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Abstract
Epstein Barr virus (EBV) is an oncogenic herpesvirus aetiologically linked to several
human malignancies of epithelial and lymphoid origins. An accumulating body of data
indicates that EBV-infected cells release specific viral components in nano-vesicles
called exosomes. Epstein-Barr virus encoded RNAs (EBER1 and EBER2) are two
highly abundant, non-protein coding RNAs that are consistently expressed in all EBV
latency programs. Conventional in situ hybridization (ISH) studies have indicated that
these RNAs are typically found in the nucleus of EBV-infected cells. Recently, it was
reported that EBERs are released out of the infected cells. However, the mechanism
by which these highly abundant EBV products are transported from the nucleus to the
cytoplasm and from there to outside of the cell remains unknown. In this thesis, we
studied if EBER1 and EBER2 are excreted out from the infected cells via the exosomal
pathway. Using differential ultracentrifugation, we isolated exosomes from EBVinfected, non-infected and EBER1-transfected cell lines. The identity of purified
exosomes was confirmed by electron microscopy and western blotting for exosomal
markers. The presence of EBERs in cells, culture supernatant and purified exosomal
fractions was determined using RT PCR. Both EBER1 and EBER2 were observed to
be present not only in the culture supernatants but also in purified exosomes from all
EBV-infected cell lines. The EBER binding protein La was also observed to be present
in the purified exosomal fractions. To directly track the journey of these small RNAs,
we developed a novel electron microscopy-based technique. Our results showed (for
the first time) that at least a portion of EBERs are transported from the nucleus to the
cytoplasm, where they appear to be loaded into multi-vesicular bodies for eventual
excretion via exosomes. Furthermore, the EBER binding protein La was also localized
to the same exosomal fractions, suggesting that EBERs might be released from the
EBV-infected cell lines in the form of EBER-La complexes. Moreover, when the
purified exosomes from both type I and type III EBV latently-infected cell lines were
exposed to non-infected cells, they induced apoptosis in the recipient cells in a time
and dose-dependent manner. The fluorescently-labeled exosomes isolated from EBVinfected cell lines were taken up by non-infected cell lines, where they induced
apoptosis via the extrinsic pathway of cell death. The blocking of caspase 3/7/8
pathways resulted in inhibition of exosome-mediated apoptosis. Molecular analysis of
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the exosomes from EBV-infected cell lines showed the presence of Fas ligand (FasL)
in the exosomal fractions. Our data indicates that exosomes from EBV-infected cell
lines induce apoptosis via the FasL-mediated extrinsic pathway and incubation of
exosomes with anti-FasL antibody resulted in reduction of apoptosis in the recipient
cells. Together, these data support the view that EBV can hijack the cellular exosomal
pathway to excrete specific viral and cellular components to modulate the
microenvironment.
Keywords: Epstein-Barr virus encoded RNAs (EBER1 and EBER2), Exosomes,
Microenvironment, Electron microscopy, La protein, Apoptosis, Fas ligand.
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)Title and Abstract (in Arabic

فهم دور و آليات عمل الحمض النووري الريبي ( )EBERSفي بيولوجية فيروس ال
()EBV
الملخص

فيروس "ابستين بار )" (EBVهو من انواع الفيروسات المرتبطة بالعديد من األورام الخبيثة التي
تصيب االنسان في الخاليا الظهاريه واللمفاوية .وتشير المجموعة الهائلة من البيانات إلى ان
الخاليا المصابة بفيروس  EBVتطلق مكونات فيروسية محدده في حويصالت بحجم النانو تسمي
 .exosomesيعتبر  EBER1,EBER2من االحماض النووية الريبية المشفرة لفيروس EBV
والمتوفرة بكثرة ويتم التعبير عنها دائما في المراحل الكامنة للفيروس .وقد أشارت الدراسات
التقليدية باستخدام تقنية ) (ISHان هذه االحماض النووية الريبية المشفرة ) (EBERsعاده ما
توجد في انوية الخاليا المصابة بفيروس ال  .EBVفي االونه االخيره ،قد تبين بأنه يتم خروج ال
 EBERsمن الخاليا المصابة .ومع ذلك ،فإن اآللية التي يتم بها نقل هذه االحماض الوفيرة جدا
من النواة إلى السيتوبالزم ومن هناك إلى خارج الخلية ال تزال غير معروفه .في هذه االطروحه،
درسنا إذا ما كانت ال  EBER1و  EBER2تفرز من الخاليا المصابة عبر مسار
ال .exosomesباستخدام تقنية ال  ،ultracentrifugationتم عزل ال  exosomesمن الخاليا
المصابة بال  ،EBVوالخاليا غير المصابة و خاليا ال  .EBER1 transfectedوتم التأكد من
وجود ونقاء ال  exosomesعن طريق المجهر الكتروني وتقنية ال  .western blottingتم
تحديد وجود  EBERSفي الخاليا ،وال culture supernatantوفي ال  exosomesالمعزولة
عن طريق استخدام تقنية ال  .RT PCRتم ايجاد كال من ال  EBER1و  EBER2ليس فحسب
في  culture supernatantبل ايضا في ال  exosomesالمعزولة من كل الخاليا المصابة
بفيروس ال  .EBVولوحظ أيضا ان البروتين الملزم لل  La EBERيوجد ايضا في ال
 exosomesالمعزولة .ولمتابعة الرحلة الشيقة لهذه االحماض الريبية الصغيرة ،طورنا تقنيه
جديدة ومستحدثة باستخدام المجهر االكتروني .وأظهرت نتائجنا للمرة االولي ان نسبة من ال
 EBERSيتم نقلها من النواة إلى السيتوبالزم  ،حيث وعلى ما يبدو انه يتم تحميلها في اجسام
متعددة الجذور إلفرازها في نهاية المطاف عن طريق  .exosomesوعالوة علي ذلك ،فان
البروتين الملزم لل  ،EBER Laكان أيضا موجودا في نفس المحتوى لل  exosomesمما يوحي
بأنه قد يتم اإلفراج عن  EBERمن الخاليا المصابة بال  EBVعلى هيئة  .EBER-Laوعالوة
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علي ذلك ،فإن ال ( exosomesالمستخرجة من كل من النوع األول والنوع الثالث للخاليا
المصابة بفيروس ال  )EBVعند تعريضها للخاليا غير المصابة  ،فانها تؤدي إلى حفز موت
الخاليا المبرمج في الخلية المتلقية اعتمادا على الوقت والجرعة .وعالوة علي ذلك ،فإن ال
 exosomesالمعالجة باالشعه الفلورية والتي تم عزلها من الخاليا المصابة بال  ،EBVتم
اكتسابها من قبل الخاليا غير المصابة ،حيث انها تسببت في موت الخاليا المبرمج عن طريق
المسار الخارجي لموت الخلية .أدى وقف مسارات الكاسباس  3/7/8الى تثبيط موت الخاليا
المبرمج عن طريق ال  .exosomesوأظهرت التحاليل الجزيئية لل  exosomesالى وجود رابط
ال  )FasL( FASفي محتوى ال  .exosomesوأشارت بياناتنا الى ان ال  exosomesتسبب
الموت المبرمج للخاليا عن طريق المسار الخارجي لرابط ال  FasLوان وضع ال exosomes
مع مضاد ال  FasLيؤدي الى الحد من الموت المبرمج للخلية المتلقية .مع اخذ كل هذه النتائج في
االعتبار ،فإن بياناتنا تدعم الراي القائل بان ال EBVيمكنه خطف المسار الخلوي لل exosomes
إلفراز مكونات محددة فيروسية وخلوية لتحوير البيئة من حوله.

مفاهيم البحث الرئيسية :الحمض النووي الريبي المشفر لفيروس ابستين بار EBER1,
 ،microenvironment ،exosomes ،EBER2المجهراالكتروني ،بروتين  ،Laموت
الخاليا المبرمج ،رابط .Fas
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Chapter 1: Introduction
1.1 Discovery of Epstein-Barr virus
It had been more than five decades since the discovery of Epstein-Barr virus
(EBV) from the Burkitt’s lymphoma cases (BL), making it the first know human
oncogenic virus. In the 1950’s, Dennis Burkitt, a British surgeon, found a very high
prevalence of jaw tumors in children in Uganda (Burkitt, 1958). He observed that the
regions endemic to malaria in Africa had a high prevalence of this disease, leading to
a suspicion of an infectious agent for causing these childhood tumors (Burkitt, 1962).
Epstein with his colleagues Yvonne Barr and Bert Achnog were able to successfully
establish BL cell lines from the tumor tissue. Electron microscopic studies showed the
presence of viral particles in some cells (Figure 1.1) (Epstein et al., 1964). The viral
particles looked like herpes viruses known at that time, but were found to be much
smaller in size. Additional experiments showed the biological inertness of the virus
and antigenically it was observed to be quite distinct from other known human
herpesviruses (Henle and Henle, 1966). Serological studies have now shown a
worldwide distribution of EBV with >90% of the human adult population being
positive for serum EBV antibodies (Javier and Butel, 2008). However, in the vast
majority of the cases, the virus persists without causing any disease (Rickinson and
Kieff, 2007).
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Figure 1.1: The first electron micrograph of EBV taken by Tony Epstein. Immature
virion particles are shown being assembled in the cytoplasm of Burkitt’s lymphoma
cell line. Insert shows a mature enveloped viral particle. Image adapted from Münz,
2015

1.2 Classification of EBV
EBV belongs to the Herpesviridae family of DNA viruses, which are known
to infect mammals, birds and reptiles. Herpesviruses are species specific and are shown
to cause lifelong infections in their host. Out of more than 200 viruses belonging to
this group, only 8 are shown to infect humans (Arvin et al., 2007). The human
herpesviruses can be further subdivided into three groups: Alphaherpesvirinae,
Betaherpesvirinae and Gammaherpesvirinae, based on their genomic sequence and
biological properties of the virus. The alpha group has a characteristic short
reproductive cycle and rapidly spreads in the host cells with a variable host range.
Human herpes simplex virus 1 and 2 (HSV-1 and HSV-2) and Varicella-zoster virus
(VZV) belong to the human alphaherpesviruses. The beta group has a long
reproductive cycle and slow development in the host cells. Betaherpesvirus infecting
humans include herpesviruses 6A, 6B, and 7 (HHV6 and HHV7) and cytomegalovirus
(CMV). The Gammaherpesevirus group is characterized by varying replicative
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abilities of its members and are shown to replicate mainly in the lymphoblastoid cells.
The human gammaherpesviruses are further subdivided into two genra
Lymphocryptovirus (LCV) and Rhadinovirus (RDV). EBV is also known as human
herpes virus 4 (HHV4) belonging to the LCV genera. Phylogenetic studies have
showed its association with an Old World LCV (Ehlers et al., 2010). EBV is the only
human pathogen that is known in the LCV genus. LCVs are shown to primarily infect
primates and some of these are known to have high-collinearity with the human-tropic
EBV (Longnecker et al., 2013). The Kaposis sarcoma associated herpesvirus (KSHV),
also known as human herpesvirus 8 (HHV8) belongs to the RDV genus. The mouse
virus murid herpesvirus-68 (MHV-68), that is sometimes used as a mouse model for
EBV infection also belongs to the RDV group (Blasdell et al., 2003).
Two different subtypes of EBV have been shown to infect human population,
EBV-1 or type A and EBV-2 or type B (Walling et al., 2003). The main difference
between the two subtypes is the geographic distribution of their target population.
EBV-1 is shown to be mainly dominant in the developed western countries, whereas
EBV-2 is found to be circulating in sub-Saharan Africa (Zimber et al., 1986).
Superinfection with both strains have been observed in the immuno-compromised
patients (Walling et al., 1992). However, it is unclear, if both strains can infect
immuno-competent individuals. Genetic variations observed in the sequences of the
EBV-encoded nuclear antigen (EBNA) genes, specifically; EBNA-2, EBNA-3A,
EBNA-3B, EBNA-3C and EBNA-LP (leader protein), resulted in the division of EBV
into two subtypes (Sample et al., 1990). EBV subtypes are further divided into strains
depending upon the variation in the EBV DNA sequence repeats (Rickinson and Kieff,
2007).
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1.3 Structure of EBV virion
Epstein-Barr virus is approximately 200 nm in size and shares structural
features with other herpesviruses. The internal structure consists of a toroid-shaped
DNA core surrounded by 162 capsomeres forming the nucleocapsid. The outer
envelope membrane is decorated with external glycoprotein spikes and a number of
tegument proteins are present between the nucleocapsid and envelope. The EBV
envelope is formed from a number of minor and major capsid proteins. The major
components of the envelope glycoproteins are formed from: gp350 (BLLF1), gB
(BALF4), gp42 (BZLF2), gp78 (BILF2), gp150 (BDLF3), gH (BXLF2), gL (BKRF2),
gM (BBRF3) and gN (BLRF1). EBV contains a number of unique tegument proteins
such as: BNRF1, BLRF2, BDLF2, BRRF2 and BKRF4, along with other tegument
proteins that are common to all herpesviruses. Besides viral proteins, a number of
cellular proteins such as actin, enolase, β-tubulin, coilin and Hsp90 are also part of
EBV tegument. Viral proteins such as EBNA-1, EBNA-2, LMP-1 are not observed to
be part of viral tegumet proteins (Longnecker et al., 2013).
1.4 Genomic organization
EBV genome is 172 kb in length and comprises of a double stranded linear
DNA (Longnecker et al., 2013). EBV was the first herpesvirus that was sequenced
using the B95.8 strain of the virus (Baer et al., 1984). EBV genome was sequenced
using sets of overlapping fragments generated from the genomic digestion of B95.8
strain with BamH1 and EcoR1 enzymes. The cloned open reading frames (ORF), genes
and their sites for transcription and RNA processing were therefore named according
to the size of the BamH1 fragment length. The fragments were named alphabetically
with A being the largest fragment and Z being the smallest. The ORFs were labeled

5
by their direction in a rightward or leftward orientation within each BamHI fragment.
The EBV genome shares features with other gammaherpesviruses in containing a
number of terminal repeats (TR) of 0.5 kb present at both ends of the genome (Bankier
et al., 1983). Though EBV genome exists in a linear form in the viral capsid the
terminal repeats fuse together during infection of B cells, resulting in the intracellular
viral DNA being circularized into an episome. Each episome contains a specific
number of TRs that are determined by the cleavage and assembly of the total number
of TRs present within the parental viral DNA. Variations in the number of TRs can
indicate multiple cellular source of virus infection. Once in the episomal form, the
EBV genome undergoes heavy CpG methylation, with the exception of OriP, Cp, Op
and the EBER promoter regions (Kalla et al., 2012). Other features include unique
short (US) and unique long (UL) regions of 15 kb and 150 kb length that are separated
by 6-12 internal tandem repeats (IR1) of 3kb. A majority of the coding region of the
genome is present in the US and UL (Figure 1.2). EBV genome also contains a number
of small tandem repeat regions such as IR2 and IR4, that are observed close to the
unique long region. IR2 is a highly conserved GC rich region of 125 nucleotides and
is found proximal to the left end of UL. IR4 is homologous to IR2 and is located
towards the right of UL with tandem repeats of 102 nucleotides long. The origins for
initiation of EBV DNA replication are located within the IR2 and IR4. Another distinct
repeat region IR3, is present within the EBNA1 protein coding region and comprises
of around 45 tandem repeat copies of “GGGGCAGGAGCAGGA”. This region is also
called Gly/Ala repeat region due to an array of encoded alanine and glycine residues.

6
The EBV genome encodes approximately 85 proteins along with a number of noncoding RNAs such as EBER1, EBER2 and micro RNAs (miRNAs).

Figure 1.2: Schematic representation of EBV linear genome. EBV genome is around
172kb in length with two flanking terminal repeat (TR) sequences and contains a
number of large unique sequences (U1-U5) each separated by short internal repeats
(IR1-IR4). The origin of replication of latent EBV episome, OriP (shown in red), is
responsible for viral episome maintenance and DNA replication. The locations of
different viral latent gene products along with their protein sizes are shown.
Interestingly LMP1 is transcribed in opposite direction compared to other viral
transcripts. LMP2 can only get transcribed when the virus is in the episome form
because its reading frame spans across the TR region. The EBNA genes are transcribed
from differential splicing of primary EBNA transcript. In type III latency, the EBNA
genes are transcribed using the Cp or Wp promoter, whereas in latency type I or II, Op
promoter is used for transcription. Image adapted from: Ok et al., 2013.

1.5 EBV Life Cycle
1.5.1 Primary EBV infection
The main route of EBV transmission is via saliva, with most children in the
developing world becoming infected in the early childhood through familial contact,
resulting in an asymptomatic lifelong infection (Gratama et al., 1990). However, in
the developed countries, the infection is often delayed with the virus being acquired in
teenage years through kissing. Such viral acquisition often leads to the development
of infectious mononucleosis (IM), a self-limiting lymphoproliferative disease (Henle
et al., 1968). Besides kissing, other rare routes of EBV infections have also been
reported, such as blood transfusion (Gerber et al., 1969), organ transplantation (Hanto
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et al., 1981) or through bone marrow transplantation (Shapiro et al., 1988). Once EBV
enters a new host through saliva, it establishes primary infection in the oropharyngeal
lymphoid organs where the virus can infect tonsillar epithelial cells as well as naïve B
cells present in the parenchyma of the tonsils (Wang et al., 1998). However, the role
of tonsillar epithelial cells in the establishment of primary infection and virus shedding
in saliva is still controversial. A dual model of viral tropism has been proposed since
the B cells and squamous epithelial cells are in close proximity. One side of the model
suggests that the virus could be transferred from the latently infected B cells to
epithelial cells where the viral replication will take place (Bornkamm et al., 2006).
Alternatively, EBV could first infect epithelial cells, where the viral amplification
occurs and then subsequently establishes latent persistent infection in nearby B cells
(Faulkner et al., 2000) (Figure 1.3). Both these models are supported by the
observations that the glycoprotein content of the viral envelope changes depending
upon the cell type it infects. It is shown that EBV released from B cells infect epithelial
cells more efficiently and vice versa (Borza and Hutt-Fletcher, 2002).
1.5.2 In vivo EBV infection of B cells
EBV is a cell tropic virus with the ability to efficiently infect B cells by binding
to CD21 receptor of B cell (also known as compliment receptor type 2 CR2 or C3d
receptor) with the help of the major envelope glycoprotein gp350/220 (Fingeroth et
al., 1984; Nemerow et al., 1987). The binding of virus to the B cell leads to
oligomerization of CD21 receptor, resulting in activation of tyrosine signal
transduction pathway that activates NF-κB signaling. This activates the B cell and
prepares it to enter cell cycle. EBV mimics the natural mode of naïve B cell activation
thus allowing the virus to persist throughout the life cycle of the cell (Sinclair and
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Farrell, 1995; Spender et al., 1999). After binding, the virus enters the B cells through
a complex of gH, gL and gp42 glycoproteins, resulting in the fusion of the viral
envelope protein with the cell membrane (Haan et al., 2001; Li et al., 1995). Virus
internalization is initiated by binding of envelope protein gp42 with the human
leukocyte antigen (HLA) class II receptor (Li et al., 1997). The virus then enters the
cell through endocytosis in the form of a smooth vesicle (Fingeroth et al., 1984). Once
inside the cell, the viral capsid is released into the cytoplasm and transported with the
help of microtubules to the nuclear pore (Nemerow and Cooper, 1984). The viral
genome is then released inside the nucleus of the cell where it circularizes and is
maintained as an episome (Bankier et al., 1983).
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Figure 1.3: In vivo model of interaction between Epstein-Barr virus and host. a)
Primary infection: EBV enters lymphoepithelial structures of a new host via saliva,
where it undergoes lytic replication, crosses the epithelial barrier and infects naive B
cells in the Waldeyer’s ring. Expression of the growth program leads to cell
differentiation into B cell blasts and strong proliferation. The B cell blasts migrate to
germinal centers in lymph node follicles. Subsequent expression of the default
program in germinal center B cells results in differentiation of the infected cells into
memory B cells which circulate in the blood. b) Persistent infection: Resting memory
B cells express no viral proteins (latency 0) with the exception of EBNA1 during rare
memory B cells divisions (latency I). However, EBER1 and EBER2 are abundantly
expressed in memory B cells. Memory B cells can re-enter the tonsils and differentiate
into plasma cells in order to initiate the lytic cycle. New virions are shed into saliva
and can be transmitted to new hosts. Image adapted from: Young and Rickinson, 2004.
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1.5.3 Lytic EBV infection in B cells
Similar to other herpesviruses, EBV life cycle comprises of a latent state and
lytic state where the virus reactivates for replication. The new viral particles formed in
the lytic stage go on to infect naïve B cells either in the same host or spread from one
host to the next. The viral phase shifts from latent to lytic cycle when memory B cells
differentiate into plasma cells upon antigen recognition (Laichalk and ThorleyLawson, 2005; Murata, 2014). This differentiation occurs due to the activation of the
cellular transcription factor XBP-1, which in turn activates the EBV Zp promoter,
resulting in transcription of BZLF1 gene, the master lytic regulator (Iwakoshi et al.,
2003; Sun and Thorley-Lawson, 2007). BZLF1 is the only EBV gene that responds to
signal transduction pathway of B cell antigen receptor (BCR) activation and can alone
shift the virus from latent to lytic phase (Countryman et al., 1987; Amon et al., 2004).
Activation of lytic cycle results in transcription of a number of viral genes that are
classified into immediate early, early and late genes. BZLF1 is a transcription factor
that activates the expression of BRLF1, the second major regulator of lytic cycle, along
with its own as well as viral and cellular genes (Farrell et al., 1989; Sinclair et al.,
1991). It is also involved in mediation of viral DNA replication by binding to lytic
origin of replication Ori LYT. Mature viral particles are formed inside the nucleus and
then released by exocytosis through budding from the nuclear and plasma membrane
(Rickinson and Kieff, 2007).
1.5.4 In vivo EBV latent infection of B cells
The reason EBV persists in its host for life is due to the ability of the virus to
maintain latent infection during which the virus remains dormant by expressing a
minimum number of viral genes and suppressing viral replication (Longnecker et al.,
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2013). The widely accepted model of EBV persistence is the Thorley-Lawson model
(Thorley-Lawson and Gross, 2004), which describes that EBV mimics the B cell
differentiation pathway to persist in the host memory B cells (Figure 1.4). Infection of
the naïve B-lymphocytes with EBV results in the expression of latency growth
program (latency III). This leads to activation of B cells and resembles natural mode
of B cell activation in terms of surface markers and B cells morphology (Babcock et
al., 2000). The latency III program leads to the expression of up to 11 gene products
that include; six Epstein-Barr nuclear antigen proteins (EBNA1, EBNA2, EBNA3a,
EBNA3b, EBNA3c and EBNA-LP), three latent membrane proteins (LMP1, LMP2a
and LMP2b) and two Epstein-Barr encoded RNAs (EBER1 and EBER2), along with
a number of BART and BHRF1 miRNAs (Bornkamm, 2009). Some of the latency III
viral proteins mimic the cellular proteins involved in antigen-activation of B cells, thus
enabling B cells to activate and undergo proliferation (Alfieri et al., 1991; ThorleyLawson, 2005). Under normal circumstances, when a B cell encounters an antigen, it
binds to the B cell receptor (BCR) and initiates a downstream signaling pathway. B
cells also display CD40 receptor on which CD40 ligand (CD40L), that is present on
antigen-specific T helper (Th) cells binds. Viral LMP2A protein mimics a
constitutively active BCR whereas LMP1 acts as a homologue to CD40L (Caldwell et
al., 1998; Kilger et al., 1998). The activated B cells then migrates to the germinal center
where the viral gene expression shifts to latency type II (latency II) in which only
EBNA1, three LMPs, EBERs and a number of miRNA are expressed (Babcock et al.,
2000; Roughan et al., 2010). Type II latency program enables the B cell blast to
undergo germinal center reaction and differentiate into memory B cells. This is
achieved through clonal expansion and rearrangements of the immunoglobulin (Ig)
genes and isotype switching (Rowe et al., 1992). The LMPs in latency II play a role
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in protecting B cells from undergoing apoptosis by up-regulating the anti-apoptotic
protein BCL-2 (Henderson et al., 1991; Rowe et al., 1994). Latently-infected memory
B cells enter the peripheral circulating system where the virus persists in the range of
1-50 infected cells per 106 B cells population (Khan et al., 1996). During this phase,
the virus shifts to latency 0 during which no viral proteins are expressed, except the
EBERs, along with a number of viral miRNAs. This shutdown helps the virus to escape
from immune detection and persist for lifetime in the host (Thorley-Lawson et al.,
1996; Thorley-Lawson and Gross, 2004; Hochberg et al., 2004). Sometimes, the
replication of peripheral memory B cells takes place, which leads to the switch to
latency type I in infected cells. In this form of latency, only EBNA1 is expressed along
with EBERs and some miRNAs to enable viral genome replication (Hochberg et al.,
2004). The memory B cells finally return to the tonsils, where they encounter antigen
and differentiate into plasma cells. This process is coupled with lytic reactivation of
EBV, leading to shedding of new viral particles in the saliva to complete the viral life
cycle. Different genes expressed during latency and their associated diseases are listed
in Table 1.1.

Figure 1.4: Model of EBV latent infection in B cells. EBV infects naïve B cells and
infected cells follow the normal pathway of B cell differentiation. EBV-infected cells
exhibit different patterns of viral gene expression according to the differentiation state
of the cell. Infected B cells persist as memory B cells in the periphery until the viral
lytic replication is reactivated. Image adapted from: Longnecker et al., 2013.
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Table 1.1 EBV transcriptional programs associated with different stages of latent
infection and their associated diseases. EBERs are expressed in all form of viral
latencies. Table taken from: Longnecker et al., 2013.

1.5.5 In vitro EBV latent infection of B cells
EBV infection of B cells in vitro leads to the transformation of B cells into a
continuously proliferating lymphoblastoid cell lines (LCLs) (Pope et al., 1968;
Henderson et al., 1977). Type III latency gene expression is observed in LCLs and
phenotypically they look similar to activated B cell blasts by displaying high levels of
B cell activation markers (Rowe et al., 1987). Each cell in a LCL culture contains
multiple copies of EBV episome expressing type III latency program. This program is
responsible for continues proliferation of LCLs and maintenance of viral latency
(Rowe et al., 1992).
Upon infection of B cells, the viral genome enters the nucleus of host cells and
is maintained as an episome (Figure 1.5). The viral gene transcription begins from the
Wp promoter and is carried out by cellular RNA polymerase II (Allday et al., 1989;
Alfieri et al., 1991). EBNA2 and EBNA-LP are the first differentially-spliced gene
products formed that act as transcriptional activators, thus activating expression from
a number of cellular and viral promoters (Woisetschlaeger et al., 1990). Furthermore,
EBNA2 activates the transcription of all other EBNA mRNAs from the upstream C
promoter (Cp), which acts as a negative feedback, shuting down the transcription from
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the Wp promoter (Puglielli et al., 1996, 1997). EBNA2 also activates the expression
of LMPs from the LMP2A promoter and LMP1/2B bidirectional promoters. EBNAs
and LMPs are critical for the transformation of B cells as they induce several cellular
genes required for cell proliferation and inhibition of apoptosis (Frappier, 2012).
LMP1 signalling activates NF-κB, resulting in the induction of BCL-2, an antiapoptotic protein (Henderson et al., 1991; Rowe et al., 1994). In fact, activation of cMyc and Rel/ NF-κB pathways are believed to be the main transcriptional programs
driving EBV-mediated proliferation and transformation of B cells into LCLs (Faumont
et al., 2009). EBER expression is observed to be delayed in the initial infection and
detectable levels are observed only after 36 hours (Alfieri et al., 1991). Delayed
expression of EBERs suggest that they might not play an essential role in B cell
transformation, although steady levels of EBERs are observed 70 hours post infection
(Swaminathan et al., 1991; Gregorovic et al., 2011).
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Figure 1.5: Structure of EBV episome in the nucleus of cell. All the type III latency
program genes are shown including 6 EBNAs, 3 LMP’s, 2 EBERs and miRNAs from
BamH1A region. Image adapted from: Young and Rickinson, 2004.
1.6 Epstein-Barr virus-associated human diseases
Epstein-Barr virus is one of the most successful transforming viruses that
infects 90-95% of the world wide adult population. However, the development of
EBV-associated diseases is epidemiologically rare. Infection of EBV in adulthood
results in a self-limiting disease known as infectious mononucleosis (IM) (Griffin,
1998). The symptoms of IM include fever, tonsillitis, lethargy, lymphadenopathy,
pharyngitis and splenomegaly (Crawford, 2001). EBV is the first known human
oncogenic virus and is associated with 1.8% of human cancers worldwide (Khan and
Hashim, 2014). EBV is linked to a number of human malignancies of lymphoid and
epithelial origin. Some malignancies of lymphoid origin include: Burkitt’s lymphoma
(BL) (Schmitz et al., 2012), post-transplant lymphoproliferative disease (PTLD)
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(Gottschalk et al., 2005), Hodgkin’s lymphoma (HL) (Vockerodt et al., 2014) and Xlinked lymphoproliferative disease (Marsh and Filipovich, 2011). EBV is also
associated with epithelial malignancies such as: nasopharyngeal carcinoma (NPC)
(Lin et al., 2014), and gastric carcinoma (GC) (Iizasa et al., 2012). In addition to these
malignancies, EBV has also been shown to be involved in a number of autoimmune
disorders, such as systemic lupus erythematosus (SLE) (Ascherio and Munger, 2015)
and multiple sclerosis (MS) (Hassani et al., 2018). EBERs have been shown to be
expressed in all of the malignant and non-malignant conditions and their role in some
of these diseases will be discussed below.
Burkitt’s lymphoma (BL) is a highly aggressive lymphoma that results due to
the chromosomal translocation of the proto-oncogene c-Myc between chromosome 8
with either chromosome 2, 14 or 22 (Taub et al., 1982). EBERs have been shown to
protect BL cells from undergoing apoptosis (Nanbo et al., 2002). The oncoprotein cMyc has also been shown to bind upstream of the EBER1 promoter and may play a
role in EBER1 expression (Niller et al., 2003). In post-transplant lymphoproliferative
disease (PTLD), B cells are protected from undergoing apoptotic cell death even in the
absence of antigen simulation and EBERs may play a role in such protection (Spender
and I nman, 2011). Similarly, in nasopharyngeal carcinoma (NPC), EBERs have been
shown to play a role by up-regulating BCL2 protein and resisting tumor cells from
undergoing apoptosis (Wong et al., 2005). In case of gastric carcinoma (GC), EBERs
have been shown to be involved in the induction of insulin like growth factor 1 (IGF1),
that plays an important role in tumor development (Iwakiri et al., 2003). Interestingly,
in the case of oral hairy leukoplakia (OHL), which is a lytic infection of EBV, EBERs
have not been shown to be expressed (Gilligan et al., 1990).
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1.7 Epstein-Barr virus Encoded RNAs (EBERs)
1.7.1 Expression and synthesis of EBERs
Epstein-Bar Encoded RNAs (EBER1 and EBER2) are two non-translated, nonpolyadenylated small RNAs that are being expressed in all forms of viral latency
programs (Hayward and Kieff, 1976; Lerner et al., 1981). EBERs are expressed at a
very high number in an infected cell, making them the most abundant EBV transcripts
(Lerner et al., 1981; Arrand and Rymo, 1982). EBER1 is estimated to be present up to
~106 copies, whereas EBER2 can reach up to ~2.5 x 105 copies in each infected cell
(Moss and Steitz, 2013). The transcription start sites of EBERs are located on the EBV
EcoRI J fragment of B95.8 genome (position number 6628-6796 and 6958-7129 bp)
and separated by a distance of 161bp. This region is close to the origin of replication,
Orip of the EBV episome and are transcribed from left to right on the EBV genome
(Rymo, 1979; Baer et al., 1984). EBERs are mainly transcribed by RNA polymerase
III but regulatory elements of RNA polymerase II are also found in their promoter
region (Howe and Shu, 1989). The RNA polymerase III transcription of EBERs is
dependent on the downstream intragenic promoter elements containing promoter
regions Box A (+10) and Box B (+50). Both of these elements are required for the high
level of EBER expression. Mutation of Box A reduces EBER transcription by 20%
and mutations in Box B significantly reduces the EBER expression upto 97%
compared to wild type (Howe and Shu, 1989). However, these regions alone are not
sufficient to achieve high levels of EBER expression and they further require three
upstream RNA polymerase II elements. These regions include Sp1, ATF and a TGTA
motif present upstream of the promoter for EBER1 or a classic TATA box motif
present upstream of EBER2 promoter. EBER1 contains two additional enhancer
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elements having the sequence CAGATG and CACGTG, which are absent in EBER2
(Niller et al., 2003). Deletions of these upstream elements have been shown to
significantly reduce EBER expression up to 95% (Howe and Shu, 1989). It is unknown
if both the EBERs can also be transcribed by RNA pol II in vivo (Howe and Shu,
1993). The termination signal for both EBERs is a poly-thymidine region, a common
RNA pol III termination signal. The combined presence of promoter elements for both
pol II and III is quite odd and only a few pol III transcribing cellular genes such as 7SL
and vault ncRNAs have this promoter arrangement (Bredow et al., 1990; Kickhoefer
et al., 2003).
Besides having a strong promoter, the regulation of high levels of EBER
expression is achieved with the help of viral as well as cellular transcription factors.
Viral protein EBNA1, upregulates the expression of two of the cellular transcription
factors, activating transcription factor 2 (ATF2) and transcription factor for
polymerase III C (TFIIIC), both of which contribute to high levels of EBER expression
(Felton-Edkins et al., 2006; Owen et al., 2010, Frappier, 2015). ATF2 has been
observed to be phosphorylated in EBV-infected cells which results in its interaction
with the EBER promoters (Felton-Edkins et al., 2006). EBNA1 and EBNA2 also
transcribe the expression of cellular proto-oncogene c-MYC, which then goes and
binds to the two E box elements to enhance the expression of EBER1 (Spender et al.,
2002; Niller et al., 2003, Frappier, 2015). Epigenetic regulation through CpG
methylation of the EBER promoter also plays a role in their expression (Banati et al.,
2008). Furthermore, the region of the EBV genome containing EBERs has been
observed to have an unusual nucleosome structure and found to be quite sensitive to
micrococcal nuclease (Wensing et al., 2001).
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Recently, it was observed that EBERs not only exist in full-length forms but
also in shorter fragments. The 5’-derived short EBER1 fragments were of 70, 52 and
20-23 nucleotide length whereas the 3’-derived short fragments of EBER2 were also
observed. However, these shorter EBER products were generated through a dicerindependent mechanism and the 23 nucleotide (nt) short RNAs of EBER1 did not
function as miRNA. The full length EBER1 and 20-23nt short fragment of EBER1
were also found to bind to cellular protein La (Alles et al., 2015).
The level of transcription and half-life of EBER1 and EBER2 was observed to
be different in some cell lines. In Daudi cells, EBER2 was transcribed 1.5 times more
than that of EBER1. However, due to the longer half-life of EBER1, it was present at
10-fold greater concentration than EBER2. Actinomycin D treatment has shown that
the half-life of EBER1 was 8-9 hours, whereas, EBER2 half-life was only 45 minutes
(Clarke et al., 1992). The functional significance of differences in the half-life of both
EBERs is not well understood, nonetheless it suggests specific roles for EBER1 and
EBER2.
EBERs have been shown to be expressed in all forms of EBV latencies. EBER
expression is delayed in newly infected cells compared to all other latency genes and
observed only after 36 hours post infection. High levels of EBERs expression is only
observed after 70 hours post infection (Alfieri et al., 1991). Despite being expressed
throughout latent infection, EBERs are significantly down regulated in the viral lytic
infection with EBER1 expression being highly decreased compared to EBER2
(Greifenegger et al., 1998). Similarly, EBERs are not detected in AIDS-associated
EBV positive oral hairy leukoplakia (Gilligan et al., 1990). The fact that EBERs are
highly expressed during viral persistent infection but not during lytic infection,
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suggests a possible function of EBERs in maintaining latency.
1.7.2 Structure of EBERs
Epstein-Barr virus encoded RNA 1 and 2 are 167 and 172 nucleotides in length
respectively (Lerner et al., 1981). EBERs form quite similar stable stem-loop
structures by intramolecular base pairing (Figure 1.6), but only share 54% sequence
homology between them (Nanbo and Takada, 2002). EBERs were observed to be
highly conserved among EBV strains, and few changes had been observed between
EBV type I and II (Arrand et al., 1989). EBER1 was observed to be highly conserved,
whereas only two changes had been found in EBER2 sequence. A total of eight sites
of polymorphism were found in the 161 nucleotide spacer region between the EBER
genes (Arrand et al., 1989; Yao et al., 1996). Similarly, EBER polymorphism had been
observed in NPC and GC cases where EBER1 was found to be highly conserved, but
six changes were observed in EBER2 sequence and three sequence variations in the
intergenic region (Wang et al., 2010). High level of sequence conservation among
EBERs suggests their importance in viral life cycle. Moreover, secondary structure
conservation appears to be very critical for the functionality of EBERs. Mutations in
the EBER1 sequence by replacing guanine residues with inosine, results in the
disruption of secondary structure and loss of function (Clarke et al., 1991).
Structurally, EBERs are observed to be similar to two adenovirus noncoding
RNAs (VA) I and II, which are also small and non-polyadenylated RNAs, transcribed
by RNA pol III (Fowlkes and Shenk, 1980). VAI was shown to play an essential role
in the translation of adenovirus mRNAs and its deletion resulted in a significant
replication defect (Thimmappaya et al., 1982). Due to structural similarities, EBER1
and EBER2 were able to partially substitute for the function of VA1 in VA-deleted
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strains and rescue the replication of adenoviruses (Bhat and Thimmappaya, 1983 and
1985). Another viral RNA pol III transcript showing similarity to EBERs are
Herpesvirus papio (HVP) RNA type 1 and 2. EBER1 share a high level of sequence
similarity (83%) with HVP1 and EBER2 is 65% identical to HVP2. Both EBERs and
HVP RNA 1 and 2 have quite similar secondary structures and their upstream promoter
regions share 50-60% sequence homology (Howe and Shu, 1988). Recently, it has
been shown that EBERs were able to compliment the role for telomerase RNA subunit
(vTR) of Marek’s disease virus (MDV), which is an alphaherpesvirus (Kheimar and
Kaufer, 2018). MDV vTR is crucial for efficient lymphoma formation in chickens.
EBER1 had been shown to partially rescue the function of vTR, whereas EBER2 can
efficiently rescue the tumor formation and metastasis abilities of the virus lacking vTR
(Kheimar and Kaufer, 2018).
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Figure 1.6: EBER RNA structure. a) EBER1 and b) EBER2 contain a number of stem
loops with high structural similarity among them. The binding sites for PKR, RPL22
and La are shown for EBER1 and EBER2. The arrows on EBER2 sequence indicate
the presence of different polymorphisms being observed. Image adapted from Rosa et
al, 1981.
1.7.3 Localization of EBERs
EBERs were found to be mainly localized in the nucleoplasm of the cells, as
demonstrated through EBER in situ hybridization studies (Howe and Steitz, 1986;
Khan et al., 1992). However, they had also been observed in the cytoplasm of the Raji
cells during interphase using highly sensitive techniques, such as high-resolution in
situ hybridization and confocal laser scanning electron microscopy (Schwemmle et al.,
1992). The cytoplasmic staining pattern indicated a close association of EBERs with
the perinuclear region of the cells, which corresponds to the location of rough
endoplasmic reticulum and the Golgi apparatus (Schwemmle et al., 1992).
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Additionally, the ability of EBERs to bind to a number of protein complexes
that are not only confined to the nucleus but are also present in the cytoplasm suggests
that EBERs can be cytoplasmic and may be released out of the cell in the form of
protein-bound complexes (Ahmed and Khan, 2014; Iwakiri, 2014).
1.7.4 Cellular interactors of EBERs
The functional abilities of EBER1 and EBER2 are dependent on the cellular
proteins with which they interact. EBERs are shown to distinctively interact or form
complexes with Lupus autoantigen (La), ribosomal protein L22 (RPL22), dsRNAbinding proteins interferon inducible serine/threonine protein kinase R (PKR), 2’-5’oligo-adenylate synthetase (2’-5’-OAS), retinoic acid inducible gene 1 (RIG-1), AUrich element binding factor (AUF1), paired box protein 5 (PAX5) and toll like receptor
3 (TLR3) (Lee et al., 2015; Ahmed and Khan 2014; Zhou et al., 1993). The specific
interacting partners of EBER1 and EBER2 imply that both EBERs have independent
roles in viral pathogenesis. These interactions with the cellular proteins help the virus
to successfully suppress the host’s antiviral response by employing existing cellular
pathways. To date, eight different cellular proteins have been shown to bind or directly
interact with EBERs. Identification of all cellular factors binding to EBERs is critical
for further understanding the EBER functions and their roles in viral pathogenesis.
Figure 1.7 shows some of the known interactors of EBERs and their downstream
effects in the EBV-infected cells. Since the present study involved the EBER binding
protein La, therefore it is discussed in more detail below.
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Figure 1.7: The labyrinth of EBV-encoded RNA (EBER) interactions in EBV-infected
cells. EBERs bind to double-stranded RNA-dependent protein-kinase R (PKR) and, in
contrast to other dsRNAs, inhibit its phosphorylation. The inactivated PKR in turn
inhibits at least three different pathways involving Eukaryotic Initiation Factor 2 α
(eIF2α), IκB kinase α (IKKα)/IKKβ and Fas-Associated Death Domain (FADD).
Inhibiting phosphorylation of eIF2α allows continuation of protein synthesis and
inhibits apoptosis. Inhibiting phosphorylation of IKKα/IKKβ prevents the release of
NF-κB from bound IкB; and hence inhibiting the transcription of anti-viral cytokines
such as interferon type I (IFNs-1). Inhibition of FADD pathway results in abrogating
caspase-mediated apoptosis. In addition to these pathways, EBERs have also been
shown to interact with retinoic acid-inducible gene I (RIG-I) and Toll-like receptor 3
(TLR3). These interactions are thought to result in the homodimerization of interferon
regulatory transcription factor 3 (IRF3) and its subsequent translocation to the nucleus
where it triggers transcription of cellular growth factors such as insulin-like growth
factor 1 (IGF-I) and interleukin-10 (IL-10). Recently, it has also been shown that
EBER1 can bind to AU-rich element binding factor 1 (AUF1). The significance of this
interaction is not clear, but it can be hypothesized that this interaction may inhibit
mRNA degradation. Image and Figure legend taken from (Ahmed and Khan, 2013)
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The lupus autoantigen protein (La) is an essential cellular protein that is present
at very high numbers in a human cell. Approximately 2 x 107 copies of La are shown
to be present in a cell (Wolin and Cedervall, 2002). Functionally La is responsible for
binding to the 3’ oligo U motif (UUUOH) that is generated through transcription
termination from RNA polymerase III. This binding of La stabilizes and protects the
nascent small RNA transcripts from exonuclease degradation (Stefano, 1984; Maraia,
2001). La protein is mainly localized to the nucleus of cell, but a fraction is also
observed in the cytoplasm (Bachmann et al., 1989; Huang et al., 2007). This
localization is dependent upon the cleavage of the nuclear localization signal present
at the C terminus of the La protein. This cleavage is observed in case of viral infection
such as poliovirus-encoded protease which cleaves the nuclear localization domain,
resulting in relocation of La from the nucleus to the cytoplasm (Shiroki et al., 1999).
The ability of La to bind small RNAs and its capability for nucleocytoplasmic shuttling
suggests that it can act as a molecular chaperon for small RNA molecules by protecting
them (Boelens et al., 1995; Xue et al., 2000).
Besides binding to the cellular transcripts, La protein has also been shown to
bind to a number of viral-encoded RNAs such as adenovirus-encoded RNAs (VAI and
VAII), EBER1 and EBER2, along with the leader RNA sequence of a number of
negative stranded viruses and Hepatitis B virus (HBV) RNA (Kurilla and Keene, 1983;
Kurilla et al., 1984; Wolin and Cedervall, 2002; Ehlers et al., 2004). In fact, EBERs
were first discovered, when they were precipitated from the serum of the systemic
lupus erythematosus (SLE) patients with anti-La antibody (Lerner et al., 1981).
Binding of La to EBERs might result in the overall stability of the EBER secondary
structure; however, not much is known about the significance of this binding. La
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protein has been shown to sequester bound dsRNA from PKR and convert it into
ssRNA. This results in reduced activity of PKR and inhibition of activation of its target
eukaryotic initiation factor 2α (eIF2α) (Xiao et al., 1994; James et al., 1999). Recently,
it has also been demonstrated that binding of La with viral RNA prevents the activation
of RIG-1, thus leading to downregulation of interferon production and resulting in
enhanced viral growth (Bitko et al., 2008; Mahony et al., 2017). In another report, it
was shown that EBER1-La complexes are released from the cells and are able to
stimulate Toll- like receptor 3 (TLR-3) signaling in the neighboring cells, resulting in
induction of interferon response (Iwakiri et al., 2009).

However, due to the

localization of EBERs in the nucleoplasm, a conflicting report suggests that
endogenous La shuttles from the nucleus to cytoplasm, whereas EBERs are only
confined to the nucleus (Fok et al., 2006a). Due to the abundance of EBER transcripts
in a cell, it can be hypothesized that EBERs may compete with other cellular RNAs
for La binding, resulting in saturation of La protein and thus leading a compromise in
the stability, transcription and translation of certain cellular RNAs (Gottlieb and Steitz,
1989; Samanta and Takada, 2010).
In EBV-infected cells, EBER1 and EBER2 have been shown to bind to
ribosomal protein L22 (Toczyski and Steitz, 1991). L22 has three binding sites on
EBER1 and can bind to stem loop 1, 3 or 4, and approximately 30-50% of cellular L22
is found in association with EBER1 (Fok et al., 2006b; Toczyski et al., 1994). The
interaction of EBER1 with L22 may play a role in modulation of protein translation
and facilitate EBER1-associated pathogenesis. Both EBER1 and EBER2 have been
shown to bind to double-stranded RNA-dependent protein kinase R (PKR) in vitro,
resulting in its inhibition (Sharp et al., 1993). High concentration of EBERs in vitro
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are shown to reduce PKR phosphorylation, resulting in PKR-mediated abolition of
protein translation and IFN induced apoptosis (Clarke et al., 1990; Nanbo et al., 2002).
Similar to PKR the 2’-5’-oligoadenylate synthetase (2’-5’-OAS) is an
interferon inducible, dsRNA-dependent protein that plays an important role in antiviral
effects through induction of RNase L (Zhou et al., 1993). EBER1 and EBER2 have
both been shown to bind to 2’-5’ OAS and activate it (Sharp et al., 1999). However,
the downstream effects of this interaction is not well studied. Another interacting
partner of EBERs is the retinoic acid inducible gene 1 (RIG-1), which is a cytosolic
protein and part of the pattern recognition receptor (PRR) family. This interaction can
lead to cell proliferation and induction of autocrine growth factor IL-10, as it has been
observed in Burkitt’s lymphoma derived cell lines (Kitagawa et al., 2000; Samanta et
al., 2008). A number of recent reports have suggested that EBERs bound to La are
released from the EBV-infected cells and are taken up by the surrounding cells where
they induce TLR-3 signaling in the recipient cells (Iwakiri et al., 2009; Baglio et al.,
2016). This activates downstream signaling pathways, resulting in the production of
proinflammatory cytokines and type 1 IFN’s through NF-κB and IRF3 transcription
factors. Recently, paired box protein 5 (Pax 5) has been shown to be a novel protein
interactor of EBER2 (Lee et al., 2015). The binding of EBER2 to Pax5 helps its
recruitment to the EBV TRs, possibly to direct viral genome organization (Arvey et
al., 2012).
1.7.5 Role of EBERs in cell transformation
EBERs do not appear to be crucial in the establishment of primary infection,
viral replication and B cell transformation as has been observed in the EBER1/EBER2
double deletion mutants (Swaminathan et al., 1991). Furthermore the expression of
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latent gene products was also not affected in cells transfected with deleted mutants
along with the levels of lytic viral replication (Swaminathan et al., 1991). In another
study, single EBER1/EBER2 deletion mutants used to transfect B cells showed no
effects on the transformation or growth of LCL at different cell densities (Gregorovic
et al., 2011). However, other studies have reported that EBER-deleted virus was less
efficient in the transformation of the cells compared to wild type virus. The difference
in growth rate in EBER-deleted mutants was more significant when the cells were
plated at lower cell densities (Yajima et al., 2005). Similarly, it was observed that
EBER2 plays a critical role in the efficiency of B cell transformation compared to
EBER1 (Wu et al., 2007). The difference in observation may be due to the type of
experimental setup or the EBV strain used for infection. Since all of the above studies
were performed in different cell lines, there is a possibility that EBERs may play a role
in the in vivo transformation of B cells and establishment of persistent viral infection.
1.7.6 Role of EBERs in resistance to apoptosis
The ability of EBERs to interact and inactivate a number of cellular factors that
play a role in innate viral sensing and induction of apoptosis suggests that EBERs may
also be involved in inhibiting apoptosis. EBERs have been observed to provide
resistance to EBV-positive BL cell line Akata, when it was exposed to apoptotic
inducers such as glucocorticoid, cycloheximide, hypoxic stress and exposing cells to
UV light (Komano et al., 1999). Interestingly, when NPC cell line (an epithelial cell
line) was transfected with EBERs, it showed a lower rate of cell death when exposed
to poly(I:C) (Wong et al., 2005). EBER expression in these cells reduced the
phosphorylation and activation of PKR target proteins such as, p38 MAPK and JNK.
This could be due to the inactivation of PKR by EBERs. Furthermore, the level of
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cleavage for PARP and caspase 3 was also observed to be lower when monitored
through immuno blotting (Lo et al., 2006). Similarly, EBERs were shown to provide
resistance to cell death in BJAB cells when grown under serum-starved conditions
(Yamamoto et al., 2000). EBERs also provide resistance to extrinsic mediators of
apoptosis such as Fas ligand in epithelial and BJAB cell lines (Nanbo et al., 2005;
Yamamoto et al., 2000). Phosphorylation of PKR is crucial for the execution of Fasmediated apoptosis (Clemens, 2004) and EBERs prevent the cells from undergoing
apoptosis by binding to PKR. Overexpression of EBERs in BL and epithelial intestine
407 cells also shows resistance to IFN-α-induced apoptosis (Nanbo et al., 2002, 2005).
In the BL-derived cell line Akata, it was observed that EBERs provided protection to
cells from c-MYC-induced apoptosis through up regulation of anti-apoptotic protein
BCL-2 (Komano et al., 1998, 1999; Ruf et al., 1999). Similarly, transfection of EBERs
in BL and NPC cell lines has also shown an upregulation in BCL-2 levels, providing
resistance to apoptotic signals (Komano and Takada, 2001; Wong et al., 2005). A
number of studies have shown that resistance to apoptosis to cells is conferred through
the inactivation of PKR function by EBERs (McKenna et al., 2007; Nanbo et al.,
2005). However, other studies have reported that inhibition of apoptosis could be
through other pathways also and independent of PKR activation (Ruf et al., 2000;
Laing et al., 2002; Daker et al., 2013).
1.7.7 Role of EBERs in cell proliferation
As described previously, EBERs have the ability to interact with RIG-1 and
TLR-3, resulting in the activation of transcription factors NF-κ B and IRF3 that finally
lead to the induction of inflammatory cytokines and IFN-α/β (Kitagawa et al., 2000;
Samanta et al., 2006, 2008; Iwakiri et al., 2009). Signaling through IRF3 initiates
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transcription of autocrine growth factor IL-10 and higher levels of IL-10 results in
higher rates of EBV-positive BL cell proliferation compared to its negative counterpart
(Kitagawa et al., 2000; Samanta et al., 2006). Interestingly, it has been observed that
the growth of EBV-positive cell line Akata can be inhibited by treatment with
antibodies against IL-10 and can be increased by adding recombinant IL-10 in Akata
cells under low serum conditions (Kitagawa et al., 2000). IL-10 is shown to promote
B cell activation/survival (Mege et al., 2006) and above mentioned studies suggest that
EBER-induced IL-10 may play a role in cell proliferation. Both EBER1 and EBER2
are also observed to induce another autocrine growth factor, insulin-like growth factor1 (IGF-1) in GC and NPC cells. The level of IGF-1 was observed to be upregulated in
the EBV-positive or EBERs-transfected GC-derived cells compared to the EBVnegative counterparts (Iwakiri et al., 2003). Similarly, in NPC-derived cell lines, the
EBER-induced IGF-1 was observed in EBV-infected NPC cell lines and not in the
EBV non-infected counterpart (Iwakiri et al., 2005). In another study, EBERs were
shown to induce upregulation of IL-9 in the EBV-positive T cell line MT2, compared
to the EBV negative MT2 cells (Yang et al., 2004). IL-9 was observed to act as an
autocrine growth factor for T cell proliferation. Interestingly, biopsies from EBVpositive T/NK nasal lymphomas showed expression of IL-9 in 3 out of 4 biopsies,
suggesting a role for EBER induced IL-9 in these lymphomas (Yang et al., 2004).
Analysis of EBER1 and EBER2 knockout in LCLs through RT-PCR has shown that
IL-6 expression is upregulated in EBER2 expressing LCLs, and addition of anti-IL-6
antibody resulted in LCL growth impairment. Furthermore, addition of recombinant
IL-6 on EBER2-knockout LCLs results in their enhanced growth (Wu et al., 2007). In
another recent study, it was shown that expression of EBERs in GC cell lines resulted
in the upregulation of IL-6 expression, which in turn activated the downstream effector
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STAT3 (Banerjee et al., 2013). EBERs have also been reported to induce oncogenic
phenotypes, as has been observed in the development of tumors and malignant
phenotypes in SCID (severe combined immunodeficiency) mice (Komano et al., 1999;
Yamamoto et al., 2000). Moreover, transgenic mice expressing EBER1 in their
lymphoid compartments were prone to more frequently develop B-cell derived tumors
and lymphoid hyperplasia compared to the normal mice (Repellin et al., 2010). All
these studies suggest that EBERs have the ability to mediate proliferative and
oncogenic effects in target cells.
1.8 Viruses and exosomes
Exosomes are small excretory nano-vesicles that range in size from 30-150 nm
and float at a density of 1.15-1.19g/ ml in a sucrose density gradient (Mathivanan et
al., 2010; Raposo and Stoorvogel, 2013). Under an electron microscope exosomes
show a particular cup-shaped or disk-shaped morphology with a well-defined
exosomal membrane that is rich in lipids such as sphingolipids, ceramide and
cholesterol (De Toro et al., 2015).
Early observations of exosomes started in the 1980s when different groups
reported the release of vesicles from different cell lines having enzymatic activities.
Electron microscopic studies on the maturation process of reticulocytes into
erythrocytes showed that non lysosomal multivesicular endosomes were able to fuse
with the plasma membrane and release several circular membrane fragments
containing membrane associated proteins (Trams et al., 1981; Harding et al., 1983;
Pan et al., 1985). The term “exosomes” was first coined in 1987 to explain these small
vesicles (Johnstone et al., 1987). However, not much attention was given to exosomes
and were initially thought to function as cellular garbage disposals (Rashed et al.,
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2017). The interest in the field of exosome research only grew in the mid 1990s when
Raposo and colleagues showed that EBV transformed B-lymphocytes were able to
stimulate T cell proliferation through secreting exosomes containing MHCII dimers
conjugated to antigenic peptides (Raposo et al., 1996), thus suggesting an
immunological function of exosomes. Since then, exosomes have been shown to be
released from several cell types, including B and T lymphocytes, mast cells, dendritic
cells, epithelial cells, endothelial cells and neurons (Théry et al., 2002). Exosomes
have also been isolated and characterized in a variety of body fluids such as plasma,
urine, breast milk, saliva, amniotic, cerebrospinal and synovial fluids (Simpson et al.,
2009; Gallo et al., 2012; Corrado et al., 2013). Recent advances in the field of exosome
research has shown that they are not the trash bags of the cells, and serve as an
important transport vehicle to mediate extracellular communication between cells
(Villanueva, 2014). Exosomes contain DNA, RNA, miRNA, proteins, and even viral
particles. However, the mechanisms through which certain molecules are selected for
packaging in to exosomes still remain poorly understood (Pant et al., 2012; Robbins
and Morelli, 2014). Moreover, studies have shown that a cell’s endosomal membrane
system plays an important role in sorting and packaging of specific cargo into
exosomes (Hurley and Odorizzi, 2012; Stoorvogel, 2015). Thus, the molecular
composition of an exosome reflects its cell of origin (van Niel et al., 2006).
1.8.1 Biogenesis of exosomes
Exosomes are derived from a cells late endosomes (LE’s). The endosomal
membranes function as a major sorting platform for molecules that have been taken up
and internalized due to the invaginations at the plasma membrane (Keller et al., 2006).
Collectively, this process is known as endocytosis and the endosomal system, thus,
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represents a key direct contact of the cell with its surroundings (De Toro et al., 2015;
Keller et al., 2006; van Niel et al., 2006). Endocytosis starts with the internalization of
fluid, solutes, macromolecules and plasma membrane components through various
pathways of endocytic trafficking (Gruenberg, 2001). A number of different molecular
mechanisms have been shown to be involved in the formation of inter luminal vesicles
(ILVs), leading to the formation of multivesicular bodies (MVBs) in a cell (Colombo
et al., 2014). One of the best studied and well characterized proteins involved in the
process of ILV formation belongs to the ESCRT (endosomal sorting complex required
for transport) family (Raiborg and Ste nmark, 2009; Wollert and Hurley, 2010;
Colombo et al., 2014). Other pathways involved in this mechanism are:

the

oligomerization of the tetraspanin complexes (van Niel et al., 2011), the
sphingomyelinase pathway (Trajkovic et al., 2008) the phospholipase D2 and ADP
ribosylation factor-6 mediated pathways (Ghossoub et al., 2014). All these varied
protein complexes play an important role in the inward budding, scission and
formation of ILVs.
One of the mechanism through which viruses hijack the exosome pathway is
by directly interfering with the machinery involved in exosome biogenesis, such as the
ESCRT machinery (Votteler and Sundquist, 2013). Another family of proteins that are
involved in the regulation of vesicular trafficking in the eukaryotic cells belongs to a
large family of highly conserved proteins known as Rab GTPases (Chavrier et al.,
1990). A number of Rab proteins such as Rab5 and Rab7 play an important role in
endosome maturation and sorting of material in the ILVs (Vitelli et al., 1997). Rab27
a/b plays an important role in the fusion of the ILVs with the plasma membrane and
release of exosomes (Ostrowski et al., 2010). A number of different sets of Rab
GTPases are also observed to play an active role in the release of exosomes. Depending
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upon the type of cell, Rab11, Rab27, Rab35, Rab5, and Rab7 all play a role in the
release of ILVs from a cell. Altering the levels of any of these Rabs may lead to
interference with the progression of exosomal cargo at specific endocytic location
(Zerial and McBride, 2001). Interestingly, under different physiological conditions,
cells are shown to secrete highly specified microvesicles. Since the endocytic pathway
share some similarities with certain phases of viral life cycle, therefore, it has been
observed to be heavily exploited by viruses to gain entry into specific host cells in
order to spread and cause infection (de Armas-Rillo et al., 2016; Gruenberg, 2009).
1.8.2 Viral manipulations of exosomal pathway
The endocytic pathway of cell and the budding of enveloped virions are
observed to share many common features such as the generation of membrane curving,
addition of specific cargo, and membrane fission for release from the infected cell (de
Armas-Rillo et al., 2016; Barroso-González et al., 2011). What is more surprising, is
that evolutionarily unrelated viruses, with different genomes have converged to use
the host machinery for vesicle formation to promote their own budding (Alenquer and
Amorim, 2015). The receptor or clatherin-mediated endocytosis to gain entry into cells
is observed by a number of viruses of the Flaviviridae family, including important
human pathogens such as hepatitis C virus (HCV), West Nile virus (WNV), Dengue
and Zika virus (Hamel et al., 2015; Nour and Modis, 2014; Piccini et al., 2015; Smit
et al., 2011). These viruses can enter the late endosomes and then fuse with ILVs
within the endosomal compartments (Cohen, 2016). Recently, it was shown that HCV
can incorporate its complete genome into ILVs and can be secreted via the exosomal
pathway, retaining infectivity (Longatti et al., 2015; Ramakrishnaiah et al., 2013).
Since HCV and exosomes are similar in size, it was thought that HCV virions could
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be present in the exosomes rather than the viral genome. However, exosomes isolated
from HCV sub-genomic replicon cell lines lacking viral structural proteins, were still
able to infect Hu7 cells, suggesting that the HCV virion was not present in the
exosomes (Longatti et al., 2015). Till date, HCV and hepatitis A virus (HAV) are the
only viruses that are known to incorporate their full length genomic RNA within
exosomes (Longatti, 2015).
Another virus that can utilize the endosomal/exosomal pathway as a mean to
infect non-permissive cells is human immunodeficiency virus (HIV). Based on the
similarities of HIV assembly, egress to exosome biogenesis Gould et al. hypothesized
that HIV has evolved to exploit the exosome system to infect non-permissive cells
through packaging of its virions in exosomes and thus is named as the “Trojan Horse”
hypothesis of HIV (Gould et al., 2003; Izquierdo-Useros et al., 2010). This hypothesis
is supported by observations that HIV virions are released together with cellular
exosomes and also had enhanced infectivity in the presence of exosomes. This
mechanism was observed in the dendritic cells (DC’s) in which endocytosed HIV was
able to infect closely associated non-infected T cells (Piguet and Stei nman, 2007;
Wiley and Gummuluru, 2006). The packaging of HIV genome directly into exosomes
has not been observed probably due to the budding of HIV from the plasma membrane
and not through the cell’s endosomal pathway (Woodward et al., 2014; Yandrapalli et
al., 2014).
Certain viruses have the ability to hijack members of the ESCRT and vesicular
trafficking machinery to integrate specific viral and cellular components into
exosomes. For example, HIV can completely sabotage the ESCRT (Meng et al., 2015),
lipid raft domains, and Rab GTPases machineries that are involved in exosome
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trafficking (Alenquer and Amorim, 2015). Specifically, the interaction of HIV Gag
protein with tetraspanin proteins, especially CD63 and CD81, has been shown to help
in virion egress (Madison and Okeoma, 2015). Human herpes virus (HHV)-6 virions
are shown to be present in MVBs through electron microscopy and are released
through the exosomal pathway (Mori et al., 2008). HHV-6 infection in cells is shown
to dramatically increase MVB formation, demonstrating the important of HHV-6
infection and assembly through the endosomal/exosomal pathway (Mori et al., 2008).
Besides interfering with the ESCRT pathways, a number of negative strand RNA
viruses have been shown to utilize the Rab complexes to assist in several steps of their
replication cycle and egress (Bruce et al., 2010; Rowe et al., 2008; Savina et al., 2002;
Utley et al., 2008). Moreover, It has been shown that interfering with RAB11 levels
can inhibit or promote the release of exosome containing specific contents such as
flotillin, HSP-70, transferrin, and anthrax toxin (Abrami et al., 2013; Bhuin and Roy,
2015; Savina et al., 2002). Similarly, in hantavirus-infected cells, when the levels of
RAb11 are depleted, it results in a tenfold reduction in virions production (Rowe et al.,
2008). Furthermore, cells infected with influenza A virus (IAV) and respiratory
syncytial virus (RSV), reveal that Rab11 pathway is hijacked by these viruses affecting
the exosomal biogenesis and viral proteins transport (Bruce et al., 2010; Utley et al.,
2008). Rab27a is another important member of the Rab GTPase family that plays an
important role in the secretion of MVBs (Bobrie et al., 2012; Ostrowski et al., 2010).
It has been observed that in human cytomegalovirus (HCMV) infected cells, the levels
of Rab27a increases due to its association with the viral envelope at the assembly site
in the cytoplasm (Fraile-Ramos et al., 2010). Certain HIV proteins have also been
observed to interact with Rab27a, resulting in increased levels of exosome formation
(Gerber et al., 2015; Meng et al., 2015). HSV1 is another virus that has been shown to
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interact with Rab27a through the help of viral tegument proteins for its intracellular
transport and exocytosis (Bello-Morales et al., 2012).
The regulatory functions of the Rabs mentioned above are still not completely
understood in the context of viral infection. However, it is widely accepted that cells
react to stimuli to adjust the distribution, degradation, secretion and recycling of
intracellular proteins (White et al., 2006). Manipulation of specific steps in the
endocytic pathways by viruses raises an important question regarding the interplay
between regulators of the endocytic process and exosome release for the development
of future therapeutic interventions.
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1.9 Hypothesis and aims of the study
A number of studies have shown that EBV-infected cells release specific viral contents
in exosomes (Meckes et al., 2010) . Previously, it was shown that EBER1 is released
from the cells by active secretion of cellular protein La (Iwakiri et al., 2009), where it
could be taken up by the surrounding cells and induce physiological changes.
However, the exact mechanism of this release is still not known. Under certain viral
infections, La is shown to shuttle between the nucleus and cytoplasm of the cells.
Furthermore it was recently shown that La is excreted out of the cell through the
exosomal pathway (Kapsogeorgou et al., 2005). Based on these observations, it is
possible that La could act as a molecular chaperone for the release of EBERs out of
the cells and into the exosomes.
Thus, the specific aims of this study were:
1) To molecular characterize exosomes released from the EBV-infected and
EBER1-transfected cell lines
2) To demonstrate the pathway of EBERs release by directly showing their
presence in cytoplasm and exosomes of infected cells through the development
of novel immuno-gold electron microscopic techniques
3) To elucidate the physiological and molecular effects of excreted EBERs on
non-infected cell lines
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Chapter 2: Materials and Methods
2.1 Cell lines and materials
2.1.1 Stable transfection of cells with EBER1 plasmid
To address our hypothesis, we transfected HEK 293T cells with EBER1
expression plasmid. This plasmid was a kind gift from Prof. Paul Farrell (Imperial
College London, UK) which was generated by cloning EBER1 sequence into pHEBoH1 plasmid (Sugden et al., 1985). This plasmid contains an oriP element of EBV and
hph gene from E. Coli that confers hygromycin resistance in mammalian cells. pHEBo
plasmid has a number of restriction sites such as: EcoRI, ClaI, HindIII, BamHI, BglII,
SalI, SmaI, XhoI etc. The plasmid also contains a H1 RNA polymerase III promoter
for the expression of short hairpin RNAs (shRNAs). The entire sequence of EBER1
was cloned into BglII/HindIII restriction sites directly adjacent to the H1 promoter
(Figure 2.1).

Figure 2.1: Schematic representation of the cloning scheme of EBER1 into pHEBo
plasmid, a kind gift from Prof. Paul Farrell.
The HEK 293T cells (kind gift from Prof. Tahir Rizvi) were transfected using
the calcium phosphate precipitation method. Cells were plated in six well plates at a
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concentration of 4 x 105 cells per well and maintained at 37oC and 5% CO2 in 3 ml of
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS.
Approximately 16 hours later, media was changed 2-4 hours prior to transfection. The
pHEBo-EBER1 plasmid and pHEBo plasmid were prepared in a 1.7 ml
microcentrifuge tubes to a final concentration of 3µg/well with a final volume of 60
µl in nuclease free water. The prepared plasmid (60 µl) was then added in the DNA
cocktail buffer containing 1X NTE (1.5M NaCl, 1M Tris and 0.4M EDTA), 0.25 M
CaCl2 and nuclease free water to make up the final volume. DNA cocktail mixture was
added dropwise while bubbling with one pipet to a 50 ml tube containing 2X
transfection buffer (0.5M Hepes, 2M NaCl, 1M Na2HPO4, H2O). The mixture was
vortexed immediately for 5 seconds and incubated at room temperature for 30-40
minutes. After incubation, the mixture was added dropwise to cells while swirling for
even distribution of cells. The cells were kept in an incubator for 4 hours, washed once
with PBS to remove DNA precipitates and 3 ml of fresh media (DMEM plus 10%
FBS) was added in each well. After 48 hours of transfection, cells were trypsanized
and selection was started by plating them in media containing 150 µg/ml of
hygromycin. The media was changed every 3-4 days for selection. Once the mock
cells were dead (approximately after 10 days), the single cell colonies were picked up
and plated in 12 well plates until reached confluence.
2.1.2 Generation of EBV-LCL
The methodology used for the generation of lymphoblastoid cell line was same
as previously described (Hui-Yuen et al., 2011). Briefly, 10 ml of blood from 2
laboratory volunteers (ethic approval# AAMD HREC 14/13) was collected in yellow
top tubes (citrate). The blood was transferred in a 50 ml conical tube and diluted 1:2
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with PBS. The diluted blood was then added slowly to a 15 ml tube containing
Histopaque (1:3 ratio) (Sigma Cat# 10771) and centrifuged for 30 min at 225xg
without braking. The buffy coat was carefully removed into a fresh 50 ml conical tube.
The wash was done by adding 10 ml PBS and centrifuged for 10 min at 600xg. The
supernatant was decanted carefully and the cell pellet was washed with 10 ml of cold
PBS and spun at 600xg for 10 min. The washed cell pellet was then resuspended in 1
ml of Roswell Park Memorial Institute (RPMI) medium and cell counting was done
using hemocytometer and Trypan blue (Sigma Cat# T8154) exclusion method. The
cells were plated in a 6 well plate at a concentration of 2 x 106/ ml in 2 ml of complete
RPMI media supplemented with 10% FBS and 2 µg/ml of cyclosporine (Novartis,
UK). The cells were incubated at 37oC and 5% CO2 incubator for 1 hour.
2.1.2.1 Infection with EBV
Fresh virus was obtained from EBV-infected B95.8 marmoset cell line which
release high titers of transforming virus. The B95.8 cells were cultured at 1 x 106 cells/
ml in complete RPMI media for 3 days and 10 ml of supernatant was carefully
transferred in a 15 ml conical tube without disturbing any cells at the bottom. The
supernatant was then centrifuged for 10 minutes at 1200 rpm to remove any cell debris
and centrifuged supernatant was passed through 0.2 µm syringe filter (Nalgene, Cat#
725-2520). 1 ml of the filtered supernatant was added on cells while swirling the plate
gently. The cells were incubated at 37oC with 5% CO2 and were fed every 24-48 hours,
depending upon the color change of media. After two weeks when the cell clumps
were visible the concentration of cyclosporine was reduced to 1 µg/ml of culture
media. After 4 weeks, many cell clumps were visible under light microscope (Figure
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2.2). Cyclosporine was discontinued in the media and the cells were transferred in a
T75 flask in 20 ml of complete RPMI media.

50µm

Figure 2.2: EBV-LCL after 46 days of post infection. Cell clumps were clearly
visible under light microscope.

2.1.3 Culture media and reagents
Media #1

Working Concentrations

DMEM containing L-glutamine (Gibco)

450 ml

Fetal Bovine serum (FBS) (Sigma)

50 ml (10%)

Antibiotic antimycotic (Santacruz)

5 ml (10 µl/ml)

Gentamycin (Hyclone)

0.5 ml (50 µg/ml)

Media#2

Working Concentrations

RPMI 1640 (Gibco)

450 ml

L-glutamine (Gibco)

5 ml

Fetal Bovine serum (FBS)

50 ml (10%)

Antibiotic antimycotic (Santacruz)

5 ml (10 µl/ml)

Gentamycin

0.5 ml (50 µg/ml)

Additional Reagents
Sodium Pyruvate (Gibco)
α-thioglycerol (α-TG) (Sigma)
Bathocupronic disulfonic acid (BCA) (Sigma)
Phosphate buffered saline (PBS) (Gibco)
Trypsin-EDTA solution (Gibco)
Tissue culture flask T75 (Nunc)
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Culture Conditions
All cell lines were incubated in 37oC incubator supplemented with 5% CO2
and humidified.
2.1.4 Types of cell lines used
The different cell lines used for this study along with their cultural
requirements are listed below in Table 2.1
Table 2.1: List of cell lines used for isolation of exosomes and functional assays. The
characteristics of each cell line along with their culture media requirements are listed.
Table adapted from: Khan and Ahmed, 2017
Cell line

Characteristics

B95.8

Marmoset B-cell (EBV+)

EBVLCL
Namalwa

Human EBV-immortalized
B-cells (EBV+)
Burkitt lymphoma- derived
B-cell (EBV+)
Burkitt lymphoma-derived
B-cell (EBV-)

BL30

BL30B95.8

Burkitt lymphoma-derived
B-cell (EBV+)

BJAB

Burkitt lymphoma-derived
B-cell (EBV-)
Human T cell (EBV-)

Jurkat
293T
293THebo

293T-ER1

Human embryonic kidney
epithelial cell (EBV-)
Human embryonic kidney
epithelial cell (stably
transfected with pHEBo
plasmid)
Human embryonic kidney
epithelial cell (stably
transfected with pHEBoEBER1 plasmid)

Culture
Requirements
Media #1 (see
subheading 2.1.3)
Media #1 (see
subheading 2.1.3)
Media #1 (see
subheading 2.1.3)
Media #1 with 1mM
sodium pyruvate,
10mM αTG and
20µM BCA
Media #1 with 1mM
sodium pyruvate,
10mM αTG and
20µM BCA
Media #1 (see
subheading 2.1.3)
Media #1 (see
subheading 2.1.3)
Media #2 (see
subheading 2.1.3)
Media #2 with 150
µg/ml of hygromycin

Reference

(Menezes et
al., 1975)
(Schneider et
al., 1977)
(Graham et al.,
1977)
(Ahmed et al.,
2014)

Media #2 with 150
µg/ml of hygromycin

(Ahmed et al.,
2014)

(Miller and
Lipman, 1973)
(Hui-Yuen et
al., 2011)
(Nadkarni et
al., 1969)
(Philip et al.,
1984)

(Murray et al.,
1988)
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2.1.5 Cell freezing
Cells were grown at a concentration of 1 x 106/ ml one day before freezing to
reach the log phase of cell growth. For adherent cell lines, cells were first washed
with PBS, trypsizined with 0.5X trypsin for 2 minutes at 37oC and resuspended in
complete growth media. Cells were counted using trypan blue exclusion method. The
cells were centrifuged at 1000 rpm for 5 minutes at 4oC. Non-adherent cell lines were
collected in a 50 ml conical tube and centrifuged under same conditions. Supernatant
was removed and cell pellet was resuspended in 1 ml of cold freezing media (see
Appendix I). Equal volume of FBS was added and cells were mixed gently. Cells
were aliquoted in cryovials (1 ml in each vial) and transferred in freezing container
(Nalgene, Cat# 5100) containing isopropanol for slow freezing at -80oC. Next day
cells were transferred to liquid nitrogen tank for long-term storage.
2.1.6 Cell thawing
Culture media containing 20% FBS was warmed in a 37oC water bath. Cells
were taken out from liquid nitrogen tank and thawed by slightly dipping the cryovial
in 37oC water bath until the sides are thawed and the center remained frozen. With a 5
ml pipette the cells were transferred to a 15 ml conical tube containing 3 ml of
complete media. Cells were spun down at 1200 rpm for 5 minutes and media was
removed. Cell pellet was resuspended in 5 ml of 20% FBS media and transferred into
a labelled T25 flask.
2.2 Fixation of cells and in situ hybridization (ISH)
Cells were grown in their appropriate growth media and counted. Cell
suspension of 5-10 x 106 cells/ ml were collected in a 50 ml falcon tube and spun down
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at 1500 rpm for 5 min. Cell pellet was washed once with cold PBS and centrifuged
again as above. PBS was decanted and cells were resuspended in 10 ml of 4%
paraformaldehyde for 2 hours at room temperature. After 2 hours of fixation, cells
were spun down at 1200 rpm for 10 min. Fixative was further removed by washing
cells with PBS and spun at 1200 rpm for 10 minutes. Cell pellet was resuspended in
10 ml of PBS and transferred into a fresh 15 ml conical tube. Resuspended cells were
centrifuged as above and PBS was decanted gently. Cell pellet was resuspended in the
remaining PBS (~100 µl) by gently flicking the bottom of the tube. 1 ml of 2% molten
agarose (prepared in PBS and cooled to 50oC) was added on resuspended cells and
pulse centrifuged at 1000 rpm to allow agarose to solidify and settle. Agarose cone
was removed by gently tapping the bottom of the conical tube and 2 sections were
made and put in labelled embedding cassettes. The agarose cones were processed to
generate paraffin blocks.
2.2.1 Embedding and microtomy of cells
To dehydrate the cells, the cassettes were incubated in ascending concentration
of ethanol, 30%, 50%, 70%, and 90% for 30 minutes each. Cassettes were further
incubated in absolute ethanol for 1 hour to remove any remaining water. Agarose
cassettes were cleared by incubating in ethanol-xylene mixture (1:1) for 30 minutes
and then in absolute xylene for 15-30 minutes. Cassettes were then incubated in molten
paraffin wax (Histoplast PE, Thermo Scientific, Cat# 8330) at 60oC for 3 changes each
of 30 minutes. Agarose cones were then embedded in wax blocks by using molds of
appropriate size. The flat surface of the cone was placed at the bottom of the mold and
wax was added. After the wax cooled down, excessive parafin wax was trimmed from
the sides so that the block can fit properly in the microtome block holder.
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The paraffin blocks were incubated overnight in fridge to cool down for
efficient microtomy. The blocks were levelled and excessive parafin wax was trimmed
by cutting 10-15 µm thick sections. Cells were then sectioned at 5 µm thickness and
generated ribbons were floated on 40oC water bath. Section were collected using slides
coated with 3-aminpropyltriethoxysilane (APS, Sigma, Cat# A3648). Slides were
labelled and dried on a hot plate.
2.2.2 EBER in situ hybridization
For the detection of EBERs in EBV-infected and EBER transfected cell lines,
EBER in situ hybridization (EBER-ISH) was performed as previously described
(Khan et al., 1992; 2009). Sense and Antisense probes (30-mer oligonucleotides) were
custom designed for the detection of EBER1 and EBER2. Each of the probes was end
labelled using commercially available digoxigenin (DIG) oligonucleotide Tailing Kit,
according to manufactures instructions (Roche, Cat# 03353583910). The two-labeled
probes (EBER1 and EBER2) were mixed together to a final concentration of 10 µg/ml.
These probes were then used to carry out EBER-ISH as follows:
1. Slides were pre-warmed to melt paraffin wax by incubating them at 42oC for 1
hour. Paraffin was removed by washing slides twice in xylene for 10 min each.
Xylene was removed from slides by washing them in ascending concentration
of ethanol (70%, 90%, 100%) each for 5 min.
2. Endogenous cellular peroxidase activity was inhibited by incubating sections
in 0.5% H2O2 (Panreac, Cat# 121076) in methanol (Panreac, Cat# 131091) for
20 minutes to avoid any non-specific staining. Slides were then dehydrated by
washing them in ascending concentration of ethanol (70%, 90%, 100%) each
for 1 min and air dried.
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3. Slides were pre-warmed in a 37oC humid incubator for 10 minutes. On each
section 200 µl of proteinase K (final concentration 100 µg/ml) diluted in TE
(Tris EDTA) was added and incubated for 10 minutes. The reaction was
stopped by washing the slides in distilled water for 3 washes and then rinsed in
graded ethanol (70%, 90%, 100%). Slides were air dried and marked with a
diamond pen before proceeding for hybridization.
Hybridization
Hybridization mix was prepared by diluting Dig-labelled EBER probes in
hybridization buffer (see Appendix I). The final concentration of the probe was 0.2
µg/ml in the hybridization mix. On each section 25 µl of the hybridization mix was
added and 22x32 mm coverslip was used to cover the entire section to prevent
evaporation.
1. The slides were transferred in a hybridization chamber (rectangular plastic box)
containing two pieces of filter paper soaked in 2X SSC. The slides were heated
in a microwave at lowest power for 7 min and incubated overnight at 42oC.
2. Next day, the slides were transferred to a coupling jar and coverslips were
removed from the slides by dipping them in 2X SSC and gently tapping. Slides
were washed twice in 2X SSC for 5 min on an orbital shaker.
3. To get rid of any unbound probe and non-specific binding, stringent washes
were done by incubating the slides in pre-warmed 0.1X SSC at 50oC in an
orbital water bath. Slides were incubated at 50oC for 10 min and washed twice.
4. Slides were then washed twice in 2X SSC followed by a PBS wash each for 5
min.
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Signal Detection
5. Excessive fluid around the section was wiped and was circled with a PAP pen. The
primary antibody, mouse anti-DIG monoclonal antibody (clone D1-22, Sigma, Cat#
D8156), was diluted at a final concentration of 1:2500 in PBS containing horse
serum at 1:100 ratio. On each section 150-200 µl was added quickly so not to dry
the sections. Slides were then incubated in a humidified chamber for 30 minutes.
6. Sections were transferred to a coupling jar containing PBS and washed 3 times each
for 10 min by placing on an orbital shaker. Using a blotting paper excess fluid was
removed from around the sections and biotinylated anti-mouse secondary antibody
(Thermo scientific, Cat# 35052) was prepared by diluting to a final concentration
of 1:200 in PBS containing horse serum at 1:100 ratio. Slides were incubated in a
humidified chamber for 30 min with 150-200 µl of antibody on each section. Slides
were then washed in PBS as previously done.
7. The ABC reagent (avidin biotinylated peroxidase complex, Thermo scientific, Cat#
32052), was prepared by diluting each reagent at 1:50 concentration in PBS. The
reagent must be prepared 30-45 min prior to use so that it gets stabilized. Sections
were incubated in 150-200 µl of the reagent and kept for 30 min in humidified
chamber. Slides were washed thrice in PBS.
8. To develop the color, reaction substrate 3, 3’- diaminobenzidine (DAB, Sigma,
Cat# D5637) was prepared by adding 1 ml of 25 mg DAB to 100 ml of 1XPBS
containing 0.02% hydrogen peroxide. Slides were incubated in DAB solution for
30 min. Slides were rinsed thrice in water.
9. The peroxidase-DAB staining produces a very stable and non-water/alcohol soluble
brown staining which will be seen at the site of reactions. Sections were lightly
counter stained with Harris hematoxylin (Shandon Instant Hematoxyline, Thermo
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Scientific, Cat# 6765015) for 3 minutes. Slides were immediately rinsed in tap
water and then washed in acid alcohol (1% HCL in 70% ethanol) for 1 min. to
remove excess stain and define the nuclei. Slides were kept under running tap water
for 5 minutes to blue the sections.
10. Slides were then dehydrated in ascending grades (70%, 90%, 100%) of ethanol
for 1 min each. Slides were air dried, rinsed in xylene and then mounted using
xylene based DPX mounting medium (Sigma, Cat# 06522) and coverslipped. Slides
were observed under a light microscope (Olympus BX51)
2.3 Molecular biology studies
2.3.1 Total RNA isolation
Total RNA was isolated from cells, culture supernatant and exosomes of EBVinfected and non-infected cell lines as follows:
2.3.1.1 RNA isolation from cells
Cells (2 x 106) were spun down in a 15 ml conical tube at 1500 rpm for 5
minutes at 4oC and culture media was aspirated carefully. Cell pellet was washed with
cold PBS and spun down at 1500 rpm for 5 minutes at 4oC. Cell pellet was resuspended
in 1 ml of TRIzol (Invitrogen, USA) and incubated at room temperature for 5-10
minutes. Samples were then transferred to a 1.5 ml eppendorf tube and 200 µl of
chloroform was added. The tubes were shaken vigorously for 15 seconds and then
incubated at room temperature for 2-3 minutes. Samples were centrifuged at 13,000
rpm for 15 minutes at 4oC. After centrifugation, 3 layers were observed with the
aqueous phase containing the RNA. The top aqueous layer was transferred to fresh
eppendorf tube containing 600 µl of isopropanol and mixed gently. RNA was
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precipitated by incubating at room temperature for 10 minutes and then pelleted by
centrifugation at 13,000 rpm for 10 minutes at 4oC. A white RNA pellet was seen at
the bottom of the tube. To remove any contaminating proteins RNA pellet was washed
with 1 ml of 75% ethanol and spun down at 8,000 rpm for 5 minutes. Ethanol was
removed and the RNA pellets were air dried for 15-30 minutes before resuspending in
RNase-free H2O. To ensure the complete mixing of RNA pellet it was vortexed briefly
and incubated at 55oC for 10 minutes before aliquoting and freezing at -80oC for
downstream applications.
2.3.1.2 RNA isolation from culture supernatant
Cellular debris and cells were removed from the culture supernatant by
centrifugation at 3,500 rpm for 5 minutes at 4oC. Three ml of culture supernatant was
transferred to a fresh tube and passed through a 0.22 µm syringe filter. For the isolation
of RNA, 1 ml of filtered supernatant was transferred in an eppendorf tube and 500 µl
of TRIzol was added and incubated at room temperature for 10 minutes. After
incubation 100 µl of chloroform was added in each tube and rest of the protocol was
followed as described in section 2.3.1.1. The final RNA pellet was resuspended in 25
µl of RNase-free H2O.
2.3.1.3 RNA isolation from exosomes
Exosomes purified from culture supernatants corresponding to approximately
2 x 107 cells were used for RNA isolation. The 50 µl of stored exosomes (-80oC) were
thawed and 500 µl of TRIzol was added. The rest of the protocol was followed same
as explained in section 2.3.1.1.
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2.3.2 Reverse transcriptase (RT) PCR
The isolated RNA was quantified using Nanodrop (Nanodrop 2000c,
Thermoscientific) and 1-2 µg of RNA was used for cDNA synthesis. DNA
contamination was removed from the isolated RNA by treating with DNaseI enzyme
(Promega). RNA was treated as follows:
Reconstituted RNA (1-2µg)

30 µl

10X DNase buffer (1X)

3 µl

RNasin (1U/µg RNA)

1 µl

DNaseI (1U/µg RNA)

2 µl

The RNA samples were incubated at 37oC for 1 hour in a thermomixer
(Eppendorf). The reaction was stopped by addition of 3 µl of stop buffer (20mM
EGTA, Promega) and incubating samples at 65oC for 10 minutes. To test if RNA was
cleared of any contaminating DNA, 1 µl of DNase treated RNA was subjected to PCR
amplification using GAPDH or β-actin primers for genomic RNA or EBER1 primers
for exosome or culture supernatant RNA. After ensuring no amplification, the
DNased-RNA was then used to synthesize cDNA in a reverse transcription reaction
using commercially available promega kit (Reverse Transcription System, A3500
Promega).
The DNased treated RNA was first heated at 70oC for 10 minutes and then
immediately kept on ice. The reaction mixture was prepared as follow:
25 mM MgCl2 (5 mM)

12 µl

10X Reverse Transcriptase Buffer (1X)

6 µl

10 mM dNTP’s (1 mM)

6 µl
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Random Hexamer (0.5µg/ µl RNA)

2 µl

AMV Reverse Transcriptase (15U/µg RNA)

3 µl

DNased-RNA

31 µl

Samples were incubated at room temperature for 10 minutes and then at 42oC
for 1 hour to reverse transcribe the RNA. The reaction was stopped by incubating the
samples at 95oC for 5 minutes. Samples were immediately kept on ice, aliquoted and
stored at -80oC.
2.3.3 Polymerase chain reaction (PCR)
The quality of the synthesized cDNA was checked through PCR using
housekeeping genes or EBER specific primers. All PCR reactions were carried out in
a 30 µl final volume. The list of primer sets used is giving in Table 2.2. The reaction
mixture was prepared as follow:
10X PCR mix (1X)

3 µl

25 mM MgCl2 (2 mM)

0.5 µl

dNTP’s (0.5 mM)

0.15 µl

Primer Forward (10 pM)

1 µl

Primer Reverse (10 pM)

1 µl

Taq Polymerase (1U)

0.2 µl

Nuclease free H2O

22.15 µl

Template

2 µl
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The amplification profile was set as follow:

In all PCR runs at least one positive (EBER1/EBER2 plasmid DNA or B95.8
DNA) and negative control (sterile water) was included. PCR reactions were carried
out using an Applied Biosystems thermal cycler PCR System 2700. All PCR amplified
products were analyzed by electrophoresis at 100 volts on 2% agarose gels stained
with ethidium bromide and visualized using gel documentation system.
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Table 2.2: List of primers and their working concentrations used for amplification of
viral and cellular gene. *Note that each primer is flanked by 9 nucleotide sequence
(indicated in lower case) for restriction enzyme
Primer
Name

Orientation

Working
concentration

Sequences (5’3’)

EBER1

Forward

10pM

*ccc aga tct AGG ACC TAC GCT GCC C

EBER1

Reverse

10pM

EBER2

Forward

10pM

EBER2

Reverse

10pM

GAPDH

Forward

10pM

GCC TCC TGC ACC ACCAAC TG

GAPDH

Reverse

10pM

CGA CGC CTG CTT CAC CAC CTT CT

RNU 6

Forward

10pM

CTC GCT TCG GCA GCA CA

RNU 6

Reverse

10pM

AAC GCT TCA CGA ATT TGC GT

*ccc aag ctt AAA ACA TGC GGA CCA
CCA GC
*ccc aga tct AGG ACA GCC GTT GCC
CTA GT
*ccc aag ctt AAA AAT AGC GGA CAA
GCC GAA T

2.3.4 Western blotting on exosomes
Western blot was carried out on the isolated exosomes to confirm their identity
and to identify some of the viral and cellular proteins present in exosomes. Proteins
were isolated from the exosomes using the RLN buffer (see Appendix I) for nonreducing gels and radioimmunoprecipitation assay (RIPA) buffer (see Appendix I) for
reducing gels. In each 1 ml of RIPA buffer 50 µl of β-mercaptoethanol (Sigma) and
10 µl (100 mM) of phenylmethylsulfonyl fluoride (PMSF) (Sigma) was added. The
isolated exosomes were thawed on ice and 50 µl of RLN or RIPA buffer was added.
The samples were incubated on ice for 15 minutes and 5 µl of sample was used to
quantify protein concentration using the Bradford assay (Marion, 1976) and Bio-Rad
Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories, Hercules, USA).
Between 25-50 μg of the isolated protein was used in each western blot assay.
Appropriate volumes of each exosomal lysate was mixed with 6X loading buffer
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(5.91g Trizma base, 6g SDS, 48 ml glycerol, 9 ml β-mercaptoethanol, 30mg
bromophenol blue, volume was made up to 100 ml in dH2O) and boiled for 5 minutes
at 95oC for protein denaturation before loading onto SDS polyacrylamide gels (10%).
For non-reducing gels SDS was not added while preparing the gels or in the running
buffer. The recipe for SDS polyacrylamide gels (10%) for two 1.5 mm gels is given in
Appendix.
The samples were loaded and electrophoresis was done by running in 1X
Running Buffer (see Appendix) at 80V for 2 hours. The resolved proteins were
electrotransfered from the gel to the PVDF membrane using wet/tank blotting system
(Biorad). The proteins were transferred using 1X Transfer Buffer (see Appendix) and
run overnight at 30V in cold room. Next day, protein transfer was checked by
reversible Ponceau stain and membrane was incubated in 20 ml of blocking buffer (5%
non-fat milk in IXPBS with 0.1% Tween-20) for 1 hour on a rocker at room
temperature. After blocking, the membrane was transferred in hybridization bags and
5 ml of specific primary antibody diluted in 1% milk PBST (recipe in Appendix) was
added and the bag was sealed. The list of primary antibodies used and their dilution
factors are given in Table 2.3. Membrane was incubated for 1 hour at room temperature
and kept on a rocker with constant agitation. The unbound primary antibody was
removed by washing the membrane three times in PBST each for 10 minutes.
Membrane was then incubated in 20 ml of horseradish peroxidase (HRP)-labeled anti
mouse or anti rabbit secondary antibody (1:20,000 in 1% milk PBST) for 1 hour at
room temperature. Membranes were washed thoroughly three times with PBST buffer
after incubation. Protein signal was detected using the ECL Plus western blotting
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substrate (Thermo Scientific) as recommended by manufacturer. The blot was
visualized using Typhoon FLA 9500 machine (GE Healthcare).
Table 2.3: Details of antibodies used to detect various exosomal proteins
Antibody
Anti-CD63
Anti-Flotillin 1
Anti-CD9
Anti-CD81
Anti-La
Anti-LMP1
Anti-Fas Ligand

Clone
MEM259
EPR6041
C-4
B-11
B-8
CS 1-4
NOK-1

Cat. Number
Abcam, ab8219
Abcam, ab133497
Santa Cruz, sc-13118
Santa Cruz, sc-166029
Santa Cruz, sc-166274
Abcam, ab78113
Abcam, ab185785

Dilution
1:500
1:1000
1:500
1:500
1:500
1:200
1:200

2.3.5 Quantification of EBER1 and EBER2 in exosomes
To estimate the level of EBERs being released in exosomes the first step was
to establish a standard calibration curve using pHEBo-EBER1 and pHEBo-EBER2
plasmids (kind gift of Prof. Paul Farell, Imperial College London, UK). A tenfold
serial dilution of plasmid DNA (1ng, 0.1ng, 0.01ng, 0.001ng and 0.0001ng/ µl) were
prepared and Syber green qRT-PCR was performed using the Power SYBR® Green
PCR Master Mix (Applied biosystems, UK). The EBER1 and EBER2 copy number
for each concentration was calculated using the following formula (Ryan et al., 2004):
Number of copies = plasmid concentration x 6.022 x 1023
bp length x 1 x 109 x 650

The mean of the generated CT values of each dilution was plotted against the
log of each plasmid copy number. The quality of the standard curve was ensured
through a good linear correlation coefficient.
Exosomes from EBV positive cell lines (B95.8 and BL30-B95.8) were purified
from culture supernatant corresponding to 5 x 107 cells. RNA was isolated using
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TRIzol reagent as explained in section 2.3.1. To determine the EBER1/2 copy number,
3μg of exosomal RNA was transcribed into cDNA as explained in section 2.3.2. Each
experiment was repeated twice and all samples were run in triplicates.
The q-PCR reaction was set as follows:
2X PCR mix (1X)

10 µl

Primer Forward (10pM)

1 µl

Primer Reverse (10pM)

1 µl

Nuclease free H2O

7 µl

Template

1 µl

The final volume of each reaction mix was 20 µl and all samples were run in
triplicates. The reaction was set in a dark laminar flow hood using MicroAmp® Optical
96-well plates (Applied Biosystems). The sequence of EBER1 and EBER2 primers
used was same as shown in Table 2.2. The annealing temperature was set at 55oC and
melt curve was included in all the reactions. Once the plate was ready it was covered
with an adhesive optical strip and spun down at 3,000rpm for 5 minutes before placing
in QuantStudioTM 7 Flex Real-Time PCR System (Applied Biosystems, Germany).
The standard curve was then used to calculate the log of EBERs in exosomes
using the following formula (Ryan et al., 2004):
EBER copy Number = 10

CT sample – intercept
Slope
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2.4 Transmission electron microscopic (TEM) studies
2.4.1 Exosome Isolation
For the isolation of exosomes, depleted FBS was used which was prepared by
ultracentrifugation at 25,000xg for 4 hours at 4oC (Eldh et al., 2012). Exosomes were
isolated from EBV-infected (B95.8, BL30-B95.8, EBV-LCL, Namalwa), non-infected
(BL30, BJAB, 293T), EBER1-transfected (293T-ER1) and plasmid transfected (293THebo) cell lines using differential ultracentrifugation as described in detail previously
(Théry et al., 2006). All cell lines were plated at a concentration of 0.5 x 106 cells/ ml
in media supplemented with 10% exosome depleted FBS in T75 flask (Nunc, USA).
Cells were grown for 3 days and their viability was checked using trypan blue
exclusion method. Only the cultures with cell viability greater than 95% were then
used for exosome isolation. From each cell line, culture supernatant was carefully
collected without disturbing the cell pellet and transferred into a 50 ml flask placed on
ice. For the removal of dead cells, the culture supernatant was centrifuged at 2000xg
for 20 minutes at 4oC. The supernatant was carefully removed (~1.5 ml of media
containing cell pellet at the bottom of the tube was left) and transferred to
ultracentrifuge tube (Beckman coulter, Cat# 344058). The tubes were placed in cold
ultracentrifuge cups and spun at 10,000xg for 30 min at 4oC using SW32 Ti rotor
(Beckman, Fullerton, USA) to remove any cellular debris. The supernatant was then
transferred to a fresh ultracentrifuge tube and spun at 100,000xg for 70 minutes at 4oC
to pellet down the exosomes. The supernatant was then decanted carefully and
exosomes pellet was resuspended in PBS (Gibco, USA) and centrifuged at 100,000xg
for 70 minutes at 4oC to remove any contaminating proteins. The PBS was carefully
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aspirated and the final exosome pellet was resuspended in 50-100 µl of cold PBS. The
exosomes were stored at -80oC to be used for downstream applications.
2.4.2 Transmission electron microscopy on exosomes
Exosomes were viewed under the transmission electron microscope (TEM)
using the protocol as described previously (Théry et al., 2006). Isolated exosomes were
taken out from -80oC, thawed and 10 µl of the exosomes suspension was deposited on
200 mesh formvar carbon coated copper grid (Ted Pella, USA). The grids were placed
on a sheet of parafilm and incubated for 20 minutes at room temperature to let the
membranes adsorb the exosomes. After incubation, grids were placed in a 100 µl drop
of PBS for 2 minutes and then transferred to fresh drops of PBS for a total of 3 washes.
The grids were then fixed by transferring in a 100 µl drop of 2.5% aqueous
glutaraldehyde for 5 minutes. Washing was done by transferring grids in 100 µl drops
of distilled water for a total of 8 washes. The grids were negatively stained by
incubating in a 100 µl drop of 2% aqueous uranyl acetate for 5 minutes. Excessive
fluid was removed from the grids by removing the grid with forecep (Dumont no. 5)
and gently pushing the side of the grid on Whatman no. 1 filter paper. A thin layer was
left behind over the exosome side of the grid. The grids were air dried and observed
under a Philips CM10 transmission electron microscope (TEM) (Philips, Eindhoven,
The Netherlands). Images were captured using a side mounted 1K AMT Advantage
digital camera (Advanced Microscopy Techniques, Corp. Woburn, MA).
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2.4.3 Fixation and embedding of cells and exosomes for TEM studies
2.4.3.1 Fixation and embedding of cells

The fixation and embedding of cells is a very critical step for the generation of
proper ultrathin sections for TEM studies. A total of 5 x 106 cells from both EBVinfected and non-infected cell lines were transferred in a 1.8 ml eppendorf tube and
fixed using 1.5 ml of modified Karnovsky’s fixative (4% paraformaldehyde and 0.05%
glutaraldehyde, pH 7.2) (Karnovsky, 1965) for 2-4 hours at 4oC. The cells were spun
down at 3,000 rpm for 5 minutes at room temperature and fixative was decanted
carefully. To remove the extra fixative, cells were washed in cold PBS three times
each for 10 minutes. Cells were spun down at 3,000 rpm for 5 minutes after each 10
minutes wash and fresh PBS was added. Cells were dehydrated by adding ascending
concentrations of ethanol (50%, 70%, 95%, and 100% ethanol) and incubating each
for 10 minutes. After each incubation, cells were spun down at 3,000 rpm for 5 minutes
at room temperature. Embedding of the cells was done by incubating in 1:1 of LR
White resin (London Resin; Agar Scientific, United Kingdom) and 95% ethanol for 1
hour at room temperature on a rotator. After incubation, cells were spun at 3,000rpm
for 5 minutes and decanted carefully. Pure LR white resin was added onto the cells
and incubated overnight at 4oC. Next day, cells were spun down and resin was
decanted carefully. Cells were resuspended in fresh 100% LR white and incubated for
2 hours at room temperature on a rotator. For polymerization the cells were spun down
and eppendorf tube was filled completely with LR white resin and incubated at 50oC
for 2 days in a dry incubator. It is important to completely fill the tube with no air
bubbles remaining as that could hinder proper polymerization of the resin. After 2 days
of polymerization, the cell pellet was taken out from the eppendorf tube by cutting the

61
tube using blade. The cell block was further trimmed with razor blade to make it ready
for ultamicrotomy. Semi thin sections (1-2 μm) and ultrathin sections (95 nm) sections
were generated using Ultracut UC7 ultramicrotome (Leica; Microsystems GmbH,
Vienna, Austria). The ultra-thin sections were placed on a glass slide and stained with
toluidine blue for 2 minutes and observed under a light microscope to check that the
sections contained the cells (Figure 2.3). The ultrathin sections were then mounted
onto carbon formvar-coated 200 mesh nickel grids (TAAB Laboratories Equipment
Ltd, England, UK) using a human hair.
40 X

B95.8

100 X

B95.8

cells
Figure 2.3: The generated
ultrathin sections were mounted cells
on a glass slide and stained
with toluidine blue. Stained cells were clearly visible in the section under light
microscope.

2.4.3.2 Fixation of exosomes
For TEM studies, exosomes were isolated as explained in section 2.4.1. The
isolated exosome pellet was resuspended in 100 µl of modified Karnovsky’s fixative
for one day at 4oC. Fifteen microliter of the exosome suspension was then placed onto
carbon formvar-coated 200 mesh nickel grids and incubated at 37oC in a dry incubator
for 30 minutes to allow the membranes to adsorb the exosome suspension. The
temperature of the incubator should be checked properly as higher temperatures can
damage the grids membrane.
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2.4.4 Electron microscopy EBER in situ hybridization (EM-EBER ISH) on
ultrathin cell sections and exosomes

2.4.4.1 EM-EBER ISH on cells
The ultrathin sections mounted on nickel grids were used to perform EMEBER ISH on cells. The nickel grids were first jet washed with deionized H2O by
holding the side of the grid with forcep (Dumont No. 5) and washing with 1 full 10 ml
syringe. It is important to put filter on the syringe to avoid any contamination. The
grids were then placed in a 100 µl drop of 10% H2O2 (prepared in ddH2O) on a piece
of parafilm and incubated for 10 minutes. The grids were jet washed again with
deionized water as before. After washing, the grids were placed in a 100 µl drop of
0.5M NH4Cl (prepared in PBS pH 7.2) and incubated for 20 minutes at room
temperature. During incubation period hybridization mix was prepared by diluting
stock digoxigenin-labeled EBER1 probe (10 μg/ml) in hybridization buffer to a final
concentration of 0.2 μg/ml. Hybridization mix was prepared for both the sense and
antisense probe. After incubation, the grids were placed on a freshly cut parafilm tape
and transferred to a humidified petri dish containing a filter paper soaked in 2X SSC.
On each grid 20 µl of the hybridization mix (2 grids were prepared for each sense and
antisense probe) was added and petridish was sealed with parafilm and incubated
overnight at 37oC in a dry incubator. On the following day, the grids were transferred
on a fresh piece of parafilm into a 100 µl drop of 0.1X SSC for 5 minutes. The grids
were transferred onto fresh drops of 0.1X SSC for a total of 6 washes to remove any
unbound probe. The grids were washed by placing them in a 100 µl drop of 1XPBS
for a total of 6 washes each of 5 minutes. The primary antibody, anti-Digoxin (clone
D1-22, Sigma, Cat# D8156) was added on each grid at 1:50 dilution and incubated for
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2 hours at room temperature. The grids were transferred to a 100 µl drop of wash
buffer (0.1% BSA in PBS) and washed for 3 minutes. The grids were transferred in
fresh drops of wash buffer for a total of 6 washes. After washing, the grids were
incubated in a 15 µl drop of secondary antibody (anti-mouse IgG conjugated to 10 nm
gold particle, TAAB, UK) for 1 hour at 1:100 dilution in antibody buffer (1%BSA in
PBS). To remove any unbound antibody, grids were washed in PBS drops and
incubated for 3 minutes each for a total of 8 washes. The grids were fixed in 2.5%
glutaraldehyde by placing a 50 µl drop on the grid and incubated for 5 minutes. The
grids were washed in deionized H2O by placing them in 100 µl drops for a total of 8
washes each of 3 minutes. To contrast the grids, they were incubated in freshly
prepared 2% uranyl acetate and incubated for 5 minutes at room temperature. The grids
were removed with the help of a stainless steel loop and the excess fluid was blotted
by gently pushing the loop sideways on Whatman No. 1 filter paper, so that a thin film
is left behind. The grids were air dried for 5-10 minutes and examined under a Philips
CM10 transmission electron microscope (TEM) (Philips, Eindhoven, The
Netherlands) at 80K Volts. Images were captured using a side mounted 1K AMT
Advantage digital camera (Advanced Microscopy Techniques, Corp. Woburn, MA).
2.4.4.2 EM-EBER ISH on exosomes
The exosomes were fixed and mounted onto nickel grids as described in section
2.4.3.2. The grids were washed by placing them in 100 µl drops of PBS on a sheet of
parafilm. Transfer the grids to drops of PBS with a clean forceps (Dumont No. 5) for
a total of 3 washes each of 2 minutes. The grids were transferred to a 100 µl drop of
0.5M NH4Cl and incubated for 3 minutes. Hybridization mix was prepared for both
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the sense and antisense probes and 20 µl of the mix was added on each grid. The rest
of the protocol from this step was followed same as explained above.
2.4.5 Immuno-electron microscopy for La in cells
Immuno-electron microscopy for La protein was performed as previously
described (Tariq et al., 2016). Briefly, the mounted ultra-thin cell sections were jet
washed with 1 full 10 ml syringe of deionized H2O. The grids were then placed in a
100 µl drop of aqueous 10% H2O2 on a parafilm sheet and incubated for 10 minutes at
room temperature. The grids were jet washed with 1 full 10 ml syringe of deionized
H2O and placed in a 100 µl drop of NH4Cl for 20 minutes. After incubation, grids were
jet washed with 1 full 10 ml syringe of wash buffer (PBS, 1% BSA, 0.1% Tween-20).
Blocking was done by incubating the grids in 100 µl drop of 20% Normal Goat Serum
(NGS) for 10 minutes at room temperature followed by washing with 1 full 10 ml
syringe of wash buffer. The nickel grids were incubated for 1 hour with anti-La
monoclonal antibody (clone B-8, Santa Cruz, Cat# sc-166274) at 1:50 dilution in
antibody buffer (PBS, 1%BSA, 0.1% Tween-20, 5% NGS). The grids were then
washed with at least 3 full 5 ml syringes of wash buffer. After washing, the grids
were incubated in a 15 µl drop of secondary antibody (goat anti-mouse IgG conjugated
to 10 nm gold particle, TAAB, UK) for 1 hour at 1:100 dilution in antibody buffer at
room temperature. The grids were washed again in wash buffer as explained above
and fixed by placing in a 100 µl drop of 2.5% glutaraldehyde and incubated for 5
minutes. The grids were jet washed with 1 full 10 ml syringe of deionized H2O and
contrasted by placing in a drop of freshly prepared 2% uranyl acetate for 5 minutes at
room temperature. The grids were blot dried as explained above and examined by
TEM.
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2.4.6 Immuno-electron microscopy for CD63, La and EBNA1 on whole mount
exosomes
Exosomes isolated from both EBV-infected and non-infected cell lines were
fixed overnight as explained in section 2.4.3.2. Exosomes were mounted on the
formvar carbon coated nickel grids and incubated at 37oC in a dry incubator to let the
membrane adsorb exosomes. The grids were washed with a 100 µl drop of PBS and
transferred to fresh drops twice for 3 minutes each. The grids were transferred on a
100 µl drop of 0.5M NH4Cl and incubated for 3 minutes at room temperature. Blocking
was done by placing the grids on a drop of blocking buffer (5% BSA in PBS) and
incubating at room temperature for 20 minutes. The grids were transferred in a
humidified petri dish containing a filter paper soaked in ddH2O. On each grid 20 µl of
primary antibody, anti-CD63 monoclonal antibody (ab8219, Abcam, UK), or anti-La
monoclonal antibody (sc-166274, Santa Cruz, USA) or anti-EBNA1 monoclonal
antibody (MA1-7271, Thermofisher, USA) was added at 1:25 dilution respectively in
antibody buffer (1% BSA in PBS). The petri dish was sealed with parafilm tape and
incubated overnight at 4oC. Next day the grids were kept at room temperature for 1
hour followed by washes in wash buffer (0.1% BSA in PBS). The grids were
transferred to fresh drops of washing buffer for a total of 6 washes with each wash of
3 minutes. After washing, 15 µl of secondary antibody was added (goat anti-mouse
IgG conjugated to 10 nm gold particle, TAAB, UK) on each grid at 1:100 dilution and
incubated for 2 hours at room temperature. To remove any unbound antibody, grids
were washed by placing in 100 µl drops of PBS for a total of 8 washes with each wash
of 2 minutes. The grids were fixed by placing in a drop of 2.5% aqueous glutaraldehyde
for 5 minutes. The grids were washed in deionized H2O by placing them in a 100 µl
drop for a total of 8 washes with each wash of 3 minutes. A 50 µl drop of freshly
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prepared 2% uaranyl acetate was added on each grid and incubated for 5 minutes.
Excess fluid was blotted using whatmann filter paper. Grids were air dried for 5-10
minutes and examined under TEM at 80K Volts.
2.4.7 Double staining for EBERs and La in exosomes
To show the co-localization of EBERs and La protein, double staining was
performed on exosomes isolated from EBV-infected and non-infected cell lines. EM
EBER ISH was performed on exosomes as explained previously in section 2.4.4.2.
Following the overnight incubation of grids with DIG-labeled EBER probes, the grids
were washed with 0.1X SSC by transferring in fresh drops for a total of 6 washes each
of 2 minutes. The grids were further washed with PBS by incubating the grids in 100
µl drop for 5 minutes. On each grid, 50 µl of the primary antibodies mix; mouse antiDIG monoclonal antibody (1:50 dilution) and rabbit anti-La monoclonal antibody
(clone D19B3, Cell Signaling, Cat# 5034S) (1:25 dilution) was added and incubated
at room temperature for 2 hours. The grids were washed in wash buffer by transferring
to fresh drops of buffer for a total of 8 washes with each wash of 3 minutes. The grids
were then incubated in secondary antibodies mix; anti-mouse IgG conjugated to 5 nm
gold particles and anti-rabbit IgG conjugated to 10 nm gold particles, each at 1:20
dilution for 2 hours at room temperature. The grids were washed, fixed, stained and
examined under TEM as explained previously.
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2.5 Functional studies on exosomes
2.5.1 Cell viability and caspase activation assay
To determine the effect of exosomes released from EBV-infected and EBER1transfected cell lines on non-infected cell lines, we isolated exosomes as described in
section 2.4.1. The exosome recipient cells were grown in their respective growth media
and cell counting was performed using trypan blue exclusion assay. For the adherent
cell line 293T, 2.5 x 103 cells were grown in 100 µl of complete media (DMEM + 10%
FBS) in 96 well flat bottomed white plates (F96 MicroWellTM White Polystyrene plate,
Cat# 136101, Thermo, USA) and incubated overnight in 37oC incubator supplemented
with 5% CO2. Next day media was carefully aspirated and replaced with 100 µl of
exosome depleted media. The isolated exosomes were thawed on ice and Bradford
assay was done on them to estimate the exosome protein concentration. The exosomes
concentration corresponding to 12.5μg of exosomal protein was added in each well.
Equal volume of PBS was added in negative control wells. For non-adherent cell lines
such as BL30 and Jurkat cells, 5 x 103 cells were grown in 100 µl of exosome depleted
media (RPMI + 10% exosome depleted FBS) and 12.5μg of exosomes were added on
each well. The cells were incubated for 48 hours in 37oC incubator supplemented with
5% CO2. Cell viability was determined using the commercially available CellTiterGlo® Luminescent Cell Viability Assay (Cat# G7570, Promega, USA) according to
manufacturer’s instructions. Briefly, 100 µl of the cell viability reagent was added to
cells in a dark laminar flow hood and the plate was covered with aluminium foil. The
plate was incubated for 10 minutes on a rocking platform at room temperature. The
plate readings were taken using a multilabel plate reader (Victor X3, PerkinElmer,
USA) with the luminescence settings. To determine the levels of caspase 3/7, caspase
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8 and caspase 9, the following glow assay systems were used; Cat# G8091, G8201 and
G8211 Promega, USA, respectively. Similar to cell viability assay, 100 µl of caspase
glow reagent was added to cells in dark and incubated at room temperature for 30
minutes on a rocker. The readings were then taken using the multilabel plate reader.
2.5.2 Fluorescent labeling of exosomes

To determine if the recipient cells took up the exosomes, we labeled the
exosomes with the PKH67 dye (Sigma) according to manufacturer’s instruction and
as explained in detail previously (Théry et al., 2006). Briefly, exosomes were isolated
from cell lines as explained previously in section 2.4.1. The stored exosomes were
thawed on ice and Bradford assay was done to determine exosome concentration. The
protein concentration corresponding to 100 μg of exosomes was diluted in diluent C,
provided with the kit at 1:1 dilution inside a dark laminar flow hood. The PKH67 dye
was diluted in the diluent C at 1:50 dilution and 20 µl of diluted PKH67 was added
(gently mix by pipetting up and down) on the diluted exosomes and incubated for 3
minutes at room temperature in dark. The negative control was made by adding 20 µl
of diluted PKH67 in 80 µl of PBS. The reaction was stopped by adding 1 ml of
exosomes depleted FBS. The sample was transferred to an ultracentrifuge tube and
was filled with exosome depleted FBS and centrifuged at 70,000xg for 1 hour at 4oC.
The supernatant was carefully decanted without disturbing the exosome pellet. The
exosome pellet was washed by resuspending in PBS and centrifuged at 70,000xg for
30 minutes at 4oC. PBS was carefully decanted and the exosome pellet was
resuspended in 100 µl of PBS resulting in the final exosome concentration to ~ 1μg/
µl. The labelled exosomes were then stored in -80oC to be used for downstream
applications.
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2.5.3 Exosome uptake assay

The recipient 293T cells were plated on 22x22 sterilized coverslips. The
coverslips were sterilized by rinsing in autoclaved ddH2O several times and then
rinsing in 70% ethanol. The coverslips were air-dried and then kept under UV for 30
minutes before cell plating. The 293T cells were counted using trypan blue exclusion
assay and a total of 1 x 105 cells were plated in 150 µl of normal DMEM media and
placed at the center of sterile cover slips. The cells were incubated at 37 oC incubator
supplemented with 5% CO2 for 24 hours to let the cells settle down. The cells were
checked under a microscope to confirm their presence and proper morphology. The
media was carefully aspirated and cells were washed by adding PBS drop by drop. It
is important to do the washing step very gently as harsh handling may lead to cells
coming off the cover slip. The PKH67 labeled exosomes were thawed on ice and added
to 150 µl of exosome depleted media. In our study, we used a concentration of 12.5μg
of exosomes in 150 µl of exosome depleted media. This media was added onto 293T
cells on each coverslip and incubated for 24-30 hours at 37oC incubator supplemented
with 5% CO2. After incubation, the media was carefully aspirated and cells were
washed with PBS by gently adding drops. The cells were fixed by adding cold acetone
and incubated for 30 minutes at 4oC. Cells were then gently washed with PBS, 3-4
times. The cells were counter stained with DAPI by adding 100 µl of 5μg/ ml of DAPI
to the cells on coverslips and incubating in dark for 5 minutes. The cells were washed
with PBS to remove excessive stain and mounted using fluorescence mounting media
(Fluoromount, Sigma). The slides were wrapped in aluminum foil and examined under
fluorescent microscope (Olympus BX60, USA).
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2.5.4 Inhibition assays
The activity of different caspases in cells and Fas ligand present in exosomes
was inhibited by treating cells and exosomes with specific inhibitors.
2.5.4.1 Caspase inhibition assay
To inhibit the activity of caspase 3/7/8, we treated the cells using the caspase
inhibitor II (CAS 210344-95-9, Calbiochem). This is a strong, cell permeable and
irreversible inhibitor of caspase 3/6/7/8 and 10. The 293T cells were plated in 96 well
plates as explained above and incubated with the inhibitor (25 mM final concentration)
for 30 minutes at 37oC cell culture incubator. After incubation, 12.5 μg of EBV
exosomes was added on cells. All the assays were carried out in duplicates or triplicates
and all experiments were repeated three times.
2.5.4.2 Fas ligand inhibition assay
To inhibit the activity of Fas ligand (FasL), if present in exosomes, we treated
exosomes with monoclonal anti-FasL antibody (Abcam, ab185785). To test the
efficacy of inhibition, antibody concentrations ranging from 0-100 μg/ml was tested
onto 50 µl of the isolated EBV exosomes and incubated for 1 hour on ice before adding
them on cells. Based on the preliminary experiment results, 50 μg of FasL antibody
was added on 50 µl of isolated EBV exosomes and incubated for 1 hour prior to adding
them to the cells and performing apoptotic assays. All the assays were carried out in
triplicates and experiments were repeated two or three times.
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2.5.5 Soft agar colony formation assay
The soft agar assay was done in 6 well plates as explained previously (Arafat
et al., 2013). Briefly, 2.4% of soft agar (Bacto agar, Sigma) was prepared by dissolving
in ddH2O and autoclaved for 20 minutes at 120oC. The 293T cells were trypsinized
and counted using trypan blue exclusion assay and a total of 0.03 x 106 cells were
placed in 2.5 ml of DMEM media in a flask and kept at 37oC cell culture incubator.
The autoclaved 2.4% soft agar was cooled down to 40-50oC and 1 ml of the agar was
quickly added in each well. The plate was swirled gently for the agar to cover the well
surface. The plate was kept at 4oC for 5 minutes for the agar to solidify. In the
incubated cells in flask we added 0.4 ml of warm 2.4% soft agar and mixed well 2-3
times gently. This second layer containing 0.3% of agar was then placed on top of first
layer and allowed to set at 4oC for 5 minutes. The plate was then transferred to 37oC
cell culture incubator supplemented with 5% CO2 for one hour. Then 2 ml of exosome
depleted media was added on cells along with 50 µg of EBV exosomes. PBS was
added in the test wells. Every third day the old media was aspirated gently and 2 ml of
fresh exosome depleted media was added in each well. The plates were incubated in
37oC cell culture incubator supplemented with 5% CO2 and the size of colonies were
observed between 5-14 days of treatment under a light microscope.
2.5.6 Statistical Analysis
The data analysis was performed using Microsoft Exel (Office 2013) and the
online OpenEpi software (http://www.openepi.com). The difference in the means of
the two groups (control and test) was determined using two tail student t-test. The P
value of p < 0.05 was considered to be statistically significant.
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Chapter 3: Results
3.1 Molecular characterization of exosomes
3.1.1 EBER1 was expressed in 293T stably-transfected cell line
To address our hypothesis, we generated a stable EBER1 expressing cell line.
To test the presence of EBER1 in the transfected cell line we used the gold standard
technique for EBER detection, i.e., EBER in situ hybridization (ISH). Furthermore,
we isolated RNA from EBER1-transfected cell lines and performed RT-PCR to show
EBER1 expression. The ISH results clearly showed the presence of EBER1 signal in
the nucleus of the transfected cells through DAB staining. However, the levels of
staining were not as strong as seen for the EBV positive cell line B95.8 (Figure 3.1A).
RT-PCR results showed the presence of specific EBER1 amplicon in the stablytransfected cell line and not in the control plasmid (293T-Hebo) cell line (Figure 3.1B).
3.1.2 A fraction of EBERs were released from EBV-infected and EBER1transfected cell lines into culture supernatant

RNA was isolated from EBV-infected cell lines (EBV-LCL, B95.8, BL30B95.8), EBV non-infected (BL30, 293T-Hebo) and EBER1-transfected cell lines
(293T-ER1). The isolated RNA was DNase treated and EBER1 specific PCR was
performed to nullify the possibility of plasmid DNA contamination in the extracted
samples. We did not observe any amplification thus confirming the absence of DNA
contaminants (Figure 3.2A). The DNase treated RNA was reverse transcribed and
virus (EBER1/2) specific PCR was performed. EBV-infected cell lines were found to
be consistently positive for both EBERs while no amplification was observed in the
EBV non-infected cell lines (Figure 3.2B and C). Furthermore, EBER1-transfected
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cell line (293T-ER1) also showed specific EBER1 band (Figure 3.2B). To determine,
if EBERs were released out of the cell, RNA was isolated from 1 ml of culture
supernatant from EBV-infected and non-infected cell lines growing in the late log
phase. RT-PCR results showed a faint band for EBER1 and EBER2 in culture
supernatants of EBV-infected and 293T-ER1 cell lines (Figure 3.3A and B). The
expression of EBERs was found to be very low and this could be due to the less amount
of culture supernatant used.
A
293T-ER1
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-C

293T- Hebo

B

293T- ER1

Sense
probe

Anti-sense
probe

B95.8

+C
EBER1

Figure 3.1: EBER1 is expressed in 293T cells stably transfected with EBER1. (A)
Detection of EBER1 by EBER in situ hybridization on HEK 293T cells stably
transfected with EBER1 plasmid and EBV positive B95.8 cell line. The anti-sense
probe showed the EBER positive brown nuclear staining (top panel). No staining was
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seen using the sense probe (lower panel) ruling out non-specific staining possibilities.
The level of EBER staining in 293T-ER1 cells was weaker compared to EBV positive
cell line B95.8 cells. (B) Detection of EBER1 through RT-PCR in 293T EBER1transfected cell line (293T-ER1) and the 293T control plasmid (293T-Hebo)
transfected cell line. DNA isolated from B95.8 cell line (50ng/ µl) was used as a
positive control and ddH2O was used for negative control.
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Figure 3.2: EBER specific PCR on the isolated total cellular RNA. Reverse
transcriptase PCR was done on 1μg of total RNA isolated from the EBV-infected, noninfected and the transfected cell lines. (A) Isolated RNA was DNase treated and
EBER1 specific PCR was performed prior to reverse transcription. No amplification
was observed, clearly showing the absence of any contaminating DNA. The generated
cDNA was subjected to 30 cycles of PCR amplification for (B) EBER1 and (C)
EBER2. Amplified products were run on a 2% agarose gel stained with ethidium
bromide for visualization. Specific bands for both EBERs were present in positive cell
lines. For positive control 50ng/ µl of B95.8 DNA was used and ddH2O was used as a
negative control.
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Figure 3.3: EBERs specific PCR on the RNA isolated from cell culture supernatants.
RNA was isolated from 1m of cell culture supernatant of EBV-infected cell lines
(EBV-LCL, B95.8) EBER1 stably transfected cell line (293T-ER1) and EBV noninfected cell lines (BL30, 293T-Hebo). The whole isolated RNA was converted to
cDNA and subjected to 30 cycles of PCR amplification for (A) EBER1 and (B)
EBER2. The samples were run on a 2% agarose gel stained with ethidium bromide. A
faint band was observed for EBER1 and EBER2 in EBV-infected cell lines. The
EBER1-transfected cell line also showed a specific band for the presence of EBER1
in culture supernatant. For positive control 50ng/ µl of B95.8 DNA was used and
ddH2O was used as a negative control.
3.1.3 Isolation and characterization of exosomes from EBV-infected and noninfected cell lines

To investigate the presence of EBERs in exosomes, we isolated exosomes from
the culture supernatant of the EBV-infected and non-infected cell lines using
differential ultra-centrifugation. The purified exosome pellet was resuspended in PBS
and a drop of the suspension was adsorbed onto formvar carbon coated copper grid to
be examined under transmission electron microscope (TEM). The isolated exosomes
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under the TEM showed a typical disk or cup shaped morphology and ranged from 30150 nm in size. However, based on morphology we were unable to distinguish
differences in the exosomes from EBV-infected or non-infected cell lines (Figure
3.4A). Furthermore, as we used exosome depleted FBS media, the isolated exosomes
must be from culture supernatants of the cell lines and not from FBS. The identity of
the isolated exosomes was further confirmed by western blot for a well-known
exosome marker, CD63. In our western blots we were able to clearly see a specific
protein band for CD63 ranging from 60-35 kDa, in both the exosomes from EBVinfected and non-infected cell lines (Figure 3.4B). This further strengthened our
observation that the isolated vesicles were indeed exosomes.
3.1.4 Both EBERs are present in the exosomes of EBV-infected cell lines
RNA was isolated from EBV-infected, non-infected and trasfected cell lines
using the TRIzol method and subjected to DNase treatment to remove any DNA
contamination. EBER1 PCR was performed on the DNase-treated exosomal RNA and
no amplification was observed suggesting that the RNA was clear of any DNA
contamination (Figure 3.5A). The DNased-RNA was reverse transcribed to cDNA and
RT-PCR was performed using EBER1 and EBER2 specific primers. The amplified
PCR products were run on 2% agarose gel stained with ethidium bromide. The band
size corresponding to EBER1 was clearly visible in the EBV-infected and EBER1transfected cell lines (Figure 3.5B). However, the signal of EBER1 positivity from
exosomes of 293T-ER1 cell line, observed was fainter than that from the EBV-infected
cell lines. The lower amplification could be due to the lower expression of EBER1 in
the transfected cell line as compared to EBV-infected cell lines. Furthermore, EBER2
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band was also visible in the EBV-infected cell lines (Figure 3.5C). No amplification
of EBERs was observed for any of the non-infected cell lines.
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Figure 3.4: Characterization of exosomes isolated from EBV-infected and noninfected cell lines. (A) The isolated exosomes were observed under transmission
electron microscope (TEM). Nanovesicles ranging from 30-150 nm in size with a
typical exosome morphology of cup or disk shape was observed for 293T exosomes
(upper panel) and EBV LCL (lower panel) was observed. (B) Western blot for CD63
marker on exosomes confirmed the identity of the isolated nanovesicles to be
exosomes from both the EBV-infected and non-infected cell lines.
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Figure 3.5: EBERs specific PCR on the RNA isolated from exosomes. RNA was
isolated from exosomes of EBV-infected cell lines (EBV-LCL, B95.8, BL30-B95.8)
EBER1 stably transfected cell line (293T-ER1) and EBV non-infected cell lines
(BL30, 293T-Hebo). (A) Isolated RNA was DNase treated and EBER1 specific PCR
was performed prior to reverse transcription. No amplification was observed clearly
showing the absence of any contaminating DNA. The whole isolated RNA was
converted to cDNA and subjected to a 30-cycle PCR amplification for (B) EBER1 and
(C) EBER2. The samples were run on a 2% agarose gel stained with ethidium bromide.
EBER1-transfected cell lines (293T-ER1) showed a weaker band of EBER
amplification compared to EBV-infected cell lines. DNA isolated from B95.8 cell line
(50 ng/µl) was used as a positive control and ddH2O was used for negative control.
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3.1.5 EBERs are present inside exosomes and not in extra exosomal fractions
To confirm that EBERs were present inside the exosomes and not in the extra
exosomal fractions, purified exosomes from both EBV-infected and non-infected cells
were digested with RNase A to remove any non-exosomal RNA present in the
fractions. RNA was isolated using the TRIzol method and subjected to DNase
treatment to remove any plasmid or DNA contamination. EBER specific PCR was
performed on the DNase treated RNA to determine any DNA contamination. No
amplification was observed for both EBERs in the samples (Figure 3.6A). Treated
RNA was converted into cDNA and RT-PCR was performed. EBER1 and EBER2
signal was present in both the RNase A treated and untreated exosomes, suggesting
that the EBERs are present in the exosomes and not in the extra exosomal fractions
(Figure 3.6B).
3.1.6 EBER binding protein La was present in isolated exosomes
We have hypothesized that EBERs are released from the cells by binding to
the cellular protein La (Ahmed and Khan 2014). To determine the presence of cellular
protein La in the purified exosomes isolated from EBV-infected and non-infected cell
lines, we performed western blot for La. A clear protein band corresponding to the size
of the La protein was seen in the western blot, suggesting that the protein is present in
the isolated exosomes (Figure 3.7).
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Figure 3.6: EBER1 and EBER2 are present inside the exosomes. Exosomes from EBVinfected, EBER1-transfected and non-infected cell lines were subjected to RNase A
treatment to remove any RNA contamination in the extra exosomal fractions. (A)
Isolated RNA was DNase treated and EBER-specific PCR was set. No amplification
was observed in any of the EBV-infected cell lines suggesting, RNA was pure of any
DNA contaminant. (B) RT-PCR on the treated exosomes did not eliminate the EBER
amplification signals, proving that the EBERs were present inside the exosomes and
not in the extra exosomal fractions.
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Figure 3.7: EBER-binding protein La was present in exosomes. To determine the
presence of EBER binding protein La in the isolated exosomes, western blot was done
on 25μg of the exosomal proteins using anti-La monoclonal antibody. Exosomes from
all the cell lines irrespective of EBV-infected or not showed the presence of La protein
in the exosomes.
3.2 Transmission Electron Microscopic Studies
3.2.1 Preparation of cells for immuno-gold transmission electron microscopic
(TEM) studies

We have used different molecular biology methods to show the presence of
EBERs and the La protein in the exosomes released by EBV-infected cell lines. Next
we wanted to establish a direct evidence for their presence in the nucleus, cytoplasm
and exosomes of the EBV-infected cell line. To show the presence of La protein and
EBERs in the nucleus and cytoplasm of the infected cells, we prepared the cells for
electron microscopic studies and cut ultrathin sections from EBV-infected and noninfected cell lines. The sections were mounted on the formvar 200 mesh nickel grids
and viewed under TEM. The typical morphology of the B cells was observed under
TEM, with quite a large nuclei and the dark dense nucleolar region (Figure 3.8). The
overall morphology of the cells was also well maintained during the processing of cells
with nuclear and cytoplasmic membranes intact and maintained.
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Figure 3.8: B95.8 cells under transmission electron microscope (TEM). Ultrathin
sections of the cells were prepared and stained with uranyl acetate. Counter staining
was done using lead citrate before examining under TEM. The overall morphology of
the cells was maintained with a large dense nucleus and thin cytoplasm.
3.2.2 La protein and EBERs are present in the nucleus and cytoplasm of EBVinfected cells

A fraction of EBERs and La protein must be present in the cytoplasm of the
infected cells to become part of the exosomal cargo. To provide a direct evidence of
the presence of La in the cytoplasm, we performed immuno-electron microscopy for
the La protein in the EBV-infected (B95.8, BL30-B95.8) and non-infected (BL30) cell
lines using specific monoclonal anti-La antibody. The immune-gold labelling of the
protein was achieved by using 10 nm gold labelled secondary antibody. As observed
in Figure. 3.9 the La protein was mainly localized in the nucleus of the cells but a small
fraction of the protein was also present in the cytoplasm (Figure 3.9). Since La is an
essential cellular protein, it was observed to be present in both the infected and noninfected cell lines. Interestingly, we were also able to freeze the moment of La protein
budding out of the cell from the plasma membrane in a vesicular body (Figure 3.9d).
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Similarly, La was also observed in the vesicular bodies being released from the
cytoplasm of EBV non-infected cell line (BL30) (Figure 3.9f).
To observe the presence of EBERs in the cells, we established a novel electron
microscope in situ hybridization for EBERs (EM EBER-ISH). Using EM EBER-ISH
we were able to directly observe the presence of EBERs not only in the nucleus of the
EBV-infected cell lines but also in the cytoplasm (Figure 3.10 a-d). EBERs were seen
with the help of 10 nm gold labeled secondary antibody and multiple EBERs were
observed being grouped together in the cytoplasm. No signals were observed in either
the nucleus or the cytoplasm of EBV-infected cell lines using the sense probe (Figure
3.10 e-f), suggesting that the staining being observed by antisense probe was highly
specific.
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Figure 3.9: Immuno-gold electron microscopic staining for La protein in EBV-infected
and non-infected cell lines. La protein was detected in the nucleus and cytoplasm of
the EBV-infected (B95.8, BL30-B95.8) and non-infected (BL30) cells. Ultrathin
sections were generated and La protein was detected using anti-La monoclonal
primary antibody and 10 nm gold labeled secondary antibody. La staining was
observed in both the nucleus and cytoplasm of all cells. Scale bar = 200 nm
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Figure 3.10: Electron microscope in situ hybridization for EBERs (EM EBER-ISH)
on cells. Ultrathin sections of EBV-infected cell lines (B95.8, BL30-B95.8) were made
and EM EBER-ISH was performed. Specific EBER signals were detected in the
nucleus and cytoplasm of the infected cells using anti-sense probe and the 10 nm gold
labelled secondary antibody (a-d). EBER sense probe showed no signal in either the
nucleus or cytoplasm of the infected cell lines (e-f). Scale bar = 500 nm.
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3.2.3 Purification and electron immuno-gold characterization of exosomes from
EBV-infected and non-infected cell lines

Exosomes were isolated from the EBV-infected (B95.8, BL30-B95.8) and noninfected (BL30) cell lines using differential ultracentrifugation. To confirm the
morphology and size of the isolated exosomes, we examined them under transmission
electron microscope (TEM). The exosomes isolated from all 3 cell lines showed a
typical cup or disk shaped morphology and ranged in size from 30-150 nm (Figure
3.11A). To further confirm the identity of exosomes, we used immuno-gold EM for
the exosomal marker CD63. As CD63 is a transmembrane protein and present on the
surface of exosomes, our results showed the accumulation of gold nano particles
primarily localized on the surface of the isolated exosomes (Figure 3.11B).
The identity of the isolated exosomes was further confirmed, by isolating
exosomal proteins and performing western blot for a number of well-known markers
for exosomes: flotillin, CD81, CD9 and CD63. The western blot results clearly showed
the presence of these markers in exosomes (Figure 3.12A). Furthermore, we were also
able to observe specific bands for the cellular protein La in the immunoblots along
with the presence of EBER1 and EBER2 through RT-PCR in the isolated exosomes
(Figure 3.12 A-B), as has been observed previously.
3.2.4 Electron microscope in situ hybridization for EBERs (EM EBER-ISH) show
their presence inside the exosomes of EBV-infected cells
The presence of EBERs in the exosomes has been confirmed previously
through RT-PCR on the exosomes of EBV-infected cell lines (Figure 3.5). To directly
demonstrate EBER presence inside the exosomes, we performed EM EBER-ISH on
the exosomes isolated from EBV-infected and non-infected cell lines. The results
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clearly showed the localization of the EBER signals within the exosomes of EBVinfected cell lines (B95.8, BL30-B95.8) and not in the extra exosomal fractions (Figure
3.13 a-f). Multiple EBER signal were observed to be present in the same exosome.
However, the overall morphology of the exosomes was not very well maintained due
to the harsh condition of the in situ protocol and some signals were also observed in
the disrupted exosomal membranes. No EBER signal was observed in the exosomes
isolated from the EBV negative cell line (BL30) (Figure 3.13; g-i) suggesting that the
signals being observed were specific from EBV positive cell lines.
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Figure 3.11: Transmission electron microscopic studies on isolated exosomes. (A) The
isolated exosomes were observed under transmission electron microscope (TEM).
Nanovesicles ranging in size 30-150 nm with a typical exosome morphology of cup or
disk shape was observed in all 3 cell lines. (B) Immuno-gold staining for the exosomal
marker CD63 show a membrane associated staining pattern for the isolated exosomes
in all cell lines. Scale bar = 100 nm
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Figure 3.12: Characterization of exosomes isolated from EBV-infected and noninfected cell lines. (A) Proteins were isolated from the isolated exosomes and tested
for the presence of different exosomal markers. 25-50μg of the exosomal protein was
loaded in each gel and protein bands corresponding to specific exosomal marker were
observed. EBER binding protein La was also observed to be present in exosomes from
all 3 cell lines. (B) RT-PCR on the isolated exosomes shows the presence of EBERs
in the exosomes isolated from EBV-infected cell lines (B95.8, BL30-B95.8).
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Figure 3.13: Electron microscopy in situ hybridization for EBERs (EM EBER-ISH) in
exosomes from EBV-infected and non-infected cell lines. Isolated exosomes were
fixed overnight in modified Karnovsky’s fixative (4% paraformaldehyde and 0.05%
glutaraldehyde, pH 7.2) and mounted on nickel grids. EM EBER-ISH was performed
using 10 nm gold labelled secondary antibody. EBER specific signals were observed
to be clearly localized in the exosomes from EBV-infected cell lines (B95.8, BL30B95.8) (a-f). EBV negative cell line (BL30) (g-i) showed no EBER signal in the
exosomes. Scale bar = 100 nm
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3.2.5 Both EBERs are released in the exosomes of EBV-infected cell lines
RT-PCR had consistently shown the presence of EBER1 and EBER2 in the
exosomes of the EBV-infected cells. To directly demonstrate the presence of both
EBERs in exosomes, we performed EM EBER-ISH using specific EBER1 and EBER2
probe. The results showed the presence of signals for both EBER1 and EBER2 in
exosomes of the EBV-infected cell line (Figure 3.14). However, through EM results
we were not able to quantitate the absolute amount of each EBER being released in
the exosomes from infected cells. To tackle this problem, we generated a calibration
curve by performing qRT-PCR on the serial dilutions of the EBER1 and EBER2,
plasmids, respectively to determine the absolute EBER copy number (Figure 3.15A
and B). RNA was isolated from EBV-infected cell lines and DNase treated and
converted into cDNA. SYBR green qRT-PCR was performed to determine the EBER1
and EBER2 copy number in exosomes. Relative percentage of the EBER1 and EBER2
in exosomes was determined by dividing the EBER1/2 copy number in exosomes by
the total EBER1/2 (cellular plus exosomes) copy number, respectively. Our estimates
showed that less than 25% of the total EBERs are being released in exosomes (Figure
3.16). We also observed differences in the release of EBERs among the exosomes from
different EBV-infected cell lines. The amount of EBER1 released in B95.8 exosomes
was more than double compared to EBER2 levels. However, EBER2 rather than
EBER1 appeared to be released at higher amounts in BL30-B95.8 exosomes.
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Figure 3.14: Electron microscopy in situ hybridization for detection of EBER1 and
EBER2 in exosomes from EBV-infected cells. Isolated exosomes were fixed overnight
in modified Karnovsky’s fixative (4% paraformaldehyde and 0.05% glutaraldehyde,
pH 7.2) and mounted on nickel grids. EM EBER-ISH for EBER1 and EBER2
indicated that both EBERs are being released in exosomes of EBV-infected cells
(B95.8, BL30-B95.8). Scale bar = 100 nm
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Figure 3.15: Calibration curve to determine EBER1/2 copy number. A ten-fold serial
dilution of plasmid DNA of EBER1 and EBER2 (1ng, 0.1ng, 0.01ng, 0.001ng and
0.0001ng/ µl) were prepared and SYBR Green qRT-PCR performed. The log of each
copy number (x-axis) and the mean of the generated CT values of each dilution (yaxis) was plotted against the log of each plasmid DNA concentration. The quality of
the standard curve was ensured through a good linear correlation coefficient. (A)
EBER1 and (B) EBER2 calibration curve.
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Figure 3.16: Relative percentage of EBER1 and EBER2 in exosomes. Quantitative real
time PCR was performed on the cDNA generated from 3μg of the RNA isolated from
B95.8 and BL30-B95.8 exosomes. Relative percentage of each EBER1/2 was
extrapolated from the standard curve established using the EBER1 or 2 plasmids. The
relative percentage of the EBER1 present in the B95.8 exosomes was observed to be
twice as that of EBER2. By contrast, EBER2 appeared to be released in exosomes of
BL30-B95.8 in higher quantities.

3.2.6 EBER binding protein La is present in the exosomes
We have previously shown through western blot that La protein was present in
the exosomes of EBV-infected and non-infected cell lines (Figure 3.12). To directly
demonstrate the presence of La in isolated exosomes, we performed immuno-gold
electron microscopic staining for La protein using anti-La monoclonal antibody. La
signals were observed in the exosomes (Fig 3.17 a,b,d,e,g,h), however the level of La
signal was found to be relatively low compared to EBER signals (Figure 3.13). Since
La is a cellular protein and is expressed in all types of cell, it was seen in exosomes
released from both EBV-infected (B95.8, BL30-B95.8) and non-infected (BL30) cell
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lines. To ascertain that the La staining being observed was specific, we performed
immune-EM for EBNA1 protein as an antibody control. No signals was detected in
any of the exosome preparations using anti-EBNA1 monoclonal antibody (Figure 3.17
c,f,e).
3.2.7 Both EBERs and La protein are co-localized in the same exosomes
We have previously hypothesized that EBERs are being released from the
infected cells by piggybacking on the cellular protein La (Ahmed and Khan 2014). We
have also individually observed the presence of La and EBERs in the exosomes both
through molecular technique and electron microscopic studies (Figure 3.13 and 3.17).
However, these data do not confirm if La and EBERs are localized in the same
exosomes or are secreted independent of each other. To address this issue, we
performed double staining (EM EBER-ISH and Immuno-EM for La) using secondary
antibodies conjugated to 5 nm and 10 nm gold particles, labelling for EBERs and La
protein, respectively. Our EM results show that both EBERs and La protein were colocalized in the same exosomes, supporting our hypothesis that EBERs are excreted
out of the EBV-infected cell by binding to the La protein (Figure 3.18).
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Figure 3.17: Immuno-gold electron microscopic staining for La protein in exosomes.
Isolated exosome pellet was fixed overnight using modified Karnovsky’s fixative (4%
paraformaldehyde and 0.05% glutaraldehyde, pH 7.2) and mounted on nickel grids.
Immune-gold staining for La protein was performed using specific anti-La monoclonal
primary antibody and 10 nm gold labeled secondary antibody. La signals were
observed in exosomes isolated from both EBV-infected (B95.8, BL30-B95.8) and noninfected (BL30) cell lines. EBNA1 was used as an antibody control hence no signals
were observed for immuno-gold staining for EBNA1 in any of the exosomes
preparations (c, f, i). Scale bar = 100 nm.
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Figure 3.18: Electron microscopy double staining for La and EBERs in exosomes
isolated from EBV-infected cell lines. Exosomes were isolated from EBV-infected cell
lines and fixed overnight in modified Karnovsky’s fixative (4% paraformaldehyde and
0.05% glutaraldehyde, pH 7.2), and mounted on formvar carbon coated nickel grids.
EM EBER in situ hybridization was first performed on exosomes using 5 nm gold
labeled secondary antibody followed by immuno-electron staining for La protein using
10 nm gold labeled secondary antibody. Both EBERs and La protein was observed
being co-localized in the same exosomes. Arrows indicate the La signals. Scale Bar =
100 nm. Image taken from: Ahmed et al., 2018
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3.3 Functional analysis of EBV exosomes
3.3.1 Exosomes isolated from EBV-infected cells induce cell death in the recipient
cell in a dose-dependent manner

To determine the molecular and physiological effects of the exosomes from
EBV-infected cell lines on the non-infected cell lines, we isolated exosomes using
differential ultra-centrifugation. To determine the identity of the isolated exosomes we
performed transmission electron microscopy (TEM). Exosomes were fixed on to
formvar carbon coated copper grids and examined under TEM. The typical cup shaped
or disk shaped morphology of nanovesicles was visible with size ranging from 30-150
nm indicating that the isolates were indeed exosomes (Figure 3.19A). The identity of
the vesicles was further confirmed through performing western blot for Flotillin and
CD63, two well established markers for exosomes. The blots clearly showed the band
sizes corresponding to the proteins molecular weights for both the exosomes from
EBV-infected and non-infected cell lines (Figure 3.19B). After confirming the identity
of the isolated exosomes, we exposed HEK 293T cell line to exosomes. Exosomes
from B95.8 cell line were serially diluted and added onto HEK 293T cells for 24 hours.
As the exosomes were resuspended in PBS, equal volumes of PBS was also added to
cells as a control. After 24 hours, cell viability was measured using the commercially
available Cell Titre-Glo viability kit. The cells were plated in duplicates with three
independent biological replicates.

Results from these experiments consistently

showed that exosomes released from B95.8 cells inducing cell death in 293T cells in
a dose dependent manner (Figure 3.20A). The maximum cell death was observed at
1:4 dilution and this very potent cell death was observed even at dilutions as low as
1:64, at which approximately 20-40% of the cells were undergoing cell death. To
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determine if the cell death induced in 293T cells was unique to B95.8 exosomes, we
exposed 293T cells to exosomes from another EBV-infected cell line; EBV LCL.
Similar dose dependent cell death was observed of 293T cells by exposure to EBVLCL exosomes. The highest cell death was observed at 1:4 dilution with cells being
susceptible to cell death evens at lower dilution of 1:64 (Figure 3.20B).
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Figure 3.19: Isolation and characterization of exosomes from EBV-infected, noninfected and transfected cell lines. (A) The isolated exosomes were observed under
transmission electron microscope (TEM). Nanovesicles ranging in size from 30-150
nm with a typical exosome morphology of cup or disk shape was observed for all 3
EBV-infected cell lines. (B) Western blot for CD63 and Flotillin, two well-known
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markers of exosomes confirmed the identity of the isolated nanovesicles to be
exosomes from both the EBV-infected and non-infected cell lines.

Although, B95.8 cell line is of marmoset origin and EBV-LCL is of human
origin, the exosomes from both cell lines induced cell death in the recipient cell. This
suggests that the infection of the virus and not the origin of the cells were playing a
role in the excretion of death-inducing exosomes.
We next wanted to determine if the effect of EBV-infected exosomes was cell
type specific or will we be able to observe similar effects in other EBV non-infected
cell lines. For this purpose, we exposed BL30 cells (a B-cell line) and Jurkat cells (a T
cell line) to serially diluted B95.8 exosomes. The results clearly showed that both the
cell lines were prone to EBV exosomes and underwent cell death in a dose dependent
manner (Figure 3.21A and B). Intriguingly, when the B95.8 exosomes were exposed
to BJAB cells (an EBV-negative Burkitt’s lymphoma cell line), they were found to be
totally resistant to cell death at all the exosome concentrations (Figure 3.22).
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Figure 3.20: Exosomes from EBV-infected cell lines induced cell death in 293T cells
in a dose dependent manner. Exosomes from EBV-infected cell lines (A) B95.8 and
(B) EBV-LCL cell lines compared to PBS control. All the experiments were repeated
independently three times and the data was expressed as the mean + SD of all
experiments.
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Figure 3.21: B95.8 exosomes induced dose dependent cell death in the recipient cells.
Exosomes isolated from B95.8 cells induced cell death in a dose dependent manner in
(A) BL30 (B cell line) and (B) Jurkat (T cell line) relative to untreated PBS groups.
All the experiments were repeated independently three times and the data was
expressed as the mean + SD of all experiments.
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Figure 3.22: B95.8 exosomes were not able to induce apoptosis in BJAB cells.
No cell death was induced by exosomes from B95.8 cell lines on BJAB (EBV-negative
Burkitts lymphoma cell line). The data was plotted as a mean of three independent
experiment with their + SD.
3.3.2 Cell death induced by exosomes from EBV-infected cell lines was time
dependent
To understand, how long it takes for the exosomes from EBV-infected cell
lines to induce their effects, we did a time course experiment. We used the highest
concentration of the exosomes (1:4) and added them on 293T cells for time points
ranging from 30 minutes to 48 hours. The results showed that stimulation of cell death
in the recipient cells was not an immediate effect and it took ~24 hours for cells to
undergo cell death. Interestingly, our data showed that in the initial 6 hours of
exposure, cells underwent proliferation (Figure 3.23A). However, significant cell
death was observed only after approximately 24 hours of exosomes exposure, with the
maximum cell death of approximately 50% observed after 48 hours of exposure
(Figure 3.23A).
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To determine the pathway of cell death, we looked at the caspase 3/7 activity
at the corresponding time points and observed that the levels of caspase 3/7 correlated
inversely with the cell viability assay. By 48 hours of exosome exposure, the caspase
3/7 levels were observed to be three fold higher in the exosomes-treated cells
compared to the PBS-treated control group (Figure 3.23B). These results implied that
the exosomes isolated from EBV-infected cells were inducing cell death in the
recipient cells via the apoptotic pathway involving caspases. Furthermore, the
induction of apoptosis was not a rapid process and it was time-dependent.
The exosomes were isolated from roughly the same volume of culture
supernatant (~80 ml) and from the same number of plated cells (0.5 x 106/ ml).
Furthermore, the isolated pellet was resuspended in 100 µl of PBS, but it was still
expected that the exosome concentration will differ significantly from each batch of
extraction. Consequently, the 1:4 exosome dilution from one extraction should be
different from the 1:4 dilution of the other isolated batch. This could result in higher
variability among different experiments. To further reduce the inconsistency among
exosome isolates, we decided to quantitate the exosomes by pooling several exosome
isolates and performed the Bradford assay on the pooled exosome extracts. The protein
concentration at 1:4 dilution of exosomes being used was found to be around 10-15
μg. Based on these observations all the following experiments were conducted by
incubating the cells with 12.5 μg of exosome for 48 hours.
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Figure 3.23: Cell death induced by exosomes from EBV-infected cell lines is time
dependent. Exosomes from B95.8 cells were added onto HEK 293T cells and
incubated for different time points. (A) Cell viability was measured using
commercially available glow assay kits.. (B) The level of caspase 3/7 corresponded
with the level of cell death being observed, with the highest levels reached after 48
hours of exosomes incubation with the 293T cells. The data is plotted as a mean of
three independent experiment with their + SD.
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3.3.3 Exosomes from both type I and type III EBV latently infected cells induced
apoptosis in the recipient 293T cells

Next, we wanted to check if the exosomes isolated from different latency
programs had a different effect on the recipient cells. Since the gene expression profile
in type I and type III EBV latently infected cells is known to be different. For this
purpose, exosomes from type I latently-infected cells (Namalwa cell line) and type III
latently-infected cells (EBV-LCL cell lines) were isolated. The 293T cells were
exposed to the exosomes from both of these cell lines to determine their effects on cell
viability and induction of apoptosis. As discussed above, 12.5μg of exosomes
concentration were used from each cell line and target cells were exposed to these
exosomes for 48 hours. Interestingly exosomes from both type I and type III latently
infected cells induced apoptosis in 293T cells (Figure 3.24A), despite having different
gene profiles. Similarly, the level of apoptosis being observed correlated with the
levels of caspase 3/7 in the cells (Figure 3.24B). The level of caspase 8 was also tested
and observed to be high (Figure 3.24C), however not much difference was observed
in the levels of caspase 9 (Figure 3.24D). Furthermore, the exosomes from type III
cells (EBV-LCL) induced higher levels of apoptosis as well as caspase 3/7/8 levels
compared to type I latency cells (Namalwa).
The viral oncoprotein, LMP1 is expressed in type III latently infected cells and
has been shown to play a role in cell proliferation. Therefore, western blot analysis
showed the protein bands corresponding to LMP1 present in the cells as well as the
corresponding exosomes from type III latently infected cells (EBV-LCL, B95.8)
(Figure 3.25). No bands for LMP1 were observed in the type I latently infected cells
or in EBV non-infected cell line (BL30) (Figure 3.25). Since exosomes from both
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EBV-LCL (type III) and Namalwa (type I) resulted in induction of cell apoptosis
suggests that LMP1 does not play a role in inducing these effects.
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Figure 3.24: Exosomes from both type I and type III latently infected cells induced
apoptosis in the recipient cells. Exosomes from both type I (Namalwa) and type III
(EBV-LCL) latently infected cells were isolated and 12.5μg of the exosomes was
added on 293T cells and incubated for 48 hours. (A) Exposure of 293T cells with
exosomes from both type I and type III latencies resulted in cell death. (B) The levels
of caspase 3/7 and (C) caspase 8 were associated with the level of cell death. (D) The
level of caspase 9 was not significantly high compared to other caspases. The data was
plotted as a mean of three independent experiments with their + SD.
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Figure 3.25: LMP1 was present in cells and exosomes from type III (EBV-LCL and
B95.8) latently infected cells. Western blot for LMP1 was done using monoclonal
antibody (CS1-4). Specific protein bands were observed in the cells and exosomes
from type III latently infected cells (EBV-LCL, B95.8) and not in the cells and
exosomes from type I latently infected cell (Namalwa) or EBV non-infected cell lines
(BL30, 293T).

3.3.4 Exosomes from EBV-infected cells are taken up by 293T recipient cells
To determine how the exosomes from EBV-infected cells were inducing their
effects on the recipient cells, we labeled 12.5μg of exosomes from EBV-LCL and
B95.8 cells with PKH67 membrane dye and added onto 293T cells. PBS with PKH67
dye and PBS alone were used as a negative control. The nucleus of the 293T cells was
counter stained with DAPI. Labelled exosomes were added on to cells, incubated for
24 hours, and analyzed using fluorescent microscopy. Our results showed that
exosomes from both cell lines (EBV-LCL and B95.8) were taken up by the HEK 293T
cells and were mainly localized in the cytoplasm of the recipient cells (Figure 3.26).
The PBS negative control group showed no exosome specific staining.
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3.3.5 Exosomes from EBV-infected cells induce apoptosis via the caspase 3/7/8
pathway whereas EBER1-transfected exosomes induce cell viability

We have previously observed that exosomes from EBV-infected cell lines
induced cell death in the recipient cells (Figure. 3.20). To advance our understanding
regarding the pathways activated by these exosomes, we isolated exosomes from BL30
(EBV non-infected cell line) and BL30-B95.8 (EBV-infected Burkitt’s lymphoma cell
line). Both of these cell lines share the same biological background with one being
infected with EBV. Exosomes from both cell lines were quantified and 12.5μg of the
exosomes was added on HEK 293T cells. Our results showed that exosomes from
EBV-infected cell line (BL30-B95.8) induced apoptosis of HEK 293T cell, whereas
exosomes from non-infected cell line did not (Figure 3.27A).
We have previously shown that EBERs are present in the exosomes released
from EBV-infected and EBER1-transfected cell lines. To determine the effects of
EBER1 in exosomes on the recipient cell line, we isolated exosomes from 293T-ER1
(EBER1-transfected cell line) and 293T-Hebo (control plasmid transfected cell line)
and exposed 293T cells to them. The EBER1 containing exosomes induced cell
viability in the recipient cells, compared to the exosomes from the control plasmid
(pHEBO) transfected cells (Figure 3.27A). To understand the molecular pathways
involved in causing apoptosis, we looked for the activation of caspase 3/7/8 and 9 as
described earlier (Figure 3.27 B-D). The levels of caspase 3/7 and 8 correlated well
with cell viability, with there being three-fold increase in enzyme activity in cells
treated with exosomes from EBV-infected cell line (BL30-B95.8) compared to the
PBS control group. Furthermore, as the exosomes from EBER1-transfected cell lines
induced proliferation, the levels of caspases were found to be lower or equal to that of
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the PBS control group. The levels of caspase 9 were not significantly raised (Figure
3.27D), suggesting that the exosomes induced cell death mainly through the extrinsic
pathway of apoptosis.
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Figure 3.26: Exosomes from EBV-infected cells were taken up by 293T recipient cells.
The PKH67 labeled exosomes were added on 293T cells and incubated for 24 hours.
Strong punctate staining of EBV-LCL and B95.8 exosomes was observed in the
cytoplasm of 293T cells (a-f). No staining was observed in the PBS (with and without
PKH67 dye) (g-l). The cells were counterstained with DAPI. Insets in the last column
show magnified regions of each panel for better resolution.
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Figure 3.27: Exosomes from EBV-infected, but not non-infected and EBER1transfected cell lines induced apoptosis in the recipient cells via the activation of
caspase 3/7/8 pathway. Exosomes from EBV-infected cell line (BL30-B95.8) and its
biologically related EBV non-infected cell line (BL30) were isolated and 12.5μg of
the exosomes were added on 293T cells and incubated for 48 hours. Exosomes from
EBER1-transfected (293T-ER1) and control plasmid transfected (293T-Hebo) were
isolated and 293T cells were exposed to the 12.5μg of exosomes for 48 hours. (A)
Exosomes from BL30-B95.8 cells induced significant cell death in 293T cells but not
from exosomes from BL30 and 293T-ER1 cells. Exosomes from EBER1-transfected
cell line induced proliferation in recipient 293T cells. The level of caspase (B) 3/7 and
(C) 8 correlated with the cell viability and were found to be significantly high in cells
treated with BL30-B95.8 exosomes compared to the PBS control group. (D) There was
no significant increase in the levels of caspase 9, suggesting that the cells were
undergoing apoptosis via the activation of extrinsic pathway. All the experiments were
repeated independently three times and the data was expressed as the mean + SD of
all experiments. Significance Levels:*P<0.05; ***P<0.001.
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3.3.6 Apoptosis induced by exosomes from EBV-infected cells is inhibited by
blocking caspase 3/7/8 pathway

To understand whether the mode of cell death induced in the recipient cells
was through the extrinsic pathway and not thorough any other mode, we blocked the
caspase activity in the 293T cells. Cell were treated for 30 minutes with a potent
irreversible inhibitor of caspase 3/6/7/8 and 10 (CAS 210344-95-9) before adding
12.5μg of exosomes from EBV-infected (BL30-B95.8) and exosomes from its
counterpart EBV non-infected (BL30) cell lines. The results clearly showed a
significant reduction in the level of apoptosis in the caspase inhibitor treated cells
(Figure 3.28A). Since exosomes from BL30 did not induce any apoptosis, there was
no difference in the treated and untreated group. Similarly, the levels of caspase 3/7
and 8 were significantly down regulated in the inhibitor treated group (Figure 3.28 B
and C). The levels of caspase 9 activation were observed to be higher in un-treated
cells compared to treated cells exposed to exosomes (Figure 3.28D).
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Figure 3.28: Blocking caspase 3/7/8 pathways inhibited apoptosis induced by
exosomes from EBV-infected cells. 293T cells were incubated with 25mM of caspase
3/6/7/8/10 inhibitor for 30 minutes followed by incubating with 12.5μg of exosomes
from BL30-B95.8 or BL30 cell lines for 48 hours. PBS was used as a control onto
cells. (A) Cells pre-treated with caspase inhibitor (I) were observed to be protective
from the apoptosis induced by exosomes from EBV-infected cell line (BL30-B95.8).
Exosomes from EBV non-infected cell line (BL30) did not induce any apoptosis so
there were no differences in the level of cell viability in treated and un-treated cells.
The levels of caspase (B) 3/7 and (C) 8 were significantly reduced in the cells treated
with the caspase inhibitor compared to the un-treated cells when exposed to BL30B95.8 exosomes. (D) Caspase 9 levels were higher in the untreated group. The data is
plotted as a mean of two independent experiment with their + SD. Significance
levels:*P<0.05; **P<0.01; ***P<0.001.
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3.3.7 EBV-infected cells release FasL in exosomes and blocking it inhibits
apoptosis

Our data has clearly showed that exosomes from EBV-infected cell lines
induce apoptosis via the extrinsic pathway. To further investigate the molecule
responsible for induction of the extrinsic pathway of cell death in the recipient cells,
we looked into the literature to determine if any known apoptosis inducing protein is
present in EBV exosomes. A recent report from Klinker et al., (Klinker et al. 2014)
has shown that exosomes derived from EBV-infected cell lines contained FasL. To
check for the presence of FasL in the exosomes from latency type I and type III EBVinfected cell lines and non-infected cell lines, we performed western blot for FasL on
isolated exosomal proteins. As can be seen, FasL was present in the exosomes isolated
from both type I and type III EBV-infected cell lines and not in the non-infected cell
lines (Figure 3.29). The FasL band was observed at ~80kDa on the blot, which
suggests that the trimeric form of FasL, was being released in exosomes. A number of
previous studies have shown that trimeric form of FasL is the active and excreted form
(Holler et al. 2003; Stenqvist et al. 2013).
To determine if FasL was solely responsible for inducing apoptosis, we isolated
exosomes from EBV-infected (BL30-B95.8) and its counterpart EBV non-infected
(BL30) cells and incubated 12.5μg of exosomes with increasing concentration of antiFasL antibody from 6.25 to 100 μg/ml for 1 hour. The treated exosomes were added
on 293T cells and incubated for 48 hours. The results showe that incubation of BL30B95.8 exosomes with anti-FasL could inhibit the exosomes mediated apoptosis (Figure
3.30). Based on the results of this experiment, we used the anti-FasL concentration of
50μg/ ml to block the FasL in the exosomes in the subsequent experiments.
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Next we asked whether blocking of FasL before could result in reduction of
apoptosis? We incubated 12.5μg of exosomes from EBV-infected and non-infected
cells with 50μg/ ml of anti-FasL antibody for 1 hour. The incubated exosomes were
then added on 293T cells and cell viability and caspase levels were determined. The
results showed a significant increase in the cell viability of 293T cells with the EBVinfected exosomes (BL30-B95.8) treated with anti-FasL antibody (Figure 3.31A).
Since exosomes from EBV non-infected cells (BL30) did not cause apoptosis,
therefore no difference was observed between the treated and untreated exosomes.
The levels of caspase 3/7 and caspase 8 were observed to correlated well with the cell
viability assay and were significantly reduced with the BL30-B95.8 exosomes treated
with anti-FasL antibody (Figure 3.31B and C). This data shows that FasL may be
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Figure 3.29: Fas Ligand (FasL) is present in exosomes from EBV-infected cell lines.
Western blot on isolated exosomal proteins shows that FasL was present in the
exosomes from both type I (Namalwa) and type III (B95.8, EBV-LCL and BL30B95.8) EBV latently infected cells. No FasL signals were observed in the exosomes
from EBV non-infected cell lines (BL30 and 293T). We observed a ~80kDa band of
FasL suggesting that trimeric form of FasL is present in exosomes. The exosomal
marker flotillin was used as a loading control.

115

FasL Inhibition Assay

Relative % Cell Viability

120
100
80
60
40
20
0

Anti-FasL antibody concentration (µg/ ml)

Figure 3.30: Incubation of exosomes from EBV-infected cells with increasing
concentration of anti-FasL reduced apoptosis in recipient cells. Exosomes from BL30B95.8 cells were isolated and 12.5μg of the exosomes were incubated with increasing
concentrations of anti-FasL antibody for 1 hour before exposing them to 293T cells.
The results clearly showed a significant reduction in the apoptosis by blocking the
FasL present in the exosomes of EBV-infected cell with anti-FasL antibody compared
to PBS control. The isotype antibody control (IgG) used did not hinder the apoptotic
abilities of BL30-B95.8 exosomes.
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Figure 3.31: Blocking of FasL present in the exosomes from EBV-infected cell lines
inhibits apoptosis in recipient cells. Based on the above results, we incubated 12.5μg
of exosomes from BL30-B95.8 and BL30 cell lines with 50μg/ ml of anti-FasL
antibody for 1 hour before adding them on 293T cells. (A) The exosomes treated with
anti-FasL antibody showed significant increase in cell viability compared to the untreated exosomes. The levels of (B) caspase 3/7 (C) caspase 8 and (D) caspase 9,
corresponded with the cell viability assay, with significant decrease in the caspase
levels in the cells with treated exosomes.
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3.3.8 Exosomes from EBV-infected cell lines inhibit colony formation of 293T
cells in soft agar

Since exosomes from EBV-infected cell lines could induce apoptosis in the
cultured 293T cells. We wanted to determine if exosomes isolated from EBV-infected
cell lines could inhibit colony formation in soft agar assay. For this purpose, we
exposed 293T cells in soft agar with exosomes from EBV-infected (BL30-B95.8) and
non-infected (BL30) cells. PBS was added to cells as a negative control. After 7 days
of incubation, we were able to identify clearly visible colonies under the microscope
in the negative control and the cells incubated with exosomes from EBV non-infected
cell lines. However, no colonies were observed with the cells incubated with exosomes
from EBV-infected cell lines after 7 days (Figure 3.32). The cells were kept for one
more week and after 14 days and the differences were even clearer so that colonies
could be observed with the naked eye. The cells treated with exosomes from EBV noninfected cell lines formed large visible colonies whereas the exosomes from EBVinfected cell lines failed to form any colonies after 14 days.
To determine if the exosomes from EBV-infected cells could inhibit already
established colonies, we added exosomes on 5-day old established colonies of 293T
cells. We were not able to observe any difference in the number or size of the colonies
in exosomes treated or un-treated group (Figure 3.33), suggesting that already
established colonies were not prone to exosome mediated apoptosis.
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Figure 3.32: Exosomes from EBV-infected cell lines inhibits colony formation of 293T
cells in soft agar. Exosomes from EBV-infected (BL30-B95.8) and non-infected
(BL30) cell line were purified and 50μg of exosomes were added on to 3 x 104 293T
cells in soft agar in a 6 well tissue culture plate in duplicates. No colonies were
observed in the cells treated with BL30-B95.8 exosomes. The cells treated with PBS
and BL30 exosomes formed well-defined and large colonies that were visible with
naked eye by day 14. Scale bar = 500μm.
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Figure 3.33: Exosomes from EBV-infected cell lines fail to inhibit pre-established
colonies of 293T cells. (A) 3 x 104 293T cells grown in soft agar in a 6 well tissue
culture plate in duplicates and allowed to form colonies for 5 days. (B) 50 μg of
exosomes from EBV non-infected (BL30) and EBV-infected (BL30-B95.8, EBVLCL) to 5 day established colonies and stained with bromophenol blue after 5 days of
post treatment. No significant difference in the size or number of colonies were
observed in the PBS control group and the exosomes treated groups.
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Chapter 4: Discussion
Epstein Barr virus (EBV) is one of the most successful and prolific gamma
herpesvirus, infecting >90% of the human population. EBV is a highly cell tropic virus
that preferentially targets B-lymphocytes and can latently persist in the infected host
for the lifetime in peripheral memory B cells (Longnecker et al., 2013). Although the
benign persistence of the virus is har mless to its host, under certain immune
perturbations, the virus can play an important role in inducing a number of lymphomas
of lymphoid and epithelial origin along with certain autoimmune disorders (Okano and
Gross, 2012; Vockerodt et al., 2015). With the global rise in the cancer incidence, it is
estimated that malignancies induced by EBV are responsible for causing ~1.8% of all
cancer deaths (Khan and Hashim, 2014; Cao, 2017). Thus, understanding the biology
and molecular pathogenesis of EBV is critical for the development of any future
interventions for the prevention of EBV associated disorders (Cohen et al., 2013).
EBV is known to undergo different sets of latency programs in which a limited
number of viral transcripts are expressed. Epstein-Barr virus encoded RNAs (EBER1
and EBER2) are one of the highly abundant transcripts that are being expressed in all
forms of viral latencies (Longnecker et al., 2013). Why the virus need to express these
small non-coding RNAs in such high numbers and what their functions are, is still not
well understood. Studies have shown that EBERs were not crucial in the establishment
of primary infection, viral replication and B cell transformation (Swaminathan et al.,
1991). However, other studies have reported that EBER deleted viruses are less
efficient in cell transformation compared to the wild type virus (Yajima et al., 2005;
Wu et al., 2007). A number of reports have also shown that EBERs contribute to the
EBV mediated oncogenisis by inducing cell proliferation and inhibiting apoptosis in
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the infected cells (reviewed in Ahmed and Khan, 2014; Iwakiri, 2016). EBERs achieve
these functional characteristics through interacting with a number of cellular proteins
such as La, L22, PKR, RIG-1, etc. (see section 1. 7.4). Although EBERs are primarily
localized in the nucleus of the EBV-infected cells (Chang et al., 1992), a number of
other reports have suggested that they may also be present in the cytoplasm (Arrand
and Rymo, 1982; Schwem mle et al., 1992). Furthermore, EBERs were first discovered
from the sera of SLE patients, complexed with the cellular protein La (Lerner et al.,
1981), suggesting that EBERs can be released out of the cell. In another recent study
it was shown that EBER-La complex isolated from the serum of patients with EBV
associated conditions could induce pro-inflammatory cytokines via TLR3 pathway
(Iwakiri et al., 2009). These observations, led us to hypothesize that EBERs may be
released out of the infected cells by piggybacking on the cellular protein La via the
exosomal pathway (Ahmed and Khan, 2014). The release of EBERs via the exosomal
pathway will not only provides protection from the degradation by cellular nucleases,
but also provide a stable mean of transport to the surrounding non-infected cells
(Valadi et al., 2007). Moreover, exosomes are now considered to be an essential
process for the exchange and traffic of cellular cargo, such as proteins, mRNA and
miRNAs (Greening et al., 2015a; Miller and Grunewald, 2015). A number of recent
studies have shown that viruses exploit the exosomal pathway by releasing specific
viral and cellular contents in exosomes that can induce different molecular and
physiological changes in the recipient cells (Meckes et al., 2010; Alenquer and
Amorim, 2015; Meckes, 2015; Raab-Traub and Dittmer, 2017). In the context of EBV,
it has been shown that the EBV oncoprotein LMP1 and a number of viral mRNA and
miRNAs are released via exosomes that can induce biological changes in the
neighboring cells (Flanagan et al., 2003; Meckes et al., 2010; Pegtel et al., 2010;
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Canitano et al., 2013). In this thesis, we investigated the hypothesis that EBERs may
be released out of the cells via the exosomal pathway (Ahmed and Khan, 2014) and
can induce molecular changes in the recipient cells.
4.1 EBERs are released in culture supernatant and exosomes from EBV-infected
and EBER1-transfected cell lines

A number of previous reports have shown the presence of EBERs in the serum
of patients with EBV associated infections (Lerner et al., 1981; Iwakiri et al., 2009).
Reverse transcriptase (RT)-PCR on the RNA isolated from the culture supernatant of
EBV-infected cell lines showed the presence of both EBER1 and EBER2 (Figure 3.3).
The expression of both EBERs was observed to be quite low in the culture supernatant
fraction. This could possibly be due to the use of 1 ml of culture supernatant for the
detection of EBERs from EBV-infected cell lines. However, this observation provided
a clue that we needed to concentrate the EBER signal by isolating exosomes from
higher volumes of culture supernatants. As hypothesized, we observed the presence of
both EBER1 and EBER2 in the purified exosomal fractions from EBV-infected cell
lines (Figure 3.5). Moreover, our results also indicated the presence of EBER1 in the
exosomal fractions of 293T cells stably transfected with EBER1 plasmid (Figure
3.5B). The level of EBER1 signal from the transfected cell line was observed to be
low compared to exosomes from EBV positive cell lines. This could be due to the
lower expression of EBER1 in the 293T transfected cells, as has been observed through
EBER in situ hybridization of the transfected cells (Figure 3.1A). Lower EBER1
expression in the transfected cells could also be due to the low number of plasmid
copies per cell or the absence of other factors such as EBNA1, that has been shown to
enhance the level of EBER expression (Owen et al., 2010; Frappier, 2015). Our results
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also support the previous finding from Iwakiri et al where they showed EBER1 in
culture supernatants though at very high level (Iwakiri et al., 2009). However, contrary
to this report we were able to detect EBER2 in the culture supernatant as well as in the
isolated exosomes from EBV-infected cell lines. This discrepancy in the two results
may be due to the differences in the techniques used for EBER detection and cell lines
being used. The transmission electron microscopic studies and western blot analysis
showed that the isolated fractions were in fact exosomes (Figure 3.4). Since there was
no morphological difference in the exosomes from EBV-infected and non-infected cell
lines, we treated the purified exosomes with RNase A to determine if EBERs were
present inside the exosomes or in extra exosomal fractions. The RNase treatment of
purified exosomes prior to RNA isolation did not abolish EBER positivity, indicating
that EBERs were present inside the exosomes and protected from RNase degradation
(Figure 3.6). A recent study in which EBERs were quantified after RNase treatment of
exosomes also showed that a majority of EBERs were protected from RNase
degradation in exosomes (Aromseree et al., 2017). Western blot analysis of the
exosomal protein also showed the presence of the EBER binding protein La in the
exosomal fractions (Figure 3.7). Previously, La has been shown to be released out of
the cells via the exosomal pathway (Kapsogeorgou et al., 2005). La protein is one of
the most abundant protein in a cell and functions as a molecular chaperon for small
RNA, thus providing them stability and protection from exonuclease degradation
(Glickman et al., 1988; Wolin and Cedervall, 2002). Our data suggests that EBERs
may be excreted as EBER-La complex out of the infected cells by utilizing the
exosomal pathway.
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4.2 EBERs and La protein are present inside the exosomes of EBV-infected cell
lines
Our results from the molecular studies on exosomes showed the presence of
both EBERs and La protein in the same exosomal fractions suggesting that EBERs
were being excreted out of the cells by binding to the La protein. However, the details
of the steps involved in their excretion remained unknown. To answer this question,
we developed a novel immuno-gold labeled electron microscopy in situ hybridization
for EBERs (EM EBER-ISH) technique and immuno-electron microscopy for La
(immuno-EM La), to directly demonstrate the presence of EBERs and La inside the
cells and exosomes from EBV-infected cell lines. To become part of the exosomal
cargo, we hypothesized that a fraction of the EBERs and La must be present in the
cytoplasm of the EBV-infected cells. Our results showed the presence of both EBERs
and La protein mainly being localized in the nucleus of the EBV-infected cell lines
(Figure 3.9 and 3.10). Since La is a normal cellular protein therefore it was observed
in both the EBV-infected and non-infected cell lines (Figure 3.10). Moreover, a
fraction of EBERs and La was also observed in the cytoplasm of the cells. A previous
study had reported that La protein could undergo nucleocytoplamic shuttling whereas
EBERs were mainly confined to the nucleus (Fok et al., 2006). However, EBERs were
shown to be present in the cytoplasm of the EBV-infected cell line Raji, where they
were localized in the perinuclear region of the cell (Schwem mle et al., 1992).
Furthermore, the interacting cellular protein partners of EBERs have been shown to
shuttle between the nucleus and cytoplasm of the cell, suggesting that EBERs can be
present in the cells cytoplasm (Ahmed and Khan, 2014; Iwakiri, 2014). Whether
EBERs are exported out from the nucleus to cytoplasm of EBV-infected cells through
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solely binding to La protein or through other cellular mechanisms remains
undetermined.
The identity of the isolated exosomes from EBV-infected and non-infected cell
lines using immuno-gold staining for CD63 showed that the isolates were indeed
exosomes ranging in size from 30–150 nm (Figure 3.11). The presence of well-known
exosomal markers in the immuno blots of the isolated exosomal proteins further
confirmed the identity of the purified exosomes (Figure 3.12) (Keerthikumar et al.,
2017). Using EM EBER-ISH, we provided a direct evidence for the presence of
EBERs within the exosomes from EBV-infected cell lines (Figure 3.13). However,
due to the harsh conditions of the EM EBER-ISH protocol, the overall morphology of
the exosomes was not well maintained. Nevertheless, we were still able to observe
specified localization of EBERs suggesting that they are present inside the isolated
exosomes. The absence of any EBER staining in the BL30 cells further strengthens the
specificity of EBER staining in exosomes. Furthermore, our results showed that both
EBER1 and EBER2 are present inside the exosomes (Figure 3.14). Quantitative PCR
analysis indicated that the exosomes from B95.8 cells had higher levels of EBER1
compared to EBER2 (Figure 3.16). The level of EBER1 was approximately double
than that of EBER2. This difference in levels could possibly be due to much shorter
half-life of EBER2 of only 45 minutes compared to EBER1 half-life of more than 9
hours (Clarke et al., 1992). Some previous reports have suggested that EBER2 is not
present in the exosomal fractions (Iwakiri et al., 2009; Baglio et al., 2016). This
absence could be due to the different methods used for the preparation/isolation of
exosomes and/or the techniques used for detecting EBERs in isolated fractions. In
addition to EBERs, we were also able to directly demonstrate the presence of EBER
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binding protein La, inside the exosomes (Figure 3.17). However, in a recent study the
La protein was not detected in the isolated exosomes that we attribute to the use of a
different method for exosome isolation (Baglio et al., 2016). Since there has been no
report showing the presence of EBV protein EBNA1 in exosomes therefore, it was
used as a negative control (Figure 3.17). Moreover, using double staining (EM EBERISH and immuno-EM La) on the exosomes from EBV-infected cells, we were able to
demonstrate the presence of both La and EBERs being co-localized within the same
exosomes (Figure 3.18). Interestingly, the EBER staining observed through double
staining was much more than that of La staining being observed. It could be possible
that either multiple copies of EBERs bind to one La molecule or EBERs are released
in exosomes through pathways other than binding to the cellular protein La.
The results from our molecular and EM studies have clearly shown that EBERs
are part of the exosomes released by the EBV-infected cell lines. Next we wanted to
determine the physiological and molecular effects induced by these exosomes
containing EBERs on the recipient cell lines.
4.3 Exosomes isolated from EBV-infected cell lines induce apoptosis in the
recipient cells via the extrinsic pathway
Exosomes released from EBV-infected cells contain a number of viral and
cellular factors that can induce different biological changes in the recipient cells (Klibi
et al., 2009; Meckes et al., 2013; Nanbo et al., 3013; Mrizak et al., 2015). For example,
recent studies have shown that exosomes isolated from EBV induced nasopharyngeal
carcinoma and EBV-immortalized LCLs had apoptotic and anti-proliferative effects
on the recipient cells (Flanagan et al., 2003; Keryer-Bibens et al., 2006; Klinker et al.,
2014). When the contents in these exosomes were analyzed, it showed the presence of
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viral and cellular components such as LMP1, viral mRNA and miRNAs and cellular
proteins such as galectin-9 (Meckes, 2015). The physiological effects of the exosomes
depend on the type of recipient cells and the content being packaged into exosomes.
Through our previous data, we add EBERs to this growing list of EBV exosomal
contents.
We hypothesized that exosomes isolated from EBV-infected cell lines (EBV
exosomes) will contain viral contents such as LMP1, LMP2, miRNAs and EBER’s
that would most probably induce cell proliferation in the recipient cells through the
activation of NFκB pathway (Meckes et al., 2013; Raab-Traub and Dittmer, 2017).
Surprisingly, when the exosomes from EBV-infected cell line were serially diluted and
added to 293T cells, they underwent cell death (Figure 3.20). Furthermore, this effect
was dose-dependent with exosome dilutions as low as 1:64, inducing ~50% of cell
death in 293T cells. Similar dose-dependent cell death was observed when exosomes
purified from EBV-infected cell lines were added to B and T cell lines (Figure 3.21).
However, when the EBV exosomes were added to the BJAB cell line (EBV negative
Burkitt’s lymphoma cell line), we did not observe any cell death induced by exosomes,
even at the highest exosome concentrations (Figure 3.22). Why BJABs are resistant to
EBV exosomes induced cell death remains unexplored? This apoptotic resistance
could possibly be due to the high expression of nucleolin protein on the surface of
BJAB cells, which results in inhibiting FasL mediated apoptosis (Wise et al., 2013).
We performed a time course experiment to determine the physiological effects
of EBV exosomes on cells over time. Interestingly, the EBV exosomes did not
immediately induced cell death in the 293T cells. In fact, the initial effects being
observed in the first few hours of exosome exposure revealed a gradual increase in cell
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proliferation (Figure 3.23). Significant level of cell death was observed only after 24
hours, with the IC50 (Inhibition concentration 50) of EBV exosomes reaching by 48
hours of exposure. These results correspond well with the levels of caspase 3/7 activity
in the recipient cell, with the levels reaching as high as 4 folds after 48 hours of
exosome exposure (Figure 3.23). Together, these results suggest that the apoptotic
effects induced by the EBV exosomes are due to their uptake by the recipient cells,
resulting in a delay in the apoptotic response. This observation was further supported
by our results showing that the labeled EBV exosomes were actually taken up by the
recipient cells where they induced apoptosis, most probably by triggering the extrinsic
pathway of cell death (Figure 3.26). Furthermore, we also observed that the EBV
exosomes prevented the colony formation of 293T cells in the soft agar (Figure 3.32),
suggesting that the uptake of exosomes or their close interaction with the recipient
cells was necessary to induce biological effects.
A key question was to identify what is/are the contents present within the
exosomes isolated from EBV-infected cell lines that were triggering apoptosis. For
this purpose, we isolated exosomes from the cell lines expressing EBV type I and type
III latency programs. In agreement with the previous studies, our results showed that
LMP1 was present in exosomes released from type III latently infected cells and not
type I (Figure 3.25) (Flanagan et al., 2003; Meckes et al., 2010). Exosomes isolated
from both cell lines induced apoptosis in the recipient cells, indicating that LMP1 was
not the inducer of cell apoptosis (Figure 3.24). Several studies have reported that
exosomes isolated form B cells containing LMP1 had inhibitory effects on T cell
proliferation and NK cells cytotoxicity (Dukers et al., 2000; Keryer-Bibens et al.,
2006). However, these effects were due to the presence of other cellular factors in
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LMP1 containing exosomes, such as gelectin-9 (Keryer-Bibens et al., 2006). EBV type
I latently infected cells are shown to express a very limited number of viral genes, i.e
EBNA1, EBERs and a number of miRNAs (Longnecker et al., 2013). Since EBNA1
is shown not to be present in the EBV exosomes, it was also unlikely to be the inducer
of EBV exosomes- mediated apoptosis.
Similarly, when the exosomes from an EBV positive cell line (BL30-B95.8)
and an EBV negative cell lines (BL30), having identical origin (Burkitt’s lymphoma
cells), were added to the recipient cells, the exosomes from EBV-infected cell line
induced apoptosis. Furthermore, inhibiting caspase activation through using specific
caspase 3/7 and 8 inhibitors protected the cells from exosomes mediated apoptosis.
These findings suggest that EBV exosomes induced apoptosis via the extrinsic
pathway. On the contrary, exosomes from EBER1-transfected cell line induced
moderate levels of proliferative effects in the recipient cells (Figure 3.27). This
observation was consistent with a number of other studies showing anti-apoptotic
(Nanbo et al., 2005; Ruf et al., 1999) and proliferative (Iwakiri et al., 2003; Yang et
al., 2004) roles of EBERs. It suggests that EBV-infected cells contain specific cellular
cargo that is responsible for the induction of apoptosis in the recipient cell, as had been
previously observed (Keryer-Bibens et al., 2006). A number of previous reports have
shown that exosomes isolated from different tumor cells contained FasL that induces
apoptosis in the recipient cells (Abrahams et al., 2003; Abusamra et al., 2005; Kim et
al., 2005; Yang et al., 2013). Recently, Klenker et al., showed that FasL was present
in the exosomes isolated from EBV-transformed LCLs which induced apoptosis in the
recipient CD4+ T cells (Klinker et al., 2014). Our results showed the presence of FasL
in the exosomes isolated from EBV infected cells displaying type I and type III latency
programs (Figure 3.29). Moreover, FasL was specifically observed in the exosomal
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fractions of EBV-infected cell lines and not in the non-infected cells. Furthermore,
FasL containing exosomes from EBV-infected cell lines induced apoptosis through
activation of the caspase 3/7/8 pathway (Figure 3.31). FasL is known to induce
extrinsic pathway of cell apoptosis (Nagata, 1999). To further investigate if FasL was
the main culprit for the induction of apoptosis in the recipient cells, we incubated the
exosomes from EBV-infected cell lines with anti-FasL antibody. Our results showed
that indeed blocking the exosomal FasL through anti-FasL antibody decreased the
apoptotic effects in the recipient cells in a dose dependent manner (Figure 3.30).
Furthermore, we observed a band of ~80kDa in the western-blots from the exosomal
proteins, suggesting a trimeric form of FasL (Kayagaki et al., 1995; Tanaka et al.,
1995; Stenqvist et al., 2013). A number of previous studies have reported that the
active secreted form of FasL exists as a trimeric structure that was required for its
cytotoxic activity (Holler et al., 2003; Tanaka et al., 1995; Stenqvist et al., 2013).
Moreover a number of previous studies have also shown the presence of the
biologically active, secreted form of FasL being present in exosomes (Andreola et al.,
2002; Stenqvist et al., 2013; Klinker et al., 2014).
The biological effects induced by exosomes from EBV-infected cell lines on
recipient cells including apoptosis (Klibi et al., 2009; Klinker et al., 2014), cell
proliferation (Nanbo et al., 2013; Gutzeit et al., 2014) or immune modulation
(Flanagan et al., 2003; Meckes et al., 2010), depends on a number of factors, such as
the state or type of the cells, the state of viral infection (lytic or latent) and the contents
of the exosomal cargo. These observations are supported by our findings that EBER
containing exosomes induced cell proliferation, whereas exosomes isolated from
EBV-infected cell lines induced apoptosis in the recipient cells. Moreover, different
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methodologies used for the isolation and characterization of exosomes can have effects
on the contents being packaged in them (Greening et al., 2015b; Witwer et al., 2013).
4.4 Conclusions and future directions
The results from this thesis can be summarized as follows:
1. Using a combination of molecular biology and novel electron microscopy
(EM) based techniques, our results show for the first time, that at least a
proportion of EBERs are transported from the nucleus to the cytoplasm of the
EBV-infected cells, from where they appear to be loaded into multivesicular
bodies for eventual excretion via exosomes.
2. The cellular protein La and EBERs are co-localized in the same exosomes
suggesting that La protein plays an important role in the excretion of EBERs
from the cell to outside via the exosomal pathway.
3. Exosomes isolated from EBV-infected cell lines, but not the non-infected cell
lines, induce apoptosis in the recipient cell lines through the extrinsic pathway
of cell death involving FasL.

Our work has laid the foundation that EBERs are indeed excreted out of the
EBV-infected and EBER transfected cells, through the cellular exosomal pathway. Our
findings have also shown the presence of both La and EBERs in the same exosomes,
suggesting that La could be the vehicle of transport of EBERs. However definitive
proof that La is indeed the main vehicle of transport for EBER excretion is not
established from this work. Future studies are needed in understanding the role of La
in EBER release. Since the La protein has been shown to bind to the 3’ end of EBERs,
therefore by generating EBER mutants with disrupted La binding sites, one could
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determine the importance of La binding to EBERs for their release out of the cell. The
other way of studying this could be through inhibiting the cellular La through siRNA
methodology and determining if EBER export is inhibited in the absence of La. These
studies will further help to prove if La is indeed the transport vehicle for EBER
excretion or can they be released independent of the La protein as well.
Another important question raised from our findings is whether EBERs could
be released out of the cells through pathways other than the cellular exosomal pathway.
This could be studied through blocking the exosomal pathway with the help of specific
blockers and determining the EBER release in culture supernatant.
Emerging studies in the field of exosomes have suggested that tumor cells
release exosomes containing specific cargo that helps in the establishment of premetastatic niches. A number of previous studies have indicated that cells infected with
EBV can manipulate the local microenvironment by releasing exosomes containing
viral and cellular components. The content released in exosomes largely depends on
the state of the cell and can thus change over the course of viral infection. How the
released EBERs help in EBV pathogenesis needs to be explored. Microarray and
whole genome sequencing studies on the cells treated with exosomes from EBVinfected cell lines could help to unravel the intricate and complex interactions and
cellular pathways induced by EBV exosomes in the recipient cells.
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Appendix
Buffers and Reagents
Reagents for CaPO4 Transfection of 293T Cells


10X NTE
NaCl (Sigma Cat # S-7653; MW 58.44)
1M Tris (Sigma Cat # T-6066; MW 121.4) (pH 7.4)
0.4 M EDTA (Sigma Cat # E-5134; MW 372.2) (pH 8.0)
(10mM)
Make up the volume to 100 ml and filter sterilize

8.77 g
10 ml
2.5 ml



0.5 M HEPES (Sigma Cat # H-0763; MW 260.3)
26.03g
/200 ml
(pH 7.1 *critical)
NOTE: HEPES should never be autoclaved. It should only be filter sterilized.



2M NaCl (Sigma Cat # S-7653; MW 58.44)
/100 ml
Autoclave



1M Na2HPO4 (Sigma Cat # S-0876; MW 142)
/100 ml
(pH 7.0, use phosphoric acid for pH adjusting)
Autoclave

14.2g



2M CaCl2 .2H2O (Sigma Cat # C-3306; MW147.02)
/100 ml

29.4g

11.69g

Add 60 ml of ddH2O to the beaker; weigh 29.4 g of CaCl2.2H2O and
dissolve.
Make up the volume to 100 ml and autoclave.
Freezing Media


Adherent or non-adherent cell line: 10% Dimethyl sulfoxide (DMSO) in
DMEM or RPMI

Hybridization Buffer


Formamide deionized (Sigma, Cat# F9037)



Dextran sulphate (Sigma, Cat# D8906)



20X SSC (saline Na3C6H5O7 (1L, pH 7.0),

2.5 ml
1 ml
500 µl

160
NaCl (175.3g, 3M), Na3C6H5O7 (800 ml), ddH2O (800 ml))


Tris-HCl (2M, pH 7.5)

125 µl



ddH2O

875 µl

RLN buffer
50mM Tris (pH 8.0), 140mM NaCl, 1.5mM MgCl2, 0.5% NP40, volume made up in
dH2O
RIPA buffer
(50mM Tris (pH 7.4), 150mM NaCl, 1% Triton X-100, 1% Sodium deoxycholate,
0.1% SDS, volume made up in dH2O and filter sterilized
SDS Gel Recipe
10% Resolving Gel

4% Stacking Gel

ddH2O: 8 ml

ddH2O: 6.1 ml

Tris pH 8.8: 5 ml

Tris pH 6.8: 2.5 ml

30% Acrylamide: 6.7 ml

30% Acrylamide: 1.34 ml

10% SDS: 200 µl

10% SDS: 100 µl

10% APS: 200 µl

10% APS: 100 µl

TEMED: 20 µl

TEMED: 20 µl

1X Running Buffer
(made from 10X (10g SDS, 30.2g Trizma base, 144g glycine, volume was made up
to 1000 ml in dH2O))
1X Transfer Buffer
(made from 10X (45.4g Trizma base, 216g glycine, volume was made up to 1500 ml
in dH2O))
PBST
PBS = 1000 ml
Tween20 = 1 ml
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