) were EBV seronegative. Specifically, out of the
total number of TCL patients, one out of two individuals were found to be EBV
seronegative. Similarly, among MCL patients, one out of three patients lacked EBV
seropositivity. Among SLL patients, 2 out of 13 individuals were EBV seronegative. There
was no statistical significance between the HL and NHL types and EBV serology was

observed (p-value = 0.64) (Figure 4.3).
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Figure 4.3: Serological detection of the EBV among different lymphoma types in Ethiopia.
Abbreviations: DLBCL.: diffuse large B cell lymphoma; BL: Burkitt lymphoma; HL:
Hodgkin’s lymphoma; NHL-NOS: non-Hodgkin’s lymphoma—not otherwise classified;
SLL: small lymphocytic lymphoma; FL: follicular lymphoma, MCL: mantle cell
lymphoma, ENKTCL.: extranodal natural killer/T cell lymphoma; TCL: T cell lymphoma;
Low grade NHL: Low grade non-Hodgkin’s lymphoma.

Regarding gender distribution, 95.8% of male participants and 96.3% of female
participants were seropositive for the EBV and there was no statistically significant
association between sex and EBV serology (p-value = 0.31). Among the 28 HIV-positive
study participants, 26 had their EBV serology tested, and all of them (100%) were found
to be EBV seropositive. Two serum samples were not collected from HIV-positive patients
from the suspected groups due to unwillingness to give their blood sample. Among the 106
HIV-negative patients, 94.3% (n = 100) were seropositive for the EBV. All 18 patients
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who were unaware of their HIV status were seropositive for the EBV and there was no

significant association between HIV status and EBV serological positivity (p-value = 0.63).

Table 4.2 summarizes the serological findings related to EBV infection within various

datasets.

Table 4.2: Associations of sociodemographic and clinical data with EBV serology.

Characteristics VCA IgG

VCA IgG

VCA IgG

Total (n) p-Value

(n =150) Negative (n) Intermediate (n) Positive (n)

Age 0.56
<20 years 1 0 15 16

21-30 years 0 0 37 37

31-40 years 0 1 32 33

41-50 years 2 0 36 38

51-60 years 1 0 12 13

>60 years 1 0 12 13

Sex 0.31
Male 4 0 92 96

Female 1 1 52 54

HIV status 0.63
HIV positive 0 0 26 26

HIV negative 5 1 100 106

Unknown 0 0 0 18

Lymphoma type 0.64
Hodgkin’s

lymphoma 0 % 9
Non-Hodgkin’s L 9% 101

lymphoma
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4.4. Molecular detection and viral load of EBV DNA

Among the 288 lymphoma patients, the EBV was detected in 99% (n = 285) of the cases.
The quantification of EBV copies/mL ranged from 10% to 10° copies/mL, with a median
viral load count of approximately 1.1 x 10° EBV copies/ml. Based on the limit of detection
of the assay and using the negative control, the EBV viral copy numbers were categorized
into three groups: high, low, and very low. A high EBV viral load (>10,000 EBV
copies/mL) was observed in 56.3% (n = 162) of the study participants, while 16% (n = 46)
had a low EBV viral load (5000-10,000 EBV copies/mL) and 27.8% (n = 80) had a very
low EBV viral load (<5000 EBV copies/mL).

When analyzing different lymphoma types, a high EBV viral load was found in 59.3% (n
= 54) of Hodgkin’s lymphoma patients and 54.8% (n = 108) of non-Hodgkin’s lymphoma
patients. Among NHL patients, those with DLBCL had the highest prevalence of high EBV
viral loads, with 67.6% (n= 25) of the 37 DLBCL patients exhibiting high EBV viral loads.
This was followed by BL, with 50% (n = 5) of 10 cases, SLL with 46% (n = 24) of 52
cases, and FL with 33.3% (n = 2) of 6 cases. However, no significant association was
observed between different lymphoma types and EBV viral loads (p-value = 0.11).

In terms of sample types, tissue biopsy samples collected from suspected lymphoma
patients showed a higher EBV viral load compared to retrospectively collected FFPE
blocks and blood samples obtained from confirmed lymphoma patients. Among the
samples, 94.3% of DNA extracted from LMNCs had a high EBV viral load. However,
72.5% of the DNA extracted from PBMC samples and 31.6% of DNA from FFPE
lymphoma block samples exhibited a high EBV viral load (>10,000 EBV copies/mL).
There was a significant association between different sample types and EBV viral loads
(p-value < 0.001). Specifically, DNA isolated from lymph node biopsies had a higher EBV
viral copy number compared to DNA samples extracted from blood and FFPE block

samples.

The analysis also revealed that high EBV viral copy numbers were detected in 56% (n =
107) of male participants and 56.7% (n = 55) of female participants. However, no

significant association between sex and EBV viral load was found (p-value = 0.99).
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Furthermore, among the different age groups, 73.5% (n = 39) of individuals in the young
age group (21-30 years) exhibited a higher EBV copies/mL value compared to the other
age groups. Nevertheless, there was no significant association between age groups and
EBV viral loads (p-value = 0.49). Among the 28 lymphoma patients who were HIV-
positive, 85.7% (n = 24) had a high EBV viral load. Similarly, among the 109 lymphoma
patients who were HIV-negative, approximately 73.4% (n = 80) had a high EBV viral load.
There was a significant association between HIV positivity in lymphoma patients and a
higher EBV viral load (p-value < 0.01) (Table 4.3).

Table 4.3: The distribution of EBV viral load among lymphoma patients in Ethiopia.

characteristics <5000 EBV 5000-10,000 EBV >10,000 EBV Total p-Value
Copies/mL Copies/mL Copies/mL

j;l;(jy participants (n = <001

FFPE blocks 77 (57.8%) 14 (10.5%) 42 (31.6%) 133

Lymphoma patients 3 (2.5%) 30 (25%) 87 (72.5%) 120

Suspected lymphoma

atients 0 (0%) 2 (5.7% 33(94.3%) 35

Age 0.78

<20 years 18 (37.5%) 9 (18.7%) 21 (43.8%) 48

21-30 years 8 (15.1%) 6 (11.3%) 39 (73.6%) 53

31-40 years 15(28.3%) 11 (20.7%) 27 (51%) 53

41-50 years 16 (23.9%) 7 (10.4%) 44 (65.7%) 67

51-60 years 12 (36.4%) 7 (21.2%) 14 (42.4%) 33

>60 years 10 (32.2%) 6 (19.3%) 15 (48.4%) 31

Not applicable 1 (33.3%) 0 (0%) 2 (66.7%) 3

Sex 0.97

Male 53 (27.7%) 31 (16.2%) 107 (56%) 191

Female 27 (27.8%) 15 (15.5%) 55 (56.7% 97

HIV status <0.01
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HIV positive 0 (0%) 4 (14.3%) 24 (85.7%) 28

HIV negative 3 (2.7%) 26 (23.9%) 80 (73.4%) 109
Unknown 77 (51%) 16 (10.6%) 58 (38.4%) 151
Lymphoma type 0.65
Hodgkin’s lymphoma 22 (24.2%) 15 (16.5%) 54 (59.3%) 91
Non-Hodgkin’s

58 (29.4%) 31 (15.7%) 108 (54.8%) 197
lymphoma

4.5. EBV genotypes among lymphoma patients

4.5.1. Sociodemographic and clinical characteristics

A total of n = 207 DNA samples was collected from FFPE, PBMCs, and LMNCs for EBV
detection and subtyping. A total of 63 (30.4%) DNA samples were isolated from FFPE
lymphoma blocks, 118 (57%) from PBMCs, and 26 (12.6%) of the DNA samples were
extracted from LMNCs. Most of the study participants were male patients (n = 135,
65.2%). The study participants age ranged from 3 to 80 years, with a mean age of 38.91 +
16.94 SD years. The overall clinical and sociodemographic data of the study participants

are listed in Table 4.4.

Table 4.4: Clinical and sociodemographic profile of the study participants for EBV
typing (n=207)

Characteristics Number Percent

Study participants (n = 207)

FFPE blocks 63 30.4
Lymphoma patients 144 69.6
Sex

Male 135 65.2
Female 72 34.8
Age

<20 years 32 155

76



21-40 years 79 38.2

41-60 years 75 36.2
>61 years 20 9.7
Not applicable 1 0.5
HIV status

Positive 28 13.5
Negative 98 47.3
Unknown 81 39.2
Lymphoma types

Hodgkin’s lymphoma 70 33.8
Non-Hodgkin's lymphoma 137 66.2

Out of the 137 non-Hodgkin’s lymphoma (NHL) study participants, the majority (n = 35,
25.5%) were small lymphocytic lymphoma (SLL) patients, followed by diffuse large B cell
lymphoma patients (n = 33, 24.1%). The distribution of the different lymphoma types in
the study participants showed in Figure 4.4. Male patients comprised 65.7% (n = 46,) and
65% (n = 89) of HL and NHL patients, respectively. The predominant age group in HL
patients was the younger population. A total of 32 (45.7%) of HL patients were categorized
between the age of 20 and 40. However, in NHL patients, the majority (n = 63, 46.3%) of
patients were categorized under the age group between 40 and 60 years. Among NHL
patients, HIV prevalence was higher (n =9, 27.3%) in DLBCL patients than in the other

NHL types.
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Figure 4.4: Distribution of lymphoma types among the study participants (n = 207).
Abbreviations: DLBCL: diffuse large B cell lymphoma; BL: Burkitt lymphoma; HL:
Hodgkin’s lymphoma; NHL: non-Hodgkin’s lymphoma; SLL: small lymphocytic
lymphoma; FL: follicular lymphoma; MCL: mantle cell lymphoma; ENKTCL: extranodal

natural killer/T-cell lymphoma.; MALT: mucosa-associated lymphoid tissue lymphoma.

4.5.2. EBV genotyping using EBNA3C gene typing
Out of the 207 lymphoma patients, 52.2% (n = 108) had EBV genotype 1, while 79 (38.2%)

had EBV genotype 2, and 20 (9.7%) were coinfected with both genotypes (Figure 4.5).
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Figure 4.5: Representation of EBV genotyping using EBNA3C gene typing using
conventional PCR. Numbers 1 to 10 refer to examples for patient sample PCRs, B95.8
refers a positive control for EBV genotype |, Jijoy refers to positive control for EBV

genotype 2, and Neg Ctl refers to EBV negative cell line used as control.

Next, we assessed if the type of EBV infection varied per sex, HIV status, and type of
lymphoma. Our results showed no difference between males and females in the type of
EBV genotype infection. However, a significant association between the age groups and
EBV genotypes was observed (p = 0.027). EBV genotype 1 was higher in age groups less
than 20 years (n = 20/32, 62.5%), while EBV genotype 2 was higher within the age group
of 21 to 40 (n=37/79, 46.8%). Among HIV-positive and EBV-positive lymphoma patients
(n = 28), EBV genotype 1, genotype 2, and coinfection was detected in 13 (46.4%), 12

(42.8%), and 3 (10.7%) of HIV-positive lymphoma patients, respectively (Table 4.5).
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Table 4.5: Distributions of EBV genotypes across sex, HIV status, and disease phenotype.

Characteristics EBV1 EBV2 Coinfections Total p-value
Age
<20 years 20 (62.5%) 11 (34.4%) 32
1 (3.1%)
21-40 years 39 (49.4%) 37 (46.8%) 3 (3.8%) 79
.070
41-60 years 36 (48%)  25(33.3%) 75 0.027
14 (18.7%)
>60 years 12 (60%) 6 (30%) 20
_ 2 (10%)
Not applicable 1
Sex
Male 70 (51.8%) 52 (38.5%) 13(9.6%) 135 0.99
Female 38 (52.8%) 27 (37.5%) 7(9.7%) 72
HIV status
HIV positive 13 (46.4%) 12 (42.9%) 3 (10.7%) 28
HIV negative 45 (45.9%) 42 (42.9%) 11 (11.2%) 98 0.169
Not applicable 50 (61.7%) 25 (30.9%) 6 (7.4%) 81
Lymphoma type
HL 37 (52.9%) 30 (42.6%) 3 (4.3%) 70 0.15
NHL 71 (51.8%) 49 (35.7% 17 (12.4%) 137

We next assed if the EBV genotype varies with the clinical form of the lymphoma disease.

Of the n = 137 NHL types, SLL (n = 35, 25.5%) and DLBCL (n = 33, 24.1%) comprise

most of the study population. From n = 35 SLL cases, EBV genotype 1 was detected in n

=16 (45.7%), EBV genotype 2 was detected in n = 12 (34.3%), and n =7 (20%) represented

coinfection with both genotypes. Of the n = 33 DLBCL cases, EBV genotype 1, EBV

genotype 2, and both types were detected in n = 18 (54.5%), n = 11 (33.3%), and n = 4

(12%) patients, respectively. There was no significant association between the different

NHL types and the distribution of EBV genotypes (p value = 0.92). The overall genotype
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distribution of EBV among different NHL types is indicated in figure 4.6a. Of the samples
with high EBV viral load (n = 147), EBV type 1 was detected in n =73 (49.7%), EBV type

2 inn =61 (41.5%), and both types in n = 13 (8.8%). There was no significant association

between EBV viral load and EBV genotypes (p value = 0.57). (Figure 4.6b).
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Figure 4.6: The magnitude of EBV genotypes. (A) EBV genotype distribution within
different non-Hodgkin’s lymphoma types; (B) EBV viral load status vs. EBV genotypes.
Abbreviations: DLBCL.: diffuse large B cell lymphoma; BL: Burkitt lymphoma; NHL.:
non-Hodgkin’s lymphoma; SLL: small lymphocytic lymphoma; FL: follicular lymphoma,
MCL: mantle cell lymphoma, ENKTCL: extranodal natural Killer/T-cell lymphoma.

MALT L: mucosa-associated lymphoid tissue lymphoma.

4.6.  Methylation profiles of EBV DNA

4.6.1. Sociodemographic and clinical characteristics

A total of 115 FFPE and plasma samples had enough methylation data for clustering. Out
of these 79 of them were FFPE samples collected from first cohort (2021) and the rest 36
samples were FFPE and plasma samples collected during the second cohorts. 65.2% (n=75)
were male patients’ majority (n=35, 30.4%) of the study participants were categorized
within the age group of 41-60 years. HL patient accounts 16.5% (n=19) and NHL patients
accounts 83.5% (n=96) of the study participants. Out of n=96 NHL patients, SLL accounts
28.1% (n=27) followed by DLBCL (n=24, 25%). The overall clinical and

sociodemographic characteristics of the study participants were showed in table 4.6.

Table 4.6: Sociodemographic and clinical characteristics of the study participants (n=115)

Characteristics Number Percent
Study cohorts
First batch (2021) 79 68.7%
Second batch (2022) 36 31.3%
Age
<20 years 19 16.5%
21-40 years 34 29.6%
41-60 years 35 30.4%
>60 years 26 22.6%
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Not applicable 1 0.9%

Sex
Male 75 65.2%
Female 40 34.8%
Lymphoma type
HL 19 16.5%
NHL 96 83.5%
NHL type
BL 5 5.2%
DLBCL 24 25%
ENKTCL 1 1%
FL 12 12.5%
MCL 7 7.3%
SLL 27 28.1%
Other NHL types 20 20.8%

4.6.2. EBV status

We performed EBER-ISH for the first 79 FFPE batch of samples. Of these, 6.3%(n=5) of
the tested samples showed EBV positivity confirming EBV associated lymphoma.
Whereas, 15.2 %(n=12) of the samples had rare or few EBER positive cells which was

concluded to be due to latent EBV infection

(Figure 4.7).
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Figure 4.7: EBV positivity among FFPE samples. EBER status: Five of EBV positive
lymphoma were EBER positive; Twelve with rare to some EBV positive cells in the
background; The rest were EBER negative

Furthermore, qPCR was employed to determine the EBV viral load in both batches of
samples. The analysis involved comparing the number of EBV copies per diploid cell with
the Raji cell line, which serves as a reference. This approach allowed us for the
quantification and comparison of the viral load across the samples in relation to the Raji
cell line, providing insights into the relative abundance of EBV within each batch (Figure
4.8).
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Figure 4.8: EBV viral load among different sample collection batch. (A) EBER positive
group and (B) EBER negative group from the first batch. (C) EBV viral load status of the

second batch.

4.6.3. CpG methylation of EBV genome

Of the different EBV genome methylation sites, we prefreed 24 EBV genes to assess the
methlation status of the EBV genome based on the the quality of data generated during the
analysis of the CpG cites. We excluded some CpG locus due to lower quality of data
generated for comaring the individual cpGs. According to our analysis of the 24 refrence
EBV genes the avarage methylation status of the lymphoma samples lie between 45% to
50%. Most of the samples had intermediate/polyclonal-like methylation and indicator of
non-clonal EBV origin (i.e. non-tumor cell derived). Further analysis of the correlation of

EBV viral load and EBV methylation suggests mostly non-lytic EBV release (Figure 4.9).
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Figure 4.9 CpG methylation status of EBV genome from lymphoma patients in Ethiopia;
(A) Methylation status of EBV vs different sociodemographic and clinical characteristics.
(B) Average methylation profiles of the samples in association with EBV viral load
(Outliers: mostly HL + with low methylation, potentially lytic (C) Analysis of

methylation status with the viral characteristics.

When we compare the methylation status, we observed a striking methylation
heterogeneity in patient diagnosed with HL (low and high methylation subtypes). However
similar CpG methylation status of EBV genes was observed among patients with NHL
subtypes. Similar to the case of HL, extremely high and low methylation status was

associated with patient age (Figure 4.10).
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Figure 4.10: Average CpG methylation status across different lymphoma types (A) and

patients age (B). The interquartile range of DNA methylation status among patient age

(C).
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Inorder to assess the diffrences in in the EBV methylation status across the different factors

such as sample batchs, sample types, lymphoma types and patient age, a t-SNE plot was

created to visualize the methylation status of EBV samples. Each data point in the plot

represents a sample, and the position of the data points reflects their similarity in terms of

methylation patterns. Samples with similar methylation profiles are positioned closer to

each other, while samples with dissimilar profiles are farther apart (Figure 4.11). The t-

SNE plot was manually annotated to highlight the similarities and differences in CpG

methylation among the samples (group 1-4). The analysis revealed a consistent

methylation profile pattern across the 2021 cohorts, as well as in patients with Hodgkin's

lymphoma belonging to group 1. Additionally, older patients displayed a similar

methylation status, indicating a potential association between age and methylation patterns.
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4.7.  EBV capture sequencing

4.7.1. Genomic characteristics

For EBV capture sequencing, a total of 110 EBV positive samples with a high viral load
were selected. These selected samples exhibited a higher viral load, and their EBV quantity
ratio with the Raji cell line was also determined. The minimum and maximum EBV viral
loads observed in these samples were 7,892 EBV copies/mL and 4,037,445 EBV
copies/mL, respectively. Among the samples, 58 (52.7%) were identified as EBV type 1,
40 (36.4%) as type 2, and the remaining 12 (10.9%) samples exhibited coinfection.

4.7.2. Quality control

Capture sequencing was conducted on all samples, and subsequent quality control was
carried out based on the depth of coverage. Based on the quality control analysis conducted
on the samples, it was found that out of the 110 samples subjected to capture sequencing,
30 of them exhibited low depth of coverage. These samples did not meet the required
criteria for further bioinformatics and phylogenetic tree analysis and only 80 samples were
used. To ensure accuracy, only reads with a mapping quality score of 20 or higher were
included in the calculation of the depth of coverage during the quality control analysis. Co-
infected samples were termed Type 1 (Co) and Type 2 (Co). These samples were aligned
against both Type 1 and Type 2 variants of the virus. The mean depth of coverage for the

samples were illustrated in figure 4.12.
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Figure 4.12: The mean depth of coverage across the samples

During the analysis of coinfected EBV samples, alignment was performed against both the
EBV type 1 reference genome (NC_007605.1) and the EBV type 2 reference genome
(NC_009334.1) to determine the depth of coverage for each EBV type. The analysis of
the samples, including different lymphoma samples, revealed that the overall depth of
coverage for EBV was low. The box plot displays the mean depth of coverage for each
sample across conditions and EBV strains. For a given sample, the mean depth of coverage
is calculated by averaging the number of reads aligned (minimum. mapping quality (MQ)

score >= 20) at each genomic position (Figure 4.13).
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Figure 4.13: The mean depth of coverage across the different lymphoma types

4.7.3. Variant calling

We have performed the variant allele frequency analysis for each sample, considering
different allele frequency (AF) thresholds, including 0.01, 0.5, and 0.9. In this context, the
values 0.01, 0.5, and 0.9 represent the proportions of aligned reads that support the
alternative allele. Specifically, a value of 0.01 corresponds to 1% of the aligned reads
supporting the alternative allele, a value of 0.5 indicates that 50% of the aligned reads
support the alternative allele, and a value of 0.9 signifies that 90% of the aligned reads

support the alternative allele.

We generated heatmap plots to visualize the distribution of variants across samples, based
on three different allele frequency (AF) thresholds: 0.01, 0.5, and 0.9. We utilized LoFreq,

a variant calling tool, to identify variants in our samples. The following parameters were
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employed during the variant calling process: Variants were considered only if the read
depth (number of aligned reads at a given position) was equal to or greater than 10 reads,
variants were included if they had a minimum of 5 reads supporting the alternative allele,
variants were required to have a mapping quality of at least 20 and variants were considered
only if the base quality (quality score of the base call) was at least 20. A minimum of 500-

600 single nucleotide variants (SNVs) were identified per each sample.

The identified variants were represented in a binary format across samples, where the
presence of a variant was denoted by 1 (black), and the absence of a variant was denoted
by 0 (white) across the samples and conditions. To gain a better understanding of the
relationships between samples based on their variant profiles, we performed hierarchical
clustering. The samples (columns) in the analysis were clustered using a complete linkage
approach and Jaccard distance metric. The variants (rows) were organized into groups or
windows of 5,000 nucleotides. The reported information for each sample includes the
specimen, gender, isolate, and condition. In the analysis, only samples that had at least one

variant were included in the reporting. Variants were reported based on a minimum allele

frequency threshold of >=0.01(Figure 4.14 A and B).
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Figure 4.14A: Heatmap plot visualizing variants across EBV Type 1 at different allele
frequencies: 0.01 (1% aligned reads supporting the alternative allele), 0.5 (50% aligned
reads supporting the alternative allele), and 0.9 (90% aligned reads supporting the

alternative allele, almost monoclonal).

95



Out of the 44 samples aligned for EBV type |, 45% (n=20) exhibited a gene variation
exceeding 50% from the reference gene, indicating a substantial level of genetic diversity.
This subset represents the highest degree of gene variation within the studied population.
Approximately 23% (n=10) of the samples displayed a gene variation ranging between
25% and 50%, indicating a moderate level of genetic variation compared to the reference
gene. The remaining 27% (n=12) of the samples had a gene variation of less than 25%,

signifying relatively minor genetic variations in comparison to the reference gene.

Further analysis revealed that the highly variable samples exhibited notable variations
within specific nucleotide sequences. These variations were predominantly observed
between nucleotide positions 5,000 and 40,000, as well as between nucleotide positions
90,000 and 110,000. These nucleotide segments are known for harboring coding regions
associated with latent proteins, specifically EBERs and EBNA LP genes. The presence of
variability in these coding regions implies potential functional implications and highlights
the importance of studying these specific nucleotide segments in understanding the genetic

characteristics of EBV type I.

Out of the 44 samples aligned to the EBV genotype 2 reference strain, only 25% (n=11)
samples exhibited a gene variation exceeding 50% when compared to the reference strain.
These samples demonstrate a substantial level of genetic divergence from the reference. A
subset of 20% (n=9) samples displayed a gene variation ranging between 25% and 50%,
indicating a moderate level of divergence from the reference genome. The remaining 55%
(n=24) samples had a gene variation of less than 25%, suggesting relatively minor genetic

variations compared to the reference strain.

Notably, a higher variation rate was observed within the nucleotide sequence region
spanning 75,000 to 95,000. This specific region is well-known for coding EBERS (Figure
4.14B). Additionally, these nucleotide sequence regions have been identified as coding

regions for several latent proteins, particularly Epstein-Barr nuclear antigens.
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Figure 4.14B: Heatmap plot visualizing variants across EBV Type 2 at different allele
frequencies: 0.01 (1% aligned reads supporting the alternative allele), 0.5 (50% aligned
reads supporting the alternative allele), and 0.9 (90% aligned reads supporting the

alternative allele, almost monoclonal).
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4.7.4. Functional annotation

We have analyzed the functional annotation of the identified EBV variants to assess their

potential impact on the viral proteins. This annotation process involved predicting the

functional consequences of the variants and their potential effects on the structure,

function, and interactions of viral proteins. Building upon the variant calling process, we

focused on identifying mutations within specific latent protein regions of EBV. We

performed this analysis by considering three different allele frequency thresholds: 0.01,

0.5, and 0.9 (Figure 4.15). The plot provides a visual representation of the normalized

distribution (range: 0-100%) of synonymous (shown in red) and missense (shown in blue)

variants in key coding genes, such as EBNA-1 and EBNA-3C, across different samples.

Synonymous variants are those that do not result in a change in the amino acid sequence

of the encoded protein, while missense variants introduce an alteration in the amino acid

sequence. In the plot, gray bars represent samples where no synonymous or missense

variants were found in the coding region of the key latent genes. These bars indicate the

absence of any detectable genetic variations in those specific regions.
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Comparing the latent genes of EBV, it has been observed that EBV type 2 exhibits more
variable regions in its latent genes compared to type 1. Among the EBV type 1 samples,
no changes in the amino acid sequences were identified in the coding regions for EBNA
3B and EBNA 3C. However, there was a variation in the amino acid sequences of LMP1
in EBV type 1 samples. Furthermore, EBV type 1 samples exhibited more conservation in

the coding regions for latent genes.

On the other hand, the EBV type 2 samples did not show any variation in the amino acid
sequences of coding regions such as EBNA LP, EBNA 2, and LMP2B. These regions
remained constant across the EBV type 2 samples. These findings suggest that EBV type
2 exhibits more variable regions in its latent genes compared to type 1, indicating more
genetic diversity within the type 2 samples. In contrast, EBV type 1 samples show a higher
level of conservation in certain coding regions for latent genes, indicating a more stable

and consistent genetic makeup within these regions.

Extensive analysis of various lymphoma types has revealed that all lymphoma types exhibit
amino acid changes in at least one of the EBV latent genes. However, notable differences
have been observed between non-Hodgkin lymphoma and Hodgkin lymphoma samples.
Specifically, NHL samples commonly demonstrate no change in their amino acid

sequences compared to HL types.

Among the NHL types, Diffuse Large B-cell Lymphoma, samples stand out with a higher
proportion of missense variants in most latent genes compared to other NHL types. DLBCL
samples exhibit a greater number of these missense variants in the latent genes associated
with EBV infection. In contrast, Hodgkin lymphoma types and other NHL types show a
relatively lower frequency of missense variants in their EBV latent genes. This suggests a
lower degree of genetic variation in these regions among these lymphoma types compared
to DLBCL.
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Figure 4.15: An alternative plot showing synonymous and missense variants frequency
(normalized, between 0 and 100%) is used to highlight the variability of central genes at
different allele frequencies: 0.01 (1% aligned reads supporting the alternative allele), 0.5
(50% aligned reads supporting the alternative allele), and 0.9 (90% aligned reads
supporting the alternative allele, almost monoclonal).

4.7.5. Phylogenetic tree analysis

The phylogenetic analysis was performed using EBV isolates sequenced by this study. To
construct the tree, we utilized the variants of the samples, which were filtered based on a
minimum allele frequency threshold of >=0.01. Phylogenomic trees have been generated
using two layouts: a classic layout and a semi-circular one. We have observed the genetic
variation of our samples within each variant. There are three phylogenomic trees for each
layout, according to a minimum AF of 0.01, 0.5, and 0.9. For the generation of the
phylogenomic tree, we excluded samples that had less than 50 variants across the entire
genome. Phylogenetic tree analysis included 36 samples, excluding co-infected samples,
and utilized the maximum likelihood method. The generated phylogenetic trees
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demonstrated the genetic variation within each EBV type and highlighted the evolutionary
relationships between samples. To infer the tree structure, we employed 1QTree2
(http://lwww.igtree.org), a software tool that utilizes the maximum likelihood method
(Minh et al., 2020). (Figure 4.16).

AF=0.01
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Figure 4.16: Phylogenetic tree analysis of EBV variants with different allele frequencies:
0.01,0.5and 0.9. EBV Type | in red and EBV Type Il in blue.
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A wide-range analysis of the whole EBV genome involved conducting phylogenetic
analyses to assess the evolutionary relationships among different sequences. To critically
evaluate the phylogenetic signal, the dataset was segregated into EBV type 1 and type 2
genotypes.

Remarkably, similarities in sequences were observed across multiple samples within each
genotype. Specifically, four samples exhibited remarkable sequence similarity. Three of
these samples were classified as EBV type 1, while the remaining sample belonged to EBV

type 2.

These findings highlight the presence of distinct phylogenetic clusters within the dataset,
corresponding to the different EBV genotypes. The observed sequence similarities within
each genotype suggest a closer evolutionary relationship among the samples. This implies
a shared ancestry and potentially indicates a common origin or transmission pathway for

the respective EBV genotypes.
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CHAPTER 5. DISCUSSION

5.1. EBV detection and quantification

EBV infection is highly prevalent worldwide and is associated with a range of malignancies
linked to B or T lymphocytes as well as epithelial cells (Shannon-Lowe & Rickinson,
2019). Detecting EBV using serological and molecular techniques is of utmost importance
in monitoring diseases, assessing prognosis, and implementing preventive measures. These
detection methods play a crucial role in identifying and understanding the presence of EBV
in individuals, enabling effective disease management, and facilitating the development of
targeted preventive strategies (Gulley, 2001). Therefore, it is crucial to investigate the
prevalence and impact of EBV among lymphoma patients and other population groups
across diverse regions worldwide. This research is particularly significant for developing
countries like Ethiopia, where evidence-based studies on this topic are often lacking.
Conducting this study holds great importance as it will be the first to determine the

molecular and serological prevalence of EBV among lymphoma patients in Ethiopia.

Previous studies have established that over 90% of the global population is infected with
EBV (Oh & Weiderpass, 2014; Rickinson, 2007). Our study similarly found a serological
prevalence of EBV among Ethiopian lymphoma patients to be 96%. This finding aligns
with other studies and reports conducted worldwide (Trottier et al., 2012). Moreover, our
results indicated a higher prevalence of EBV VCA IgG antibodies in male individuals,

HIV-positive patients, and those diagnosed with HL.

The pathological findings in our study indicated a higher prevalence of both Hodgkin
lymphoma and non-Hodgkin lymphoma among male patients, which is consistent with
findings from other studies conducted globally (Mushtaq et al., 2008; Olu-Eddo & Omoti,
2011; Yeole, 2008). Additionally, our study revealed that HL was more predominant in the
age group of less than 20 years. This finding aligns with observations made in studies
conducted in Zambia (Kafita et al., 2018) and Irag (Al-Mudallal & Al-Sinjery, 2012).
However, in developed countries, studies have shown that the incidence of HL is highest

in individuals above the age of 60 (Cartwright & Watkins, 2004). This disparity is primarily
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attributed to factors such as poor socioeconomic status in developing countries, hygienic

conditions, and genetic variations (Maggioncalda et al., 2011; Olu-Eddo & Omoti, 2011).

Our study also demonstrated the molecular presence and quantification of EBV in different
lymphoma types. High viral load (>10,000EBV copies/ml) EBV was detected in 56.3% of
the study participants which is comparable with similar studies conducted in Nigeria
(54.5%) (lliyasu et al., 2014), Zambia (51.8%) (Kafita et al., 2018) and Qatar (52.6%)
(Smatti et al., 2017) in lymphoma patients. Higher EBV viral load detection was observed
in the study conducted in Pakistan (75.3%) (Salahuddin et al., 2018) and Libya (77.7%)
(Shaklawoon et al., 2020) on different types lymphoma. Studies conducted in African
countries like Egypt (EI-Naby et al., 2017) and Eretria (Fessahaye et al., 2017) on FFPE
samples had shown a lower EBV prevalence. In these study sites, EBV was detected in
38% and 27.8%, respectively. Another study in China (W. Zhang et al., 2017) also revealed
a 24% EBV prevalence. These differences could be attributed to geographical variation,

difference in the study participant group and sample types (FFPE, blood and tissue biopsy).

Furthermore, our study revealed that 59.3% of HL patients and 54.8% of NHL patients
exhibited a higher EBV viral load. Similar findings were observed in Zambia (Kafita et al.,
2018). However, variations in EBV viral load among HL and NHL patients were observed
in other studies conducted in different regions such as France (Donzel et al., 2022), Iran
(Habibian et al., 2018; Tabibzadeh et al., 2020), Libya (Shaklawoon et al., 2020), and
Thailand (Mitarnun et al., 2002). These discrepancies across geographic locations may be
attributed to differences in EBV genotypes (Sample et al., 1990), as well as environmental
and dietary factors (Bakkalci et al., 2020). The lack of standardized EBV viral load
reporting could also contribute for the difference in viral loads across different population.

Additionally, our findings indicated that 67.6% of DLBCL patients had a higher EBV viral
load compared to the other NHL groups. This prevalence is consistent with a study
conducted in Libya (66.7%) (Shaklawoon et al., 2020) but higher than the rates reported in
studies from France (5%) (Donzel et al., 2022), Turkey(5.3%) (Uner et al., 2011) and Korea
(14.3%). The variations in these findings could be attributed to differences in the
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methodologies used for detection (e.g., immunohistochemistry vs. RT gPCR) as well as

variations in sample types utilized in the studies.

In our study, we made noteworthy observations regarding associations between EBV viral
load and specific variables, including HIV status and sample type. These findings align
with similar research conducted in Switzerland (Telenti et al., 1993), Argentina (Fellner et
al., 2007), and USA (Ling et al., 2003). However, no significant associations were observed
between EBV viral load and various sociodemographic characteristics, including age, sex,
and lymphoma types. These findings align with comparable research finding conducted in
Qatar (Smatti et al., 2017), Iran (Habibian et al., 2013), and Zambia (Kafita et al., 2018).
However, studies conducted in England revealed an association between EBV status and
age groups (Winter et al., 2019). Furthermore, a study conducted in the United Kingdom
revealed notable variations in EBV prevalence concerning age and gender. The research
findings indicated that the distribution of EBV differed across different age groups and
between males and females (Kuri et al., 2020). These observed differences in EBV
prevalence can be attributed to several factors, including variations in study populations,

sample types, and geographic locations.

5.2.  EBV genotype characterization

Analyzing the distribution of EBV genotypes plays a pivotal role in unraveling the intricate
disease pathogenesis and comprehending the broader impact of EBV in lymphoma. In our
study, we reported the first-ever dataset on the genotype distribution of EBV among
lymphoma patients in Ethiopia. To achieve this, we employed the characterization of EBV
genotypes using EBNA 3C gene detection. These findings hold immense value in terms of
enhancing our understanding of EBV-associated lymphomas in the Ethiopian context,
aiding in accurate diagnosis, treatment optimization, and potential advancements in

personalized care strategies.

EBV genotyping can be made by targeting various genes such as EBNA 2 and EBNA 3C
genes. Variation in the EBV EBNA3C gene has been reported to classify EBV types (Palser
et al., 2015). To determine the EBV genotype in our study, we followed the suggested

approach by Sample et al., which identified significant genetic divergence at four specific
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loci and maintained distinct characteristics for each genotype at these loci. By utilizing this
methodology, we aimed to accurately classify and differentiate between the two EBV
genotypes based on the identified genetic variations (Sample et al., 1990). Using EBNA3C
gene typing, our study determined the distributions of EBV genotypes in the lymphoma
patient. We found that EBV genotype 1 was present in 52.2% of cases, EBV genotype 2 in

38.2% of cases, and coinfections with both genotypes in 9.7% of cases.

A consistent trend observed in the majority of studies conducted worldwide is the higher
predominance of EBV type 1. However, in sub-Saharan Africa and Papua New Guinea, a
distinct pattern emerges, with EBV genotype 2 being predominantly found in these regions
(Bouvard et al., 2009; Kwok et al., 2015). EBV type 1 was detected in other studies
conducted on different lymphoma types in Pakistan by Salahuddin S et al., (90.7%)
(Salahuddin et al., 2018), 91.2% from Iran on hematologic malignancies by Tabibzadeh et
al. (Tabibzadeh et al., 2020), 76.3% from China on NPC by Cui Y et al., (Cui et al., 2011),
and 72.5% from Qatar on healthy individuals by Smatti M et al., (Smatti et al., 2017).
Additionally, EBV type 1 was isolated from 71.1% of the study populations in Brazil by
Monteiro TAF et al. (Monteiro et al., 2020). The collective findings, including those from
other countries, consistently indicate a higher prevalence of EBV type 1 compared to our
study (52.2%). This discrepancy may be attributed to various factors specific to our study
methodology, particularly the use of the EBNA 3C gene for determining EBV genotypes.
In their review, Smatti et al. (Smatti et al., 2018) showed that ENBA 3 shows less difference
than EBNA 2. Besides, we are reporting data from only 207 patients, which may not

represent the lymphoma patients in Ethiopia or the population in sub—Saharan Africa.

Our findings align with results from studies conducted in the USA, by Sixbey JW et al. In
that study, EBV type 1 was identified in 50% of participants, type 2 in 41%, and both
genotypes coexisting in 9% of the study population (J. Sixbey et al., 1989). Another study
on lymphoma patients revealed a 56% prevalence of EBV type 1, 13% with type 2, and
31% with dual viral infections (Lin et al., 1993). A study conducted in Brazil on HIV
patients showed a 47.37% EBYV type 1 prevalence (Pereira et al., 2022).
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Our study revealed that EBV type 2 infection was 38.2%, and such high EBV genotype 2
predominance was observed in some sub-Saharan African countries. A study conducted in
Ghana showed a 52% EBV type 2 prevalence (Ayee, Ofori, Tagoe, et al., 2020). Other
studies in other regions also revealed a high predominance of EBV type 2. A study
conducted in China on lymphoma patients assessed a 98.6% EBYV type 2 prevalence (Y.-J.
Wang et al., 2021). In HL patients in Mexico, EBV type 2 was discovered in 47.6% of
children and 69.2% of adults (Palma et al., 2013). Another study in Turkey showed a 44.4%
EBV type 2 prevalence (Tinguely et al., 2000). The observed disparities in the prevalence
of EBV genotypes could be attributed to multiple factors, including variations in their
oncogenic properties, the immune status of the study populations, and geographic and
strain differences (Chabay & Preciado, 2013; Ibrahim et al., 2010; Renzette et al., 2014).

In our study, we observed a similar prevalence of genotypes in both HL and NHL patients.
Interestingly, this finding aligns with a study conducted in Zambia, which focused on HL
patients and reported the identification of EBV type 1 in 55.6% of cases. In addition, 33.3%
were EBV type 2, and 11.1% were type 1 and 2 coinfected cases (Kafita et al., 2018). On
the other hand, the prevalence of EBV genotype 1 in our study in both HL and NHL patients
was lower compared to other European studies, such as those conducted in Belgium
(Trimeche et al., 2007) and Croatia (Begic et al., 2022). These disparities could be mainly
due to the geographic variations (C. M. Chang et al., 2009; Neves et al., 2017) and immune
status (Pereira et al., 2022; Zealiyas et al., 2023) of the populations within each country.

There were no significant associations between the EBV genotypes and the different
lymphoma types. Similar reports were revealed in other studies where lymphoma type did
not affect the distribution of EBV genotypes (Salahuddin et al., 2018; Tabibzadeh et al.,
2020). However, we found significant differences in EBV types with age groups, similar
to a study conducted in Mexico and Brazil respectively (Monteiro et al., 2019; Palma et
al., 2013).

According to certain reports, it has been suggested that coinfection with both EBV type 1
and type 2 is feasible in immunocompromised individuals, implying that acquiring EBV

type 2 may occur during the patient's immunocompromised condition (Pereira et al., 2022;
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Yao et al., 1996). Studies conducted in different part of the world revealed higher rates of
coinfection with both EBV types in individuals living with HIV. Studies in Argentina
(32.6%) (Correa et al., 2007), China (12.96%) (Wan et al., 2023), and Brazil (26.32%)
(Pereira et al., 2022) reported higher rates of coinfections to our report (9.7%).

5.3. EBV methylation profiling

The findings of our study on the methylation profiles of EBV DNA in lymphoma patients
provide valuable insights into the epigenetic regulation of EBV and its potential
implications in lymphomagenesis. In recent years, there have been several studies
investigating the methylation profiles of EBV DNA in various malignancies, providing
valuable insights into the epigenetic regulation of EBV and its implications in the
development of cancer cancers associated with EBV.

DNA methylation is one of the key epigenetic modifications that regulate gene expression
and cellular processes (J. L. Miller & Grant, 2012; N. Zhang, 2018). Alterations in DNA
methylation patterns can have profound effects on gene regulation and contribute to
tumorigenesis (Wachsman, 1997). Therefore, studying the methylation profiles of EBV
DNA in lymphoma patients can provide valuable insights into the epigenetic dysregulation
associated with EBV-associated lymphomagenesis.

In an unpublished study conducted at the Ohio State Comprehensive Cancer Center,
researchers performed additional comparisons among different lymphoma types within
various cohorts. The primary objective was to investigate the variations in methylation
profiles across lymphoma types, focusing on samples obtained from the western countries
and Ethiopia. The analysis revealed a methylation loss specifically in the lytic genes
BZLF1 and at the lytic origin of replication. This finding suggests that there may be
significant differences in the methylation profiles between the Ethiopian lymphoma
samples and those from Western cohorts. Figure 5.1 visualizes the methylation profiles of
the lymphoma samples in Ethiopia compared to the Western cohorts.

The comparison of methylation profiles between these two populations is important for
understanding potential variations in the epigenetic regulation of lymphoma development

and progression. The observed methylation loss in the lytic genes BZLF1 and at the lytic
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origin of replication indicates potential dysregulation in these regions in the Ethiopian
lymphoma samples.
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Figure 5.1: Methylation profiles of lymphoma samples in Ethiopia Vs western cohorts. It
provides a graphical representation of the differences in methylation patterns between the

two groups, highlighting the specific regions where methylation loss was observed.

Several studies have focused on investigating the methylation patterns of EBV DNA in
different lymphoma subtypes. For instance, in Burkitt lymphoma, a highly aggressive B-
cell lymphoma, studies have shown that the viral genome undergoes specific DNA
methylation changes (Kretzmer et al., 2015). Methylation of certain viral genes, including
LMP1 and EBNAL, has been observed, which can impact their expression and contribute
to the pathogenesis of Burkitt lymphoma (Takacs et al., 2009).

In Hodgkin lymphoma, DNA methylation studies have revealed distinct methylation
patterns associated with EBV infection (Dhiab et al., 2015; Leonard et al., 2011). For

example, DNA hypermethylation of specific genes such as SHP1 gene promoter has been
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observed in EBV-positive Hodgkin lymphoma cases (Dhiab et al., 2015). These
methylation changes can influence the expression of tumor suppressor genes and contribute
to the development and progression of the disease (Massini et al., 2009).

Additional comparison was also made between the methylation status of lymphoma
samples in Ethiopia and OSU cohorts. The findings are summarized in Figure 5.2, which
illustrates the disparities in methylation profiles across different lymphoma types within
the OSU and ETH cohorts. As it shown in Figure 5.2, differences in EBV methylation
patterns among the lymphoma subtypes observed in the OSU and ETH cohorts. These
differences provide valuable insights into potential variations in EBV-associated
lymphoma biology between these two cohorts, suggesting that there may be distinct

epigenetic regulation of EBV in different lymphoma subtypes across these populations.
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Figure 5.2: Methylation profiles of EBV among different lymphoma types

In recent years, several studies have also focused on identifying specific genes or loci that
undergo methylation changes in EBV-associated lymphomas. For instance, Pike BL et al.
conducted DNA methylation profiles in diffuse large B-cell lymphoma and their
relationship to gene expression status. They identified the DNA methylation levels

observed for specific CpG islands suggest there is considerable epigenetic heterogeneity
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within the tumors analyzed (Pike et al., 2008). Similarly, Stanland LJ et al. investigated
the role of EBV-induced hypermethylation in gastric cancer tumorigenesis, providing
insights into the epigenetic dysregulation induced by EBV in this malignancy(Stanland &
Luftig, 2020).

Another relevant study conducted by Tang CL et al., which investigated the genomic
methylation profiles of various EBV-associated tumors and identified specific genes that
exhibited differential methylation patterns. These differences in methylation modifications

suggest potential variations in gene expression levels among the tumors (Tang et al., 2024).

5.4. EBV sequencing

The present study utilized EBV capture sequencing to investigate the genomic
characteristics of EBV in a selected group with high viral load of 110 samples. The analysis
focused on viral load, type identification, quality control, depth of coverage, variant calling,
and functional annotation. The findings shed light on the genetic diversity, variations in

specific nucleotide sequences, and the impact of these variations on selected viral proteins.

Previous research groups have successfully generated a substantial number of complete
EBV genome sequences, reaching up to 1000 in total, from diverse geographic
locations(Correia et al., 2018; Wegner et al., 2019). However, each research group
analyzed their respective datasets independently, without adhering to standardized criteria.
While this approach may not pose significant issues for individual analyses, it becomes a
significant concern when attempting to integrate the independently generated consensus
sequences for further analysis. The lack of standardized criteria introduces potential
inconsistencies and challenges in comparing and combining the data across different

studies.

The absence of a universally accepted gold-standard bioinformatic pipeline for obtaining
the final consensus sequence of the EBV genome is a significant challenge (Blazquez et
al., 2021). This is particularly crucial due to the presence of repetitive regions within the
EBV genome, which can lead to variations in the obtained consensus genomes, even when
analyzing the same dataset (Ba abdullah et al., 2017). To ensure higher quality and more

reliable results, we have demonstrated the critical importance of analyzing the raw fastq
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data files using a consistent and standardized pipeline. By employing the same pipeline
across multiple research groups, we can minimize discrepancies and enhance the
comparability of results, ultimately improving the accuracy and consistency of the obtained
consensus sequences (Ebert & Brutlag, 2006). This approach ensures greater confidence in
the genomic variations identified and facilitates more meaningful and comprehensive

analyses of EBV genomes.

The samples exhibited different EBV types and coinfection. The unique patterns of gene
expressions associated with the EBV are crucial for distinguishing between different
subtypes of EBV associated diseases (Neves et al., 2017; Smatti et al., 2018). Numerous
research studies conducted on EBV have demonstrated that these expression patterns play
essential roles in initiating oncogenic signaling pathways, activating the immune system,
and facilitating the transformation of B-cells (M. S. Chang & Kim, 2005; Di Pietro, 2020;
Price & Luftig, 2014).

EBV genomic variations have been found to be influenced by various factors, including
geographic distributions, environmental influences, disease subtypes, and the phase of
EBV latency, as indicated by previous study (Palser et al., 2015). To accurately determine
the dissemination of EBV, it is necessary to trace EBV genomic variations phylogenetically
(Correia et al., 2018). This involves analyzing the genetic makeup of different EBV types
and comparing them to establish evolutionary relationships and patterns of transmission.
(Palser et al., 2015; Tzellos & Farrell, 2012). The results of the variant calling analysis
from our study revealed a substantial level of genetic diversity within the EBV types. The
highly variable EBV types exhibited notable variations within specific nucleotide
sequences, particularly in coding regions associated with latency, proteins such as EBERs
and EBNA LP genes. These findings suggest potential functional implications and
highlight the importance of studying these specific nucleotide segments in understanding

the genetic characteristics of EBV.

Several previous studies have highlighted the presence of numerous genomic variations
within the EBV genome. These variations play crucial roles in viral regulation and cellular

transformation processes. The genomic variations in EBV can affect various aspects of
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viral biology, including viral gene expression, immune evasion mechanisms, and
interactions with host cells (Rueger et al., 2021; Umakanthan & Bukelo, 2021; Xiao et al.,
2016). These contribute to the adaptability and persistence of EBV in the host, as well as
its ability to establish latent infections and reactivate under specific conditions.
Furthermore, these genomic variations have been associated with the development of EBV-
associated diseases, such as certain types of lymphomas and carcinomas. These can
influence viral oncogenic potential, altering the expression of oncogenic proteins and
modulating cellular signaling pathways (Agwati et al., 2022; Tzellos & Farrell, 2012; Zhou
et al., 2017). Indeed, several environmental factors have been found to significantly
influence EBV genomic evolution and polymorphisms. It is of great importance to
investigate whether these genomic variations exhibit ethnic or geographical correlations
and whether they have a direct impact on the development of specific diseases (Neves et
al., 2017).

In this study, we have conducted phylogenetic analyses for the first time in Ethiopia on
EBV. Our findings revealed the existence of multiple distinct EBV strains within the
region. Remarkably, our study challenges the prevailing notion that genomic divergences
within EBV taxonomy are predominantly influenced by similar subtypes of EBV-
associated malignancies. The genomic divergences observed in EBV genomes may not be
dependent on the subtypes of EBV-associated diseases. This conclusion is supported by
previous studies that have highlighted the limitations of using disease subtypes as a sole
criterion for classifying EBV genomes. Instead, it has been suggested that multiple co-
factors can contribute to the genomic variation observed in EBV. These findings emphasize
the complex nature of EBV genomic diversity and suggest the involvement of additional
factors beyond disease classification in shaping the evolutionary trajectories of EBV strains
(Choi et al., 2018).

Our findings suggest that the phylogenetic study of EBV genomes may reveal fine-grained
genomic variations within or between EBV-associated malignancies. Moreover, the
phylogenetic analysis allowed us to discern broader disparities among EBV genomes,
providing a comprehensive understanding of the overall genomic diversity within the virus.

Therefore, the phylogenetic relatedness of EBV genomes is probably better inferred from

115



EBV genomic similarities. The examination of EBV genomic variations through
phylogenetic analysis holds significant implications for multiple areas, including the
development of vaccines and immune therapies to prevent EBV infection (Correia et al.,
2018; Wegner et al., 2019). Additionally, it provides a valuable tool for investigating the
connections between EBV genomic variations and EBV-associated diseases, enabling the
development of advanced technologies for studying these relationships (Neves et al.,
2017). This study significantly expands the pool of fully characterized EBV genomes,
particularly from the region of East Africa, where representative data was previously
lacking in the NCBI database. By including EBV genomes from this previously
underrepresented region, our study addresses an important gap in the available knowledge.
The identification and reporting of different genotypes and the observed divergence within
EBV genomes hold significance. These findings contribute to a more comprehensive

understanding of the genetic diversity and evolutionary dynamics of EBV.

Limitations of the study

This study has certain limitations that should be acknowledged. One limitation is the loss
of follow-up and the absence of pathology results for some participants suspected of having
lymphoma. As a result, data analysis for a subset of cases was incomplete. Additionally,
another limitation is the lack of other serologic assays, such as EBV-specific IgM, and
limited serological assay results. Only the EBV VCA IgG test was conducted, potentially
missing out on additional serological markers or antibody responses associated with EBV
infection. Moreover, there was a notable absence of standardized reporting guidelines for
EBV viral load recommended by the WHO, which hampers the ability to compare research
findings. Additionally, the availability of studies exploring the methylation profile of EBV
in lymphoma cases was scarce, making it challenging to discuss and contextualize the
results in relation to other research. Our study primarily focused on viral methylation
profiles, but it would have been beneficial to include the methylation profiles of the host
as well. Unfortunately, limited funding restricted our ability to incorporate host

methylation profiles into the study.
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CHAPTER 6. CONCLUSION AND RECOMMENDATIONS

6.1. Conclusion

This study on the molecular epidemiology and genetic diversity of Epstein-Barr virus
among lymphoma patients in Ethiopia has provided valuable insights into the
characteristics and distribution of EBV genotypes in this population. The findings highlight
the importance of understanding the genetic diversity of EBV in relation to lymphoma
development. The study sheds light on the prevalence and viral load of EBV, as well as the
genotypic variations observed in Ethiopian lymphoma patients. These findings contribute
to the growing body of knowledge on EBV-related malignancies and have implications for

both research and clinical management.

The study underscores the need for incorporating EBV viral load assessments and
pathological detection techniques, such as EBER ISH, in the evaluation and identification
of EBV-associated lymphomas. By considering these factors, healthcare professionals can
gain a better understanding of disease progression, devise effective preventive strategies,
and develop targeted therapeutic approaches. Moreover, the study's outcomes have broader
implications, providing insights into EBV genotype distribution patterns worldwide and
their potential correlations with disease outcomes and therapeutic responses.

Additionally, the study's findings shed light on the methylation profile of EBV, offering
insights into the epigenetic regulation of the virus and its implications for viral biology,
disease development, and clinical outcomes. However, further research is needed to deepen
our understanding of the role of EBV epigenetics in the pathogenesis of EBV-associated

malignancies.

Furthermore, this study represents a significant milestone as it provides the first genomic
and epigenomic analysis of the Epstein-Barr virus genome in Ethiopia and, more broadly,
in sub-Saharan Africa. By conducting this analysis, we have contributed to expanding the
number of genomic data represented in the NBCI database. The inclusion of genomic data
from underrepresented regions such as Ethiopia is crucial for addressing global health

disparities. By expanding the available genomic data from underrepresented regions, we
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are able to gain insights into regional variations in EBV genomics and their implications
for disease management. This inclusive approach is essential for addressing global health

disparities and advancing our knowledge of EBV-related diseases on a global scale.

Overall, this study contributes to the growing body of knowledge in the field of EBV
research, advancing our understanding of EBV-related malignancies and guiding efforts to
combat these diseases in Ethiopia and beyond. The insights gained from this study can
inform future research endeavors, support the development of region-specific diagnostic

and therapeutic strategies, and ultimately improve patient outcomes.
6.2. Recommendations

Based on our findings, the following recommendations can be made to advance research

and clinical understanding of Epstein-Barr virus and lymphoma in Ethiopia:

Establish a National Cancer Registry: It is recommended to establish a comprehensive
national cancer registry in Ethiopia to systematically collect and analyze data on lymphoma
and other EBV associated malignancy patients. This registry would include clinical
information, demographic data, and molecular characterization of EBV infections. The
registry will contribute to a better understanding of the epidemiology, incidence,
prevalence, and outcomes of lymphoma in Ethiopia, providing a foundation for future
research and evidence-based decision-making.

Implement Routine EBV Testing: Given the association between EBV and lymphoma,
it is recommended to implement routine EBV testing for lymphoma patients in Ethiopia.
In addition, the inclusion of Epstein-Barr virus-encoded small RNA in situ hybridization
(EBER-ISH) in routine diagnostic activities is crucial. By incorporating EBER-ISH into
the diagnostic process, healthcare providers can enhance their ability to accurately detect
and diagnose lymphoma cases. This will help identify the proportion of lymphoma cases
associated with EBV infection and provide valuable data for further research.

Expand Molecular Epidemiology Studies: Further molecular epidemiology studies
focusing on EBV and lymphoma in Ethiopia should be conducted. These studies should

involve larger sample sizes and include diverse geographic regions and ethnic groups
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within the country. By investigating the genetic diversity and distribution of EBV strains
associated with lymphoma, researchers can identify potential risk factors, understand

disease progression, and develop targeted interventions.

Enhance Collaboration and Data Sharing: Encouraging collaboration among
researchers and institutions working on EBV globally is crucial. It is recommended to
establish collaborative networks that facilitate data sharing, exchange of samples, and joint
analyses. This collaboration will promote a more comprehensive understanding of EBV
genomics and its implications for disease outcomes. To ensure a comprehensive
understanding of EBV genomics and its implications, it is crucial to actively involve
researchers and institutions from LMICs in vaccine trials, clinical studies, and research
collaborations related to EBV. Additionally, sharing data and resources with researchers in
LMICs will foster equitable access to genomic research and strengthen capacity building

efforts

Investigate Host-Virus Interactions: Further studies should explore the host-virus
interactions in EBV-associated lymphomas among Ethiopian patients. This research should
focus on understanding the genetic and immunological factors that influence the
development and progression of EBV-related lymphomas. By unraveling the intricate
interplay between the virus and the host immune response, researchers can identify

potential biomarkers, therapeutic targets, and personalized treatment options.

Strengthen Genomic Surveillance: Building upon the success of this study, it is
recommended to establish ongoing genomic surveillance programs focused on EBV in
Ethiopia and other underrepresented regions within sub-Saharan Africa. By actively
monitoring the genetic diversity and evolution of the virus, we can gain insights into
emerging strains, identify potential virulence factors, and anticipate changes in disease
patterns. This information will aid in the development of targeted interventions and

preventive strategies.
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ANNEXES
Annex 1: Isolation of Peripheral Blood Mononuclear Cells (PBMC)

1.

10.
11.

12.
13.
14.

Draw blood from donor into a heparinized (or any other anti-coagulant) blood
tube

Aliquot up to 10 ml of blood into 50 ml conical tube

Dilute blood 1:2 with PBS at room temperature (20 ml PBS)

Underlay diluted blood with 10 ml Ficoll Hypaque lymphocyte separation
medium (Or can overlay diluted blood slowly on top of 10mL of Ficoll)
Centrifuge at 1500rpm without brake at room temperature for 30 minutes
Remove buffy coat and transfer into a new 50 ml conical tube

Raise volume to 50 ml with PBS and spin at 1500 rpm at room temperature for
10 minutes

Pour off supernatant

Add ~10 ml RBC lysis buffer to lyse red blood cells, you may skip RBC lysis
(steps 9, 10 and 11) if RBC lysis is not necessary or the lysis buffer might affect
downstream analysis.

Incubate at room temperature for 10 min,

Wash cells by adding up to 50 ml PBS and spinning at 1500 at room temperature
for 10 minutes.

Resuspend washed cells in 10 ml of complete RPMI medium.

Count live cells using a hemocytometer

Adjust the volume as needed to obtain the desired cell concentration
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Annex 2: Lymph node tissue Processing Procedure

It is important to note that ALL procedures should be carried out as sterilely as possible.
These cells will be used in experiments and need to be properly collected and preserved.

Supplies:

Freezing Media at room temperature (90% FBS, 10% DMSO)
Sterile 1x PBS
Sterile 50 mL conical tubes
Sterile 70 uM cell strainer
Sterile 1-5mL syringe
Petri dish
Ice Bucket (filled with ice)
Cryovials
Mr. Freezie or Styrofoam container for freezing
*1f we would like to use RBC lysis*
- Sterile filtered 1x RBC lysis at room temperature

Procedure:

1)
2)

3)

4)

Sterilely harvest the lymph node and put it in sterile conical tube with PBS.
In the hood, place a 70uM cell strainer in a petri dish. Pour the lymph node and
PBS into the strainer, allowing the fluid to flow into the petri dish. Use the
backside of a 1-5mL syringe plunger to mash the lymph node and pass it through
the strainer.
Once lymph node is fully dissociated, place the strainer back on the 50mL conical
tube. Use a pipet to filter the liquid through 70uM cell strainer into the 50 mL
conical tube (more than one 70uM cell strainer might be needed depending on the
lymph node size).
Rinse the petri dish and syringe plunger again with PBS and pass this through the
strainer for maximum recovery. Once filtered, fill the tube to 50mL with PBS.
Skip to step 8 if you are not doing RBC Lysis
*USE THESE STEPS IF YOU ARE DOING RBC LYSIS*
5) Return the tube to the culture hood and remove supernatant. Add 3mL
(scale up as necessary for larger pellets) of the RBC lysis buffer and
gently resuspend the pellet by pipetting. For the next 3 minutes, gently

rock the conical tube.
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6) Add 20mL of PBS to the tube to stop the RBC lysis reaction. Filter the
liquid into another conical tube using the 70uM filter if there are any
solids. Fill up the conical tube to 50mL with PBS. Centrifuge at 1200
RPM for 5 minutes.

7) Then, take the tube to the hood and discard the supernatant. Add 50mL of
PBS. Gently disrupt pellet so that the cells are suspended.

8) Put 10uL of the 50mL solution into tube for counting. Place the 50mL conical
tube with LMNCs on ice. Count the cells and determine cell number per mL and
viability.

9) Place X mL of freezing media into room temperature water bath for X cryovials
needed. Example: 10mL freezing media and 10 cryovials.

10) Centrifuge the tube at 1200 RPM for 10 minutes.

11) During the centrifuge, print out X labels for the cryovials.

a. Concentrations are typically 10e6 upto 50e6.

b. Put labels onto the cryovials before adding freezing media to the cells.
Remember, DMSO is toxic to the cells so freezing media should be added
to the cells once everything is ready and then immediately stored inside
the Mr. Freezie and transferred to the -80 deg C freezer.

12) Remove supernatant and add the freezing media. Gently suspend the pellet in the
freezing media by pipetting up and down for proper re-suspension. Once evenly
distributed, pipette 1mL of the solution into each cryovial. Place the cryovials into
a Mr. Freezie.

13) Place the Mr. Freezie into a -80 freezer for at least twenty-four hours before

storing them in liquid nitrogen.

Annex 3: Isolation of Genomic DNA from FFPE

Deparaffinizing using Deparaffinization Solution

1. Add Deparaffinization Solution: add 600ul Deparaffinization Solution to the
FFPE sample. For more sample material, add up to 1ml Deparaffinization

Solution.
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10.

Vortex vigorously for 10 sec, sit at room temperature (15-25°C) for 10 min and
then vortex briefly.

Incubate at 56°C for 10 min, then vortex briefly and allow to cool at room
temperature (15-25°C) and then centrifuge at maximum speed for 10 min.
Carefully remove the Deparaffinization Solution by repeat pipetting and
centrifuging without disturbing the pellet.

Remove any residual Deparaffinization Solution using a fine pipet tip. Resuspend
the pellet by adding 300 pl Buffer PKD and loosen the pellet by pipetting and
vortexing. Add 10 pl proteinase K and vortex briefly.

Incubate at 56°C for 15 min. After incubation, the sample may not be completely
lysed. This does not affect the procedure.

Incubate on ice for 3 min (complete cooling is important for efficient precipitation
in next step). Meanwhile, adjust water bath (or heat block) temperature to 80°C.
Centrifuge for 15 min at maximum speed at room temperature.

Carefully transfer the clear supernatant, without disturbing the pellet, to a 1.5
ml tube for RNA extraction by repeat pipetting and centrifuging.

Note: Depending on the amount and nature of the FFPE sample, the pellet may be
very small or difficult to see. Can keep the pellet with little residual supernatant

(but as less as possible).

Keep the pellet on ice for DNA extraction in the later steps

11.

12.

13.

14.
15.

16.

The DNA-containing pellet can be stored for 2 h at room temperature, for up to 1
day at 2-8°C or for longer periods at —15 to —30°C.

Resuspend the pellet in 180ul Buffer ATL. Add 40 pl proteinase K, and mix by
vortexing.

Incubate the solution overnight in a heat block (water bath) at 56°C for 12 hours,
then 80°C for 1 hours for proteinase K digestion and de-crosslinking.

Briefly centrifuge the tube to remove condensation from the inside of the lid.
Add 220ul Buffer AL and vortex vigorously for 10 sec. There is precipitate in the
solution. Stay in room temperature for 10 min.

Add 220 pl ethanol (96-100%) to the sample and vortex vigorously for 10 sec to

obtain a homogenous solution.
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17.
18.

19.
20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Briefly centrifuge the 1.5 ml tube to remove drops from the inside of the lid.
Carefully transfer the entire lysate to the center of QlAamp MinElute column (in
a 2ml collection tube).

Close the lid and centrifuge at 6000 x g (8000 rpm) for 1min.

Note: If the lysate has not completely passed through the membrane after
centrifugation, centrifuge again at a higher speed until the column is empty.
Place the column in a new 2 ml collection tube, and discard the collection tube
containing the flow-through.

Carefully open the column and add 500 ul Buffer AW1.

Close the lid and centrifuge at 6000 x g (8000 rpm) for 1 min.

Place the column in a new 2ml collection tube, and discard the collection tube
containing the flow-through.

Carefully open the column and add 500 pl Buffer AW2.

Close the lid and centrifuge at 6000 x g (8000 rpm) for 1 min.

Place the column in a new 2ml collection tube, and discard the collection tube
containing the flow-through.

Open and close the cap to release the pressure. Centrifuge at maximum speed for
3 min to dry the membrane completely.

Place the column in a clean 1.5 ml microcentrifuge tube (not provided), and
discard the collection tube containing the flow-through. Apply 20-100ul Buffer
ATE to the center of the membrane.

Close the lid and incubate at room temperature for 5 min. Centrifuge at maximum

speed for 1 min

Annex 4: Isolation of Genomic DNA from PBMCs, LMNCs and plasma
1. Pipet 20 pul QIAGEN Protease (or proteinase K) into the bottom of a 1.5 ml

microcentrifuge tube.

2. Add 200 ul sample to the microcentrifuge tube. Use up to 200 ul whole blood, plasma,

serum, buffy coat, or body fluids, or up to 5 x 106 lymphocytes in 200 pul PBS.

If the sample volume is less than 200 pl, add the appropriate volume of PBS.
QIAamp Mini spin columns copurify RNA and DNA when both are present in the

sample. RNA may inhibit some downstream enzymatic reactions, but not PCR. If
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RNA-free genomic DNA is required, 4 pl of an RNase A stock solution (100
mg/ml) should be added to the sample before addition of Buffer AL.
3. Add 200 pl Buffer AL to the sample. Mix by pulse-vortexing for 15 s.

e To ensure efficient lysis, it is essential that the sample and Buffer AL are mixed
thoroughly to yield a homogeneous solution.

e If the sample volume is larger than 200 pl, increase the amount of QIAGEN
Protease (or proteinase K) and Buffer AL proportionally; for example, a 400 pl
sample will require 40 ul QIAGEN Protease (or proteinase K) and 400 pl Buffer
AL. If sample volumes larger than 400 ul are required, use of QIAamp DNA Blood
Midi or Maxi Kits is recommended; these can process up to 2 ml or up to 10 ml of
sample, respectively.

Note: Do not add QIAGEN Protease or proteinase K directly to Buffer AL.
4. Incubate at 56°C for 10 min.

e DNA yield reaches a maximum after lysis for 10 min at 56°C. Longer incubation
times have no effect on yield or quality of the purified DNA.

5. Briefly centrifuge the 1.5 ml microcentrifuge tube to remove drops from the inside of
the lid.

6. Add 200 pl ethanol (96-100%) to the sample, and mix again by pulse-vortexing for 15
s. After mixing, briefly centrifuge the 1.5 ml microcentrifuge tube to remove drops from
the inside of the lid.

e If the sample volume is greater than 200 pl, increase the amount of ethanol
proportionally; for example, a 400 ul sample will require 400 pl of ethanol.

7. Carefully apply the mixture from step 6 to the QlAamp Mini spin column (in a 2 ml
collection tube) without wetting the rim. Close the cap, and centrifuge at 6000 x g (8000
rpm) for 1 min. Place the QIAamp Mini spin column in a clean 2 ml collection tube
(provided), and discard the tube containing the filtrate.

e Close each spin column to avoid aerosol formation during centrifugation.
Centrifugation is performed at 6000 x g (8000 rpm) to reduce noise. Centrifugation
at full speed will not affect the yield or purity of the DNA. If the lysate has not
completely passed through the column after centrifugation, centrifuge again at

higher speed until the QlAamp Mini spin column is empty.
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e Note: When preparing DNA from buffy coat or lymphocytes, centrifugation at full
speed is recommended to avoid clogging.

8. Carefully open the QIAamp Mini spin column and add 500 pl Buffer AW1 without
wetting the rim. Close the cap and centrifuge at 6000 x g (8000 rpm) for 1 min.

e Place the Ql1Aamp Mini spin column in a clean 2 ml collection tube (provided), and
discard the collection tube containing the filtrate.

e |t is not necessary to increase the volume of Buffer AW1 if the original sample
volume is larger than 200 pl. Carefully open the QlAamp Mini spin column and
add 500 pl Buffer AW2 without wetting the rim. Close the cap and centrifuge at
full speed (20,000 x g; 14,000 rpm) for 3 min.

10. Recommended: Place the QI1Aamp Mini spin column in a new 2 ml collection tube (Not
provided) and discard the old collection tube with the filtrate. Centrifuge at full speed for
1 min.

11. Place the QlAamp Mini spin column in a clean 1.5 ml microcentrifuge tube (not
provided), and discard the collection tube containing the filtrate. Carefully open the
QIAamp Mini spin column and add 200 ul Buffer AE or distilled water.

12. Incubate at room temperature (15-25°C) for 1 min, and then centrifuge at 6000 x g
(8000 rpm) for 1 min.

Annex 5: Agarose Gel Preparation

Agarose Gel preparation:

1. Add 500ml of 1X TAE buffer into a 1000ml bottle (leave excess space to boil, do
not use 500ml bottles for 500ml total volume)

2. Add 10 g of Agarose to the buffer.

3. Heat in a microwave for 4-5min until boiling. Briefly swirl every 2min to help
dissolve the Agarose.

4. Take out the bottle, add a magnetic stir bar, and put on a magnetic stirrer. Make
sure the agarose solution is no longer boiling when handling it.

5. Wait for about 15min until the agarose solution has cooled to approximately 60
degrees.

6. Add Ethidium bromide (10 ul of a 1% (m/v) dye solution per 500ml agarose
solution n),

146



7. Stir for another 10 sec until the dye is mixed thoroughly.
8. Pour into agarose gel rack and let sit until Agarose is solid, about 10min

* The agarose gel can be wrapped in a plastic foil and stored at 4 degrees for later use.
Use within two months. Make sure agarose gel does not break when handling (especially
when preparing low-concentration gels)

Annex 6: gPCR from genomic DNA for EBV load/copy number determination

gPCR is carried out with Fast SYBR green master mix (Applied Biosystems) and run on
a Viia7 gPCR machine (Applied Biosystems). EBV DNA was quantified with primers
specific to the EBV EBNAL1 locus (forward: TCATCATCATCCGGGTCTCC, reverse:
CCTACAGGGTGGAAAAATGGC), and signals were normalized to host genome DNA
using primers specific for ACTB (forward: CAGGCAGCTCGTAGCTCTTC, reverse:
TTGTGGCTCAGGGAAAATGT). The relative gene expression was calculated as 2-Act
method with Act = ct(EBNAL) - ct(ACTB).

Protocol

1. Thaw DNA samples, mix, and in a separate tube prepare a 5ng/ul dilution of the
DNA

2. Set up qPCR master mix for samples (run technical triplicates for each sample):

1 reaction:

2X Fast SYBR green master mix (Applied Biosystems) 5.0ul
ddH20 2.5ul
primer mix (L0uM forward+10uM reverse primer) 0.5ul

Total volume per reaction: 8.0ul

3. Add master mix to 384 well-plates

4. Seal plate with adhesive foil, make sure it’s covered tightly (apply pressure to
streak foil)

5. spin down at 2000g for 1min

6. add 2ul of DNA dilution (from step 1.) per well to plate
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7. Seal plate with qPCR-compatible adhesive foil, make sure it’s covered tightly
(apply pressure to streak foil)
8. spin down at 2000g for 1min
9. insert plate in ViiA7 gPCR machine: In software, start new experiment
10. under “experiment properties”,
select ViiA7 as device
select “comparative CT (AACT)” as readout
select “SYBR green” and “Fast” as assay
check “include melt curve” to have melt curve added after run
(recommended)
11. under “assign”, assign sample AND assay/amplicon names to each well that holds
a reaction (CAUTION: Wells that do not have a sample and an assay/amplicon
assigned will NOT be read by the detector, and will not show up in your results)

12. under “run method” make sure PCR program is correct:

SYBR green fast PCR:

95 deg. 20 sec
95 deg 1 sec
60 deg. 20 sec | x40 cycles

13. run plate by clicking on “Run” on the left side, then click green “start run” button
14. once run is complete, export data: click “export” button on the left, then check
“results” tab only and export to a file location of your choice to get one single file

that has ct values and melting temperature in it.

Annex 7: EBNA 3C detection using conventional PCR

A. Run PCR product on 2% agarose gel, 120 Volt for 50min.
B. Load 5 up of PCR product per lane.

C. Visualize gel in a Gel imager to ensure PCR worked and the product is of the
correct size. (a failed PCR with primer dimers is approximately 100bp band)
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Annex 8: Bisulfate conversion of DNA

Annex 9: Bisulfite iPLEX Assay for Methylation Analysis

1. Thaw bisulfite DNA (btDNA), keep on ice
2. Prepare PCR master mix, add DNA polymerase last

1 reaction:

ddH20 2.40 ul
10X PCR buffer (Agena) 0.70 ul
magnesium chloride (Agena) 0.56 ul
dNTP mix (Agena) 0.14 ul
capture primer mixes 1.00 ul
Tag polymerase 0.20 ul
Total master mix: 5.00 ul

Add master mix to a 384 well-plate,

Seal with adhesive cover, spin down at 2000g for 1min

Add 2.0 ul of btDNA to 384-well plate.

Seal with adhesive cover, make sure it’s covered tightly (apply pressure to streak
cover), spin down at 2000g for 1min.

7. Run in 384-well PCR cycler (annealing temperature of primer multiplex reaction
usually 54 deg.)

IS

95 deg. 2min

95 deg 30sec

54 deg. 30sec | x45-50 cycles
72 deg. 1min

72 deg. 5min

4 deg. hold

8. Cycler can be left on 4deg. overnight, store PCR product at 4 deg. or -20 deg.
afterwards
9. Prepare shrimp alkaline phosphatase (SAP) master mix:

1 reaction:

ddH20 1.53 ul
Shrimp Alkaline phosphatase buffer (Agena) 0.17 ul
Shrimp Alkaline Phosphatase (Agena) 0.30 ul
Total master mix: 2.00 ul

10. Spin down PCR plate, add 2.0ul SAP master mix to the top of each PCR well
11. Seal plate with fresh adhesive cover, make sure it sits tightly, spin down
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12.

13.

14.

15.

16.
17.

18.
19.

Incubate in a thermocycler at 37 deg. for 30min, followed by inactivation of the
enzyme at 85 deg. for 5min

Prepare extension reaction master mix, keep on ice after preparation:
1 reaction:
ddH20 0.74 ul
extension primer mixes 0.94 ul
iPLEX extension buffer 0.20 ul
iPLEX termination reaction mix 0.10 ul
iPLEX enzyme 0.02 ul
Total master mix: 2.00 ul
Spin down SAPed PCR plate, add 2ul of extension master mix to the top of each

PCR well, seal plate spin down again.
Incubate in a thermocycler using “iPLEX extension program”, keep on hold at 4
deg. after that (may be left overnight at 4 deg.):

94 deg. 30sec
94 deg 5sec
52 deg. 5sec
80 deg. 5sec
52 deg. 5sec
80 deg. 5sec
52 deg. 5sec 40 cycles
80 deg. 5sec
52 deg. 5sec
80 deg. 5sec
52 deg. 5sec
80 deg 5sec
72 deg. 3min
4 deg. hold

Add 18ul of ddH20 to each well, seal plate spin down.

Desalting: Spread out desalting resin (Agena) on the 6mg/well 384-well Dimple
plate. Make sure no excess desalting resin is left on the plate

Let Dimple plate sit at room temp for approx. 2 min to let resin dry slightly.
Load Resin: Take place from step 18, remove seal, turn it upside down and put it
on top of Dimple plate from step 19 (see image below). While holding the plate
and Dimple plate together firmly, Flip both of them together upside down. Have
resin fall into place by lightly tapping the top of the Dimple plate frame with a
pen or empty 50ml tube.
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20.

21.

22.

23.

24,

25.

384-well sample microtiter
plate (upside-down).

Make sure the sample plate ¢ [ i
rests against this small, ]
rounded post on the dimple ——p « R

: I =
plate; this aligns the wells in
the sample ]JL‘IIL with the wells |

i the dimple plate.

}L)illiple plate

Seal plate with adhesive cover. Briefly spin down at 500g and put in a rotating
mixer. Rotate at room temperature for 30min.
Chip spotting onto Agena SpectroChlP:
a) Let Agena Nanodispenser RS1000 chip spotter complete one cleanup
cycle for 24-well pin setup (tools -> daily clean)
b) Spin down plate at 2000g, then transfer to Chip spotter and place in MTP1
spot.
c) Place Agena Spectrochip on chip holder spot.
d) Pipette 80ul of 3-point calibrant (Agena) into white chip spotter reservoir.
DO NOT USE 4-POINT CALIBRANT for iPLEX assays
e) Drain sonicator bath and refill with 96-100% Ethanol
Set up plate on attached PC by first defining a plate transfer map (Mapping ->
New). Make sure “tuning” is enabled when assigning samples. Save plate map.
Then define method (Method) for the map you just created. Make sure “auto
tuning” is checked. Save methods file. Start Spectrochip transfer with the methods
file (Transfer)
Once completed, remove Spectrochip and insert into mass spectrometer chip
holder. Make sure not to touch the chip surface. Insert a second (empty) chip to
fill out space in chip holder.
Insert chip holder into mass spectrometer. Close chamber and draw vacuum using
button on the device.
Set up plate map at PC attached to mass spectrometer:
a) Open TYPER software -> plate editor -> new
b) Type in sample names and multiplex assay info on 384-well platemap
using available sample/amplicon names to the left.
c) Save plate
d) Go to chip linker software, select iPLEX plate from the list to the left,
type in chip barcode
e) Press “add”, then “create” (plate file will be created and can now be
loaded in SpectroACQUIRE)
f) Go to SpectroACQUIRE software, load plate in microchip spot A by
going to “chip autorun setup” in lower right screen panel
g) Load parameter file (Tools -> load parameters -> IPLEX)
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h) Click “start autorun” in upper field of SpectroACQUIRE software.
Chip will be run one well at a time in automatic program (384 wells
take approx. 2h). Note: “Start Autorun” button will remain inactive
until vacuum is drawn completely in chip chamber. Check Mass
spectrometer parameters window to monitor pressure.
26. Once completed, release vacuum, remove Spectrochip and store at room
temperature in plastic housing for future analysis.
27. Export data to text file:
a) TYPER software -> Analyzer
b) select and load plate data from list to the left
c) View -> plate data pane -> save as .csv file
28. Open and analyze file with excel or comparable software. Methylation values for
each analyzed CpG can be calculated from C-extended vs. T-extended signal
ratio. Make sure to apply cutoff for technical data quality (usually <0.85
unextended primer, and >10.0 peak area)

Annex 10: EBV Library Construction protocol

1. End Repair and A-tailing

1.1 Assemble each end repair and A-tailing reaction in a tube or well of a PCR plate

as follows:
Component Volume
Fragmented, double-stranded DNA 50 puL
End Repair & A-Tailing Buffer* 7 UL
End Repair & A-Tailing Enzyme Mix* 3 pL
Total volume: 60 pL

*The buffer and enzyme mix should preferably be pre-mixed and added in a single
pipetting step. Premixes are stable for <24 hrs at room temperature, for <3 days
a§520°g to 8°C, and for <4 weeks at -15°C to

1.2 Vortex gently and spin down briefly. Return the plate/tube(s) to ice. Proceed
immediately to the next step.

1.3 Incubate in a thermocycler programmed as outlined below:

Step Temp Time
End repair and A- 20°C 30 min
tailing 65°C* 30 min
HOLD 4oC** 0

*A heated lid is required for this incubation. If possible, set the temperature of the
lid at 85°C, instead of the usual ~105°C.

**|f proceeding to the adapter ligation reaction setup without any delay, the
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reaction may be cooled to 20°C instead of 4°C.

1.4 Proceed immediately to Adapter Ligation (step 2).

2. Adapter Ligation

2.1 Dilute adapter stocks to the appropriate concentration, as outlined in Table 2 (p.
5).

2.2 In the same plate/tube(s) in which end repair and A-tailing was performed,
assemble each adapter ligation reaction as follows:

Component Volume
End repair and A-tailing reaction product 60 L
Adapter stock (concentration as 5 UL
required)

PCR-grade water* 5uL
Ligation Buffer* 30 pL
DNA Ligase* 10 L
Total volume: 110 yL

*The water, buffer and ligase enzyme should preferably be premixed and added
in a single pipetting step. Premixes are stable for <24 hrs at room temperature,
for <3 days at 4°C, and for <4 weeks at -20°C.

2.3 Mix thoroughly and centrifuge briefly.
2.4 Incubate at 20°C for 15 min.

Note: to achieve higher conversion rates and library yields, particularly for low-
input samples, consider increasing the ligation time—to a maximum of 4 hrs at
20°C, or overnight at 2°C to 8°C. Please note that longer ligation times may
lead to increased levels of adapter-dimer. Adapter concentrations may have to be
optimized if ligation times are extended significantly.

2.5 Proceed immediately to the next step.

3. Post-ligation Cleanup

3.1 In the same plate/tube(s), perform a 0.8X bead- based cleanup by combining

the following:
Component Volume
Adapter ligation reaction product 110 yL
KAPA cleanup beads 88 L
Total volume: 198 pL

3.2 Mix thoroughly by vertexing and/or pipetting up and down multiple times.
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3.3

3.4

3.5
3.6
3.7

3.8
3.9
3.10

3.11

3.12

3.13
3.14

3.15

3.16

3.17

4.1

Incubate the plate/tube(s) at room temperature for 5 — 15 min to bind DNA to the
beads.

Place the plate/tube(s) on a magnet to capture the beads. Incubate until the liquid
is clear.

Carefully remove and discard the supernatant.
Keeping the plate/tube(s) on the magnet, add 200 uL of 80% ethanol.

Incubate the plate/tube(s) on the magnet at room
temperature for >30 sec.

Carefully remove and discard the ethanol.
Keeping the plate/tube(s) on the magnet, add 200 pL of 80% ethanol.

Incubate the plate/tube(s) on the magnet at room
temperature for >30 sec.

Carefully remove and discard the ethanol. Try to remove all residual ethanol
without disturbing the beads.

Dry the beads at room temperature for 3 — 5 min, or until all of the ethanol has
evaporated. Caution: over-drying the beads may result in reduced yield.

Remove the plate/tube(s) from the magnet.
Thoroughly resuspend the beads:

- in 25 pL of elution buffer (10 mM Tris-HCI, pH 8.0 —8.5) to proceed with
Library Amplification (step 4), or in 55 pL of elution buffer (10 mM Tris-
HCI, pH 8.0 — 8.5) to proceed with double-sided size selection

Incubate the plate/tube(s) at room temperature for 2 min to elute DNA off the
beads.

Place the plate/tube(s) on a magnet to capture the beads. Incubate until the liquid
is clear.

Transfer the clear supernatant to a new plate/tube(s):

- to proceed with Library Amplification (step 4), transfer 20 pL of supernatant,
or

- to proceed with double-sided size selection (Appendix 1), transfer 50 pL of
supernatant.

Library Amplification

Note: Please refer to Important Parameters: Library Amplification (pp. 6 —7)
and the KAPA NGS Library Preparation Technical Guide (available on request
from Technical Support at sequencing.roche.com/support) for more information
on optimizing library amplification.

Assemble each library amplification reaction as
follows:
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4.2

Component Volume
KAPA HiFi HotStart ReadyMix (2X) 25 pL
KAPA Library Amplification

Primer Mix (10X) : o HL
Adapter-ligated library 20 uL
Total volume: 50 pL

*Or another, suitable 10X library amplification primer mix. The recommended
final concentration of each primer in the library amplification reaction is 0.5 — 4
M. Also refer to Important Parameters: Library Amplification (p. 6).

Mix thoroughly and centrifuge briefly.

4.3 Amplify using the following cycling protocol:

4.4

5.2
5.3

5.4

Step Temp Duration Cycles
Initial denaturation 98°C 45 sec 1
Denaturation 98°C 15 sec Minimum
Annealing* 60°C 30 sec nuTper required
Extension 72°C 30 sec ?‘F;%Ilie ig%[iro‘{l)
Final extension 79°C 1 min 1

HOLD 4°C o0 1

*Optimization of the annealing temperature may be required for non- standard
(i.e., other than Illumina TruSeq) adapter/primer combinations.

Proceed directly to Post-amplification Cleanup
(step 5).
Post-amplification Cleanup

In the library amplification plate/tube(s) perform a 1X bead-based cleanup by
combining the following:

Component Volume
Library amplification reaction product 50 pL
KAPA cleanup beads 50 uL
Total volume: 100 pL

Mix thoroughly by vortexing and/or pipetting up and down multiple times.

Incubate the plate/tube(s) at room temperature for 5 — 15 min to bind DNA to
the beads.

Place the plate/tube(s) on a magnet to capture the beads. Incubate until the
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55
5.6
5.7

5.8
5.9
5.10

5.11

5.12

5.13
5.14

5.15

5.16

5.17

liquid is clear.
Carefully remove and discard the supernatant.
Keeping the plate/tube(s) on the magnet, add 200 pL of 80% ethanol.

Incubate the plate/tube(s) on the magnet at room
temperature for >30 sec.

Carefully remove and discard the ethanol.
Keeping the plate/tube(s) on the magnet, add 200 pL of 80% ethanol.

Incubate the plate/tube(s) on the magnet at room
temperature for >30 sec.

Carefully remove and discard the ethanol. Try to remove all residual ethanol
without disturbing the beads.

Dry the beads at room temperature for 3 — 5 min, or until all of the ethanol has
evaporated. Caution: over-drying the beads may result in reduced yield.

Remove the plate/tube(s) from the magnet.

Thoroughly resuspend the beads in an appropriate volume of elution buffer
(10 mM  Tris-HCI, pH 8.0 — 8.5) or PCR-grade water.

Note: If proceeding with a second post- amplification cleanup, or double-sided
size selection (Appendix 1), resuspend the beads in 55 pL of elution buffer.

Incubate the plate/tube(s) at room temperature for 2 min to elute DNA off the
beads.

Place the plate/tube(s) on a magnet to capture the beads. Incubate until the liquid
is clear.

Transfer the clear supernatant to a new plate/tube(s) and proceed with size selection
(refer to Appendix 1), library QC, target capture or sequencing, as appropriate.
Store purified, amplified libraries at

+2°C to +8°C for 1 — 2 weeks, or at -15°C to -25°C for up to 3 months.

Annex 11. EBV capture sequencing using Illumina tube protocol

This protocol has been developed for a maximum of 6 capture reactions using individual

tubes.

Guidelines

During the 4 hr incubation, the tube needs to be sealed
properly to avoid evaporation.Excessive evaporation during the
hybridization can lead to capture failure.

The duration of hybridization should be kept consistent for all
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samples within a project. For GC-rich or small panels (<1000
probes), longer hybridization times (up to 16 hr) may improve
performance.

Before you start

Two cycling programs, set at different incubation temperatures, are used
for hybridization capturein this protocol.

1. Create the following PCR programs:

95°C 30 sec
65°C 4 hr

65°C Hold
65°C Hold

* It is critical to reduce the lid temperature to 70°C for the WASH program.

Perform hybridization reaction

1. Inal.7 mL MAXYMum Recovery microtube (low-bind), add the
following components:

Human Cot DNA 5

xGen Blocking Oligos based on 2
your library adapters

2. Add 500 ng of library to each tube
containing Blocker components. If
multiplexing samples, use 500 ng of each
library.

3. Drydown the mixture in a SpeedVac system.

@ Safe Stop: Be sure to seal the sample tube. Store the
sample at RT overnight,or —20°C for longer.

4. Thaw all contents of the xGen Hybridization and Wash Kit to room
temperature.
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Note: Inspect the tube of 2X Hybridization Buffer for
crystallization of salts. If crystals are present, heat the tube at
65°C, shaking intermittently, until the buffer is completely
solubililzed; this may require heating for several hours.

5. Create the Hybridization Master Mix by adding the following
components to the tube from

step 2 (above).

XGen ZX Hybridization Buffer 85
xGen Hybridization Buffer Enhancer 2.7
xGen Lockdown Panel or custom probes 4
Nuciease-Free Water* 18

* Do not use water if using an xGen spike-in panel. See Appendix
B for more information.

6. Pipet the mix, then incubate at room temperature for 5-10 min.

7. Vortex, then briefly centrifuge.

8. Transfer 17 pL of the capture to a low-bind 0.2 mL PCR tube, then
briefly centrifuge.

9. Place the sample tube in the thermal cycler and start the HYB
program.
Prepare buffers

Note: Before preparing the buffers, remove the Dynabeads M-270
Streptavidin beads from storage at 4°C. The beads need to be at room
temperature for a minimum of 30 min before performing the washes.

1. Dilute the following xGen buffers to create 1X working solutions:
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xGen 2X Bead Wash Buffer 160 160 320  Keep at room temperature.
Aligquot 110 pL of the 1X

xGen 10X Wash Buffer 1 252 28 280  Buffer into aseparate tube and
heat to 65°C. The remaining
solution should be kept atroom

temperature.
xGen 10X Wash Buffer 2 144 16 160  Keep at room temperature.
xGen 10X Wash Buffer 3 144 16 160  Keep at room temperature.
_ Aliquot into two tubes (160 pL
xGen 10X Stringent Wash 288 32 320 o
BUffer each).Heat tubes to 65°C in a

water bath or heating block.

Note: If Wash Buffer 1 is cloudy, heat the bottle in a 65°C
water bath to allowresuspension.

Tip: The 1X working solutions are stable at room
temperature (15-25°C) for up to4 weeks.

2. Prepare the following Bead Resuspension Mix in a low-bind tube:

xGen 2X Hybridization Buffer 8.5
xGen Hybridization Buffer Enhancer 2.7
Nuclease-Free Water 5.8

Wash Streptavidin beads

Important! Only perform bead washes with beads that
have equilibrated to roomtemperature.

1. Mix the beads thoroughly by vortexing for 15 sec.

2. Aliquot 50 pL of streptavidin beads per capture into a single 1.7 mL
low-bind tube. For
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10.

11

example, for 1 capture, prepare 50 uL of beads and for 2 captures,
prepare 100 uL of beads.

Add 100 pL of Bead Wash Buffer per capture. Gently pipet the mix
10 times.

Place the tube on a magnetic rack, allowing the beads to
fully separate from thesupernatant (approximately 1
min).

Remove and discard the clear supernatant, ensuring that the beads
remain in the tube.

Remove the tube from the magnet.
Perform the following wash:

a. Add 100 pL of Bead Wash Buffer per capture, then pipet the
mix 10 times.

b. Place the tube on a magnetic rack for approximately 1 min,
allowing the beads to fullyseparate from the supernatant.

c. Carefully remove and discard the clear supernatant.

Perform an additional wash by repeating step 7 (above) for a total of 2
washes.

Resuspend the beads in 17 pL per capture of Bead Resuspension Mix
from

Prepare buffers, step 2.

Mix thoroughly to ensure that the beads are not left to dry in the
tube.

If needed, briefly centrifuge the tube at 25 x g.

. Aliquot 17 pL of resuspended beads into a new low-

bind 0.2 mL tube for eachcapture reaction.

Perform bead capture

1.

Place the 1X Wash Buffer 1 (110 pL aliquot) and the 1X Stringent
Wash Buffer (both aliquots)in a 65°C water bath for at least 15 min.

Tip: The buffers will be used during the Heated washes, but
we recommend startingthis incubation at the same time as the
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bead capture, so that the buffers will be at thecorrect
temperature when needed.

2. After the 4 hr incubation, take the tube out of the thermal cycler.
3. Once removed, stop the HYB program.

4. Immediately after the HYB program completes, start the WASH
program.

5. Transfer 17 pL of resuspended streptavidin beads to the
0.2 mL tube containingthe sample.

6. Vortex to ensure that sample is fully resuspended. Gently and briefly
centrifuge, if needed

(10secat25x Q).
7. Place the sample tube in the thermal cycler and set a timer for 45 min.

Note: It is safe to place the sample tubes in the thermal cycler
before the lidtemperature has fully cooled to 70°C when
starting the incubation.

8. Every 10-12 min, remove the tube from the thermal cycler and
gently vortex to ensure thesample is fully resuspended.

9. Atthe end of the 45 min, take the sample off the thermal cycler.
Proceed immediately to Heated washes.

Perform washes

Important! It is critical to ensure that the buffers have reached
65°C in a water bath beforestarting the Heated washes.

Heated washes

1. Transfer 100 pL of heated Wash Buffer 1 to the sample, pipet the
mix 10 times, being carefulto minimize bubble formation.

2. Place the tube on a magnetic rack for 1 min. Remove the supernatant.
Note: Due to the supernatant having a high concentration

of hybridization bufferand enhancer, use appropriate
disposal methods.
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Tip: If you do not have a magnetic rack that holds 0.2 mL
tubes, transfer the entirereaction to a 1.7 mL tube.

3. Remove the tube from the magnet and add 150 pL of heated
Stringent Wash Buffer to thesample.

4. Pipet the mix 10 times, being careful to not introduce bubbles.
Incubate in the water bath at 65°C for 5 min.

6. Place the sample on the magnet for 1 min. Remove the supernatant.

7. Remove the tube from the magnet and add 150 pL of heated
Stringent Wash Buffer to thesample.

8. Pipet the mix 10 times, being careful to not introduce bubbles.
9. Incubate in the water bath at 65°C for 5 min.

10. Place the tube on a magnet for 1 min.

Room temperature washes

Important! To ensure the beads remain fully resuspended,
vigorously mix the samplesduring the room temperature
washes.

1. Remove and discard supernatant. Add 150 pL of Wash
Buffer 1 equilibrated to roomtemperature.

2. Vortex thoroughly until fully resuspended.

3. Incubate for 2 min while alternating between vortexing for 30
sec and resting for 30 sec,to ensure the mixture remains
homogenous.

At the end of the incubation, briefly centrifuge the tube.
Place on the magnet for 1 min.
Remove the supernatant. Add 150 pL of Wash Buffer 2.

Vortex thoroughly until fully resuspended.

©® N o o &

Incubate for 2 min while alternating between vortexing for 30
sec and resting for 30 sec,to ensure the mixture remains
homogenous.
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9. At the end of the incubation, briefly centrifuge the tube.
10. Place on the magnet for 1 min.

11. Remove the supernatant. Add 150 pL of Wash Buffer 3.
12. Vortex thoroughly until fully resuspended.

13. Incubate for 2 min while alternating between vertexing for 30
sec and resting for 30 sec,to ensure the mixture remains
homogenous.

14. At the end of the incubation, briefly centrifuge the tube.
15. Place the sample tube on the magnet for 1 min.
16. Remove and discard the supernatant.

17. With the sample tube still on the magnet, use a fresh pipette tip to
remove residual WashBuffer 3 from the tube, then remove the
tube from the magnet.

18. Add 20 pL of Nuclease-Free Water to each capture.

19. Pipet the mix 10 times to resuspend any beads stuck to the side of the
tube.

Important! Do not discard the beads. Use the entire 20 uL of resuspended beads
with captured DNA in Perform post-capture PCR.

Perform post-capture PCR

1. Ifa 1.7 mL tube was used for the washes, transfer the sample to a

low-bind
0.2 mL PCR tube.
2. Add the following components to create the Amplification Reaction
Mix:
2X KAPA HiFi HotStart ReadyMix* 25
xGen Library Amplification Primer 1.25
Nuclease-Free Water 3.75

* If using a PCR master mix other than Kapa HiFi, the magnesium concentration may
need to be optimized for on-bead PCR.
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3. Place the tube in a thermal cycler, and run the following program
with the heated lid set at105°C:

Polymerase activation 1 98 45 sec
Amplification )
) Variable—refer 98 15 sec
Denaturation
. to thePanel 60 30 sec
Annealing
. table below. 72 30 sec
Extension
Final extension 1 72 1 min
Hold 1 4 Hold

Note: The number of PCR cycles should be
optimized per panel size and thenumber of pooled
libraries per capture, to ensure there is enough yield
for sequencing.

We recommend starting optimization with the following:

>100,000 probes (xGen 10 cycles 8 cycles 7 cycles 6 cycles
Exome)

10,000-100,000 probes 12 cycles 10 cycles 9 cycles 8 cycles

500-10,000 probes 13cycles  1lcycles 10 cycles 10 cycles
1-500 probes 14 cycles  12cycles 11 cycles 11 cycles
@ Optional stopping point. Amplified captures may be stored at

4°C overnight.
Purify post-capture PCR fragments

Important! Ensure Agencourt AMPure XP beads have been
equilibrated to roomtemperature before proceeding.

1. Prepare 250 pL of fresh 80% ethanol per sample, multiplied by the
number of samples with

a 10% overfill.

2. Add 75 pL (1.5X volume) of Agencourt AMPure XP beads to each
amplified capture (transfer
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to a larger 1.7 mL tube, if needed).
3. After adding the beads, mix thoroughly and incubate for 5-10 min.

4. Place the sample tube on a magnet until the supernatant is clear (2-5
min).

5. Remove supernatant without disturbing the beads.

6. While keeping the tube on the magnet, add 125 pL of 80%
ethanol, then incubate forl min.

7. Remove the ethanol, then repeat another ethanol wash.
8. Allow the beads to air dry for 1-3 min. Do not overdry the beads.

9. Remove the sample tube from the magnet and elute in 22 pL of
Buffer EB, or equivalent(10mM Tris-Cl, pH 8.5). Mix
thoroughly. Alternatively, TE can be used.

10. Incubate for 5 min at room temperature.
11. Place the tube on a magnet until the supernatant is clear (1-2 min).

12. Transfer 20 pL of eluate to a fresh tube making sure that no beads are
carried over.

@ Optional stopping point. Purified PCR fragments may be
stored at —20°C for up to

1 week.
Validate and quantify library

1. Measure the concentration of the captured library using a fluorescence-
based method for

DNA quantitation (such as Qubit dSDNA HS Assay kit) or qPCR.

Note: Knowing the concentration of your captured library
helps ensure your library iswithin the detection limits of the
chip or tape (as measured in step 2, below) for use on your
digital electrophoresis system.

2. Measure the average fragment length of the captured library on a

digital electrophoresis system (e.g., the BioRad Experion™
System using a DNA 1K chip, the Agilent 2100 Bioanalyzer using
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a high sensitivity DNA chip, or the Agilent 2200 TapeStation
system usinga DNA tape or other similar system).
Perform sequencing

Perform sequencing according to the instructions for your Illumina instrument.
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Addis Ababa

/Addis Ababa University College of Health Sciences

Subject: Letter of Approval

The Ministry of Education (MoE) via its National Research Ethics Review Committee has
reviewed “Molecular Epidemiology and Genetic Diversity of Epstein - Barr virus among EBV
associated lymphoproliferative in Ethiopia” project protocol in an expedited manner. We are
writing to advise you that MoE has granted full approval to the above named project, for a
period of one year (September 23, 2022- September 22, 2023).

D),

All your most recently submitted documents have been approved for use in this study. The
study should comply with the international and national scientific and ethical standard
guidelines. Any change to the approved protocol or consent material must be reviewed and
approved through the amendment process prior to its implementation. In addition, any adverse
or unanticipated events should be reported within 24-48 hours to MoE. Please ensure that you
submit biannual progress report to MoE once in six months and annual renewal application 30

days prior to the expiry date.

We are confident that your esteemed organization and the Pl (copied) of the project should
monitor the ethical implication of the project as stipulated in the latest approved document.

b))

State Minister for Higher Education Development S

>
> CEO, Research and Community Engagement Affairs
> Research Ethics Desk
Ministry of Education
»  Mr. Seifegebriel Teshome (PI)

AAUCHS
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ADDIS ABABA UNIVERSITY, COLLEGE OF HEALTH.SC[ENCES (IRB)
aAG.0 ANO 2LNCHE mS AL hAE
Institutional Review Board

ANNEX 3
Form AAUMF 03-008

IRB'’s Decision
Meeting No: 08/2022 Meeting Date: August 15, 2022
Protocol number: 056/21/DMIP
Protocol Title: Molecular Epidemiology and Genetic Diversity of Epstein - Barr virus |
among EBV associated lymphoproliferative disorders in Ethiopia

—

Principal Investigator: Seifegebriel Teshome
Institute: College of Health Sciences, AAU
Elements Reviewed (AAUMF 01-008) | 4 Attached [ ] Not attached
Review of Revised Application Date of Previous review:
[] Yes ] No

“Approved [ ] Approved with Recommendation
[ JResubmission [ ] Disapproved

Decision of the meeting:

I. Elements approved- 1. Protocol Version No: 3
2. Protocol Version Date:
3. Informed consent Version No. 3
4. Informed Consent Version Date:
I1. Obligations of the PI-
1. Should comply with the standard international & national scientific and ethical guidelines
2. All amendments and changes made in protocol and consent form need IRB approval
3. The PI should report SAE within 10 days of the event
4. End of the study, including manuscripts and thesis works should be reported to the IRB
5. The PI should report non-compliance and unanticipated events

IIl. TO NERC J
Institution Review Board (IRB) Approval: Period from October 13, 2021, to October 12, 2022
Follow up report expected in 3 Months 6 months ___ 9 months v  oney

esep— : i S

Director of Research & Technology ' ]‘mﬁ"sfé r, C HS: -
£ 3V

Dr. Wondwossen Amogne / v
Signature \1\" W
Date xl ‘H -

Scanned By Camera Scanner
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DocuSign Envelope ID: FA28220B-AA86-4D33-AD8F-6889904C3A92
OSU# M22-2093 Baiocchi (EBR)

Material Transfer Agreement

This Material Transfer Agreement (MTA) has been prepared for use by Addis Ababa University,

Department of Microbiology, Immunology and Parasitology, Ethiopia and The Ohio State
University, Technology Commercialization Office, 1524 N. High Street, Columbus, OH 43201

USA in all transfer of research material (samples, derivatives, and specimens) related to the
protocol “Molecular Epidemiology and Genetic Diversity of
Epstein - Barr virus among patients with lymphoproliferative disorders in Ethiopia”.

Provider: Mr. Seifegebriel Teshome Addis Ababa University, Department of Microbiology,
Immunology and Parasitology, Ethiopia

Recipient: Robert Baiocchi MD, PhD, Department of Internal Medicine, The Ohio State
University, USA. Provider agrees to transfer to recipient’s designated (provider) the following
research materials /specimen. Samples: DNA, RNA, PBMCs, Plasma and Serum for sequencing
and microbiome analysis under high-tech laboratory condition, specifically isolated human DNA
(390 samples, 20-100pleach), Human mononuclear cells (578samples, ImL each), Human plasma
(380samples, ImL each) and Serum (424samples 0.5mL each).

The research material will only be used for research purposes as described in the protocol by
recipient’s investigator in designated laboratory for the research project described below, under
suitable containment conditions. This research material will not be used for commercial purposes
such as screening, production or sale for which a commercialization license may be required.
Recipient agrees to comply with all National and International guidelines rules and regulations
applicable to the Research Project and the handling of the Research Material.

a) Are the research materials of human origin?

Yes No I:,

b) If yes, are they collected according to the details in the protocol and in adherence
to National Research Ethics Review Committee (NRERC) and Addis Ababa
University College of Health Sciences (AAU-CHS) Ethics Review Committee
recommendations and their approval? )

Yes No I:l

2. This research material and its derivatives will be used by recipient’s investigator solely in
connection with the following research project (“Research Project”) described with specificity
as  follows  “Molecular  Epidemiology @ and  Genetic  Diversity  of
Epstein - Barr virus among patients with lymphoproliferative disorders in Ethiopia”.

3. In all presentations or written publications concerning the research project, recipient will
acknowledge provider’s contribution of this research material unless requested otherwise.

MSUT AGR2016-00787
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4. This research material represents a significant contribution on the part of provider and is
considered proprietary to provider. Recipient therefore agrees to retain control over this
research material and further agrees not to transfer the research material to other people not
under her/his direct supervision without advance written approval of provider. The research
material will be disposed of as agreed upon per protocol at the end of completion of the project.

5. The provider does not take any responsibility for loss, damage, wastage or spoilage of the
research material during or after shipment to the address provided by the recipient under
conditions agreed to in the protocol on shipment of the samples. This research material is
provided as a service to the research community. IT IS BEING SUPPLIED TO RECIPIENT
WITH NO WARRANTIES, EXPRESS OR IMPLIED, INCLUDING ANY WARRANTY OF
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. Provider makes no
representations that the use of the research material will not infringe any patent or proprietary
right of third parties.

6. The recipient shall notify the provider in witting of any intention, improvement, modification
discovery or development to the material or the information made by recipient or parties,
collaborating with recipient, here in after referred to as “invention”. Nothing in this agreement
shall, however, be construed as conveying to the provider any rights under any patents or other
intellectual property to such invention, and other than as explicitly provided herein. At its
option the provider shall be entitled to receive sample of any materials derived from the
Materials for its own research and evaluation purposes only.

7. The under- signed provider and recipient expressly certify and affirm that the contents of any
statements made herein are truthful and accurate.

8. Any additional terms (use an attached page if necessary):

9. The provider maintains, ownership right of the research material and its unmodified derivatives
unless stated otherwise.

The provider will retain a copy (aliquot) of every sample sent abroad as much as possible for local
research needs.

MSUT AGR2016-00787 s
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Material Transfer Agreement

Signature page

For The Ohio State University:

Read and Acknowledged by:
Recipient’s Investigator

Dr./Prof. Robert Baiocchi

Senior scientist
Signature

@W\‘ bm:ocdd
meﬁzé"i 0472022

Mallmg Address for Material:

400 west 12th avenue, Room 481 wiseman Hall

C/0 Jessica Weist, COlumbus OH 43210

Tel: ... 614-370-9942 (J. Weist)

Faxsses

For Provider:

Provider’s Investigator
Mr. Seifegebriel Teshome
Signature

%

Mailing Address:

Addis Ababa University, Department of
Microbiology, Immunology and Parasitology.
College of Health Sciences, School of Medicine,
Tikur Anbessa Specialized Hospital, 6" floor
room number 610

P.0.Box 9086, Addis Ababa, Ethiopia

Tel: +251913059887

MSUT AGR2016-00787
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9F8382D1Ef§402...
1gnature tamp

Kristin Cress

Manager, _contracts
06/02/2022

Mailing Address for Notices:

Technology Commercialization Office,
1524 N. High Street,

Columbus, OH 43201

Tel: + 614.247.6633
Email:contracts@osu.edu

Duly Authorized
Prof. Daniel Asrat
Signature/ Stan

Date: 73-06-27
Mailing Address for Notices:

Addis Ababa University, Degértment of

Microbiology, Immunolngand Parasitology,
Tikur Anbessa /§gecza11%edﬁHosmtal

P.0.Box. 9086:Addis Ababa University

Addis Ababa, Ethiopia
Office 2nd floor room n0.69 (Old building)

Tel: +251-911-22-30-19
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