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Foreword

The Epstein—Barr virus (EBV) was identified 49 years ago as the causative agent of a
long time known disease, infectious mononucleosis (IM, glandular fever). The IM
symptoms are not manifested by all individuals at the time of acquisition of the
infection. It 1s highly important that the subclinical primary infection also leads to the
virus carrier state for lifetime accompanied by efficient immunity. The “silent” infection
is due to a particular strategy of the immune system, based on a finely tuned interaction
between T and B lymphocytes. When EBV-carrying B lymphocytes acquire proliferating
potential (thus malignant potential) in a well-defined differentiation window in vivo,
their multiplication is controlled, and the threat of lymphoma development is eliminated.
In vitro experiments show that EBV can induce B cell proliferation directly, without the
contribution of additional factors, as demonstrated by the establishment of immortalized
lines (LCLs, lymphoblastoid cell lines). It is worth mentioning that LCLs are not only
essential tools in basic EBV research, but these lines were indispensable in human
genetic studies as well. Using several further strategies EBV contributes to malignant
transformation of lymphocytes and also of epithelial and mesenchymal cells. By
triggering or perpetuating pathogenic processes, EBV may also play a role in the
development of autoimmune syndromes including multiple sclerosis, systemic lupus
erythematosus (SLE), and rheumatoid arthritis. The complex and versatile
(nonpathogenic and pathogenic) EBV—-human interactions are well known. This volume
provides a good background for continued studies with details of molecular,
immunological, and cell biological methods. Guidelines for the treatment of certain
EBV-associated malignancies are also given. “Hot topics” of the field are overviewed
in the introductory chapter by the Editors , Janos Minarovits (Szeged) and Hans Helmut
Niller (Regensburg), followed by the chapters of experts who master the thoroughly
described methods. These chapters are highly helpful for both basic and clinical
scientists.

Eva Klein
Stockholm, Sweden




Preface

Fifty-two years ago, collaboration between a dedicated surgeon and basic researchers,
who applied a combination of as diverse laboratory methods as in vitro cell culture and
electron microscopy , paved the way to the discovery of Epstein—Barr virus (EBV), a
human herpesvirus (reviewed by Epstein [1]). The detection of herpesvirus particles in
Burkitt lymphoma (BL) cells supported the idea—suggested by Denis Burkitt—that an
infectious agent may cause BL, a B cell lymphoma highly prevalent among children in
Equatorial Africa. Ever since, newer and newer analytic methods were applied to the
field of EBV research, shaping our current views as to the natural history of EBV and
the pathogenesis of EBV-associated diseases (for a historical perspective, see Ref. [2]).
Furthermore, BL was regarded ‘““as a Rosetta stone for understanding the multistep
carcinogenesis,” 1.e., observations such as EBV and Plasmodium malariae infection of
children with endemic BL and the discovery of ¢ - myc translocations in BL cells
influenced thinking as to the development of other neoplasms, too [3]. De Th¢ et al.
referred in their paper to a bilingual text, carved in three scripts into a rock stele that
was found in the Nile Delta near the town of Rosetta (Rashid); that text—a new
research tool, if you wish—was instrumental for the decipherment of Egyptian
hieroglyphs by Jean-Frangois Champollion, an achievement that allowed the translation
of Ancient Egyptian texts and facilitated the understanding of Egyptian culture and
civilization [4]. The data gained by the application of molecular biological methods
combined with the applications of up-to-date immunological and cytogenetic methods as
well as in vitro and in vivo models of EBV research may offer new solutions to
unresolved problems of the EBV field. Some of the hot topics and alternative scenarios
as to the viral life cycle, latency, and EBV-associated diseases are overviewed in
Chapter 1 of this volume, in the light of the most recent findings, by Janos Minarovits
and Hans Helmut Niller. This introductory chapter is followed by typical Methods
chapters written by experts of the respective areas. Hans Helmut Niller and Georg
Bauer give a description of the immunological and molecular methods used in EBV
diagnostics (Chapter 2 ). It is not easy to investigate in vivo EBV infection of B
lymphocytes and epithelial cells, the major cell types targeted by EBV. The use of in
vitro models facilitates, however, the study of EBV—-host cell interactions. Such models
include the establishment of “immortalized” lymphoblastoid cell lines by EBV infection
of human B lymphocytes, as presented by Noémi Nagy (Chapter 3 ), and the use of
organotypic cultures for the analysis of EBV—epithelial cell interactions, as described
thoroughly by Rachel M. Temple, Craig Meyers, and Clare E. Sample (Chapter 4 ).
Identification of the interacting viral and cellular proteins is indispensable for the
understanding of interrelationships between EBV and its host cells. In Chapter 5 , Anna
A. Georges and Lori Frappier guide us how to use affinity purification- mass



spectroscopy methods for identifying protein—protein interactions in EBV-infected cells.
Certain latent EBV proteins influence the nuclear architecture of host cells. Hans Knecht
and Sabine May elaborated a spectacular method for the characterization—in three
dimensions—of nuclear architecture. They demonstrate how to use 3D Telomere FISH
(fluorescent in situ hybridization) to detect nuclear changes, including the alterations of
chromosomal ends, induced by LMP1 ( latent membrane protein 1, a viral oncoprotein)
in Hodgkin lymphoma cells (Chapter 6 ). Next-generation sequencing methods allow the
detailed analysis of transcript structure and abundance in EBV-infected cells. In Chapter
7, Tina O’Grady, Melody Baddoo, and Erik K. Flemington outline the use of high-
throughput RNA sequencing for the analysis of EBV transcription and guide the reader
regarding the application of informatics tools for the analysis and visualization of
sequence data. Two other approaches, quantitative polymerase chain reaction (QPCR)
following conventional RNA isolation and nuclear run-on assay that are suitable for the
study of viral promoter activity, are described in Chapter 8 by Kalman Szenthe and
Ferenc Banati. In addition to mRNAs, the EBV genome also encodes nontranslated viral
microRNAs that modulate the level of both viral and cellular mRNAs and proteins.
Furthermore, EBV latency products may alter the level of cellular microRNAs as well.
Accordingly, the analysis of viral and cellular microRNAs, the topic of Chapter 9
written by Rebecca L. Skalsky, is of primary importance in the characterization of EBV-
infected cells. MicroRNA s and other biomolecules are packaged into exosomes, small
lipid vesicles involved in intercellular communication. EBV-infected cells use
exosomes for information transfer as well, and the methods for exosome isolation and
characterization as well as their functional analysis are detailed in Chapters 10 and 11
by Gulfaraz Khan and Wagar Ahmed, and Gulfaraz Khan and Pretty S. Philip,
respectively. Regarding the methods used to study viral DNA, in Chapter 12 Ferenc
Bénati, Anita Koroknai, and Kalman Szenthe describe how the clonality of a cell
population carrying latent EBV episomes can be inferred from the “classical” terminal
repeat analysis of the viral genome, whereas Chapter 13 , by Kalman Szenthe and
Ferenc Banati, deals with the application of sequencing for the characterization of viral
promoters and coding regions. Similarly to cellular promoters, the activity of latent and
lytic EBV promoters is also regulated by the binding of viral and cellular regulatory
proteins and by epigenetic mechanisms. In Chapter 14 , Anja Godfrey, Sharada
Ramasubramanyan, and Alison J. Sinclair demonstrate the use of ChIP-Seq method
(chromatin precipitation coupled to DNA sequencing) for the analysis of Zta—DNA
interactions. Zta, also called ZEBRA, is an immediate early protein switching on lytic
(productive) EBV replication, and there are Zta binding sites both in the viral and in the
cellular genome. Host cell phenotype-dependent deposition of epigenetic marks,
including DNA methylation and histone modifications, determines the epigenotypes of
latent EBV episomes and the activity of the latency promoters. In a detailed protocol,
Daniel Salamon describes the use of bisulfite sequencing for the analysis of cytosine



methylation in EBV DNA sequences and lists thoroughly the important steps and caveats
of bisulfite modification and PCR amplification (Chapter 15 ), whereas in Chapter 16
Ferenc Banati and Kdlman Szenthe outline how chromatin immunoprecipitation using
specific antibodies directed to distinct histone modifications can be applied for the
characterization of viral epigenotypes. In vivo experimental models may help to gain
insight into important aspects of the EBV life cycle and into the pathogenesis of EBV-
associated diseases that are difficult to study in EBV-infected humans . In Chapter 17,
Frank Heuts and Noemi Nagy describe how newborn immunodeficient mice
transplanted with human hematopoietic stem cells can be used for the study of immune
interactions that occur during EBV infection, whereas in Chapter 18 Ken-Ichi Imadome
and Shigeyoshi Fujiwara provide detailed protocols for the preparation and EBV
infection of humanized mice and for the monitoring of virological and immunological
consequences of the infection. They also describe the development of EBV-associated
lymphoproliferative disease in such mice. Finally, Lauren P. McLaughlin, Stephen
Gottschalk, Cliona M. Rooney, and Catherine M. Bollard describe, in Chapter 19 , how
immunological, virological, tissue culture, and molecular methods can be combined to
yield GMP ( Good Manufacturing Practice)-compliant EBV-specific T cells for the
immunotherapy of EBV-associated post-transplant lymphoproliferative disease ( PTLD

).
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Abstract

Epstein-Barr virus (EBV) infection is associated with several distinct hematological
and epithelial malignancies, e.g., Burkitt lymphoma, Hodgkin lymphoma,
nasopharyngeal carcinoma, gastric carcinoma, and others. The association with several
malignant tumors of local and worldwide distribution makes EBV one of the most
important tumor viruses. Furthermore, because EBV can cause posttransplant
lymphoproliferative disease, transplant medicine has to deal with EBV as a major
pathogenic virus second only to cytomegalovirus. In this review, we summarize briefly
the natural history of EBV infection and outline some of the recent advances in the
pathogenesis of the major EBV-associated neoplasms. We present alternative scenarios
and discuss them in the light of most recent experimental data. Emerging research areas
including EBV-induced patho-epigenetic alterations in host cells and the putative role of
exosome-mediated information transfer in disease development are also within the
scope of this review. This book contains an in-depth description of a series of modern
methodologies used in EBV research. In this introductory chapter, we thoroughly refer
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to the applications of these methods and demonstrate how they contributed to the
understanding of EBV-host cell interactions. The data gathered using recent
technological advancements in molecular biology and immunology as well as the
application of sophisticated in vitro and in vivo experimental models certainly provided
deep and novel insights into the pathogenetic mechanisms of EBV infection and EBV-
associated tumorigenesis. Furthermore, the development of adoptive T cell
immunotherapy has provided a novel approach to the therapy of viral disease in
transplant medicine and hematology.

Key words Burkitt lymphoma — Exosome — EBV latency — Lytic viral replication —
Hodgkin lymphoma — Latent membrane protein 1 (LMP1) — Mass spectrometry — Patho-
epigenetics — RNA-seq — Telomere — Tumorigenesis — In vivo experimental models —
Adoptive T cell immunotherapy

1 Introduction

The virus particles of Epstein-Barr virus (EBV), a human herpesvirus infecting the
majority of the population, were discovered by electron microscopy 52 years ago, in the
suspension culture of a Burkitt lymphoma-derived cell line [1]. Last year, in connection
with the 50th anniversary of the discovery, a series of reviews appeared, dealing with
the natural history of EBV, the first human “tumor virus,” and the many diseases
associated with EBV infection [2, 3]. For this reason, here we wish to give only a brief
summary of the basic facts as to the course of EBV infection and its pathologic
consequences and focus, in the light of the most recent publications, on some of the
emerging new topics and unresolved questions of the field.

2 Epstein-Barr Virus: Basic Facts

Epstein-Barr virus (EBYV, also known as human herpesvirus 4) belongs to the
Lymphocryptovirus genus within the Gammaherpesvirinae subfamily of the family
Herpesviridae. As the name Lymphocryptovirus reflects, EBV infects lymphoid cells
and “hides,” i.e., establishes latency in the B lymphocyte compartment. Latency is a
remarkable feature of herpesviruses that are capable to maintain their genomes in host
cells for an extended period in the absence of virion production. Similarly to other
herpesviruses, the EBV genome packaged into the virion is also a linear double-
stranded DNA molecule surrounded by a membrane-coated icosahedral capsid. The
prototype B95-8 EBV genome was the first completely sequenced herpesvirus genome
[4], and, recently, with the advent of next-generation sequencing, the complete genomes
of a series of EBV strains from multiple tumor cell lines, tumor types, and normal
infection were determined [5—7] (reviewed by [8]).



EBV is associated with a series of malignant tumors including Burkitt lymphoma
(BL), nasopharyngeal carcinoma (NPC) , Hodgkin lymphoma (HL), posttransplant
lymphoproliferative disease (PTLD), T/NK cell lymphomas, gastric carcinoma
(EBVaGC) , AIDS-associated lymphoma, leiomyosarcoma , and others [9—11]. The
expression pattern of viral latent genes in EBV-associated tumor biopsies, in tumor-
derived cell lines, and in EBV-infected B cell cultures largely depends on the tumor cell
type and on the B cell differentiation status. For a detailed description of the different
latent gene expression patterns, we refer to recent reviews [11, 12]. Traditionally, three
latency classes I to Il and sometimes latency type 0 (“zero”) are discerned,
accompanied by a few latency types which are situated in between the classical three
latency types. In short, latency type 0 in memory B cells is rather restricted to the
expression of the EBER RNAs only, possibly accompanied by expression of the BART
RNAs or LMP2A in addition, and occasional EBNA1 expression, which is needed for
viral genome maintenance when a memory cell is dividing. Latency type I is found in BL
cells, with the expression of the EBERs, EBNA1 by transcription from the Q promoter
(Qp), and the BART mRNAs and microRNAs . Additional variant expression of latent
membrane protein (LMP) 2A is found in EBVaGC. Latency type II, with the additional
expression of the LMPs 1 and 2, is found in Hodgkin lymphoma and in nasopharyngeal
carcinoma (NPC) with a variable expression of LMP1 . The expression of all viral
latent gene products including the BHRF1 microRNAs 1s found in EBV-transformed
lymphoblastoid cell lines (LCL), in most early-onset PTLD cases and also in
leiomyosarcomas of immune-suppressed patients. In this case, all EBNA proteins are
expressed by transcription from the C promoter . This gene expression pattern has been
termed “latency type III”” or “Cp-on latency.” This condition is also referred to as “the
growth program” [13].

Besides the classical latent gene products, there are also specific gene products
normally attributed to the lytic viral replication cycle which are regularly expressed in
tumor tissue. For example, in NPC and EBVaGC , expression of the BARF1 protein is
regularly found [ 14—16] (reviewed by [17]). However, there is more to be found among
lytic genes which are regularly expressed in tumor tissue. Whole genome analysis of
RNA-seq data has the power to uncover previously overlooked or hidden gene
expression patterns, novel genes, and splice junctions, but also the contamination of cell
lines [18—24]. A recent analysis of RNA-seq data of a series of EBVaGC revealed the
expression of the BNLF2A reading frame in nearly half of all EBVaGC [25, 26].
BNLF2A codes for an inhibitor of MHC class I-TAP-mediated antigenic peptide
transport and thereby provides immune evasion properties to latently infected tumor
cells [27]. Furthermore, an RNA-seq analysis of NPC tissue and the NPC cell line
C666.1 showed diverse latency gene expression patterns besides latency type Il and a
considerable amount of lytic regulatory gene expression [28].

Besides its classical role as a viral transcription and replication factor binding to



oriP, latent protein EBNAI is also expressed in the lytic viral infection mode and has
manifold cellular impact. Affinity purification coupled with mass spectrometry (AP-
MS) and tandem affinity purification (TAP-tagging) approaches have successfully been
used to uncover the interaction of viral proteins with its cellular binding partners [29].
Through its direct interaction with the ubiquitin-specific protease (USP) 7 (also termed
HAUSP), EBNAI interferes with p53 and Mdm2 binding to the same binding pocket on
USP7 in vitro [30, 31]. Thus, EBNA1 may contribute antiapoptotic functions to
tumorigenesis in NPC or EBVaGC by lowering p53 levels in response to DNA damage
[32, 33]. By disrupting PML nuclear bodies, similar to other herpesviruses, EBNA1
may contribute to the reactivation of the lytic viral replication cycle [34]. The situation
1s complex, however, because in epithelial cell lines EBNA1 upregulated a set of
cellular microRNAs , including let-7a that represses EBV reactivation [35].

PML disruption through EBNA1 is mediated by the cellular kinase CK2 [30, 36].
Because the loss of PML proteins or nuclear bodies also impairs apoptosis [37], it is
interesting that latent EBNA1 has been found to induce the loss of PML proteins in NPC
and EBVaGC cells. Thereby, EBNA1 may contribute additional antiapoptotic functions
to the establishment of EBV-associated malignancies [32, 33]. A further interaction
partner of EBNA1 which is relevant to antiapoptosis and EBV-associated tumorigenesis
1s the proapoptotic tumor suppressor protein Nm23-H1, a suppressor of metastasis
whose functions are suppressed by EBNA1 [38]. By binding and activating the
promoter of the gene for apoptosis inhibitor survivin, EBNA1 contributes a further
mechanism to antiapoptosis [39].

3 Establishment of EBV Latency in Memory B Cells:

Alternative Scenarios

It has been well documented that latent EBV genomes reside mainly in isotype-switched
memory B cells in the peripheral blood (reviewed by [40]). There are, however,
several possibilities for the virus to reach the memory B cell compartment. The
traditional view, supported by several lines of evidence, suggests that the virus infects
and activates naive tonsillar B cells which traverse the germinal center (GC) , where
they proliferate, undergo immunoglobulin gene rearrangements, accumulate mutations,
and change their gene expression program and phenotype several times, in parallel with
successive alterations in the activity of the EBV latency promoters. At the end of the
differentiation process, the memory B cells would contain almost silent EBV episomes
[13]. How the activity of the latent viral promoters is regulated in parallel with the
modulation of the B cell phenotype in the GC remains to be established. In a recent
study, Heuts et al. used EBV-infected humanized mice to analyze the activity of the
major latent EBV promoters in B cells after primary infection. They observed that in



addition to the activity of the C promoter (Cp), where the primary transcripts for six
Epstein-Barr virus nuclear antigens (EBNAs) are initiated, in activated, proliferating B
cells the activity of an alternative promoter (Q promoter, Qp) could also be detected.
Only transcripts coding for a single nuclear antigen, EBNAI , are initiated at Qp that is
typically used in lymphoma and carcinoma cells (BL, HL, NPC ) and B cells with a

non-activated phenotype. Qp usage could not be detected, however, in CD4™ T cell-
depleted mice. These data suggested that interaction of helper T cells with EBV-infected
B cells may induce a switch in EBV promoter usage in vivo, which may contribute to a
reprogramming of viral gene expression during primary infection [41].

Another scenario is also based on the in vitro-infection of naive B lymphocytes, but
claims that polyclonally activated B cells may accumulate Ig gene mutations and acquire
Ig memory genotypes via a GC -independent pathway [42]. An analysis using
microdissection of lymphoid tissue obtained from patients undergoing infectious
mononucleosis showed that the virus 1s actually able to infect memory B cells directly

[43, 44]. In a humanized mouse model of Rag2 "~ yc™'~ mice, i.e., Rag2/II2rg compound
mutant animals exhibiting T cell, B cell, and NK cell immunodeficiencies, Cocco et al.
studied EBV infection of the lymphoid organs that developed following transplantation
of human CD34+ cord blood cells. They observed that EBV-infected cells expressing
distinct combinations of viral latency products—as assessed by in situ hybridization and
immunochemistry—were scattered both in GCs and in areas with no GC structure [45].
Others found evidence for EBV infection of extrafollicular B cells in tonsils of
infectious mononucleosis patients undergoing primary infection [46], and a recent study
on memory B cell reconstitution following allogeneic hematopoietic stem cell
transplantation also points to the possibility of extrafollicular EBV infection, 1.e., the
infection of mature donor B cells that were either transferred in the stem cell graft or
differentiated from donor stem cells in the host organism [47]. Thus, in infectious
mononucleosis, memory B cells are directly infected by EBV. However, under
experimental conditions, in animal models, and under certain clinical conditions, there
might be more than one route for EBV to access the memory B cell compartment.

4 The EBV Lytic Replication Cycle: New Insights

Latent EBV infection is characterized by a restricted, host cell phenotype-dependent
expression of the viral genes. The latent RNAs and proteins encoded by the EBV
genome modulate the epigenotype, gene expression pattern , and phenotype of the host
cells (reviewed by [48]). In contrast, all of the viral genes are transcribed during lytic
or productive EBV replication, due to the successive activation of immediate early,
early, and late EBV promoters. In parallel, expression of BGLFS5 , a protein encoded by
one of the lytic cycle genes, results in a dramatic decrease, i.e., shutoff, in host protein
synthesis [49]. In spite of this observation, a recent transcriptome analysis revealed that



expression of the immediate early protein Zta (ZEBRA, BZLF1) , a major transactivator
of a subset of EBV genes, had, unexpectedly, a significant effect on the cellular
transcriptome: it upregulated the transcription of 1679 cellular genes and reduced the
expression of 584. Among the upregulated genes were 190 genes involved in cell
morphogenesis, suggesting that they may contribute to the assembly and egress of the
virions. Thus, EBV may reprogram the cellular genome to utilize cellular mechanisms
during productive replication. Analysis of cellular Zta binding sites revealed that they
are located distal to the regulated promoters, implicating that they may act by
reorganizing the 3D structure of the cellular genome [50].

Although the association of EBV with neoplasms of epithelial origin such as NPC
and EBVaGC is well documented, the lack of a suitable in vitro experimental model
hindered, for a long time, the analysis of the viral life cycle in the epithelial cell
compartment. Recently, Temple et al. established organotypic raft cultures of primary
human keratinocytes derived from either gingiva or tonsil tissue and observed
productive, lytic EBV replication in the suprabasal layers of the stratified epithelium
infected by the virus in vitro. However, latently infected cells could not be observed,
and EBV did not induce epithelial cell proliferation in the raft cultures. These data
suggested that oral mucosal epithelial cells may contribute significantly to the
production of EBV in high levels and play an important role in the spread of the virus,
via saliva, in the host population [51].

5 Endemic Burkitt Lymphoma and Sporadic Burkitt

Lymphoma: Alternative Pathogenic Pathways

Although deregulated expression of C-MYC(MYC) appears to be indispensable in the
molecular pathogenesis of Burkitt lymphoma (BL), the strong association of latent EBV
genomes with endemic BL cases (eBL) suggested that the virus is an important factor in
the generation of eBL, and direct transformation by EBV was implicated in the
pathogenesis of other lymphomas as well [52, 53]. However, chronic infection by
various microbial species may also affect lymphomagenesis indirectly, by continuous
antigen stimulation resulting in clonal B cell expansion [52]. A recent next-generation
sequencing (NGS) study revealed that the mutation pattern of cellular genes and the
somatic hypermutation status of the immunoglobulin genes in eBL differ from the
patterns observed in sporadic Burkitt lymphoma (sBL) [54]. Only a fraction of sBL
cases 1s associated with EBV, and it was demonstrated earlier that mutations of the
TCF3 and ID3 genes may activate, in an intrinsic way, the B cell receptor (BCR)
pathway in sBL cells [55—-57]. TCF3 codes for a transcription factor activating a pro-
survival pathway, whereas /D3 encodes a negative regulator of TCF3. This antigen-
independent, “tonic” form of BCR activation may facilitate sBL development. In



contrast, by sequencing of immunoglobulin heavy chain variable region genes (/IGHV
genes), Amato et al. found molecular signatures reflecting an active somatic
hypermutation process in eBL, but much less in sBL [54]. Thus, extrinsic antigenic
signaling may play a role in the pathogenesis of eBL, an idea supported by the observed
intraclonal diversity of eBL and the detection of replacement mutations that probably
remodeled the structure of immunoglobulins [54]. Amato et al. argued that extrinsic
stimulation by antigens of Plasmodium falciparum malaria in BL-endemic areas may
facilitate clonal outgrowth of memory B cells expressing distinct immunoglobulin
receptors . They also speculated—based on the frequent use of the autoreactive
antibody-encoding VH4-34 gene by BL cells—that in addition to Plasmodium
falciparum antigens, autoreactive antigens may also play a role in the pathogenesis of
BL [54]. Sequencing of PCR amplified /GHV genes in an earlier study also revealed
higher mutation rates in eBL versus sBL or EBV-positive BL versus EBV-negative BL
samples [58]. Based on their findings, Bellan et al. speculated that EBV-negative BLs
may originate from early centroblasts, whereas EBV-positive BLs may originate either
from late germinal center B cells on the pathway of differentiation to memory B cells or
from memory B cells [58]. This is in accordance with earlier models for the
pathogenesis of endemic BL, where the strong antigenic drive provided by malaria or
alternatively also by other parasites or viral infections has already been pointed out to
be a crucial condition [59—64].

6 Endemic Burkitt Lymphoma: Pathogenesis via Multiple
Interacting Risk Factors?

Based on its geographical association with malaria and the presence of EBV genomes in
virtually 100 % of tumors, endemic Burkitt lymphoma was traditionally depicted as a
consequence of sustained B cell proliferation elicited by these pathogens [53, 65, 66].
Both Plasmodium falciparum and EBV are capable to interact with memory B cells,
and both pathogens may induce the enzymatic machinery involved in class switch
recombination and somatic hypermutation of B cells [67—74]. Occasional off target
action of activation-induced cytidine deaminase (AID) as well as RAG1 and RAG2, the
products of recombination activating genes 1 and 2, may result in DNA breakage,
genetic instability, and chromosomal translocations leading to deregulated expression of
MYC, a gene coding for a nuclear protein that drives the proliferation of BL cells, the
putative descendants of centroblasts located to the dark zone of the germinal center
[74—T77]. Although MYC is not expressed in the bulk of germinal center cells, its
expression is required for the cyclic reentry of B cells from the light zone into the dark
zone of the germinal center where B cells undergo the selection process adapting their
immunoglobulin genes through somatic hypermutation . Inhibition of MYC expression



led to a collapse of germinal centers. Thus, the cyclically regulated expression of MYC
is of utmost importance for a physiological germinal center reaction [78]. A recent
epidemiologic study performed using blood samples collected in western Kenya
indicated that Plasmodium falciparum and EBV may act in concert to upregulate AID
expression in peripheral blood mononuclear cells of children living in malaria
holoendemic areas [79]. In addition to AID, RAGI, and RAG2, EBV also induces DNA
polymerase #, an error-prone enzyme involved in short-patch DNA synthesis that may
play a role in the generation of oncogene mutations in B cells [69, 80]. Interestingly, the
EBYV early lytic cycle protein BALF2 and its homolugue, the herpes simplex virus
protein ICP8 are members of the family of DDE/RNAse H-like fold recombinases
which also include RAG1 [81].

Although there is a single example, based on histological examination, for the
occurrence of a Burkitt-like lymphoma in a mouse immunized with Plasmodium yoelii
[82] that could be attributed to the persistent immune stimulation by the malaria parasite
per se, eBL 1s usually regarded as a disease of polymicrobial etiology [66, 70, 83]. In
addition to the synergistic action of Epstein-Barr virus and Plasmodium falciparum
malaria, infection with arboviruses, including the potentially oncogenic chikungunya
virus , may also play a role in the genesis of eBL, especially in situations when
unexpected shifts were observed in space-time case clusters of the disease [84—86].
Furthermore, 1t was also suggested that tumor promoters and immunomodulators present
in the extracts of Euphorbia tirucalli could induce MYC translocation , productive EBV
replication, and may facilitate B cell transformation (reviewed by [86, 87]). There is an
overlap regarding the geographic distribution of E. tirucalli and the “lymphoma belt,”
1.e., the areas where BL is endemic in Africa. E. tirucalli extracts are used as
traditional herbal remedy, and the phorbol esters produced by the plant are also
secreted into the soil [88]. Using FISH, Mannucci et al. observed chromosome 8
polysomy in 17 % of cells of an EBV-immortalized LCL and a freshly established cord
blood-derived EBV-positive cell line treated with E. tirucalli plant extracts. MYC is
located to chromosome 8, and treatment with the plant extract upregulated the
expression of MYC as well as that of BCL2 , although there were no chromosome
abnormalities affecting chromosome 18 carrying the latter gene that encodes an
antiapoptotic protein. In parallel, upregulation of certain EBV lytic cycle proteins
(BZLF1; early antigen, EA) and latency proteins (LMP1 , EBNA1 , EBNA2 ) was
detected as well. All of these changes may contribute to the pathogenesis of eBL [89].

In addition to environmental factors, genetic predisposition may also influence the
susceptibility of children to eBL. Sequence polymorphisms of cytokine genes may affect
the levels of cytokines affecting tumor growth. In pediatric BL patients from Southeast
Brazil, distinct genotypes at position-1082 of the /110 gene, coding for a regulatory
cytokine, were more frequent, compared to healthy individuals from the same
geographic region; carriers of genotypes associated with higher IL-10 production had a



worse event-free survival [90]. In contrast, the same IL-10 promoter haplotypes or an
IL-6 promoter polymorphism were not associated with an elevated risk of eBL in a
study in western Kenya [91].

Heterozygotes carrying a single copy of the mutant hemoglobin f gene called the
sickle cell gene usually do not have symptoms of sickle cell disease and are protected
against malaria . Because Plasmodium falciparum infection is an important risk factor
of eBL, it was suggested that heterozygosity (HbAS, sickle cell trait ) may also protect
against the development of eBL [92]. Mulama et al. observed, however, that there was
no significant difference in HbAS frequency between children with eBL and the
corresponding controls, indicating that protection against clinical malaria or high-
density parasitemia may not curb lymphomagenesis [93]. Further studies may reveal the
potential influence of additional genetic traits on the pathogenesis of eBL.

7 EBNAZ2 -Driven LCL-Like Cells Are Dispensable for the
Genesis of Endemic Burkitt Lymphoma (eBL): The Alternative
Model

“Classical” scenarios proposed for the pathogenesis of eBL, a lymphoma that is 100 %
EBV positive, argued that either an EBV-immortalized, LCL-like B cell undergoes myc
translocation or an overstimulated B cell with a translocated myc gene is infected by
EBV [59, 94]. These pathogenic pathways rely either on severe T cell suppression to
accommodate the latency type III lymphoblasts or on a latency promoter switch (from
Cp to Qp) to downregulate the expression of immunogenic latency proteins. Substantial
reorganization of the cellular chromatin may also be a precondition for the
accompanying phenotypic switch of the cell. We elaborated an alternative molecular
model which avoids these difficulties [63, 64]. We proposed that the precursor of the
eBL cell is an EBV-infected, antigen-stimulated memory B cell, participating in the
germinal center reaction. We argued that the binding of MYC, a nuclear matrix -
attachment factor present in increased amounts in the latency type I B cell after the /g-
MYC translocation, may help to maintain the latent viral genomes in the cell by binding
to the EBV episomes and anchoring them to the nuclear matrix. In parallel, the type 1
EBV latency products expressed may counteract the strong proapoptotic effect of myc.
As a matter of fact, both EBNA1 and the non-translated viral RNAs, including the
EBERs and certain EBV-encoded microRNAs that are expressed in type [ EBV latency,
have antiapoptotic functions (reviewed by [95]). BL might develop as a result of the
clonal proliferation of the surviving cell carrying a myc translocation and—based on
terminal repeat analysis—monoclonal EBV genomes [62—-64, 96].

We think that—according to Sir Karl Popper’s criteria—our molecular model for
the pathogenesis of endemic BL, proposed more than a decade ago [62—64, 96], has not



been falsified. Actually, as far as we know, it has been preferentially supported by the
experimental data which have been created since then. Figure 1 shows the essential
features of our eBL model, i.e., the rescue of an apoptosis- bound B cell which has
undergone a MYC-translocation in a germinal center reaction through antiapoptotic
functions provided by a latent EBV genome.
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Fig. 1 Pathogenesis of endemic Burkitt lymphoma. Germinal center passage model (below, brown arrows; [13]):
upon EBV infection of naive B cells in the tonsils, they become growth-transformed cells exhibiting a viral latency type
IIT gene expression pattern (growth program). Some cells which are not extinguished by the cellular immune response
undergo a germinal center passage, where they switch from the growth program to latency types I or II, mediated
either by a promoter switch from Cp to Qp or by deletion of the EBNA2 reading frame [103], upon which they end up
as memory B cells [13]. Direct GC infection model (above, blue arrows; [44, 62]): upon EBV infection of memory or
germinal center B cells in the tonsils, the incoming viral genomes are circularized and enter latency types 0, [, or II. All
naive or memory B cells which upon infection enter the EBV growth program are extinguished by the cellular immune
response. B cells having deleted the EBNA2-reading frame from their viral genomes may enter latency again and
thereby survive the immune response. EBV-infected cells exhibiting latency type III generally avoid GC reactions

It was observed that the presence of EBER -positive cells in a germinal center
reaction is a rare event [9, 60, 61, 97]. Furthermore, the viral latency type III program
has not been found to be compatible with a regular germinal center reaction [61,
97-102]. In malaria patients, however, the probability of a latently EBV-infected blood
B cell, light zone B cell, or memory B cell which express latency types I or II to enter or
reenter a GC reaction 1s increased. By binding to its recognition site within the locus
control region of the latent EBV genome, the myc oncoprotein increases the probability



of viral antiapoptotic functions, or viral factors that induce cellular antiapoptotic
functions, to be expressed. Thus, latency class 0 or I EBV infection of a B cell which
undergoes a M YC-translocation in a GC reaction increases the probability of a
“crashed” B cell to survive both the strong proapoptotic security measures within the
germinal center and the strong proapoptotic drive of the translocated myc gene [62—64].
The lymphoblastoid transformation of B cells expressing the EBV growth program is
expendable for the pathogenesis of endemic BL [103], but not debarred from it, because
it increases the overall viral load. In principle, even the antiapoptotic role which EBV
plays for the pathogenesis of endemic BL is expendable: it may be replaced by
additional mutations in EBV-negative sporadic BLs , such as TCF3 and /D3 mutations
[55—57]. Because oncogene translocations occur in physiological germinal center
reactions as molecular accidents with low frequency [ 104—106], stochastic rules permit
that even the exaggerated antigenic stimulus for B cells is expendable in sporadic cases.
The complementary contributions of malaria and EBV are therefore just increasing,
however considerably, the probability of a myc-translocation to happen and the
probability of a crashed B cell to survive and become the founder cell of a Burkitt
lymphoma, respectively.

When our antiapoptosis model for the pathogenesis of eBL has first been established
[62—64, 96], a blind eye was turned to it by some proponents of the transformation
model [107], and only part of it [ 108] has been highlighted in a one-sided debate [109].
It has taken some time to have “the alternative pathogenetic pathways” concept [63]
discussed on a level playing field, with the focus shifted from transformation to
antiapoptosis, regrettably, however, mostly without giving reference, e.g., [9, 110-114].
Although the role of EBV in the origin of eBL has been repetitively claimed over the
years to be unclear [107, 115], our eBL model has stood the test of time (for greater
detail on the establishment of viral latency, see [11, 116]). Due to its predictive power
and plausibility, it has not come as a surprise that a slow adaptation to our eBL model
took place [113], and more recently it has just been taken for granted that the role of
EBV is mainly to provide antiapoptotic functions to a myc-translocated B cell to
survive the GC reaction, with transformation or the growth program not being mentioned
at all anymore [117].

We think that our alternative molecular model i1s compatible with a role for multiple
risk factors in the pathogenesis of eBL. We propose that during primary EBV infection
in BL-endemic areas, memory B cells or outgoing germinal center B cells are directly
infected by EBYV, as observed in certain infectious mononucleosis patients [43, 44]. We
speculate that disruption of the normal architecture of the lymphoid organs by malaria
infection [ 118] may facilitate direct EBV infection of memory B cells or GC B cells as
well as EBV infection of extrafollicular B cells. It may facilitate the reentry of EBV -
infected B cells into germinal centers, too. The antigenic stimulus provided for B cells
by Plasmodium falciparum, parasites other than plasmodium [60, 61, 74], viruses like



HIV in the early phase of infection [59, 119], arboviruses [84—86], or EBV increases
the frequency of germinal center reactions and thereby the probability of molecular
accidents, 1.e., the translocation of MYC and other oncogenes.

During the development of eBL, in parallel with the B cell antigenic drive, the
cellular immune response is compromised by plasmodium or HIV infection; as a
consequence, there is an increase in the number of latently EBV-infected memory cells
[74, 120]. In vivo experimental models revealed that plasmodium infection may
suppress the maturation and modulate the function of dendritic cells, causing immune
hyporesponsiveness [121]. In addition, PfMIF (P, falciparum MIF), an ortholog of
human MIF (macrophage migration inhibitory factor), could be detected in sera of
malaria patients, and the corresponding recombinant P. berghei MIF (PbMIF)
modulated inflammatory cytokine production and decreased CD4+ T cell recall
responses in experimental animals [122]. Furthermore, White et al. observed that
Plasmodium yoelii coinfection of mice reduced the CD8+ T cell response to
heterologous Listeria monocytogenes infection [123]. Thus, plasmodium infection may
interfere at several points with the adaptive immune response.

The various combinations of B cell antigenic drive and immune suppression may
result in the development of EBV-positive lymphomas with distinct cellular phenotypes
and viral gene expression patterns. Whereas eBL, corresponding to EBV latency type I,
1s the predominant lymphoma type in malaria endemic areas, proliferation of EBV-
transformed latency class III B cells forms the basis of most cases of early-onset
posttransplant lymphoproliferative disease (PTLD) developing in transplant patients
undergoing iatrogenic immune suppression (reviewed by [ 124, 125]). In the latter
patients, an increase in the number of EBV-infected memory B cells may precede the
outgrowth of lymphoma cells [126]. PTLDs may be first polymorphic, then
monomorphic, if immune suppression is continuing [ 127]. If immune control is restored
in time, through the reduction of immunosuppressive treatment for transplant patients,
polymorphic B cells expressing the growth program are extinguished, as long as they
have not undergone further mutations which turn them into malignant clones [128].

In patients with acquired immunodeficiency syndrome (AIDS), HIV- associated
cytopathic effects result in the destruction of CD4+ memory T cells, and regenerative
processes only partially compensate for the loss (reviewed by [129]). The decline in
CD4+ T cell number and the dysregulation of the immune response open the way for
opportunistic infections and facilitate the development of opportunistic, virus-
associated neoplasms, including EBV-positive lymphomas. In contrast to endemic BLs,
PTLDs arising in transplant patients and EBV-positive AIDS-associated B cell
lymphomas represent a diverse group of tumors which represent the three major EBV
latency types [124, 130, 131]. EBV latency type I was observed in AIDS-associated BL
and centroblastic DLBCL (diffuse large B cell lymphoma). EBV frequently coinfects
primary effusion lymphomas (PELs) caused by Kaposi’s sarcoma-associated



herpesvirus (KSHV ); these tumors also belong to EBV latency type 1. Type Il latency is
represented by Hodgkin lymphomas (HLs), and it is remarkable that 100 % of HLs
occurring in AIDS patients are EBV positive. Finally, latency type Il is characteristic
for primary CNS lymphomas developing in the brain, an immuno-privileged site. The
immunoblastic type of DLBCL also belongs to type III latency among the EBV-positive,
AIDS-associated lymphomas [130, 131]. Thus, immunodeficient states caused by HIV
may facilitate the development of a series of EBV-associated B cell lymphoma types,
most of which maintain a characteristic pattern of latent EBV gene expression . It is
remarkable that the incidence of EBV-positive PTLD is low in early HIV infection, in
spite of the fact that both P. falciparum and HIV suppress CD4+ T cell recall responses
[122, 129].

The composite pattern of the antigenic stimulus for B cells and the suppression of T
cell function in the abovementioned clinical conditions, acting either simultaneously or
at different times and degrees, certainly influenced the ideas regarding the pathogenesis
of eBL[63]. In addition, lytic induction of the EBV replication cycle, e.g., mediated by
Euphorbia tirucalli or by P. falciparum infection, increases the viral load and may
affect the number of EBV-positive B cells that are the potential precursors of eBL cells
[89, 132].

8 Molecular Pathogenesis of Hodgkin Lymphoma: A Role for
LMP1- Induced Genomic Instability

Latent membrane protein 1 (LMP1) is an EBV-encoded oncoprotein capable to cause
tumorigenic transformation of rodent cells [133]. LMP1, a pleiotropic regulator
activating multiple cellular pathways, 1s expressed in LCLs immortalized by EBV in
vitro and in PTLDs with type III latency phenotype; it can also be detected in the
majority of NPCs and in EBV-positive Hodgkin lymphomas (HDs) (reviewed by [134,
135]). Although most studies focused on the signaling activities of LMP1 and their
contribution to B cell immortalization, lymphomagenesis, and carcinogenesis, LMP1
may play an important role in the reorganization of the nuclear architecture as well.
Lajoie et al. observed that expression of LMP1 from a plasmid construct in the EBV-
negative BL line BJAB downregulated the levels of shelterin proteins that protect
telomeres from DNA repair mechanisms in mammalian cells and also downregulated
the transcription of several genes encoding members of the shelterin protein complex; in
parallel, LMP1 expression increased the number of multinucleated cells [ 136, 137]. The
decreased levels of telomere repeat factors (TRF) 1 and 2 and protection of telomere
(POT) 1 proteins may result in genomic instability due to an altered 3D nuclear
organization of telomeres, formation of telomere aggregates, generation of unprotected
short telomeres, and formation of end-to-end telomere fusions of chromosomes



(reviewed by [138]). LMP1 may contribute to the pathogenesis of HL by facilitating the
transition from mononuclear Hodgkin cells to multinuclear Reed-Sternberg cells [138,
139]. In addition, as also supported by recent superresolution microscopy analysis,
there are distinct changes in the nuclear architecture in therapy refractory versus
relapsing HL [138, 140, 141].

9 Patho-epigenetics of EBV-Associated Disease

Recent technical advances have made it possible to sequence, with nucleotide
resolution, the entire cellular epigenomes. Thus, complete bisulfite sequence maps of a
couple of LCLs [142], one eBL cell line Daudi [143], and a series of eBL tumor tissues
[ 144] have been generated. Furthermore, a whole genome epigenomic analysis of B
cells on their way through maturation and differentiation showed that, compared to
naive B cells, a significant loss of methylation takes place in GC B cells and even more
in memory B cells. Compared to their normal counterparts, B cell lymphomas frequently
acquire methylation changes in genomic regions already undergoing methylation changes
during normal B cell differentiation [ 145].

Compared to normal B cell epigenomes, EBV-transformed LCLs exhibit a massive
hypomethylation comprising approximately two thirds of their genome. Contrary, the
eBL cell line Daudi showed a 69 % methylation of all genomic CpG dinucleotides with
a majority of methylation islands at polycomb repressive complex (PRC) 2 target genes,
reflecting an earlier epigenetic analysis of mature aggressive B cell lymphomas [ 143,
146, 147]. However, cell lines do not necessarily reflect tumor tissue. Thus, the
epigenomic analysis of native GC B cells versus follicular lymphoma (FL) and BL
tissue is most interesting. Overall, the degree of CpG methylation was significantly
lower in FL and BL than in GC B cells, despite the GC origin of both lymphoma types.
However, considerable gains in methylation were observed in BL and FL especially at
CpGs carrying a low-level methylation in GC B cells [144].

For NPC and EBVaGC, complete epigenomes have not yet been established.
However, a methylated DNA immune precipitation (MeDIP) analysis has been
conducted for NPC [148] and methylation array-based analyses for EBVaGC, in
addition to a great number of prior candidate gene studies. Both NPC and EBVaGC
belong to the group of CpG island methylator phenotype (CIMP) cancers (reviewed by
[11, 149-151]). Actually, EBVaGC 1s among the highest methylated of all cancers
studied so far [26]. For tumor virology in general and the EBV field, it would be
interesting to have a pairwise direct comparison of the complete cellular epigenomes of
BL and LCL cell lines and of the NPC, EBVaGC, eBL , sBL , HL,, and early-onset PTLD
tumor tissues. Especially the pairs EBVaGC-NPC, eBL-sBL, eBL-LCL, LCL-DLBCL
(early-onset PTLD), and HL-DLBCL (late-onset PTLD) would be most interesting to
study.



10 EBV-Associated Diseases: A Role for Exosome-Mediated

Information Transfer?

Exosomes are nano-sized, endosome-derived membrane vesicles released by a series of
different mammalian cell types into the extracellular space [152, 153]. They carry
protein, RNA, DNA, and lipid molecules and may play a role in intercellular
communication between neighboring cells as well as in long-distance information
transfer via the body fluids they enter [152, 154, 155]. It was proposed that such nano-
vesicles are especially suitable for the transfer of small regulatory RNA molecules
(microRNAs) [156]. Exosomes are internalized by their target cells as single vesicles at
the base of filopodia [157]. Interestingly, exosomes somewhat resemble the “gemmules”
which Charles Darwin first postulated in his Pangenesis theory, published in his book of
1868 The Variation of Animals and Plants under Domestication [158].

Nanbo et al. observed that exosomes released from EBV-infected clones of the BL
line Mutu as well as exosomes derived from an EBV-negative Mutu subclone were
internalized via caveola-dependent endocytosis by the recipient EBV-negative epithelial
cells [159]. Depending on the source of the exosomes, the outcome of exosome-
recipient cell interaction varied: exosomes produced by latency type III Mutu cells
increased a significantly higher expression of I[CAM-1 (intracellular adhesion molecule
1) in the EBV-negative nasopharyngeal carcinoma cell line CNEI than the exosomes
derived from EBV-negative or latency type I Mutu cells. This difference in phenotypic
modulation of CNEI cells was attributed to the exosomal transfer of LMP1 (latent
membrane protein 1) from the latency type Il Mutu cells expressing LMP1. Nanbo et al.
speculated that exosomes may also play a role in the transfer of EBV from infected B
lymphocytes to epithelial cells by stabilizing the contacts between the interacting cells
[159].

The first hint for the association of the EBV oncoprotein LMP1 with exosomes came
from the work of Dukers et al., who detected LMP1 in pellets obtained by differential
centrifugation from supernatants of EBV-positive lymphoblastoid cells [160]. They also
pinpointed, based on homology search, two sequences in the first transmembrane
domain of LMP1 that may mediate the in vitro immunosuppressive effects of LMP1.
These data and further experiments suggested that LMP1-positive exosomes secreted by
EBV-positive, LMP1-expressing tumor cells may block antitumor immune responses
mediated by tumor-infiltrating T cells and NK cells in vivo [160, 161].

LMP1 may also affect intercellular communication indirectly, by enhancing the
expression or exosomal packaging of distinct cellular proteins into exosomes.
Ceccarelli et al. observed that LMP1 expression in a human nasopharyngeal carcinoma
cell line facilitated the release of exosomes containing fibroblast growth factor 2 (FGF-
2), a potent inducer of angiogenesis. They suggested that LMP1/FGF-2 double-positive



exosomes may promote neoangiogenesis and tumor progression [162]. A recent study
demonstrated that LMP1 may also increase the exosomal level of hypoxia-inducible
factor 1-alpha (HIF1a), a component of the HIF1 transcription factor [163]. HIF1 is a
master regulator coordinating cellular responses to hypoxia, and HIF1 overexpression
may play a role in tumor angiogenesis and tumor progression [ 164, 165]. Aga et al.
found that LMP1-carrying exosomes increased the migration and invasiveness of human
immortalized nasopharyngeal epithelial cells; in parallel, the cellular phenotype
changed as well, and there was a decrease in E-cadherin and an increase in N-cadherin
expression, a change possibly supported by exosomal HIF1a. These data suggested that
exosomes produced by LMP1-positive nasopharyngeal carcinoma cells may facilitate
epithelial-mesenchymal transition (EMT) and metastasis formation [ 163].

In nasopharyngeal carcinoma cells, expression of LMP1 was associated with an
increased level of epithelial growth factor receptor (EGFR) in exosomes.
Internalization of such exosomes by human umbilical vein endothelial cells (HUVECs)
resulted in the activation of signaling pathways involved in the regulation of cell growth
and the activation of VEGF (vascular endothelial growth factor) expression [166].
Similarly to LMP1, another EBV-encoded latent membrane protein, LMP2A , was also
found to be secreted via exosomes into the culture media of lymphoid cell lines [167].

Ariza et al. observed that BLLF3 , a deoxyuridine triphosphate nucleotidohydrolase
(dUTPase) encoded by a lytic cycle gene of EBV, was secreted in exosomes from
chemically induced Raji cells [168]. Ariza et al. speculated that BLLF3—when
expressed in vivo under certain EBV-associated pathological conditions including NPC
, NK/T cell lymphoma , infectious mononucleosis , and oral hairy leukoplakia —may
induce, unrelated to its enzymatic activity, an inflammatory reaction by interacting with
TLR2, a toll-like receptor [168].

A proteomic study revealed that in lymphoid cells infected by either EBV or KSHV
(Kaposi’s sarcoma-associated herpesvirus, another human gammaherpesvirus), the
protein components of the exosomes changed, compared to the exosomes of BJAB, an
uninfected B cell line: there were 93 proteins unique to exosomes from EBV-infected
cells and 22 proteins specific for exosomes derived from KSHV-infected cells. LMP1
expression had a significant impact on the exosome-associated proteome: there were 60
proteins present in LMP1-positive exosomes that were not detected in their LMP1-
negative counterparts [169].

EBV infection of human B cells in vitro resulted in the release of exosomes that
harbor LMP1, and LMP1-containing exosomes released from an EBV-negative, LMP1-
transfected BL line were internalized by human B cells. The internalized LMP1-
containing exosomes modulated the phenotype and altered the genotype of the recipient
cells: they induced cell proliferation and upregulated AID (activation-induced cytidine
deaminase), a key enzyme in class switch recombination. Accordingly, hallmarks of
class switch recombination, i.e., the production of circle and germline transcripts for



IgG1, were observed in B cells exposed to the LMP1-harboring exosomes. In parallel,
differentiation toward a plasmablast-like phenotype was also recorded. These data
suggested that exosomes released from EBV-infected lymphoid cells may alter the fate
of noninfected B cells [170].

As outlined above, the uptake of exosomes released from EBV-positive cells may
affect the phenotype of recipient cells via the cellular and viral proteins transmitted.
Another possibility for phenotypic modulation of target cells by EBV-infected
lymphoblastoid cells is based on the exosomal transfer of viral mRNAs encoding the
latent EBV proteins LMP1, LMP2 , EBNAI1, and EBNA2 [171].

The non-translated, highly abundant EBV-encoded RNAs, EBER1 , and EBER2
were also detected in exosomal fractions purified from cell culture supernatants of
EBV-positive lymphoid cell lines. The very same exosomes also contained the cellular
La protein, suggesting EBER-La complexes may be co-packaged into exosomes. La was
present, however, in exosomes derived from EBV-negative cells as well [172]. The
putative role of EBER1 and EBER?2 in the pathogenesis of EBV-associated neoplasms
was reviewed recently [173—175]. We would like to emphasize, however, that EBER-
La complexes released from EBV-positive cells either in exosomes or via active
secretion of La may activate Toll-like receptor 3 (TLR3) recognizing double-stranded
RNAs [176]. The resulting immune activation could possibly initiate the development
or facilitate the progression of EBV-associated autoimmune diseases [177]. The use of
novel experimental models, such as EBV-infected new-generation humanized mice , may
clarify the role of EBERSs in the pathogenesis of certain autoimmune diseases, including
EBV-associated hemophagocytic lymphohistiocytosis and rheumatoid arthritis
(reviewed by [178]). Internalization of EBER1-loaded exosomes by human
plasmacytoid dendritic cells (pDCs) and the infiltration of skin lesions of systemic
lupus erythematosus (SLE) patients by pDCs support the idea that EBER1, detected in
high levels in such lesions, may play a role in the pathogenesis of SLE as well [179].

In addition to the EBERS, exosomes released by EBV-infected cells contain other
non-translated viral and cellular RNA molecules, including microRNAs (miRNAs) as
well. Similarly to their cellular counterparts, EBV-encoded microRNAs are also
transcribed and processed in the nucleus and transported to the cytoplasm, where they
are further processed, and finally interact with their cellular and viral mRNA targets as
single-stranded miRNAs. Such interactions, usually at the 3'-untranslated region of
mRNAs, result in the destabilization of the target mRNAs and suppress their translation.
Pegtel et al. observed that EBV-encoded miRNAs accumulated in exosomes of EBV-
infected B cells, and were transmitted, during in vitro cocultivation, into monocyte-
derived dendritic cells [ 180]. Based on their observation and on the role of miRNAs in
immune regulation (reviewed by [181]), Pegtel et al. suggested that exosome-
transmitted miRNAs may act like paracrine factors, reaching a relatively high level in
lymph nodes or in the microenvironment of malignant tumors [ 180]. Others observed the



uptake of EBV-miRNAs, carried by exosomes released from an EBV-positive NPC cell
line, by endothelial cells [166]. In addition, EBV-miRNAs, generated before splicing of
the BamHI A rightward transcripts (BARTs) , were detected in secreted exosomes in
plasma samples of nude mice carrying NPC xenografts. They were also present in
plasma samples of NPC patients [182].

How miRNAs and other RNA molecules are loaded into exosomes remains to be
elucidated. Janas et al. proposed recently that affinity to the raft-like regions in the outer
layer of the multivesicular body membrane plays an important role in this process
[183]. The presence of EBV may affect the selection of cellular RNAs loaded into
exosomes because co-culture of EBV-positive Raji BL cells , but not that of the EBV-
negative Ramos BL cells increased the level of the cellular miR-155 in recipient retinal
pigment epithelial cells [184]. An increased miR-155 level may elicit pro-angiogenic
changes in the exosome-recipient cells.

EBYV latency products may affect the level of cellular miRNAs by upregulating their
expression. One may speculate that cellular miRNA levels may influence the abundance
of distinct, exosome-packaged miRNAs. Similarly to other RNA transcripts, the
transcription of primary miRNAs is also regulated by epigenetic mechanisms that are
subjected to modulation by latent EBV proteins [ 185, 186].

Transfer of cellular miRNAs from oral epithelial cells to B cells carrying latent
EBYV genomes may result in the induction of productive virus replication. Lin et al.
observed that members of the epithelium-specific cellular miR-200 microRNA family
are present in high levels both in oral and tonsillar epithelia and saliva. Transfer of
exosomes loaded with the members of the miR-200 family reactivated and induced lytic
replication of latent EBV genomes in B cells cultivated in vitro, suggesting that
exosomes may facilitate the exchange of EBV between the B cell compartment and the
epithelial cell compartment [ 187].

11 Adoptive T Cell Immunotherapy

Besides CMV primary infection and reactivation, EBV-associated posttransplant
lymphoproliferative disease (PTLD) , both of the early- and late-onset type, 1s a major
cause of mortality in recipients of solid organs or allogeneic stem cells. When reduction
of immune suppression and treatment with B cell depleting anti-CD20 monoclonal
antibodies fail to alleviate the disease, classical chemotherapy is frequently the last
resort, with rather poor success rates. Especially for latency type III expressing early-
onset PTLD, adoptive T cell therapy has had great success with very little side effects.
However, unfortunately, this therapy is not yet available even in major university clinics
on a regular basis, due to the high demand for skill and infrastructure and due to
technical challenges, in spite of the great progress made over the last two decades in
developing such therapies and making them amenable for routine application (reviewed



by [188]). Antigen-specific T cell therapy has also been used for virus-associated
cancer or lymphoma in immune competent patients [189—-193] (reviewed by [194]).
Engineered EBV-specific T cells carrying genetic modifications making them resistant
against the immune-suppressive local tumor environment are under development
[195—-198]. Latency III, especially through peptides derived from the EBNA3 proteins,
offers a better working surface for cellular immune attack than latency I or II. Therefore,
malignancies expressing the full complement of latency III gene products, e.g., early-
onset PTLD, are better suited for treatment with EBV-specific T cells than those
expressing latency types I or II, e.g., most late-onset PTLD, BL, EBVaGC, HL, or NPC .
The activation and expansion of T cells specifically directed against LMP1 and LMP2A
may be a promising solution. Beyond viruses, gene-modified T cells have also shown
promising results in the treatment of common malignancies [199-201].

There are differences between the PTLD tumors of solid organ transplant (SOT) and
hematopoietic stem cell transplant (HSCT) patients. In HSCT patients PTLD mostly
originate from donor lymphocytes. Thus, donor lymphocyte infusion is effective for
PTLD, but is significantly prone to graft versus host disease (GVHD) . To avoid GVHD,
EBV-specific T cells were activated and expanded. For this purpose, donor LCL had to
be established as antigen presenting cells in each individual case. Regarding clinical
outcome and cost, this treatment compared favorably with other treatment modalities for
PTLD [202]. In SOT patients, PTLDs originate mostly from recipient lymphocytes. This
gives the advantage of timely establishment of LCLs, but has to deal with iatrogenic
immune suppression which usually cannot be reduced in order to prevent graft rejection.
Therefore, the development of genetically modified specific T cells which are resistant
to immunosuppressive treatment is a promising option [203-206].

Since time is the most limiting factor in aggressive PTLD, and the generation of new
individually tailored EBV-specific T cells takes around 12 weeks, it is almost
impossible to obtain such T cells in time to be of clinical relevance. Therefore, the
rapid isolation of pre-existing EBV-specific T cells has been tried with success [207,
208]. Furthermore, to overcome the problem of limited numbers of specific donor T
cells, the rapid in vitro stimulation and expansion of functioning multi-virus-specific T
cells from donor blood was achieved within less than 1 month [209]. However, the very
rapid progression of PTLD may not even leave 1 week’s time for the patient. Therefore,
banks containing off-the-shelf third-party T cells, with a best-possible HLA match, were
established and successfully tried by several transplant centers [210-212].

12 Concluding Remarks

We have briefly outlined some exciting trends in EBV research and the interconnected
clinical issues. Research developments during recent years were facilitated through the
generation of novel methods, novel high throughput techniques, and through significant



technological progress of already existing methods. One of the aims of the new volume
“Epstein-Barr virus—Methods and Protocols” is to contribute to the advancement of
EBV research through the transfer of avant-garde techniques into daily laboratory
routine and the transfer of new knowledge into clinical work. Thus, it remains to be
hoped that the new book will find many interested readers and users.
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Abstract

The vast majority of the human adult population is infected with Epstein-Barr virus
(EBV), and the majority of the EBV-infected individuals tolerates the infection well,
without any further symptoms after primary infection. In cases of individuals which
undergo primary infection in the form of an infectious mononucleosis, or which have
undergone primary infection in their past, it is sometimes important to appraise
symptomatic disease or differentiate infectious mononucleosis from other conditions. In
these cases, serological methods, i.e., immunofluorescence, ELISA, or Western blot, are
the methods of choice to come to an unequivocal diagnostic conclusion, while the
detection and quantification of viral DNA through PCR plays a minor role.

On the other hand, in a minority of the human population, EBV infection is
associated or causally linked with autoimmune or malignant disease. Especially in the
bone marrow or solid organ transplanted, or in otherwise severely immune-suppressed
patients, prolonged EBV primary infection or EBV reactivation from latency may be a
serious and life-threatening complication which needs to be diagnosed the faster the
better, in order to take therapeutic steps in time. Determining the serostatus correctly is
also important in these cases. However, the direct and quantitative detection of viral
DNA are of importance for the diagnosis of serious EBV disease and its monitoring.

In the following, we give an overview of diagnostic methods to accurately
determine EBV serostatus and viral load. We evaluate the advantages and disadvantages
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of each method and report on the diagnostic significance of each and how to resolve
diagnostic problems in case of uncertainties. For practical procedures, we refer to the
detailed instruction manuals of the respective test kit manufacturers which have to be
closely followed for reliable results.

Key words Enzyme immunoassay (EIA) — Immunofluorescence — Immunosuppression —
Line blot — PCR — Posttransplant lymphoproliferative disease (PTLD) — Serology —
Transplantation — Western blot

1 Epstein-Barr Virus

Epstein-Barr virus was discovered by electron microscopy in cells from biopsies of
Burkitt lymphomas more than 50 years ago [1]. Since then, the research on this
multifaceted virus has tremendously stimulated tumor biology, tumor immunology,
molecular virology, clinical virology, and virus diagnostics.

Initially, due to the history of its discovery, the focus was especially on the tumor
biological aspects of EBV. The detection of the EBV genome in Burkitt lymphomas was
a milestone for human tumor virology. Thereby, EBV became the first established human
tumor virus, and the discovery of EBV in nasopharyngeal carcinoma (NPC) biopsies
[2], and specifically in the epithelial tumor cells of NPC [3], prepared for the discovery
of further human tumor viruses in epithelial cancers from a conceptual perspective. The
role of the virus in tumor development in humans was later expanded as a result of the
detection of EBV genomes in gastric carcinomas, certain forms of classical Hodgkin’s
lymphoma, rare T-cell lymphomas, and parotid tumors. The PTLD (posttransplant
lymphoproliferative disease)-related lymphomas, lymphomas in patients with Purtilo
syndrome, and AIDS-related lymphomas are mechanistically related, but different in
their pathogenetic details [4, 5]. This group of lymphomas directly highlights the
importance of an intact immune system to control EBV-infected cells and points to the
role of viral latency and to the impact of EBV-driven proliferation and antiapoptotic
effects. The effects of EBV on transformation and cell proliferation, however, certainly
do not represent all of the aspects which are important for the participation of EBV in
tumor development [6]. With respect to the distinct viral functions involved in
tumorigenesis in each case, the molecular pathogenesis of diverse EBV-associated
tumors must not be lumped together [7]. Based on the discovery of a binding site for c-
Myc in the central locus control region of the EBV genome [8], a clear distinction
between transformative and antiapoptotic functions for the molecular pathogenesis of
PTLD -like tumors and Burkitt tumors, respectively, has been made [9]. Because recent
history-centered reviews [ 10, 11] keep ignoring the central viral myc-binding site [§]
and the interconnected concept of alternative pathogenetic pathways [9], they have to
engage in low-key work-arounds and, thus, to approach the obvious solution to the



Burkitt problem, at a slower pace. Possibly, more recent data [ 12—14], strongly
supportive of the alternative BL model [7, 15], may finally deflate the older
transformation -based Burkitt lymphoma models.

The 1n vivo binding site for the oncoprotein c-Myc 1n the locus control region of the
EBYV genome suggested a specific, antiapoptotic role for EBV in Burkitt
lymphomagenesis and for the first time provided a direct link between oncogene
function and the viral genome in a vulnerable phase of the germinal center precursor
cell for a Burkitt lymphoma [8]. This was supplemented by the understanding of the role
of epigenetic control [16] and the complex effects of reactive oxygen species (ROS)
[17—19], the production of which is initiated by the latency protein EBNA-1.

Primarily, the interest in the tumor biological aspects of EBV and the availability of
new methods in cell biology and molecular biology enhanced the characterization of
latency-related proteins of EBV such as EBNA-1, EBNA-2, EBNA-3A, EBNA-3B,
EBNA-3C, LMP-1, and LMP-2, immediate early antigens (IEA), and early antigens
(EA) that control the coordinated synthesis of the structural proteins VCA (viral capsid
antigen) and MA (membrane antigen) and of the viral DNA in the replicative phase of
the virus. This comprehensive pioneering work was of great advantage when the view
on EBV was widened with respect to its importance in clinical virology.

Rather unexpected for a tumor virus, it was found that EBV infects the majority of
the human population and that a distinct percentage of infected people develops
mononucleosis for which EBV was proven to be the causative agent. Thereby the age at
infection seemed to influence the probability of development of clinical symptoms.
EBV-dependent mononucleosis was soon recognized as a clinical entity with a
nonuniform appearance. Classical symptoms include large lymph nodes, pharyngitis,
headache, fever, hepatosplenomegaly, hepatitis, mononuclear cells in the blood, and
neurological symptoms. Due to the variability of the combination of symptoms, EBV-
associated mononucleosis needs to be differentiated from primary infection with CMV
HHV-6 , HIV , rubella virus, mumps virus, and classical hepatitis viruses HAV, HBY,
HCYV, and HEV. There 1s symptomatic overlap with toxoplasmosis, brucellosis,
leptospirosis, and diphtheria. Clinically overt EBV infection can be misinterpreted as
leukemia and lymphoma, and the neurological symptoms require distinction from a wide
variety of neurotropic infections. It is less known that acute EBV infection may become
overt just as a severe infection of the respiratory tract, especially in younger children
(an age group, where clinical symptoms after primary infection with EBV are usually
less expected).

The potential of EBV to drive the proliferation of lymphocytes has a strong side
effect on the serological diagnosis of other infections that may lead to false
interpretations. EBV infection can cause polyclonal stimulation of IgG -producing
memory cells, but can also trigger the proliferation of IgM -producing cells without the
need of presence of the respective specific antigen. This may lead to an increase in IgG



titers directed against a random antigen and to detectable IgM responses without
underlying specific interaction of the immune system with the respective agent. This
situation may be especially problematic in cases where the symptoms of an EBV
infection are misunderstood as being indicative of rubella infection. In this case,
appearance of rubella-specific IgM due to polyclonal stimulation by EBV may be
misinterpreted as indication for rubella infection. Therefore, in many cases (and all
cases during pregnancy), the determination of the significance of IgM responses needs to
be assured by parallel testing of serological EBV markers. If these exclude acute EBV
infection, EBV-driven polyclonal stimulation is not likely. If, however, a primary EBV
infection is diagnosed, further diagnostic measures need to differentiate between
polyclonal stimulation due to EBV without infection with rubella virus and the less
frequent, but occurring situation of double infection with both viruses. In the case of
HHV-6, where IgG levels often drop below detectability a few years after primary
infection, EBV infection later in live through polyclonal stimulation may cause a rise in
IgG levels that even impress an experienced performer of viral diagnosis as
seroconversion that seems to prove primary infection with HHV-6 [20]. In addition to
the phenomenon of polyclonal stimulation, the transient immunosuppressive effect of
EBV infection can lead to reactivation of other latent herpes viruses such as HHV-6,
CMV , or VZV . This may lead to a strong increase in the level of VZV-IgA that is
usually regarded as being indicative for primary infection with VZV or zoster [21].
Likewise, controlled latency of EBV can be influenced by iatrogenic
immunosuppression or immunosuppression induced by infectious agents. As a
consequence, the pool of cells that are latently infected with EBV may increase. This
enhances the chance of induction of viral replication and increase the concentration of
viral antigens, which in turn provokes an immunological response that may be
misunderstood as indication of EBV being the cause of the clinical situation, while EBV
1s the target in this case. As massive immunosuppression may lead to the loss of anti-
EBNA-1, an EBV-specific marker that is indicative of past infection, serological
analysis may become rather ambiguous and require a broader approach for resolution.

2 EBYV Serology Using Immunofluorescence

Classical EBV serology was based on the detection of VCA-IgM , VCA-IgG , and anti-
EBNA-IgG, supplemented by the determination of anti-EA-IgG, using
immunofluorescence techniques [22, 23]. If performed by experienced investigators,
using excellent equipment and taking care of standardization, these methods were nicely
reproducible and allowed quantitative measurements based on titration. VCA-IgG and
VCA-IgM determinations were performed using indirect immunofluorescence with
Burkitt lymphoma cell lines like P3HR-1 that were characterized by a small percentage
of virus-producing cells surrounded by a surplus of latently infected, nonproductive



cells that served as internal negative control. Due to the localization and relatively high
local concentration of VCA in the nucleus, anti-VCA-IgG or anti-VCA-IgM was
prominent as a bright stain of VCA-positive nuclei, surrounded by the surplus of
negative nuclei (Fig. 1). EA-IgG determinations were performed by indirect
immunofluorescence as well, using cell lines like Raji that showed no virus replication,
but allowed induction of early antigen expression in a distinct percentage of cells. As
early antigens are regulatory proteins, their concentration is much lower than that of
structural proteins like VCA. Therefore, classical EA-IgG tests in contrast to VCA-IgG
and VCA-IgM represented test systems with a suboptimal concentration of antigen and
therefore only gave a positive response when very high concentrations of anti-EA
antibodies were present. Therefore, using indirect immunofluorescence, EA-IgG was
usually found positive in exceptional cases and was regarded as a marker for virus
reactivation, often in connection with clinically problematic cases. Measurement of EA-
IgG in healthy people with past EBV infection was rare. As EBNA proteins are found in
extremely low concentrations in EBV-positive cells, detection of antibodies directed
against EBNA was not possible when the indirect immunofluorescence technique was
used. First of all, this is a good message, because otherwise VCA-antibody
determination would not have been possible due to overlap with anti-EBNA reactivity.
For the detection of anti-EBNA, an additional amplificatory step was required. This
step took advantage from the intriguing finding that antibodies against EBNA always
seem to be complement-binding antibodies, even years after primary infection, although
complement-binding antibodies are usually shorter-lived. After binding of anti-EBNA to
its target protein, the assays were washed, and the antibody complexed to EBNA was
confronted with human complement that bound to the complex and built a platform for
subsequent binding of many anticomplement IgGs labeled with the fluorescence label

(Fig. 2).



Fig. 1 Determination of VCA-IgG using indirect immunofluorescence

Fig. 2 Anti-EBNA-1 test using anticomplementary immunofluorescence

A positive VCA-IgG and VCA-IgM finding was considered as evidence for an acute
EBYV infection. Negative VCA-IgM in case of positive VCA-IgG was considered as past
infection. Retrospective analysis showed that this approach did not lead to correct
conclusions in all cases and therefore had a high degree of insecurity when an
individual case had to be diagnosed. The major problem was associated with IgM tests.
Competition between IgG and IgM caused suppression of [gM detection, and therefore
the determination of the true IgM status would have required the removal of IgG in all



serum samples before the IgM test. But even then, a significant percentage of sera from
patients with secured primary EBV infection did not show positive IgM responses. In
the study by Schillinger et al. (1993), nearly 20 % of sera from acute infections were
IgM negative. Several reasons sum up to this problematic number: (1) the IgM response
is below the detection level; (2) the IgM response would have been detectable only for
an extremely short period, and the first serum was taken too late; (3) the IgM test was
not sufficiently sensitive; and (4) the competing IgG was not sufficiently removed. On
the other side, VCA-IgM responses persisted for up to a year and more after acute
infection, causing misinterpretation if only the late sera were tested [23, 24]. It was
therefore neither possible to derive a reliable indication for an acute EBV infection
from a positive VCA-IgM finding nor could an acute infection be ruled out with
absolute certainty on the basis of the absence of an IgM response. Therefore, many
laboratories used anti-EBNA testing as regular supplementary method, as anti-EBNA
was regarded as a late marker. Therefore, its positivity was taken as clear exclusion of
acute EBV infection. However, it was soon realized by many investigators that
nonselective anti-EBNA testing by anticomplementary immunofluorescence was not as
specific as initially anticipated. The reason for this is due to anti-EBNA-2 positivity in
about 30 % of acute infections at the onset of clinical symptoms [24]. The problem was
solved through the use of Burkitt lymphoma cells with deleted EBNA-2 gene that
allowed to focus on anti-EBNA-1 responses specifically. A positive anti-EBNA-1
response therefore was indicative of secured past infection with EBV, provided parallel
testing with an EBV-negative Burkitt lymphoma cell line produced evidence for the
absence of anticellular reactivities that mimicked anti-EBNA-1 responses in some
cases. The problem of anticellular reactivity was especially overt for anti-EBNA
testing, as all cells contain EBNA, and therefore the test in its classical version has no
internal negative antigen control. As anti-EBNA-1 is detectable at the earliest 4 weeks
after the onset of the disease after acute EBV infection, it was possible to rule out with
certainty an acute EBV infection in the case of positive anti-EBNA-1. Whereas a
specifically positive anti-EBNA-1 response (especially in combination with a positive
VCA-IgG) clearly excluded an acute EBV infection, negative anti-EBNA-1 in
combination with VCA-IgG did not allow a conclusive interpretation, though this
constellation was regularly found in acute infections. The reason for this failure is the
fact that about 6 % of healthy persons with past EBV infection never develop a
detectable anti-EBNA-1 response and that previously anti-EBNA-positive people may
lose anti-EBNA-1 selectively during massive immunosuppression due to iatrogenic
intervention or immunosuppression based on infections, immune disorders, or tumors.
Therefore, even optimally performed and controlled EBV serology using
immunofluorescence tests found its limitation by (1) about 5 % of unresolvable cases
due to anticellular reactivities and (2) insecure differentiation between negative anti-
EBNA-1 due to primary infection from negative anti-EBNA-1 due the failure to develop



this marker or due to secondary loss of this marker. Therefore, a high degree of
uncertainty with respect to the unequivocal diagnosis of acute EBV infections was not
resolvable, whereas past EBV infections were diagnosed with high confidentiality.
Though these cases represent the majority in routine diagnosis, the situation as a total
was not bearable and required further steps for improvements. The use of avidity
determination as an additional diagnostic tool in combination with immunofluorescence
techniques will be discussed in a later section. The following sections discuss the use
of recombinant viral proteins for further improvement of EBV serology.

The majority of diagnostic labs is not using the anti-EBV indirect
immunofluorescence assay anymore. Among those labs, only a very small minority of
experts are preparing their glass slides which carry infected cells expressing EBV
antigens by themselves. Therefore, here we do not provide a step-by-step protocol for
preparing glass slides and performing the indirect anti-EBV immunofluorescence assay.
For those who choose to use it routinely, there are several manufacturers who sell
ready-to-use assay IFT kits with detailed instruction manuals included.

3 The Use of Recombinant EBV Proteins in Western Blots

and Line Assays

The development of immunoblots (Western blots) with recombinant antigens represents
an important milestone in the improvement of EBV diagnostics [25]. In particular, p72
(EBNA-1, viral gene BKRF1, i.e., BamHI restriction fragment K, rightward frame 1),
p23 (BLRF2, a component of VCA), and the early proteins p54 (BMRF1) and p138
(BALF2) were used in the first generation of commercially available Western blots
[26]. Later, p18 (BFRF3) , another component of VCA, was added in various assays. It
is important to note that the antibody response to unprocessed p18 is similar to that
directed against p23, i.e., it is a marker that is detected relatively early in infection and
that defines specific seropositivity. In contrast, Mikrogen patented a processed p18 that
provided only epitopes that are recognized late in infection, and thus this marker is
useful as a late marker, in analogy to p72. Sera from patients with acute EBV infection
are regularly negative for p18(mod)-IgG during the first 3 weeks after onset of disease.

Compared to assays based on immunofluorescence, the blot had several advantages.
(1) Because recombinant, highly purified antigens were used, the problem of
anticellular reactivity (a problemin 5 % cases tested by immunofluorescence ) was no
longer an issue. (2) Due to the use of recombinant antigens, the test system now
contained sufficiently high concentrations of antigens. Thus, the test result was solely
dependent on the concentration of antibody and therefore their precise quantitation was
relatively easy.

Whereas the patterns of antibodies directed at VCA and EBNA-1 were rather



congruent, independently of whether they were detected by immunofluorescence or
immunoblots, the determination of anti-EA-IgG showed major differences and was the
cause of frequent misinterpretation. Due to the low concentration of EA proteins in
immunofluorescence, only sera with very high titers gave a significant response with
this method. Frequently, these were cases with acute infections or reactivations after
immunosuppression. EA-IgG (detected by immunofluorescence) was therefore regarded
as a marker indicative for recent active interaction between the immune system and
EBV. In contrast, the high concentration of recombinant EA in immunoblots allowed to
determine the true serostatus with respect to anti-EA. Depending on the EA markers
used, at least 20 % of healthy people with past EBV infection were positive [27, 28].
Also, unexpectedly and in contrast to the experience obtained before with
immunofluorescence, EA-IgG detectable by immunoblot very frequently stayed positive
over very long periods. In addition, the kinetics of appearance of EA-IgG during acute
EBYV infection showed a major difference, depending on the method used. Whereas EA-
IgG determined by immunofluorescence usually became detectable after VCA-IgG, EA-
IgG detected by sufficiently high concentrations of recombinant EA usually was the first
positive marker in acute EBV infection analyzed by immunoblot.

Whereas the molecular weight of viral proteins determined their position on the
immunoblot (Western blot) stripes, the line assay, in which recombinant antigens were
transferred onto nitrocellulose after extensive purification, allowed to group the
antigens according to early and late antibody response with respect to the onset of
disease. A high degree of purification of proteins was necessary to ensure that the
degree of specificity of responses determined by the line assay was the same as
determined by immunoblot [29]. It has to be pointed out that not the blotting procedure
itself determines the specificity reached by either method, but the degree of purity of the
applied proteins.

The distribution of a specific protein within a band on immunoblots 1s characterized
as Gaussian distribution, due to the movement of the proteins during electrophoresis. In
contrast, purified proteins applied to the line assay show an equal concentration over
the area of a distinct band. This difference has a major impact on the antigen/antibody
reaction and its quantification. Antibodies interacting with a protein band on
immunoblots face the highest antigen concentration in the middle of the band, with
decreasing concentrations to both sides. Therefore, the reaction kinetics with a given
antibody concentration is the highest in the middle and decreases within the band. This
complex reaction is the basis for the finding that testing of serum dilutions in an
immunoblot does not only lead to a decrease in staining but is paralleled by a change in
the broadness of the band (Fig. 3). In contrast, testing dilutions of sera on line assays
results in a decrease of the intensity, but not in the size or shape of the bands (Fig. 4).
This is due to the equal distribution of antigen within the band leading to homogenous
reaction kinetics at all sites of the band. Therefore, tests that require rather precise



measurements, like avidity determination, are preferably established by line assays.

Fig. 3 Titration of a positive serum using immunoblot stripes. Dilution of the serum (from right to leff) causes a
decrease in intensity as well as a change i the size of the band
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Fig. 4 Titration of a positive serum using a line assay. Dilution of the serum (from right to left) causes a decrease in

ntensity without a change in the size of the band

For the practical blot procedure, we refer to the test manuals which are always
included in the assay kits of the respective supplier and have to be followed in detail.
Test strips, dilution and washing buffers, and conjugate and substrate solutions are
always included in assay kits. In the following, we give an exemplary short description

for a blotting procedure:

1. Pipet 2 mL of dilution or wash buffer into each well on an incubation tray. Wash
buffer is a phosphate-buffered salt solution containing skim milk powder to block



10.

11.

12.

nonspecific binding of serum antibodies to the test strips.

Using a plastic forceps, place a nitrocellulose test strip into the wells without skin
contact and without damaging the strip.

Submerge the strip through gentle shaking.
Add 20 pL of the serum to be analyzed.

Cover the tray with a plastic lid and shake gently for 1 h on a horizontal shaker at
room temperature.

After 1 h of serum incubation, pipet off the liquid, using a fresh pipet tip for each
well or an aspirating device.

Wash off serum traces by three cycles of adding 2 mL of washing buffer, shaking 5
min, and pipetting off the washing buffer, always taking care to avoid cross
contamination with serum antibodies between the wells.

Add 2 mL of freshly prepared conjugate solution and shake for 45 min at room
temperature, while the tray is covered with a plastic lid. Conjugate contains an
antthuman rabbit antibody labeled with horseradish peroxidase (HRP). Conjugates
are specific for human IgG , IgM , or IgA . Thus, take care to choose the
appropriate conjugate for the type of strip (IgG, IgA, or IgM) to be analyzed.

Pipet off the conjugate solution, using a fresh pipet for each well or aspirating
device.

Wash off conjugate traces three times as above.

Add 1.5 mL of substrate solution and incubate for 5—-10 min, by shaking gently at
room temperature. Substrate solution contains the chromogenic substrate
tetramethylbenzidine which is oxidized by the HRP that is conjugated to the
secondary rabbit antibodies.

Pipet off the substrate solution or use an aspirating device.



13. Wash three times with deionized water as above.
14. Dry test strips for 2 h between two layers of absorbent paper.
15. Read out results according to the respective manufacturer’s instruction manual.

16. Store the strips dry and protected from exposure to light.

4 Avidity Determination as an Additional Diagnostic Tool

Affinity maturation of the IgG response is known as a unidirectional and regularly
occurring process during the establishment of an immune response [30]. The biological
basis for this process is determined (1) by the need of IgG-expressing B-cell clones to
receive the specific antigen as stimulus for survival and proliferation and (2) by
constant mutagenesis in the Fab structure. A few cell clones thus may eventually present
IgG that binds the antigen with higher affinity. These clones are positively selected,
whereas proliferation and survival of the parental clones is impaired. Stepwise cycles
of mutagenesis and selection finally lead to clones that generate IgG with high affinity
for the specific epitope structure. Plasma cells derived from these clones will be the
source of high-affinity IgG. Affinity represents a complex biophysical principle that is
not trivial to measure. For routine diagnosis, therefore, the determination is restricted to
the strength of the binding between antigen and antibody. This measurement has been
termed avidity determination and 1s representative for overall affinity. Please note that
formerly the term avidity was also used to describe the complexity of antibody
populations, e.g., against flagella of bacteria. The historic term has a different
biological background and is not suitable in the context of avidity as defined above.
Avidity determination has been applied to EBV serology and has been found to resolve
certain problematic diagnostic cases [31, 32]. These initial studies used quantitative
immunofluorescence and 6 M urea for the disaggregation of antibody/antigen
complexes. Test slides were incubated with serum dilutions, and parallel slides were
either treated with secondary fluorescent antibodies as usual or were treated with 6 M
urea for 3 min, washed, and then processed like the control. The comparison between
the titers was used to determine the avidity index. This procedure required a high
standardization of quantitation of immunofluorescence titers. The maturation kinetics of
VCA-IgG avidity was very fast. Only during the first 10 days after the onset of disease
all sera from acute EBV infections showed low avidity. Thus, the application was more
or less restricted to sera that were taken immediately after the onset of disease (a rare
situation in present health management). Avidity determination was established for



immunoblots and line assays in a patented application form. This approach has the
advantage that the avidity of antibodies directed against several distinct antigens can be
determined in one test. The major advantage was, however, that due to the larger
concentration of recombinant antigen in the test system, the measured kinetics of avidity
determination was much slower and with a later onset than the determination by
immunofluorescence . This seemingly paradoxical finding is explained by less
competition between antibodies with high, intermediate, and low affinity in the
immunoblot and line assay. In the immunofluorescence test with its lower concentration
of antigen, high-affinity antibodies will compete out antibodies with intermediate or low
affinity and thus overestimate high affinity. When this competition is lowered through
supply with higher concentrations of antigen (immunoblot and line assay), sera
containing a mixture of low-, intermediate-, and high-affinity antibodies can be
differentiated from sera that only contain high-affinity antibody. In this way, the true
status with respect to affinity is determined, and the kinetics of maturation allows
conclusions even if the sera are not taken immediately after the onset of disease. It was
found that the determination of avidity for the markers p23-IgG , p18-IgG, and p72-1gG
was useful for discrimination between acute and past EBV infections, whereas avidity
determination of markers from the EA-IgG complex was not suitable due to high
variability .

5 Variability of the Serological Response After EBV

Infections

The tests of non-preselected sera using a commercial line assay (Mikrogen) showed that
the serological responses following EBV infections are defined by a certain basic
pattern, but that a high degree of variability can also be observed regularly due to the
stochastic processes inherent to the immune reaction. This is summarized in Tables 1
and 2.

Table 1 Main groups within 1577 cases tested in EBV serology using a line assay with recombinant antigens

Number Percent
Total number of sera | 1577 100
Seronegative for EBV|90 5.7
Borderline 7 0.4
Acute EBV infections |42 2.6
Past EBV infections | 1438 91.2

Table 2 Variability of the serological response in past EBV infections determined by a line assay with recombinant
antigens




Number Percent
Past EBV infections 1438 100
Classical (p72-1gG and p18-1gG > +) 1154 80.2
p72-1gG and p18-IgG + 7 0.5
p72-1gG +, p18-IgG > + 86 6.0
p18-1gG +, p72-1gG > + 29 2.0
p72-1gG neg., p18-1gG > + 106 7.4
p18-1gG neg., p72-1gG > + 11 0.8
p23-1gG neg. 20 1.4
Isolated p23-IgG (high avidity) 5 0.3
Isolated p18-IgG (high avidity) 5 0.3
Isolated p72-IgG (high avidity) 3 0.2
Recent EBV infections (p18-1gG low avidity, p72-1gG neg.)| 12 0.8

Using the cutoff band as reference, we differentiated between negative, +, ++, +++, and
++++ positive sera. Sera showing ++ to ++++ reactivity were grouped and named “>
+”. For simplicity, the term “p18-IgG” has been used for IgG directed against modified
p18, which represents a late marker

From 1577 non-preselected sera, which were tested with the line assay, a relatively
low percentage was identified as seronegative, and an even lower percentage was
identified as acute infection. The majority of sera displayed the picture of a past EBV
infection, whereby most sera showed the classical picture with both late markers (p72-
IgG and p18-IgG). A very small percentage exhibited one or both late markers in a
weakly pronounced way. In 7.4 % of cases, p72-1gG was negative, but the second
marker p18-IgG (which exhibited high avidity ) allowed the diagnosis of “past EBV
infection” in these cases. Conversely, only 0.8 % of past infections exhibited negative
p18-IgG and positive p72-IgG . This finding underlines the improvement of diagnostics
through combining two late markers and thus preventing inaccurate findings. It shows in
particular the stochastic component which plays an important part in serological
responses. The finding allows the assumption that the immune system of an affected
person incidentally failed to form antibodies against p72 or p18. By accepting this point
of view, it can be predicted that, according to the law of probability, a small number of
cases should occur in which both late markers are not formed, despite past EBV
infection. Five such cases have in fact been found within this study and they confirmed
the plausibility of the preceding assumption. Of course, on a first glance, these p18-IgG
/p72-IgG-negative cases of past EBV infections resemble acute infections, in which
both late markers have not yet been formed. However, a differentiation could be
achieved here with the aid of avidity determination, as the rare cases of past infection
with missing p72- and p18-IgG showed p23-IgG of high avidity.



The stochastic problem of nonrecognition of epitopes of a certain antigen also arises
in the case of p23. It is seen that in 1.4 % of cases with past EBV infections, p23-IgG is
not detected. However, these cases could still be identified with certainty as past EBV
infection as they showed p72-IgG and p18-IgG of high avidity. The combination of the
absence of certain markers in rare cases is the basis for the predictable and actually
found constellation in which “isolated p72-IgG” and “isolated p18-IgG” occur. Finding
such rare constellations is therefore not a shortcoming of the test system, but rather
evidence of the precision with which the stochastic variability of the serological
response is measured. It proves that a reliable finding can be derived from it in every
single case, despite being different from the basic pattern.

After all, a small fraction of cases exhibit the characteristic of a recent EBV
infection in which only one of the two late markers, namely, p18(mod)-IgG, is positive,
while p72-1gG is still absent. A differentiation between “recent” and “past (without
p72-IgG )” is here achieved through the detection of a low-avidity p18-IgG in
combination with an p23-IgG that already shows high avidity.

These cases demonstrate the efficiency of EBV serology by line assays and show the
significance of the avidity determination with the aid of this method. The application of
the recomLine EBV assay (Mikrogen) in avidity determination naturally allows
determining the avidity of antibodies against several antigens in parallel. Figure 5
outlines the idealized progression (basic pattern) of the serological response and its
avidity maturation following an acute EBV infection. At first, a successive occurrence
of the markers BZLF1-IgG, p54-1gG, p138-IgG , and p23-IgG is noticeable in the
beginning, before the late markers p18(mod)-IgG and p72-IgG appear. p23-IgG exhibits
low avidity early on. The late markers normally appear successively, first p18-IgG and
then p72-IgG. They too initially show low avidity, which matures to higher avidity later
on. With it the approach to a rational and reliable appraisal is specified: if both late
markers are present, an acute EBV infection can be ruled out. An additional
investigation of the status with the aid of avidity determination will normally not be
necessary in case of these sera. If one of the two late markers is missing, then the
detection of the other late marker nevertheless allows, supported by the high avidity of
the detected marker and the high avidity of p23-IgG, to reliably diagnose the infection as
“past EBV infection.” An analogous procedure would be followed when in very rare
cases both markers are present, while p23-IgG is missing.
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Fig. 5 Basic pattern of appearance of the IgG response after EBV infection measured by the recomLine assay. At
the onset of disease, antibodies against BZLF1 (immediate early protein), p138 and p54 (early proteins), are the first
ones to be detectable and usually still exhibit low avidity, as demonstrated by the urea-treated parallel test strip. Low-
avidity IgG against p23 (viral capsid antigen) appears next. While the avidity of p23-IgG is maturing, the late markers
p18-I1gG (directed against the modified p18, viral capsid antigen) and p72-IgG (directed against EBNA-1) appear after
3—4 weeks after the onset of disease and show avidity maturation later on. In past infection, p23-IgG, p18-1gG, and
p72-1gG exhibit high avidity. IgG directed against p138, p54, and BZLF1 may disappear or remain detectable. In
contrast to p72-, p23-, and p18-1gG, IgG against the BZLF1, p54, and p138 may exhibit low avidity even in past
infection. This finding is explained by the recognition of new epitopes during silent and clinically irrelevant reactivation
of the virus. Therefore, avidity determination for the distinction between acute and past infection has to be restricted to
p23-, p18-, and p72-IgG. As shown in Table 2, in a significant percentage of people, certain markers may be missing.
This diagnostic problem can be resolved through the determination of two late markers, combined with avidity
measurement.




Through the use of line assays with recombinant antigens in combination with
avidity measurement in the same test systems, a high diagnostic reliability can be
achieved for each individual case. Avidity determination is only necessary in cases
which are seropositive for EBV, but have no detectable late markers. The additional
time and effort required for an avidity determination is therefore reserved for a selected
segment of sera, but then it will ensure an accurate diagnosis in the individual case.

6 Diagnostic Examples

Figure 6 exemplarily demonstrates the use of a commercial line assay with recombinant
antigens (Mikrogen) for the serological analysis of acute EBV infection in Case #1.
Cases #2—#4 are then discussed without showing the original line assays. Case #1: a
17-year-old girl showed the symptoms of infectious mononucleosis . The first serum
sample was taken 1 day after the onset of disease. It was positive for p138-IgG and
p54-1gG. P23-IgG was below the cutoff. This constellation indicated seropositivity for
EBV. Based on our knowledge of the variability of the serological response as outlined
in the chapter before, the constellation was in line (1) with the assumption of acute
infection and (2) with the less likely assumption that it was a past infection with missing
p72- and p18-IgG and very low p23-IgG. Serum #2, taken 4 weeks later, showed the
increase in the p23-IgG response that was still of low avidity and thus allowed the
conclusive diagnosis of acute EBV infection. A control after 8 additional months
confirmed this statement and showed the appearance of the late markers p72- and
p18(mod)-IgG that showed high avidity, like p23-IgG.
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Fig. 6 Application of a commercial EBV line assay, including avidity determination. Serum #1 was taken at the onset
of EBV-related symptoms in a 17-year-old girl and was tested in the line assay with recombinant antigens. The next
serum (serum #2) was taken 4 weeks later and final control was taken 8 months later (serum #3). Serums #1-3 are
directly compared (positions 1-3). Positions 6—7, 9—10, and 12—13 show the avidity determination for sera #1-3.
Positions 6, 9, and 12 are the control tests; positions #7, 10, and 13 are the tests treated with urea after first incubation.
Positions 17-30 are repeats of the avidity determination and demonstrate the interassay reproducibility of the test
system

In most cases, p23-IgG is present in the first sample and thus avidity determination
1s possible and useful to secure the serological diagnosis. This is especially relevant in
cases where the clinical symptoms are not convincingly clear or the age of the patient is
not typical for primary EBV infection.

Case #2 1s a 50-year-old male patient with lymphadenitis and fever. He was found
positive for VCA-IgG and VCA-IgM using indirect immunofluorescence and anti-
EBNA-1 negative in an ELISA test. Though this constellation is typical for acute EBV
infection, in light of the untypical age of the patient for primary infection, the task was to
exclude that positive VCA-IgM was due to reactivation, and negative anti-EBNA-1 was
due to loss of anti-EBNA-1 under immunosuppression . The serum was found positive



for p23-, p138-, and p54-1gG in the line assay with recombinant antigens. All three
markers were of low avidity and thus allowed secure diagnosis of acute EBV infection.

Case #3 1s a 36-year-old male patient from the oncological ambulance, showing
multiple lymphomas. Testing his serum in the line assay with recombinant EBV antigens
showed p23- and p54-1gG of low avidity and p138-IgG of high avidity. Low avidity of
p23-IgG combined with the absence of late markers was taken as indication for acute
EBYV infection.

Case #4 1s a 22-year-old male patient with symptoms of infectious mononucleosis .
The serum showed isolated p23-IgG; thus, the missing late markers were indicative for
acute infection, but the absence of p138- and p54-IgG was unusual. Therefore, avidity
determination was used for clarification. The isolated p23-IgG was of low avidity and
thus allowed the serological diagnosis of acute EBV infection. This case i1s contrasted
by numerous cases (data not shown) where isolated p23-IgG was of high avidity and
therefore did not allow the diagnosis acute EBV infection. Rather, they seemed to
represent rare cases with both late markers missing despite past infection.

7 Additional Methods for EBV Serology

The section on immunofluorescence techniques has taught us the principles and
problems of EBV serology; the subsequent sections have shown us how the use of
recombinant antigens in combination with avidity determination can resolve most cases.
Thereby the high variability of the serological response has to be kept in mind. Based
on these facts, any format of a test system can be used that utilizes defined, purified
antigens at sufficient concentration and combines several antigens to allow
differentiation between early and late markers and to cope with the stochastics in the
immune system that leads to unusual cases. Therefore, the evaluation of any new test
system must not be based solely on selected “typical cases” for past and acute EBV
infections as these only reflect part of reality (as shown in Table 2).

8 Enzyme Immunoassay (EIA) Testing

EIA tests by several manufacturers with purified recombinant antigens, native antigens,
or synthetic peptides have been on the market for many years [33, 34]. Certainly, their
advantage is their speed of operation and, especially in the case of robotic systems [35,
36], significantly less hands-on time, compared to the line assay. This fact and the
pricing is certainly the reason that most commercial diagnostic virology labs use the
EIA format for conducting EBV serology. All EIAs deal with the same restricted set of
antibodies, i.e., anti-VCA-IgM , anti-VCA-IgG , and anti-EBNA1-1gG, some of them
including also anti-EA [33, 34]. Principally, the three main test parameters should
suffice to clearly determine seronegativity as well as past infection with classical



serological markers and thus allow a secure conclusion in about 80 % of routine sera.
Due to the variability of the serological response, these three markers are, however, not
sufficient to unequivocally discriminate between acute infection on one side and past
infection with either missing anti-EBNA-1 or secondary loss of anti-EBNA-1 on the
other side. VCA-IgM is not discriminating between these cases, as it may be aberrantly
missing during acute infection in some cases and may either persist or become
reactivated in cases with past infection but negative anti-EBNA-1. Therefore, up to 20
% of cases from routine diagnosis can be expected to require other methods, like the
line assay in combination with avidity determination in addition to EIA testing. In line
with these findings, it is not surprising that, in a comparative analysis with IFA as the
reference standard of the time, Gértner et al. concluded that among four manufacturers of
EIAs, due to the different composition of antigens and different interpretation criteria,
only two of the tests were useful. Therefore, the authors emphasized the need for a
standardization of the interpretative criteria between manufacturers [34]. A more
recently developed robotic chemiluminescent microparticle assay (CMIA) system,
which belongs to the larger EIA test group as well, compared favorably with the IFA
and the line assay in two comparative analyses, with sensitivities and specificities for
correctly categorizing primary infection, past infection, and seronegativity of well
above 90 % [35, 36]. If sequential testing was applied, i.e., anti-EBNA-1 testing was
done first, a substantial cost saving was obtained. In cases of positive anti-VCA-IgM,
additional anti-CMYV -IgM testing was recommended in one study, because cross-
reactivity of anti-VCA-IgM in CMV primary infections was frequently observed [36].
The overall favorable performance of the CMIA accords with our own experience when
we compared CMIA results for 90 routine sera with the results of the line assay as the
reference standard of today. Only less than 5 % of our routine serum panel could not be
clearly resolved by the CMIA (unpublished data). Therefore, it is reasonable to use a
suitable robotic EIA format for routine testing in the commercial diagnostic virology
laboratory. However, a small percentage of more complex or problematic clinical cases
which cannot be resolved by EIA tests should be followed up with the line assay which
provides a more differentiated conclusion, including the two abovementioned late
markers and avidity testing .

9 PCR Testing

Besides CMV , EBV is the major viral pathogen in solid organ or bone marrow
transplant patients demanding regular viral load determination in patient groups at high
risk of acquiring posttransplant lymphoproliferative disease (PTLD) . The risk to
acquire EBV disease is particularly high, when the organ donor and recipient are
discordant and the organ recipient is seronegative for EBV. Because serological
reactivation, e.g., as documented by anti-VCA-IgM positivity or additional parameters,



does not correlate with the viral load in immune-suppressed patients, EBV serological
testing is not useful at all in this patient group, besides for establishing past infection
[37]. Thus, while serological testing is applied to differentiating primary infection, past
infection or seronegativity in individuals with a functional immune system, EBV testing
in patients with immune suppression or EBV-associated malignancies is the domain of
PCR testing. Together with quantitative anti-EBV-IgA antibodies as an adjunctive
marker, blood viral load testing may be used for screening, for the detection of relapses,
and for therapy monitoring of EBV-associated malignancies in high prevalence areas
[38, 39].

Numerous commercial and in-house quantitative PCR formats are in use. If utmost
sensitivity of virus detection is desired, the internal viral BamHI W-repeat which
occurs between 7 and 11 times per viral genome is usually used as PCR target. For
exact viral load quantitation, however, a viral single-copy gene must be the target of
choice. Because many different viral genes are targeted by PCR assays, international
standardization of quantitative PCR results may improve comparability in the future.
Regarding the sample of choice, any clinical material may be analyzed for viral load,
1.e., serum, plasma, whole EDTA blood, peripheral blood mononuclear cells (PBMCs),
or tissue biopsies. Suspicion of EBV-positive PTLD must be raised, when the viral load
rises between 10,000 and 100,000 copies/mL serum, plasma, or whole blood or
between 1000 and 10,000 copies/million isolated PBMCs. However, it is important to
keep in mind that there is considerable variation in viral loads, that also much lower
viral loads can signify manifest PTLD, and that no clearly defined threshold and no
single preferred type of clinical material exist in diagnosing PTLD. In most
laboratories, whole blood is used for initial screening [40]. In case of doubt, more than
one type of sample have to be tested, and serial monitoring of the same sample type is
helpful to notice dynamic changes also of low viral loads in time and thereby speed up
therapeutic intervention [38, 41]. Particularly, PTLD of the central nervous system
sometimes coincides with zero viral copies/mL of peripheral blood. In such cases, in
situ hybridization for EBV-encoded small nuclear RNAs (EBERS) in tissue sections
from brain biopsies is frequently needed to unequivocally diagnose EBV-positive PTLD
[42].

In the following, we give a short description of the real-time PCR procedure, as it is
used in the Regensburg Clinical Virology lab to quantify EBV DNA [43]:

1. Isolate nucleic acids from clinical material (serum, EDTA blood, EDTA plasma,
PBMCs , or tissue biopsies) using an isolation kit according to the instructions of
the manufacturer, e.g., QlAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany).

2. Prepare the master mix according to the instructions of the manufacturer. The
master mix should contain dNTPs, heat-stable DNA polymerase enzyme, buffer,



salts, primers, and fluorescent probe, according to the instructions of the
manufacturer.

3. Froma total elution volume of 200 pL, add 5 puL of isolated nucleic acids for each
PCR reaction in a 96 well plate, yielding a total volume of 50 uL per reaction.

4. Cover the 96 well plate and start the programmed PCR machine.

5. We use TagMan probes and Step-One-Plus machines from ABI.

6. Sense primer: 5'-TGACCTCTTGCATGGCCTCT-3'.

7. Antisense primer: 5'-CCTCTTTTCCAAGTCAGAATTTGAC-3'.

8. Probe: FAM-5-CCATCTACCCATCCTACACTGCGCTTTACA-3"-TAMRA.

9. This primer-probe set amplifies a segment from the alkaline exonuclease gene of
EBV (BGLFS) .

10. The PCR profile consists of 45 cycles at 95 °C for 15 s and 60 °C for 60 s,
preceded by a denaturation step at 95 °C for 10 min, then cooling to 25 °C, until
the machine 1s opened.

11. Tenfold serial dilutions of plasmids containing the respective target sequence have
to be amplified in each run, serving as quantitation standard and positive control.
The detection limit of this quantitative EBV assay is at 2.5 plasmid copies per
reaction, corresponding to 500 genome equivalents (641 IU/mL) per mL serum.
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Abstract

Lymphoblastoid cell lines (LCLs) can be generated easily by in vitro EBV infection of
B lymphocytes collected from any individual. In vitro, these EBV-infected B cell
cultures yield proliferating, transformed lines referred to as lymphoblastoid cell lines
(LCLs).

Key words Mononuclear cells — B95-8 — Akata — LCL — Cyclosporin A

1 Introduction

EBYV shows a high degree of B cell tropism. Human B cells can easily be infected with
EBV in vitro. Its receptor is the B-lymphocyte-specific surface molecule, CD21
(receptor for the C3d fragment of complement), and it uses HLA class Il molecules as
co-receptors. Proliferation of B cells is induced by the complex interaction of EBV-
encoded proteins with cellular proteins. Latent infection of B cells leads to
transformation and generation of LCLs with unlimited growth capacity in vitro [1, 2].
Expression of the full set of EBV-encoded proteins detected in the LCLs is
designated as “growth program” [3] or is referred to as type Il latency [2]. The set of
EBV-encoded proteins expressed in these cells comprises six proteins localized in the
nucleus, EBNA 1-6 (alternatively called EBNA-1, EBNA-2, EBNA-3A, EBNA-3B,
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EBNA-3C, and EBNA-LP), and three cell membrane-associated proteins, LMP-1,
LMP-2A, and LMP-2B [4]. LCLs also express two small untranslated nuclear RNAs
(EBER1 and EBER2) and the BART (BamHI-A region rightward transcript) RNAs [4].
The functions of the different EBV-encoded proteins in the transformation process and in
the maintenance of proliferation have been characterized in LCLs.

LCLs have the phenotype of lymphoblasts, of activated B cells: they express at high
level activation markers (CD23), adhesion molecules (LFA1, LFA3, ICAMI1), and MHC
class I and II molecules [5].

In addition to the in vitro infection of B cells with EBV, LCLs can also emerge
spontaneously from the blood of EBV-positive individuals or their tissue explants that
contain EBV genome-carrying B lymphocytes when the in vitro condition modifies or
eliminates the immunological cell-mediated controls [6].

The EBV strain that is most commonly used in the laboratory for generation of LCLs
is derived from the marmoset cell line B95-8 [7]. Another EBV strain that is used for
generation of LCLs is derived from the Burkitt lymphoma line Akata [8]. Recombinant
variants of both EBV strains, e.g., carrying antibiotic-resistant genes or GFP, have been
generated (reviewed in [9]).

2 Materials
2.1 Isolation of Mononuclear Cells from Blood

1. Heparinized blood (peripheral or cord blood) or buffy coat.
2. Ficoll-Paque or Lymphoprep.

3. Sterile 15 or 50 mL tubes.

4. Sterile PBS.

5. Pipettes.

6. Complete RPMI medium: RPMI 1640 with 10 % fetal calf serum (FCS), 100 ng/mL
penicillin, and 100 pg/mL streptomycin.

7. Ammonium chloride lysing solution (commercial).



2.2 Virus Production
1. B95-8 or Akata cell lines.

2. Complete RPMI medium: RPMI 1640 with 10 % FCS, 100 U/mL penicillin, and
100 pg/mL streptomycin.

3. RPMI 1640 medium with 2 % FCS, 100 U/mL penicillin, and 100 pg/mL
streptomycin.

4. Affinity purified antthuman immunoglobulin G (IgG) antibody.

5. Sterile 0.45 pm pore filter.

2.3 In Vitro Infection with EBV

1. Sterile tubes (15 mL) with a round bottom.
2. Cell culture plates with 24 or 48 wells and 75 cm? culture flasks.

3. Complete RPMI medium: RPMI 1640 with 10 % FCS, 100 U/mL penicillin, and
100 pg/mL streptomycin.

4. 1 mg/mL cyclosporin A (CsA) solution.

3 Methods

3.1 Isolation of Mononuclear Cells from Blood

The method is based on differences in density of the different cell types. Granulocytes
and erythrocytes have a higher density than mononuclear cells and therefore sediment
through the density gradient of Ficoll-Paque or Lymphoprep layer during centrifugation.
Lymphocytes, monocytes, and platelets are not dense enough to penetrate into the Ficoll-
Paque layer. These cells therefore collect as a concentrated band at the interface
between the original blood sample and the Ficoll-Paque (see Note 1 ).



1. Dilute blood with an equal volume of PBS (see Notes 2 and 3 ).

2. Carefully layer the blood on Ficoll-Paque (see Note 4 ). When layering the sample,
do not mix the Ficoll-Paque and the diluted blood sample (see Notes 5 and 6 ).

3. Centrifuge the samples in a swing-out rotor at 18—-20 °C with 400 x g for 20 min.
The brake of the centrifuge must be set at zero to avoid disturbing the mononuclear
cell layer that forms during centrifugation.

4. The mononuclear cells are found in the layer (“ring”) that is formed at the interface.
Collect them into a clean tube (see Note 7).

5. Add at least three volumes of PBS to the cells and centrifuge for 10 min with 200 X
g.

6. Discard supernatant and repeat the washing step by filling up the tube with PBS and
centrifuging it again for 10 min with 200 x g (see Note 8 ).

7. Resuspend the cells in complete RPMI medium and count them. This cell
suspension contains highly purified, viable lymphocytes (T and B cells) and
monocytes (see Note 9 ).

8. At this point, purified mononuclear cells are ready to be exposed to EBYV, leading to
infection of B cells. Alternatively, cells can be frozen, kept in liquid nitrogen, and
infected at a later time point (see Note 10 ).

3.2 Virus Production

3.2.1 Production of Virus-Containing Supernatant from the
B95-8 Cell Line

The B95-8 marmoset cell line [5] is used to produce supernatant which contains
transforming, infectious virus particles. B95-8 is the prototype laboratory EBV strain
and, in the majority of cases, it is the EBV strain of choice for generation of LCLs. The
virus 1s derived from a mononucleosis patient. It was passed to the marmoset cell line
trough the supernatant of the LCL established from the patient’s blood cells. Under
normal culture conditions, a small percentage of B95-8 cells can be found in the lytic



cycle. However, the cell line can produce a significant amount of infectious viral
particles when it is cultured in medium with low serum concentration. This culture
condition triggers the lytic cycle in a considerable number of cells:

1. Culture B95-8 cells in complete RPMI medium containing 10 % FCS (see Note 11
). When a sufficient number of cells grow in the logarithmic phase (see Note 12 ),

centrifuge the cells and start a new culture at 2 x 10%/mL density in complete RPMI
medium that contains 2 % FCS (instead of 10 %). Culture the cells for 2 weeks at
37°Cina$5 % CO, humidified incubator without changing the medium.

2. Atthe end of the 2-week period, collect culture media and centrifuge it at 300 x g
to sediment cells and cell debris.

3. Collect the supernatant without disturbing the pellet. Next, filter the supernatant
through a sterile 0.45 um pore filter to eliminate all cells and store it at 4 °C. The
supernatant produced in this way has a virus titer high enough to be used directly,
without concentration, for generation of LCLs.

3.2.2 Production of Virus from the Akata Cell Line

Akata 1s a Burkitt lymphoma cell line that can be induced to produce infectious virus by
surface immunoglobulin cross-linking [6]:

1. Culture Akata cells in complete RPMI medium, according to standard protocols.
For lytic cycle induction, pellet the cells by centrifugation and resuspend them in a

fresh medium at a density of 4 x 109 cells/mL. Add antihuman IgG antibody at a

concentration of 50 pg/mL to the medium (see Note 13 ), and incubate the cells at
37 °C for 4 h.

2. Add an equal volume of fresh complete RPMI medium, diluting the cells at 2 x
10%mL density. Culture them for 5 additional days in this medium.

3. Onday 5 collect the culture media and centrifuge it at 300 % g to sediment the cells
and the cell debris.

4. Collect the supernatant without disturbing the pellet. Next, filter the supernatant



through a sterile 0.45 um pore filter to eliminate all remaining cells and store it at 4
°C. The virus supernatant produced in this way can be used directly, without
concentration, for generation of LCLs. Usually, the supernatant produced from
Akata by this method has a higher titer than the one produced from B95-8 cells.

3.3 Generation of LCL from Mononuclear Cells

3.3.1 In Vitro-Transformed LCLs

. Expose the purified mononuclear cells (described at Subheading 3.1) to virus-

containing supernatant. Pellet 3—5 x 100 cells by centrifugation, discard the
medium, and resuspend the cells in 3—5 mL B95-8 supernatant or 1-2 mL
supernatant obtained from Akata. If the virus titer is high, cell numbers can be
increased.

. Incubate cells with the virus-containing supernatant at 37 °C for 2 h (see Note 14 ).

. Pellet the cells by centrifugation, discard the supernatant, and resuspend the cells at
5 x 10°/mL density in complete RPMI medium that contains 0.4 pg/mL cyclosporin
A (see Note 15).

. Distribute 1 mL of cell suspension/well of a 48-well plate, thus each well will
contain 5 x 10° cells. If higher numbers of mononuclear cells are available, 2 mL of

cell suspension/well can be distributed to a 24-well plate (106 cells/well).
Maintain the cultures in a humidified incubator at 37 °C with 5 % CO.,.

. Feed the cultures weekly by replacing half of the medium with fresh medium
containing CsA .

. After about 3 weeks, foci of EBV-transformed B cells will start to grow. When the
cultures grow well, cells can be transferred first to a 24-well plate, then to a 12-

well plate, and later to 75 cm? flasks (see Note 16 ). After about 5—6 weeks, LCLs
are stable and will grow continuously.

3.3.2 Spontaneous LCL from Blood of EBV-Seropositive



Donors

LCLs can be generated from the mononuclear cells of an EBV-seropositive donor
without infecting the cells in vitro. In this case, the LCL will grow out from the B cells
that were infected in vivo with EBV. These LCLs will thus carry a unique EBV strain:

1. Purify mononuclear cells from the blood of an EBV-seropositive donor as

described at Subheading 3.1. Resuspend the cells at 5-10 x 10°/mL density in
complete RPMI medium that contains 0.4 pg/mL CsA .

2. Distribute 1 mL of cell suspension to wells of a 48-well plate. Maintain cultures in
a humidified incubator at 37 °C with 5 % CO,.

3. After about 5—6 weeks, small foci of EBV-transformed B cells will appear (see
Note 17 ). When the cultures grow well, cells can be transferred first to a 24-well

plate, then to a 12-well plate, and later to 75 cm? flasks (see Note 16 ).

4 Notes

1. The temperature of Ficoll-Paque should be at 18-20 °C, at which temperature its
density 1s optimal for the separation. At lower temperature, the density of Ficoll-
Paque is greater, so granulocytes and red blood cells are prevented from entering
the Ficoll-Paque layer.

2. Anticoagulated blood from different sources may be used. Peripheral blood can be
used undiluted, while cord blood and buffy coat should be diluted. At high
densities, erythrocytes aggregate and lymphocytes get trapped within the clumps,
thus sedimenting together with the erythrocytes. Dilution of blood reduces the size
of the red cell clumps and their trapping tendency and allows a better lymphocyte
yield. Since erythrocyte numbers are especially high in cord blood and buffy coat,
dilution of those samples is particularly important.

3. 10-20 mL of blood is sufficient to isolate enough mononuclear cells for generation
of LCLs. Even smaller volumes can be used, but extra care should be taken not to
lose cells during the separation process.

4. Ficoll-Paque can be substituted with Lymphoprep in this protocol.



10.

11.

For smaller volumes of blood, use 15 mL tubes with 3 mL Ficoll-Paque and
overlay 5 mL diluted blood. For bigger volumes of blood, use 50 mL tubes
containing 10 mL Ficoll-Paque on which you overlay 25 mL diluted blood.

To avoid mixing the blood with the Ficoll-Paque layer, overlay the blood by
letting it run down slowly on the wall of a tube tilted at approximately 45 angular
degrees.

First discard the upper layer (diluted plasma) without disturbing the mononuclear
cells. In this way, collection of the mononuclear cells is easier and leads to less
contamination with thrombocytes. Care should be taken to avoid the lower, Ficoll-
Paque layer, since that will result in contamination with red blood cells.

This washing procedure will yield efficient removal of platelets from the
lymphocytes in the majority of cases.

Contamination with erythrocytes (red blood cells) is common, if cord blood was
used as a starting material. Even though the presence of some erythrocytes would
not interfere with transformation , heavy contamination, i.e., when the cell pellet is
basically red, could have negative effects on transformation. In this latter case, we
recommend either repeating the Ficoll-Paque separation again (Subheading 3.1,
steps 2—7) or lysing the erythrocytes with ammonium chloride lysis buffer
(commercially available). From these two possibilities, lysis is more efficient in
eliminating the contamination with red blood cells. In order to lyse red blood
cells, resuspend the cell pellet in 5 mL lysis buffer (in a 50 mL tube) and keep the
cell suspension on ice for 5 min after which 45 mL of PBS 1s added and cells are
centrifuged. Wash the cells one more time with PBS. Resuspend cells in complete
RPMI medium and count them. Contamination with erythrocytes should be greatly
reduced now, and cells are ready for infecting them with EBV.

Mononuclear cells can be frozen in 10 % DMSO in fetal calf serum using a
controlled rate freezer and thawed on the day of EBV infection.

Work with the virus producer cell lines and virus-containing supernatant should be
performed in biosafety level 2 cabinets.



12.

13.

14.

15.

16.

17.

If LCLs will be regularly established, it is convenient to produce a larger (200—
500 mL) volume of virus-containing supernatant. For this volume, a starting

number of 40—-100 x 10° B95-8 cells are needed.

Make sure that the antthuman IgG antibody is functional grade, 1.e., it should not
contain sodium azide that is toxic to cells. This compound is frequently added to
antibody products in order to prevent microbial contamination.

This incubation step can be done in 10 mL round-bottom tubes, in which the cells
were pelleted.

Cyclosporin A (CsA) is added to the culture to inhibit the function of EBV-
specific T cells that are present in case that the blood donor is EBV positive. If
CsA 1s not added, these EBV-specific memory T cells get activated by the freshly
infected B cells and inhibit the outgrowth of LCLs [10]. Adding CsA to cultures
derived from all donors 1s recommended, because it eliminates the necessity to
determine the EBV status. However, if the mononuclear cells were purified from
cord blood, CsA may be omitted, since these cultures lack EBV-specific memory
T cells.

The gradual transition of cultures to larger wells is important, because the cell
density is important for growth. At early time points, just change half of the
medium with fresh one and disperse the cells present in clumps by pipetting.
Transfer cells to bigger wells only after many, big clumps are formed and the
medium turns yellow due to metabolic activity and proliferation.

When spontaneous LCLs are generated, the presence of growing EBV-transformed
B cells in the cultures becomes evident after a longer culture time than during the
establishment of LCLs with in vitro infection (Subheading 3.3.1). This is due to
the low frequency of B cells that carry EBV in a healthy donor.
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Abstract

While numerous model systems are available to study EBV latency in B cells and have
contributed greatly to our understanding of the role of these cells in the viral life cycle,
models to study the EBV life cycle in epithelial cells in vitro are lacking. Epithelial
cells are poorly infected in vitro, and EBV-infected cell lines have not been
successfully obtained from epithelial tumors. Recently, we have demonstrated that
organotypic cultures of oral keratinocytes can be used as a model to study EBV
infection in the epithelial tissue. These “raft” cultures generate a stratified tissue
resembling the epithelium seen in vivo with a proliferating basal layer and
differentiating suprabasal layers. Here, we describe generation of EBV-infected raft
cultures established from primary oral mucosal epithelial cells, which exhibit high
levels of productive replication induced by differentiation, as well as methods to
analyze EBV infection.

Key words Epstein—Barr virus — Organotypic culture — Epithelial cells — Stratified
epithelium — Lytic replication — Virus production — gPCR
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1 Introduction

The Epstein—Barr virus (EBV) life cycle in epithelial cells is not as well understood as
that in B cells due to the difficulty infecting epithelial cells in vitro and the inability to
establish EBV-infected epithelial cell lines from cells infected in vitro or from tumors.
While epithelial tumors express latency gene products, productive cycle viral proteins
are observed in the oral epithelium from HIV -infected individuals [1], in contrast to
studies in vitro. In all in vitro systems studied thus far, EBV initially establishes a latent
infection. Productive replication rarely occurs spontaneously but can be induced by
experimental manipulation using various chemicals, cross-linking the B-cell receptor, or
exogenous expression of the immediate-early protein Zta [2—5]. With each of these
methods, only a subset of the infected cells reactivate, and it is difficult to generate
high-titer virus, making the study of productive EBV replication and virion structure
difficult. Organotypic cultures produce a more biologically relevant three-dimensional
tissue that closely resembles that seen in vivo: a basal layer containing mitotically
active stem cells in contact with the basement membrane and suprabasal layers (the
spinosum, granulosum, and corneum layers) in which epithelial cells follow a
programmed pattern of gene expression resulting in spontaneous terminal differentiation.
These cultures are generated from epithelial cells grown to confluence on a dermal
equivalent, leading to formation of tight junctions between the individual cells and cell
polarization. When placed at an air-liquid interface (referred to as “raft” cultures), a
portion of the cells leave the basal layer and begin to terminally differentiate, eventually
forming a multilayered epithelial tissue resembling that found in vivo (Fig. 1) [6]. Using
organotypic or “raft” cultures generated from primary gingival and tonsillar
keratinocytes, our laboratory demonstrated that EBV infection of stratified epithelium
results in high levels of productive replication restricted to terminally differentiating

cells, generally resulting in viral titers of 5 x 10% to 5 x 10!% genome equivalents per
raft by 68 days postinfection [7]. Unlike B cells or epithelial cells in monolayer
culture, productive replication is induced by differentiation alone without the addition
of exogenous agents, providing an important in vitro model of naturally induced highly
productive EBV replication. Most importantly, the EBV productive replication
observed is similar to that observed in vivo in terminally differentiated epithelial cells
of oral epithelial tissue naturally infected with EBV [8—10].
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Fig. 1 Hematoxylin and eosin staining of a section of an uninfected organotypic raft generated from primary oral
keratinocytes. The section shows the dermal equivalent (the collagen plug containing fibroblasts), the basal layer
(where proliferating cells reside), and the suprabasal layers, which begin to differentiate, ultimately losing their nuclei
and disassociating from the raft

Thus, EBV-infected raft cultures are likely to facilitate the study of the life cycle of
EBV in the epithelium, with particular relevance to the study of the EBV productive
cycle and molecular and biochemical analysis of the virion. In this chapter, we describe
how to isolate primary oral mucosal epithelial cells and generate EBV-infected
organotypic cultures. Given the importance of being able to isolate high-titer EBV, we
also describe protocols to isolate and quantify infectious virus from raft cultures.
Finally, we describe methods to analyze EBV gene expression by immunofluorescence .

2 Materials

2.1 Reagents for Isolation and Culture of Primary Epithelial
Cells

1. Epithelial tissue (see Note 1 ).

2. Wash buffer: PBS, 67 pg/mL gentamicin sulfate and 100 U/mL nystatin; make day of
use.

3. 0.05 % trypsin—EDTA.

4. Adenine stock solution (180 mM): to dissolve adenine, add 486 mg adenine to 15
mL dH,O. Add approximately ten drops of concentrated HCI until dissolved, and

then adjust volume to 20 mL with dH,O.



5. 3,3'",5-Triiodo-L-thyronine (T3) stock solution: dissolve 13.6 mg T3 in 100 mL 0.02
N NaOH. Make two 100-fold serial dilutions in sterile PBS to obtain final stock
solution.

6. Hydrocortisone stock solution: dissolve 25 mg hydrocortisone in 5 mL 100 %
ethanol. To generate stock solution, add 4.8 mL of the hydrocortisone solution to
55.2 mL 1 M HEPES, pH 7.

7. To make 10 L E-medium, dissolve 100.3 g powdered DMEM (DMEM with 4.5 g/L
D-glucose and L-glutamine without sodium pyruvate and sodium bicarbonate) and
26.6 gpowdered Ham’s medium (F12 nutrient mixture with L-glutamine, without
sodium bicarbonate) in 6 L of dH,0, and then add 30.69 g sodium bicarbonate, 100

mL penicillin—streptomycin solution (10,000 U/mL penicillin and 10,000 pg/mL
streptomycin stock solution), 10 mL cholera toxin (10 pg/mL stock dissolved in
dH,0), 10 mL adenine stock solution, 10 mL transferrin (5 mg/mL stock dissolved

in PBS), 10 mL T3 stock solution, 10 mL hydrocortisone stock solution, and 10 mL
insulin (5 mg/mL dissolved in 0.1 N HCI). Adjust volume to 10 L with dH,0O, and

adjust pH to 7.1-7.15. Filter sterilize with a 0.2 um pore-size low-protein-binding
filter, divide into 940 mL aliquots, and store at 4 °C in the dark. Prior to use, add
10 mL nystatin (10,000 U/mL suspension) and 50 mL FBS.

8. K-154 medium supplemented with Keratinocyte Growth Supplement Kit (Cascade
Biologics).

2.2 Reagents for Generation of Raft Culture

1. J2 3T3 mouse fibroblasts: use low-passage fibroblasts maintained in DMEM
containing 10 % heat-inactivated newborn calf serum and 25 pg/mL gentamicin
sulfate.

2. 10x reconstitution buffer: 62 mM NaOH, 260 mM NaHCO;, 200 mM Hepes, and
pH 8.2.

3. 10x DMEM (made from powdered DMEM with 4.5 g/L p-glucose and L- glutamine
without sodium pyruvate and sodium bicarbonate).



4. Type 1 collagen from rat tails, approximately 4 mg/mL.
5. 10 M NaOH.

6. Epidermal growth factor (EGF; 1 ng/mL EGF stock solution dissolved in dH,O
supplemented with 1 mg/mL BSA).

2.3 Reagents for Infecting Raft Culture with EBV
1. Akata medium: RPMI containing 10 % FBS.

2. Akata cells (see Note 2 ).

3. Goat anti-human IgG F(ab)?.

4. PBS.

2.4 Reagents for Harvesting Infectious Virus from Raft
Culture

1. Homogenization buffer: 0.05 M Na—phosphate, pH 8. To make 500 mL
homogenization buffer, first combine 13.25 mL 0.2 M NaH,PO,, 236.75 mL 0.2 M

Na,HPO,, and 250 mL dH,O to make 0.1 M Na—phosphate buffer. Dilute 250 mL
chilled 0.1 M Na—phosphate buffer with 250 mL dH,O. Sterilize by filtration
through a 0.2 pm pore-size filter and store at 4 °C.

2. Dry ice—ethanol slurry.
3. Benzonase nuclease (250 U/uL stock solution).
4. 1 M MgCl,.

5. 5 M NaCl.



2.5 Reagents for Quantification of Viral Genomes Using
qPCR

1. Hirt extraction buffer: 400 mM NaCl, 10 mM Tris—HCI, pH 7.4, and 10 mM
EDTA.

2. Proteinase K (20 mg/mL dissolved in dH,0).

3. 10 % sodium dodecyl sulfate (SDS).

4. Phenol—chloroform-isoamyl alcohol (25:24:1).
5. Chloroform.

6. 3 M sodium acetate.

7. 100 % and 70 % ethanol.

8. dH,0.

9. PCR strips and PCR caps.
10. Tagman Universal PCR master mix.

11. BALFS5 PCR primers: 20 uM BALFS5 forward primer (5'-
AGTCCTTCTTGGCTAGTCTGTTGAC-3"), 20 uM BALFS5 reverse primer (5'-
CTTTGGCGCGGATCCTC-3').

12. BALFS5 PCR probe: 5 uM Tagman dual-labeled fluorogenic probe (5'-(FAM)-
CATCAAGAAGCTGCTGGCGGCCT (TAMRA)-3").

13. Sample with known copy number of EBV DNA for generation of standard curve.



2.6 Reagents for Harvesting Raft Cultures for
Immunohistology

1. Tissue cassette with lid.
2. Biopsy sponge.
3. 10 % buffered formalin phosphate.

4. 70 % ethanol.

2.7 Equipment
1. Sterile scalpel.
2. Sterile glass universal with stir bar.

3. 40 31/16" mesh (0.010 SS) wire cloth circles. Bend the edges in several spots (we
used three bends) to create “legs” that raise the grid ~2 mm from the bottom of a
100 mm plate (see Fig. 2a and Note 3 ).
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Fig. 2 Organotypic raft procedures. Stainless steel grids (a) support the rafts (b) that consist of a tissue layer
(white) growing on a collagen support (pink). To remove the raft, the edges are scraped to detach the tis sue

from the grid (c). The raft can then be placed in a biopsy cassette, where the tissue is spread out using forceps
(d and e) prior to sectioning for downstream applications such as immunofluorescence

Dissection kit: forceps and microdissection scissors.
5. 100 mm treated tissue culture plates.

6. Spatula.

7. Disposable plastic pellet pestle.

8. Microcentrifuge.



9. Real-time qPCR machine (DNA Engine Opticon system from Bio-Rad or
equivalent) with appropriate software.

3 Methods

The experimental procedures outlined below describe how to isolate primary gingival
mucosal epithelial cells (Subheading 3.1). The techniques used to generate stratified
and terminally differentiated primary epithelial cells are based on those used to
generate similar tissue from human papillomavirus (HPV)-immortalized cell lines [11,
12] with minor, but essential, modifications for the use of primary epithelial cells
capable of replicating EBV (Subheading 3.2) [7, 13, 14]. Next, we outline how to
inoculate these cultures with EBV-producing B cells (Subheading 3.3), how to harvest
and quantify infectious virus from the cultures (Subheadings 3.4-3.5), and how to
prepare the tissue for histological and immunofluorescence analysis (Subheading 3.6).

3.1 Isolation and Culture of Primary Epithelial Cells

1. Remove tissue from buffer (see Note 4 ), and completely submerge in cold wash
buffer for at least 20—30 min at room temperature, changing the buffer three times.

2. Move the tissue to a clean 100 mm plate containing ~5 mL cold wash buffer. Hold
the tissue with sterile forceps and scrape away the connective tissue and dermis
(soft white tissue) using a clean scalpel (see Note 5 ).

3. Move the epithelial tissue to a clean 100 mm plate containing ~5 mL wash buffer.

4. Aspirate the wash buffer, and mince the tissue using a scalpel and microdissection
SC1SSOTS.

5. To disassociate the epithelial cells from the tissue, place the minced tissue into a
sterile glass universal containing a stir bar with 25 mL 0.05 % trypsin—EDTA.

6. Incubate at 37 °C for 1 h, with slow rotation of the stir bar.
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11.

Following the 1 h incubation, allow the tissue to settle to the bottom of the glass
universal. Remove ~20 mL of the supernatant fraction and neutralize with ~30 mL
E-media.

To obtain additional epithelial cells, add 20 mL fresh 0.05 % trypsin—-EDTA to the
glass universal and repeat steps 7 and 8.

Pellet the cells at 2100 x g for 7 min, and remove the supernatant fraction.
Resuspend the cells in K-154 medium (normally 20 mL per gingiva) and add 10
mL to each 100 mm tissue culture plate.

Incubate the cells at 37 °C and 5 % CO, for 3 days without disturbing, and change
the media every other day thereafter.

At 2 weeks or when cells reach 70 % confluence, passage or freeze the cells.

3.2 Generation of Raft Culture

Trypsinize sub-confluent J2 3 T3 fibroblasts with 0.05 % trypsin—EDTA (see
Note 6 ).

Neutralize trypsin with J2 3T3 medium.

Pellet cells at 2100 x g for 7 min, and for each raft culture, resuspend 6.25 x 10°

J2 3T3 cells in 0.25 mL 10% reconstitution buffer. All work from this point
forward should be performed on ice to prevent the cells from clumping
excessively and to prevent the collagen from solidifying prematurely.

Add 0.25 mL 10x DMEM per raft culture and mix well by pipetting up and down.

Keeping tube on ice, add 2 mL collagen per raft culture, and adjust the pH with 2.4



10.

11.

12.

13.

puL 10 N NaOH per mL of collagen. Mix by inverting the tube for at least 2 min.

For each raft, aliquot 2.5 mL of the collagen containing the J2 fibroblasts in one
well of a six-well plate to form the collagen plug. Tilt the plate to evenly
distribute the collagen, and remove any air bubbles with a sterile pasture pipet.

Incubate the collagen plugs at 37 °C and 5 % CO, for 1-2 h to allow the collagen
to solidify.

Once the collagen has solidified, add 2 mL of E-medium supplemented with 5
ng/mL EGF (5 mL of EGF stock per liter E-media) to each well and allow to
equilibrate for at least 10 min at room temperature.

While the collagen is equilibrating, harvest the primary keratinocytes with 0.05 %
trypsin—EDTA (see Note 7 ). Neutralize the trypsin with E-medium supplemented
with 5 ng/mL EGF.

Pellet the cells at 2100 % g for 7 min and resuspend at a final concentration of 2 x

10° cells/mL in E-medium supplemented with 5 ng/mL EGF. Make sure cells are
completely resuspended, and add 1 mL of cell suspension to each collagen plug.
Incubate at 37 °C, 5 % CO, for ~4 h, to allow the epithelial cells to adhere to the

collagen matrix (see Note 8 ).

To lift the collagen matrices, gently loosen the collagen plug from the six-well
plate by running a sterile spatula around the perimeter of the collagen matrix.
Carefully lift the collagen matrix with the spatula and lay on sterile wire grid in a
100 mm plate so that the epithelial cells are on the upper surface. Gently spread
out the collagen matrix evenly on the wire grid, ensuring there are no folds or air
bubbles beneath it.

Aspirate any residual medium from the raft cultures, wash the raft and grid with
PBS, and apply E-medium at the edge of the plate until it contacts the bottom
surface of the raft. Do not allow any portion of the raft culture to be submerged in
medium as this will prevent the cells from differentiating. Incubate the raft cultures
at 37 °C, 5 % CO.,.

Change the medium for the raft cultures every other day. Be careful not to allow



medium to splash onto the surface of the raft culture as this will interfere with
epithelial cell differentiation.

3.3 Infecting Raft Cultures with EBV

One Day Prior to Infection (Generally, Day 3 Post Airlifting), Induce Akata Cells

1. Resuspend Akata cells at a density of 5 x 10> cells/mL in RPMI supplemented with
10 % FBS (see Note 9 ).

2. Add 100 pg/mL goat anti-human IgG F(ab)? and mix well.

3. Incubate the cells at 37 °C and 5 % CO, for 24 h.

On Day of Infection (Day 4 Post Airlifting) (See Note 10)

4. Harvest the induced Akata cells and wash once in PBS.
5. Resuspend cells in PBS at a final concentration of 1.25 x 107 cells/mL.
6. Aspirate medium from the raft culture immediately prior to inoculation.

7. Score the top of the raft tissue by slicing through the raft repeatedly with a sterile
scalpel (see Note 11 ).

8. Inoculate the raft culture with 200 pL of the Akata cell suspension (2.5 x 10°
cells/200 pL) using a 200 uL pipet, and gently distribute the inoculum across the
surface of the tissue with the pipet tip (see Note 12 ). It is not uncommon for a
portion of the inoculum to spread between the collagen matrix and the basal surface
of the tissue forming a small bubble. This will not damage the tissue.

9. Allow the inoculum to absorb into the surface of the tissue for a few minutes, then
replace the medium in the bottom of the culture dish, and incubate at 37 °C and 5 %
CO, for desired length of time (see Note 13 ).



3.4 Harvesting Raft Cultures for Virus Isolation

Harvesting Raft Tissue

1. Remove the medium from the raft culture prior to harvesting the tissue.

2. Using a sterile scalpel, gently scrap the edges of the tissue toward the center of the
grid to detach the edge of the epithelial tissue from the grid.

3. Separate the tissue (white) from the collagen matrix (pink) using sterile forceps.
Move the tissue to a 1.5 mL microfuge tube and store immediately at —80 °C. Store
the raft tissue at —80 °C until isolation of infectious virus.

Isolating Infectious EBV from the Raft Tissue
4. Thaw the raft tissue on ice and add 500 puL. homogenization buffer (see Note 14 ).

5. Freeze—thaw the tissue by incubation in a dry ice—ethanol bath for 15 min followed
by incubation in a 37 °C water for 15 min. Repeat freeze—thaw two more times, and
cool samples on ice.

6. Using a disposable plastic pellet pestle, grind the tissue 30 times.
7. Move the supernatant fraction to a clean microfuge tube.

8. Wash the pestle and tissue with an additional 250 pL homogenization buffer and
combine with the 500 uL homogenate. Discard any remaining tissue.

Benzonase Treatment to Degrade Non-encapsidated Genomes

9. To the supernatant from each raft (~750 pL), add 1.5 pL benzonase and 1.5 pL 1 M
MgCl,. Mix well.

10. Incubate at 37 °C for 1 h, inverting the tube every 20 min.
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13.

To inactivate the benzonase, add 195 pL 5 M NacCl to each tube and mix.

Pellet cell debris by centrifugation at 2500 x g at 4 °C for 10 min.

Remove the supernatant fraction, which is the virus stock. Aliquot in cryovials in
single-use aliquots to prevent multiple freeze—thaw cycles of the virus. Store at
—80 °C (see Note 15).

3.5 Quantification of Viral Genomes by qPCR

Extracting the Viral DNA (See Note 16 )

1.

To extract viral DNA, combine 10 pL virus stock with 166 puL Hirt buffer, 2 pL of
20 mg/mL proteinase K, and 10 pL of 10 % SDS. Incubate for 2 h at 37 °C with
constant agitation. Extractions are generally performed in duplicate or triplicate.

Following incubation, add equal volume (188 pL) of phenyl-chloroform-isoamyl
alcohol (25:24:1) to each sample and vortex.

Centrifuge for 10 min at maximum speed in microcentrifuge at room temperature.
Remove the aqueous phase (top layer) and place in new microfuge tube.

Add 188 pL chloroform to the extracted aqueous phase from step 4, mix well, and
centrifuge at maximum speed in microcentrifuge at room temperature.

Remove the aqueous phase (top portion) and place in new microfuge tube.

To precipitate the DNA, add 0.1 volume (18.8 uL) 3 M sodium acetate and 2.5
volumes (470 uL) 100 % ethanol. Vortex to mix the samples. Incubate at —20 °C
overnight.
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Pellet the DNA by centrifugation at maximum speed at 4 °C in a microcentrifuge
for 10 min. Decant the supernatant fraction, and carefully wash the DNA pellet
with 300 uL 70 % ethanol. Pellet the DNA at maximum speed at4 °C ina
microcentrifuge.

Decant the supernatant fraction, and dry the DNA samples (see Note 17 ).

Resuspend the DNA in 20 pLL dH,O for ~30 min at 37 °C.

Quantification of Viral DNA Genome Copy Number

11.

12.

13.

14.

15.

16.

The PCR is performed using a 25 pL reaction and is adapted from that previously
described [15]. While the DNA is being resuspended, prepare qPCR master mix
containing 12.5 pL Tagman Universal PCR master mix, 0.25 pL of 20 uM BALF5
forward primer, 0.25 pL of 20 uM BALFS5 reverse primer, 0.5 pL of 5 uM
Tagman dual-labeled fluorogenic probe, and 10.5 uL dH,O for each sample.

Pipet 24 pL of the qPCR master mix into each well of appropriate qPCR strips.
Add 1 pL sample DNA to each well. Cover the wells with cover strips.

Each sample should be assayed in duplicate or triplicate. For negative controls,
use 1 uL. dH,O in place of DNA. To generate a standard curve, prepare a DNA

stock with 1 x 10° genome equivalents per uL in distilled H,O (see Note 18 ).

Generate a standard curve ranging from 1 x 108 to 1 x 10? genome equivalents
using ten-fold serial dilutions of the DNA standard master stock diluted in dH,O.
Use 1 pL of standard DNA per reaction, and perform the standard curve in
triplicate.

To activate the uracil-N-glycosylase, incubate the reaction mixture at 50 °C for 2
min, followed by activation of the AmpliTaq Gold at 95 °C for 10 min. Amplify
the DNA for 40 cycles consisting of 15 s denaturation at 95 °C and 60 s extension
at 60 °C, detecting the fluorescence signal generated at the end of each cycle.

Use the qPCR software to generate a standard curve, for which the R? should be



>0.99, and estimate the number of genomes in each sample based on its fit to the
standard curve. The number of EBV genomes per raft culture can then be
calculated. Using the procedure given here, the number of genomes per raft culture
can be determined by multiplying the number of EBV genomes per PCR reaction
(this equates to the number of genomes per 0.5 pL virus stock) by the dilution
factor.

3.6 Harvesting Raft Cultures for Histology and
Immunostaining

. Soak biopsy sponge in PBS. Drain excess PBS from sponge and place in bottom

portion of tissue cassette.

Remove media from the raft culture prior to harvesting the tissue.

. Using a sterile scalpel, gently scrap the edges of the tissue toward the center to

detach the edge of the epithelial tissue from the grid.

Lift the raft tissue and collagen matrix from the wire grid with forceps and place
tissue side down on the biopsy sponge. Use the forceps to spread the tissue evenly
across the sponge.

. Close the tissue cassette lid and drop the cassette into a beaker filled with 10 %

buffered formalin phosphate. Incubate at room temperature 2—4 h.

Use tweezers to transfer tissue cassettes from formalin to 70 % ethanol where they
can be stored at room temperature prior to sectioning. Sections can then be
deparaffinized and processed for staining with hematoxylin and eosin or
immunofluorescence staining (see Note 19 ).

4 Notes

1.

We obtained the gingival tissue from an oral surgeon performing wisdom tooth
extractions and the tonsil tissue from patients undergoing surgical treatment for



chronic tonsillitis. Tissue can be held in tissue storage buffer (Minimal Eagle’s
Medium containing 0.01 M Hepes, 9 mM sodium bicarbonate, 100 U/mL
penicillin, 100 pg/mL streptomycin, 2.3 pg/mL Fungizone, and 0.37 mg/mL
gentamycin) at 4 °C until processing.

Our laboratory uses wild-type Akata virus to infect raft cultures. We have also
successfully infected raft cultures with recombinant EBV generated from EBV
BAC:s, though productive replication of strains that lack a functional thymidine
kinase gene is attenuated.

Prior to use, clean the wire grids with dichromate acid cleaning solution
composed of 2.5 L concentrated sulfuric acid and 25 mL Chromerge. Make
cleaning solution at least 24 h before use. Soak grids in cleaning solution for 2 h,
and then rinse copiously with running tap water followed by a final rinse in dH,O

for at least 1 h. Autoclave before use.

We pooled the tissue from multiple patients beginning at the wash step to ensure a
heterogeneous cell harvest.

To reduce the risk of contamination, it is advisable to perform multiple rounds of
scraping the connective tissue and dermis from the epithelium, moving the tissue to
clean 100 mm plates containing fresh wash buffer after each round. We typically
use three sets of plates during the harvesting process.

J2 3T3 fibroblasts should be low passage (we use cells below passage 15).
Collagen plugs can be made up to 2 days in advance. Once solidified, add 2 mL of
E-medium and maintain at 37 °C. Prior to seeding epithelial cells, change medium
in dish.

For optimal results, use gingival keratinocytes at passage 0—2 and tonsil
keratinocytes at passage 0 or 1.

EGF is required to facilitate adherence and growth of primary epithelial cells on
the collagen, but it is toxic to the J2 3 T3 feeder cells. For optimal results, the
entire process (from making the collagen matrix to lifting the raft culture) should
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be accomplished in a single day.

This cell density tends to result in the highest number of infectious viral particles
per induced cell, though it does not result in the highest number of infectious viral
particles in the supernatant.

We generally infect raft cultures on day 4 post airlifting, though we successfully
inoculated the cultures at both earlier and later time points.

Scoring (or wounding) the tissue is not necessary for successful infection.
However, it increases the rate of absorption of the liquid into the collagen, helping
to minimize the loss of the inoculum during handling.

Raft cultures can be infected using high-titer cell-free virus. Volumes up to 400 pL
can also be used to inoculate raft cultures when necessary.

Antiviral compounds or other compounds can be added to the medium used to feed
the raft cultures and will gain access to the raft tissue by diffusion through the
collagen.

Virus can be extracted from the raft tissue in PBS if the removal of unencapsidated
genomes 1s not necessary. This change may be particularly important when using
virus for downstream applications that might be sensitive to the high concentration
of salts present in the homogenization buffer.

We found it convenient to extract viral DNA at the same time we harvested the
virus, prior to freezing the virus stocks.

If total DNA is desired, including cellular DNA and all forms of viral DNA, a
commercially available DNA extraction kit such as QIAamp DNA mini kit can be
used.

The DNA pellets can be air-dried at room temperature for ~2—5 h or dried ina
vacuum centrifuge at 3 °C for 30—60 min.



18. We used purified recombinant EBV Akata BAC DNA, which has an estimated

genome size of 180.5 kb [16]. Thus, 197.828 ng/mLis 1 x 10° genome equivalents
per uL. Others have used DNA from cells with a known EBV DNA copy number.

19. We have successfully used antibodies to BZLF1 (BZ1, Santa Cruz), EBNA2 (PE2,
Dako), LMP1 (S12, [17] or CS1-4, Dako), BHRF1 (Millipore), gp350 (2 L10,
Millipore), gp110 (Chemicon), and EA-D (Capricorn).
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Abstract

Considerable insight into the function and mechanism of action of viral proteins has
come from identifying the cellular proteins with which they interact. In recent years,
mass spectrometry-based methods have emerged as the method of choice for protein
interaction discovery due to their comprehensive and unbiased nature. Methods
involving single affinity purifications of epitope-tagged viral proteins (AP—MS) and
tandem affinity purifications of viral proteins with two purification tags (TAP tagging)
have both been used to identify novel host interactions with EBV proteins. However, to
date these methods have only been applied to a small number of EBV proteins. Here we
provide detailed methods of AP-MS and TAP tagging approaches that can be applied to
any EBV protein in order to discover its host interactions.

Key words Epstein—Barr virus — Affinity purification — Mass spectrometry —
Proteomics — TAP tag — SPA tag — FLAG tag — Protein interactions

1 Introduction

Epstein—Barr virus (EBV) encodes over 80 proteins, many of which interact with
specific cellular proteins as part of the mechanism by which they manipulate cellular


mailto:lori.frappier@utoronto.ca

processes and/or fulfill their roles in viral infection. Therefore, identifying the cellular
proteins with which an EBV protein interacts can provide considerable insight into the
function and mechanism of action of that protein. Proteomics methods involving protein
identification by mass spectroscopy (MS) are particularly valuable in this regard,
because they can reveal interactions for which there were no previously known
connections, they allow for detection of cellular proteins for which there are no suitable
antibodies, and they provide an unbiased view of the relative frequency with which
interactions occur. Here we will describe two MS-based approaches for identifying
viral-host protein interactions that have proven to be most useful: affinity purification
coupled with mass spectrometry (AP-MS) and tandem affinity purification (TAP)
tagging. For more detailed comparison of these methods and their applications to
viruses, see Georges and Frappier [1].

In TAP tagging, the viral protein of interest is expressed fused to two tandem affinity
tags separated by a TEV (tobacco etch virus) protease cleavage site. The original TAP
tag, which was developed for use in yeast, is composed of two protein A IgG -binding
domains and a calmodulin-binding peptide (CBP) separated by a TEV protease
cleavage site [2]. TAP-tagged proteins are recovered from cell extracts on IgG resin
(agarose or Sepharose), eluted by TEV cleavage, and then further purified on
calmodulin resin. Eluted proteins are typically analyzed by SDS-PAGE and silver
staining, prior to tryptic digestion of excised bands and protein identification by matrix-
assisted laser desorption/ionization (MALDI) MS (however direct trypsinization and
identification of eluted proteins by tandem MS as described for AP-MS are also
possible). The two purification steps in tandem affinity approaches limit the recovery of
nonspecific protein interactions (as compared to single affinity purifications). However,
a caveat of this method 1s that specific interactions that are weak or transient tend not to
survive the two-step purification and therefore are not detected. In addition to the
classic TAP tag, tandem tags that include 3XFLAG or Strep tags have also been
described and tend to give more efficient protein recovery [3—5]. In Subheading 3.3, we
describe the use of a sequential purification affinity (SPA) tag developed by Zeghouf et
al. [3], which combines 3XFLAG and CBP tags (Fig. 1) and has been used for a variety
of applications including viral-host interactions [6—8].
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Fig. 1 Representation of a TAP tagging experiment using a SPA tag. A tandem affinity purification is shown using the
FLAG and calmodulin-binding peptide (CBP) tags that comprise a SPA tag

TAP tagging methods have been applied to several EBV proteins. This method was
first used by Holowaty et al. [6] to 1dentify interactions between the EBV EBNAI
protein and host proteins, revealing strong, direct interactions with ubiquitin-specific
protease 7 (USP7) and CK2 kinase. These interactions were later shown to be important
for p53 destabilization and promyelocytic leukemia (PML) nuclear body disruption by
EBNAI1 [9-11]. Subsequently, TAP tagging was used by Forsman et al. [12] to identify
cellular interactors with EBNAS (also called EBNA-LP) and by Bailey et al. [13] to
1dentify host interactions with the BZLF1 immediate-early protein. The latter led to the
identification of the 53BP1 DNA damage response protein as a BZLF1 target, an
interaction that appears to be important for lytic viral replication. While the above
experiments were conducted by expressing the TAP-tagged viral protein in the absence
of the virus, Ohashi et al. [ 14] recently constructed recombinant EBV genomes
expressing tandemly tagged (FLAG and HA) EBNA3A , EBNA3B, or EBNA3C
proteins and used them to generate lymphoblastoid cell lines. Tandem affinity
purification of the EBNA3s confirmed their interaction with RBPJ and revealed novel
interactions of EBNA3A and EBNA3B with complexes containing WDR48 and USP46
or USP12 deubiquitinating enzymes.

AP-MS differs from TAP tagging in that it involves a single affinity purification of a
protein containing one epitope tag, most commonly 3XFLAG (Fig. 2), followed by green
fluorescent protein (GFP) and HA. The tagged protein is recovered from the cell extract
using a tag-specific antibody coupled to column resin. After elution, recovered proteins
are typically digested with trypsin and then identified by liquid chromatography (LC)
coupled to tandem MS (MS/MS). For details on this and other MS methods, see
reviews by Chen and Gingras, Kean et al., and Owen et al. [15—17]. AP-MS is a more
sensitive method for detecting protein interactions than TAP tagging, as it can detect
both stable and transient interactions. As a result, it is also more prone to identifying
nonspecific interactions, and measures must be taken to limit and/or filter these
interactions in order to obtain meaningful data. This includes increasing the salt
concentration of the extract above physiological levels, which interferes with
nonspecific interactions to a greater degree than specific interactions, giving cleaner
results. In addition, nucleic acid-mediated interactions frequently occur and can be
limited by incubating the lysates with Benzonase prior to affinity purification. Despite
these measures, some nonspecific interactions will still occur. These can be identified
by the frequency and efficiency (according to total spectral counts) with which the
interacting protein is recovered in AP-MS experiments with unrelated proteins. A
comprehensive database of AP-MS data from 293 cells, called the contaminant



repository for affinity purification data or CRAPome, has been established for this
purpose (http://www.crapome.org/) [ 18] and 1s an excellent resource for identifying
background contaminants in a data set. The most common nonspecific contaminants
include heat shock proteins, keratins, tubulins, actins, histones , translation elongation
factors, ribosomal proteins, and ribonucleoproteins [18].
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Fig. 2 Representation of an AP—MS experiment using a FLAG tag. A typical single affinity purification experiment
with a FLAG -tagged viral protein is shown

A few studies have used AP-MS to investigate host interactions of EBV proteins.
AP-MS performed on FLAG-BZLF1 expressed in 293 T cells by transient transfection
identified an interaction with mitochondrial single-stranded DNA-binding protein
(mtSSB) that contributes to EBV lytic DNA replication while inhibiting mitochondrial
DNA replication [19]. Similar transient expression of the FLAG-tagged EBV tegument
protein BGLF2 in CNE2Z nasopharyngeal carcinoma cells identified interactions with
GMIP and NEKO kinase that appear to be important for cell cycle regulation [20].
BGLF2 was shown to induce the G1/S phase of the cell cycle by increasing p21 levels,
and silencing of either GMIP or NEK9 mimicked BGLF2 expression in inducing p21
and abrogated the ability of BGLF2 to further induce p21. AP-MS a pproaches have
also been applied to EBNAI, in both cases by expressing EBNA1 at low levels in
order to limit nonspecific interactions that can arise due to overexpression. Malik-Soni
etal. [21] used an adenovirus delivery system to express FLAG-tagged EBNA1 in both
EBV-negative and EBV-positive nasopharyngeal and gastric carcinoma cell lines and
compared protein interactions in EBV latent and lytic infection to uninfected cells. The
results showed that previously identified EBNA1 interactions with USP7, CK2,
PRMTS5, NAP1, and TAF-IP occur in the context of both latent and lytic infection. This
study also identified an interaction with nucleophosmin, which was subsequently shown
to be important for the transcriptional activation function of EBNAT [22]. Chen et al.
[23] conducted an AP-MS experiment with FLAG-tagged EBNAI stably expressed in
BJAB Burkitt lymphoma cells and identified interacting host proteins that were excised
from Coomassie-stained polyacrylamide gels. This identified EBNAT1 interactions with
nucleolin and ribosome protein L4, which appear to cooperate in promoting EBNAI
binding to oriP in B cells [24].

An important consideration in AP-MS or TAP tagging experiments is the buffer
conditions used for cell lysis and subsequent protein recovery. Higher salt and detergent
concentrations tend to improve protein recovery but decrease protein interactions. Prior
to the proteomic experiment, the buffer conditions required to efficiently extract the
viral protein from the cell in soluble form should be determined. Proteins that are
associated with insoluble structures (e.g., chromatin and nuclea r matrix) often require
high salt concentrations for efficient extraction. In such cases, the high-salt extraction
method described below (Subheadings 2.1 and 3.1) can be used, followed by dialysis to
physiological salt to allow restoration of protein interactions. If the viral protein is
efficiently recovered in soluble form when cells are lysed in physiological to moderate
salt conditions, then the extraction methods in Subheadings 2.2 and 3.2 are
recommended, as interacting proteins can be recovered directly without the need for
dialysis.




2 Materials
2.1 High-Salt Extraction

l.

TpA buffer: 10 mM HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 1 mM DTT, and

P8340 protease inhibitor cocktail (Sigma). Add about 400 mL water to a 1 L glass
beaker. Weigh 2.36 g HEPES, 0.304 g MgCl,, and 0.748 g KCI and transfer to the

beaker. Add water to a volume of 900 mL. Mix with a stir bar and adjust pH with
HCI (see Note 1 ). Make up to 1 L with water. Sterilize by vacuum filtration and
store at 4 °C. Add the DTT and protease inhibitor just before using (see Note 2 ).

TpB buffer: 50 mM HEPES, pH 7.5, 1.5 mM MgCl,, 1.26 M potassium acetate, and
75 % glycerol. Sterilize by vacuum filtration and store at 4 °C (see Note 3 ).

. Spectra/Por® 18 mm dialysis tubing.

Dialysis buffer: 10 mM HEPES, pH 7.9, 0.1 mM EDTA, 0.1 mM DTT, 0.1 M
potassium acetate, and 10 % glycerol. Make up two 2 L solutions of dialysis buffer
(see Note 4 ).

2.2 Physiological or Moderate Salt Extraction

1.

Physiological or moderate salt lysis buffer: 50 mM HEPES (pH 8.0), 100 mM-300
mM KCI, 2 mM EDTA, 0.1 % NP40, 10 % glycerol, 1 mM PMSF, and 1 mM DTT
and protease inhibitor cocktail (see Note 5 ).

25 U Benzonase (Novagen).

2.3 Recovery of FLAG- Tagged Proteins for AP— MS

l.

Anti-FLAG M2 resin (Sigma-Aldrich).

2. Rinsing buffer: 50 mM ammonium bicarbonate, pH 8, and 75 mM KCl (see Note 6

).



3.

4.

0.5 M ammonium hydroxide: Ensure the pH is 11-12 (see Note 7).

0.1 pg/uL mass spectrometry grade trypsin: Dissolve 20 pg of lyophilized
proteomics grade trypsin (Sigma) in I mL of 1 mM HCI.

2.4 Tandem Affinity Purification Using a SPA Tag

1.

TEV buffer: 10 mM Tris—HCI, pH &, 100 mM NaCl, 0.1 % Triton X-100, 10 %
glycerol, and 1 mM DTT.

Calmodulin Sepharose 4B resin (GE Healthcare).

Calmodulin binding buffer (CBB): 10 mM Tris, pH 8, 100 mM NaCl, 1 mM
imidazole, | mM magnesium acetate, 2 mM CaCl,, 0.1 % Triton X-100, 10 %

glycerol, and 10 mM B-mercaptoethanol.

Calmodulin column: Bend the end of a 200 uL pipette tip using forceps and add 10
uL of glass beads to the bent tip. Place the tip in an Eppendorf tube on ice and wash
the glass beads with 50 uL of CBB. Drain by gravity flow (see Note 8 ).

. Calmodulin elution buffer: 10 mM Tris, pH 8, 100 mM NaCl, 1 mM imidazole, 1

mM magnesium acetate, 5 mM EGTA, 0.1 % Triton X-100, and 10 mM f3-
mercaptoethanol.

5% Laemmli sample buffer: 60 mM Tris—Cl, pH 6.8, 2 % SDS, 10 % glycerol, 5 %
B-mercaptoethanol, and 0.01 % bromophenol blue. Add 1 mL of 1 % bromophenol
blue to 4 mL of 1.5 M Tris—Cl and pH 6.8. Add 10 mL of glycerol and mix. Add 2 g
of SDS and mix until dissolved. Add 5 mL of B-mercaptoethanol and mix. Aliquot
and store at —20 °C.

3 Methods

3.1 AP-MS of FLAG-Tagged Proteins: High-Salt Extraction
Method



The following protocol is one we have used to profile the host interactions of the EBV
EBNALI protein in multiple cell lines [21]. The extraction method is adapted from
Zeghouf et al. [3] and Coulombe et al. [25]. The elution method 1s adapted from Chen
and Gingras 2007 [15]:

1. Harvest cells from 10 to 20 150 cm? plates expressing the FLAG-tagged viral
protein of interest, collect by centrifugation at 1000 x g for 5 min at 4 °C, and
wash cell pellet three times in 10 mL PBS (see Note 9 ).

2. Add 1.33 pellet volumes of TpA buffer followed by ten strokes in a dounce
homogenizer at 4 °C (see Note 10 ).

3. Add 1 pellet volume of TpB buffer to the lysate, followed by ten (additional)
strokes in the homogenizer (see Note 11 ).

4. Incubate lysate at 4 °C or on ice for an additional 30 min.

5. Transfer the lysate from the glass homogenizer to tubes suitable for the Beckman
50 Ti rotor. Clarify the lysate by centrifugation at 37,000 rpm (125,000 % g) ina
Beckman 50 Ti rotor for 2-3 h.

6. Transfer the supernatant to 18 mm dialysis tubing and seal both ends (see Note 12
). Dialyze for 1 hat4 °C in 2 L dialysis buffer. Transfer to the second 2 L of
dialysis buffer and continue dialysis for several hours to overnight at 4 °C with
slow stirring with a magnetic stir bar.

7. After dialysis, transfer the lysate to an Eppendorf tube and spinin a
microcentrifuge at 15,000 rpm (20,000 x g) for 5 min at 4 °C (see Note 13 ).

8. Meanwhile, for each sample, wash a 50 uL bed volume of anti-FLAG M2 resin
with 1 mL IPP buffer and pellet the beads by centrifugation at 1500 % g for 3 min
(see Note 14 ). Repeat twice.

9. Add the clarified lysate from step 7 to the pre-washed resin and rotate end over
end for 4 hat 4 °C.



10.

11.

12.

13.

14.

15.

16.

After the incubation, pellet the resin by centrifugation as in step 8 and discard the
supernatant. Wash the beads twice with 1 mL IPP buffer, followed by three washes
with 1 mL rinsing buffer (see Note 15 ).

After the last wash with rinsing buffer, remove most of the liquid, centrifuge the
sample at 3000 rpm (800 x g) for 5 s, and then remove the remaining liquid with a
narrow-tip pipette.

To elute the protein, add 400 pL of 0.5 M ammonium hydroxide to the beads and
rotate end over end for 15 min at 4 °C. Pellet the beads by brief centrifugation and
remove the supernatant (see Note 16 ). Repeat two more times.

Pool eluates and lyophilize in a SpeedVac overnight or until ammonium hydroxide
has completely evaporated. A white powder should be evident.

Wash the dried pellet in 200 pL HPLC grade H,O, and then lyophilize again. Store
at —80 °C or proceed to tryptic digestion.

For tryptic digestion, first dissolve the lyophilized pellet in 100 pL of 50 mM
ammonium bicarbonate. Then add 7.5 pL of 0.1 pg/uL of mass spectrometry grade
trypsin and incubate overnight at 37 °C. The next day, add 2.5 pL of 0.1 pg/pLL
trypsin to the sample, incubate for another 2 h at 37 °C, and then lyophilize.

Resuspend the lyophilized peptides in 20 uL of 2 % acetonitrile and 0.1 % formic
acid. Clarify the sample by 10 min centrifugation in a microcentrifuge, and then
transfer the supernatant to a fresh tube. The sample can now be loaded on a
reverse phase column for LC-MS or stored at —20 °C.

3.2 AP-MS of FLAG-Tagged Proteins:
Physiological/Moderate Salt Extraction Method

Extraction methods using physiological or moderate salt concentrations can be
conducted with fewer plates of cells, since no dialysis step is required.

1. Harvest five 150 cm? plates of cells expressing the protein of interest as per step 1



in Subheading 3.1 above.

. Resuspend the cell pellet in 1:4 pellet weight—volume of physiological or moderate
salt lysis buffer (see Note 5 ). Incubate on ice for 10 min.

. Freeze the sample in liquid nitrogen or dry ice for 5 min, and then thaw at 37 °C
with agitation (see Note 17 ).

. When thawed, transfer the lysate to a 2 mL Eppendorf tube and spinina
microcentrifuge at 14,000 rpm (18,000 x g) for 20 min at 4 °C. Transfer the
supernatant to a fresh 15 mL conical tube.

. Meanwhile wash 30 pL packed FLAG M2 resin four times in lysis buffer (see Note
14).

. Add 25 U Benzonase and the pre-washed FLAG M2 resin to the supernatant and
incubate for 2 h at 4 °C with end-over-end rotation (see Note 18 ).

. Pellet the resin by centrifugation at 1000 x g for 1 min and discard the supernatant.
Add 1 mL lysis buffer to the resin and transfer the resin lysis solution to a fresh 1.5
mL Eppendorf tube.

. Wash the beads with rinsing buffer, followed by protein elution and trypsinization
as described in steps 11-16 in Subheading 3.1 above.

3.3 Tandem Affinity Purification Using a SPA Tag

Tandem affinity purification methods are useful for revealing stable complexes and can
be used in conjunction with either of the above lysis methods. We have used the
following method (adapted from Zeghouf et al. [3]) to identify interactors with SPA-
tagged viral and cellular proteins [6, 8]:

1. Lyse the cells and incubate the lysate with pre-washed FLAG M2 resin using one of

the above methods.



. Harvest the resin by centrifugation and wash three times with 500 uL TEV buffer.
Remove all of the buffer from the beads after the last wash.

. Add 200 pL of TEV buffer and 30 units of TEV protease to the resin and mix by
end-over-end rotation overnight at 4 °C. TEV will cleave off the FLAG tag,
resulting in elution of the calmodulin-tagged bait protein.

. Meanwhile, prepare the calmodulin resin by washing 50 pL of calmodulin
Sepharose 4B (GE Healthcare) twice with 500 pL of calmodulin-binding buffer
(CBB) (see Note 14 ). After the second wash, remove all the buffer from the resin,
and then add 50 pL of CBB (see Note 19 ).

. Pellet the FLAG M2 resin from step 3 by centrifugation at 1500 x g for 3 min, and
transfer the supernatant (eluate) to a new tube. Add 400 uL of CBB, 0.8 uLof 1 M
CaCl, (final concentration approximately 1 uM), and 25 U of micrococcal nuclease

or Benzonase to the eluate. Incubate for 20 min at room temperature.

. Add 200 pL of cold CBB and the 100 pL slurry of calmodulin Sepharose (prepared
in step 4) to the eluate and mix by end-over-end rotation for 2 h at 4 °C.

. Collect the calmodulin Sepharose in step 6 by brief centrifugation and remove the
supernatant. Wash the resin twice with 500 uL CBB. After the second wash, pellet
the resin and remove all but 200 pL of the supernatant. Resuspend the resin in the
remaining supernatant and transfer it to the calmodulin pipette tip column containing
glass beads (see Note 20 ). Rinse the Eppendorf tube with 500 pLL CBB and
transfer to the column. Wash the column two more times with 500 pL CBB.

. If the sample is to be analyzed by SDS—PAGE coupled to MALDI-TOF MS, elute
the bound protein in a siliconized (low retention) Eppendorf tube by adding 100 uLL
calmodulin elution buffer to the column. Repeat five times and pool eluates.
Perform an additional elution with 200 puL of 1 % SDS at room temperature, which
can be pooled with the other eluates or processed separately (see Note 21 ). The
SDS elution is only used if the sample is to be analyzed by SDS-PAGE prior to
MALDI-TOF or other MS. If samples are to be analyzed by LC-MS/MS, elute with



50 mM ammonium bicarbonate, pH 8, and 25 mM EGTA, and then proceed as in
step 12 in Subheading 3.1 (see Note 22 ).

. Cap the Eppendorf tube containing the eluate and pierce the cap several times with
a needle. Freeze in liquid nitrogen and then desiccate in a SpeedVac to reduce the
volume to ~60 pL. Add Laemmli sample buffer, and boil and analyze the whole
sample by SDS—-PAGE followed by silver staining. Excise silver-stained bands,
reduce, alkylate, and perform in-gel trypsinization as in Shevchenko et al. [26].
Analyze the peptides by MALDI-TOF MS.

4 Notes

Having the magnetic stir bar stirring in the water prior to adding the solids will
help them to dissolve more easily.

DTT has a half-life of only 11 h when stored at refrigerated temperatures (0—4 °C)
at pH 8 and therefore should always be added to the buffer immediately before
use. Aliquots of 100x protease inhibitor are stored at —20 °C and, like DTT,
should be added to the buffer just before using.

The solution will be viscous, so the vacuum filtration process will take much
more time than that for TpA. Since it will be difficult to mix the protease inhibitor
into the TpB buffer, we recommend adding a 2x concentration of P8340 to the
TpA buffer, which will be diluted to 1x once the TpB is added.

Make the dialysis buffer ahead to allow time for it to cool to 4 °C in the cold
room. DTT should be added immediately before use.

The higher the salt concentration, the more protein interactions tend to be
disrupted. However, since nonspecific interactions are disrupted more easily than
specific interactions, the salt concentration can be adjusted to strike the best
balance between reducing nonspecific interactions and retaining detectable
specific interactions. It is also important to verify that the bait viral protein is
extracted in soluble form using the selected buffer conditions.

It is essential that HPLC grade H,O is used to make up both the rinsing and elution



10.

11.

12.

13.

14.

15.

16.

buffers.

We recommend making the elution buffer right before use.

The flow of CBB through the column can be initiated by pushing on the top of the
tip, i1f necessary.

The lower the expression level of the bait protein, the more plates of cells are
required. The cell pellets washed in PBS can be stored at —80 °C or lysed
immediately.

It 1s easiest to determine the amount of TpA to use based on the weight of the
pellet. Assume 1 g of cell pellet is 1 mL. Therefore, for every 1 g of cell pellet,
use 1.33 mL of TpA.

Add 1 mL of TpB for every 1 g of cell pellet.

Begin by sealing one end of the dialysis tube with a dialysis tube closure. Then
add all of the supernatant slowly to the tubing using a long pipette tip. Seal the
open end with a second dialysis tube closure. During dialysis, the volume of the
dialysate will increase. Therefore, to avoid rupture of the tubing, do not
completely fill the tubing, but rather, use enough tubing so that it is only half full
with the extract.

Some proteins may come out of solution during dialysis resulting in a white
precipitate. The precipitated proteins are pelleted by centrifugation in this step.

To transfer the resin, use a pipette tip in which the narrow end has been trimmed
off to give a larger opening.

It is important that the beads are handled gently from this point forward, to avoid
losses of the resin or disruption of bound proteins. To wash the beads, invert the
tube end over end very gently for 30 s.

It is important to avoid collecting any of the resin with the supernatant, as it will
block the column used in LC-MS/MS. One way to avoid transferring any resin is
to remove the eluate using gel loading tips. Additionally, once all the eluate has



been collected and pooled, spin the tube in a tabletop centrifuge on maximum
speed for 1 min to pellet any resin that may have been transferred with the eluate.
Then transfer the supernatant to a fresh tube leaving behind a ~20 pl volume so as
not to disturb the pellet.

17. Remove the sample from the 37 °C bath as soon as it is thawed to avoid protein
degradation.

18. Many proteins bind RNA or DNA nonspecifically, and hence two such proteins
may co-purify because they are both bound to the same nucleic acid fragment.
RNA-mediated interactions are especially a problem due to the high abundance of
RNA-binding proteins in the cell. Benzonase digests RNA and DNA and therefore
adding it at this stage helps to limit nucleic acid-mediated interactions.

19. Use siliconized (low retention) Eppendorf tubes and pipette tips when handling
the calmodulin resin to reduce losses of the resin.

20. While the calmodulin resin can be recovered by centrifugation, the recovery,
washing, and elution of the resin are greatly facilitated by pouring a column.

21. The EGTA in this buffer gradually results in elution by chelating calcium;
however, this elution can be inefficient. Therefore it is recommended to perform
an additional elution with 200 pL of 1 % SDS at room temperature, to recover any
remaining bound protein.

22. If samples are to be analyzed by LC-MS/MS, then no detergents can be used
during the elution step.
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Abstract

The 3D nuclear architecture is closely related to cellular functions and chromosomes
are organized in distinct territories. Quantitative 3D telomere FISH analysis (3D Q-
FISH) and 3D super-resolution imaging (3D-SIM) at a resolution up to 80 nm as well as
the recently developed combined quantitative 3D TRF2-telomere immune FISH
technique (3D TRF2/Telo-Q-FISH) have substantially contributed to elucidate
molecular pathogenic mechanisms of hematological diseases. Here we report the
methods we applied to uncover major molecular steps involved in the pathogenesis of
EBV-associated Hodgkin’s lymphoma. These methods allowed us to identify the EBV-
encoded oncoprotein LMP1 as a key element in the formation of Hodgkin (H-cell) and
multinucleated Reed-Sternberg cells (RS-cell), the diagnostic tumor cell of classical
Hodgkin’s lymphoma (cHL). LMP1 mediates multinuclearity through downregulation of
shelterin proteins, in particular telomere repeat binding factor 2 (TRF2).

Key words Telomere — 3D Q-FISH — Three-dimensional (3D) imaging — 3D
TRF2/Telo-Q-FISH — Hodgkin’s lymphoma — Hodgkin cell — Reed-Sternberg cell —
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1 Introduction

Telomeres are the nucleoprotein complexes at the ends of chromosomes. Telomeric
DNA consists of multiple double-stranded TTAGGG repeats and ends in a single-
stranded overhang of the G rich 3’ strand [1]. Furthermore, a number of specific
proteins, either binding telomeric DNA directly or being associated with telomeric
chromatin, called the shelterin complex, are found on telomeres [2, 3]. Many cancer
cells display chromosomal aberrations that are the direct result of telomere dysfunction
[4, 5], and the 3D organization of telomeres is altered in cancer cells [6, 7].

This basic finding led to an advanced understanding of genetic changes in early
cancer cells and proved that telomere organization is key to genome stability vs.
instability [8, 9]. We have shown that each nucleus has a specific three-dimensional
(3D) telomeric signature that defines it as normal or aberrant. Four criteria define this
difference: (1) nuclear telomere distribution, (2) the presence/absence of telomere
aggregate(s), (3) telomere numbers per cell, and (4) telomere sizes [10, 11].

The bi- or multinuclear Reed-Sternberg cells (RS-cells), the diagnostic element of
Hodgkin’s lymphoma (HL), are derived from mononuclear precursors called Hodgkin
cells (H-cell), via endo-reduplication and have a limited capacity to divide further
[12—14]. H-cells originate from germinal center B cells [15], and small circulating
clonotypic B cells, putative precursors of H-cells, have been identified by flow
cytometry [16]. H- and RS-cells show high telomerase activity [17, 18] and express
abundant telomerase RNA [19].

Using a three-dimensional quantitative fluorescent in situ hybridization technique to
visualize telomeres in cultured cells and biopsies (3D telomere Q-FISH) [8], we
recently characterized the transition from mononuclear H- to multinuclear RS-cells at
the molecular level [20-22]. We demonstrated that RS-cells are true end-stage tumor
cells in both classical Epstein-Barr virus (EBV)-negative and EBV-positive HL. The
number of nuclei in these RS-cells correlates closely with the 3D organization of
telomeres, and further nuclear divisions are hampered by sustained telomere shortening
or loss and telomere aggregation. The increase of very short telomeres and aggregates in
these RS-cells compared to their mononuclear precursor H-cells 1s highly significant (p
<0.01). Such RS-cells contain telomere/DNA-poor “ghost” nuclei and giant “zebra”
chromosomes including up to seven different chromosomal partners as revealed by
spectral karyotyping (SKY). These molecular changes are the result of multiple
breakage-bridge-fusion (BBF) cycles [22].

Analogous findings are observed in an in vitro model for post-germinal center B -
cell, Epstein-Barr-virus (EBV)-associated cHL [23]. In this experimental system, the
EBV-encoded oncogene latent membrane protein 1 (LMP1) mediates multinuclearity



and complex chromosomal abnormalities primarily through downregulation of telomere
repeat binding factor 2 (TRF2) [23]. To further analyze these LMP1-mediated changes,
we developed a combined quantitative 3D TRF2-telomere immune FISH technique (3D
TRF2/Telo-Q-FISH) protocol and applied it to primary H- and RS-cells of EBV-
associated and EBV-negative cHL. TRF2 has recently emerged as a key element of the
shelterin complex [24] and also interacts with lamin A/C in the maintenance of the 3D
genome organization [25].

2 Materials and Methods

Every step has to be carefully performed to guarantee the success of the hybridization.

2.1 3D Telomere Hybridization for Cell Cultures
1. Fixcells in 3.7 % formaldehyde/1x PBS for 20 min.

2. Wash 3% in 1x PBS for 5 min.

3. Incubate in 0.5 % Triton X-100 for 10 min.

4. Incubate in 20 % glycerol for 1 h or overnight.

5. Freeze-thaw treatment: Take the slide with forceps; dip the slide into liquid
nitrogen, until the sound “click” is heard. Place the slide on paper towel and wait
until glycerol thaws (if you have more than one slide, process them one by one).

6. Briefly soak slide in 20 % glycerol and then repeat freeze-thaw treatment three
more times.

7. Wash 3x in 1x PBS for 5 min.
8. Incubate in fresh 0.1 M HCI for 5 min.
9. Wash2x in 1x PBS for 5 min.

10. Equilibrate slides in 70 % formamide/2x SSC pH 7.0 for 1-2 h RT before



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

hybridization (see Note 1 ).

Pull the slide out of the Coplin jar and quickly drain excess liquid. Cover the
coverslip with probe with the selected area of the slide (upside down). Wipe
excess fluid around the coverslip and seal with rubber cement.

Apply <8 pL PNA-telomere probe (DAKO) [amount of probe depends on size of
area to be hybridized] in the dark, add 25 x 25 mm coverslip, and apply rubber
cement to seal.

Denature 3 min 80 °C, and hybridize 2 h at 30 °C (Hybrite™, Vysis/Abbott).
Remove rubber cement carefully and work in the dark (see Note 2 ).

Place slides including coverslips in 70 % formamide/10 mM Tris (pH = 7.4)
shaking until coverslip floats off; wash twice for 15 min in this solution after
coverslip is removed, RT, shaking.

Wash in 1x PBS, RT, one min, shaking.
Wash 5 min at 55 °C in 0.1x SSC, shaking.
Wash 2 x 5 min in 2x SSC/0.05 % Tween 20, RT, shaking.

Stain with DAPI (0.1 pg/mL stock), apply 50 pL, cover with coverslip, and
incubate in the dark for 3 min.

Mount in Vectashield.
Clean Hybrite™ from water and rubber cement.

Image (see Fig. 1).
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Fig. 1 Large mononuclear LMP1 -expressing BIAB-tTA-LMP1 cell at day 7 of culture. (a) Combined 3D
nuclear staining (DAPI: blue; Telomere: red) in transparency mode reveals very short, short, and midsized
telomeres as well as three aggregates (large red dots). (b) 3D telomere (red) reconstruction against white
background increases contrast and enhances visibility of very short telomeres (arrowhead) and the three
aggregates (arrows)

2.2 Paraffin Removal from Hodgkin’s Tissue Sections (5 um
Lymph Nodes Sections)

To remove paraffin: three times 15 min each soak in xylene; wash longer or repeat if the
paraffin is still visible on the slides; then clear the greasy xylene by soaking in a
reverse-graded series of ethanol (start with 100 % and then 75, 70, and 50, 2—-10 min
each; usually 5 min each is sufficient for 5 pm thick sections); dip briefly in ddH20
water (see Notes 3 and 4 ).

2.3 Telomere Hybridization—Hodgkin Tissue Sections
2.3.1 Prepare First

80 °C NaSCN
1. Turn water bath to 80 °C. Put 150 mL of 1 M NaSCN into glass Coplin jar and put



in water bath to warmup. 1 M NaSCN is stored in the hazardous chemical
cupboard below the fume hood.

3.7 % Formaldehyde

1. Mix together 90 mL of 1x PBS and 10 mL 37 % formaldehyde in 100 mL glass
bottle. Set aside in the fume hood.

37° Pepsin

1. Mix in a glass Coplin jar 150 mL ddH20 and 0.75 mL (750 pL) 2 M HCI (50 mL
tube of it on my bench). Put this into the 37 °C water bath.

2. Remove the vial of pepsin from the freezer and put into ice bucket to thaw.

3. Add the 75 pL of pepsin (frozen vial) right before the slides go into that Coplin jar
(see Note 5).

70 % Formamide/10 mM Tris Wash Solution

1. Mix in a brown glass bottle:
(a) 210 mL of deionized formamide (brown bottle in the fridge).

(b) 87 mL ddH,O0.

(c) 3mL1 M Tris pH 7.4 (50 mL tube of it on my bench).

2.3.2 Hybridiztion Steps

2x 8S§C/0.05 % Tween Wash Solution

1. Mix ina 500 mL glass bottle:



(2)

(b)
(c)
(a)

(b)

(c)
(d)
(e)
(®
(2

(h)
(1)

268.5 mL ddH,0.

30 mL 20x SSC.
1.5 mL 10 % Tween.

Deparaffinize the slides in 2 x 15 min xylene washes; put xylene in glass
upright Coplin jars. This incubation is done in the fume hood. Can use xylene
twice before discarding into xylene waste container. After one use, put used
xylene into glass bottle and back into yellow flammable cabinet.

Hydrate the slides in descending alcohol: 5 min each of 100, 70, and 50 %
ethanol.

Put slides into water Coplin jar for 3 min.

Incubate slides at RT in 1x PBS for 5 min, do not shake (see Note 6 ).
Put slides into the 80 °C NaSCN jar for exactly 20 min (see Note 7).
Incubate slides at RT in 1x PBS for 5 min, do not shake.

Put half of the volume, 1.e., 50 mL of the 3.7 % formaldehyde/1x PBS solution
into a vertical Coplin jar. Transfer slides into this vertical Coplin jar and

incubate for 30 min, for 5 um tissue sections). This incubation is done in the
fume hood!

3 x5 min 1x PBS, RT, shaking platform.

10 min 37°C pepsin treatment: at this point, add the 75 pL of pepsin (10
mg/mL) to the 37 °C jar (150 mL), mix with the pipette tip, and then put the
slides in (see Note 5 ).



G)

1 X 5 minin 1x PBS, RT, shaking platform.

(k) 10 min RT, 3.7 % formaldehyde/1x PBS, do not shake.

(1) Apply 8 uL PNA-telomere probe (DAKO) in the dark, add 25 x 25mm

coverslip, and apply rubber cement to seal.

Hybrite Program: Need 3 min 80 °C, 2 h 30 °Cs

1. Put water into little side troughs of the Hybrite machine prior to use.

2. Denature 3 min 80 °C, hybridize 2 h at 30 °C (Hybrite™, Vysis/Abbott).

3.

10.

11.

Put 0.1x SSC into glass Coplin jar and put into 55 °C water bath to warm up.
Remove rubber cement carefully and work in the dark (see Note 2 ).

Place slides with/without coverslips in 70 % formamide/10 mM Tris (pH =
7.4) shaking until coverslip floats off; wash twice for 15 min in this solution
after coverslip is removed, RT, shaking.

Wash in 1x PBS, RT, 1 min, shaking,
Wash 5 min at 55 °C in 0.1x SSC, shaking.
Wash 2 x 5 min in 2x SSC/0.05 % Tween 20, RT, shaking.

Stain with DAPI (0. 1 pg/mL stock), apply 50 uL, cover with coverslip, and
incubate in cardboard slide holder (dark) for 3 min.

Rinse with ddH,0O; put slides into holder and dip 3% in water Coplin jar.

Mount in Vectashield; 1 small drop; cover with coverslip. Clean up Hybrite.



12. Image slide (see Fig. 2).

Fig. 2 3D identification of disturbed nuclear telomere organization in two binuclear LMP1 -expressing
Reed-Sternberg cells. Upper Reed-Sternberg cell (1, 2) is endoreplicating, whereas lower Reed-
Sternberg cell (3, 4) is clearly binucleated. (a) Combined 3D nuclear staining demonstrates telomere poor
nuclei (blue) and identifies both Reed-Sternberg cells as nearly telomere-free. These “ghost” Reed-
Sternberg cells may still contain “t-stumps” only identifiable with 3D-SIM technology [26]. (b) 3D
telomere reconstruction in surface mode confirms virtually telomere-free “ghost” Reed-Sternberg cells
(1, 2; 3, 4) surrounded by mainly midsized telomeres belonging to reactive lymphocytes

2.4 TRF2 -Telomere Immuno-FISH Protocol

Rabbit polyclonal TRF2 (1 mg/mL), Novus (NB110 57130) 1:500 dilution.
Secondary antibody: Goat anti-rabbit Alexa 488 (Molecular Probes).1:1000
dilution.

1. Fix cells in 3.7 % formaldehyde/1x PBS, 10 min, RT.

2. Wash in PBS twice, 5 min, RT, shaking.



Permeabilize with 0.1 % Triton X-100 (in ddH,0), 12 min, no shaking, RT (see
" Note 6 ).

. Wash in PBS three times, 5 min, RT, shaking.

. Blockin4 % BSA/4x SSC for 5 min, RT.

. Add antibody in 4 % BSA/4x SSC, 45 min, 37 °C, humidified atmosphere.

. Wash in PBS three times, 5 min, RT, shaking.

. Add secondary antibody in 4 % BSA/4x SSC, 30 min, 37 °C, humidified
atmosphere.

. Three washes in PBS, 5 min, RT, shaking:

10.

11.

12.

13.

14.

15.

16.

Apply 8 uL PNA-telomere probe (DAKO) in the dark, add 25 % 25 mm
coverslip, and apply rubber cement to seal.

Denature 3 min 80 °C, and hybridize 2 h at 30 °C (Hybrite™, Vysis/Abbott).

Remove rubber cement carefully and work in the dark, from now until the end
of the protocol (see Note 2 ).

Place slides including coverslips in 70 % formamide/10 mM Tris (pH = 7.4)
shaking,

Until coverslip floats off; wash twice for 15 min in this solution after
coverslip 1s removed, RT, shaking.

Wash in 1x PBS, RT, 1 min, shaking,

Wash 5 min at 55 °C in 0.1x SSC, shaking.



17.

18.

19.

20.

21.

22.

Wash 2 x 5 min in 2x SSC/0.05 % Tween 20, RT, shaking.

Reapply primary and secondary antibodies as described above.

Wash three times in 1x PBS.

Stain with DAPI (0.1 ug/mL stock), apply 50 uL, cover with coverslip, and
incubate in the dark for 3 min.

Mount in Vectashield.

Image ( see Fig. 3).
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Fig. 3 3D TRF2 /Telo-Q-FISH detects two different (opposite) mechanisms of telomere de-protection.
(a) Binucleated LMP1 -expressing Reed-Sternberg cell (upper left: DAPI blue; lower left DAPI gray
for better contrast) contains mainly de-protected, small to midsized telomeres without physical link to the
remaining TRF2 signals (right). (b) On the contrary, many EBV-negative cHL contain RS-cells with




upregulated free TRF2 signals and nearly no more identifiable telomeres as shown in transparency mode.
The reactive, surrounding lymphocytes act as an endogenous control, showing as expected
telomere/TRF2 overlay (orange) in a 1:1 ratio [27] as demonstrated by surface mode

2.5 3D Image Acquisition of Interphase Nuclei

Ax10VISION 4.8 with deconvolution module and rendering module are used. For every
fluorochrome, the 3D image consists of a stack of 80 images for cell lines (50 images
for 5 um histology sections) with a sampling distance of 200 nm along the z and 102 nm
in the x, y direction. The constrained iterative algorithm option is used for
deconvolution [28]. For statistical analysis the number of telomeres is plotted against
the intensity of telomere signals (telomere length) and the number of TRF2 signals
against the intensity of TRF signals. A minimum of 30 interphase nuclei is analyzed (see
Notes 4,8 ,and 9).

2.6 3D Image Analysis for Telomeres

Telomere measurements are done with TeloView™ [29]. By choosing a simple
threshold for the telomeres, a binary image is found. Based on that, the center of gravity
of intensities is calculated for every object resulting in a set of coordinates (x, y, z)
denoted by crosses on the screen. The integrated intensity of each telomere is
calculated, because it is proportional to the telomere length [29].

2.7 Telomere Aggregates

Telomere aggregates are defined as clusters of telomeres that are found in close
association and cannot be further resolved as separate entities at an optical resolution
limit of 200 nm [30].

2.8 Telomere Length

Telomeres with a relative fluorescent intensity (x-axis) ranging from 0-5000 units are
classified as very short, with an intensity ranging from 5,000-15,000 units defined as
short, with an intensity ranging from 15,000—-30,000 units defined as midsized, and with
an intensity >30,000 units defined as large [21].

2.9 Telomere Volume
Total telomere volume is the sum of all very short, short, midsized, and large telomeres



and aggregates within one mononuclear or multinucleated cell. TeloView loads the 3D
image and displays a maximum projection along the three main optical axes. Although
thresholds and other parameters can be adjusted for display purposes, the analysis is
performed on the original 3D data. The detailed physics of these measurements [29] are
not in the scope of this chapter.

2.10 Nuclear Volume

The nuclear volume is calculated according to the 3D nuclear 4', 6-diamidino-2-
phenylindoline staining and corresponds to the integral of all DAPI-stained regions of
the 80 images for cell lines (50 images for 5 pm histology sections) with a sampling
distance of 200 nm along the z-axis [29, 30].

2.11 3D Image Analysis TRF2 Spots

The measurement parameters applied for the TRF2 length and TRF2 volume are
identical to those established for telomeres (see Note 9 ).

2.12 Statistical Analysis

For each situation, where 30 cells (lymphocytes, H-cells, RS-cells) are analyzed,
normally distributed parameters are compared between the two types of cells using
nested ANOVA or two-way ANOVA. Multiple comparisons using the least square
means tests followed, in which interaction effects between two factors were found to be
significant. Other parameters that were not normally distributed were compared using a
nonparametric Wilcoxon rank sum test. Significance level was set at P =0.05. Analyses
are carried out using SAS v9.1 programs (see Fig. 4).
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Fig. 4 Typical telomere profiles associated with refractory LMP1 -expressing nodular sclerosis cHL. Telomere
distribution according to size in mononuclear H- (b/ue) and at least binuclear RS-cells (red). Results of two biopsies
are based on 3D analysis of at least 30 Hodgkin and 30 Reed-Sternberg cells in each biopsy. Frequency (x-axis) and
relative fluorescent intensity, i.e., size of telomeres (y-axis) in a diagnostic 5 um lymph node section. Importantly,
already the mononuclear H-cells exhibit a 3D telomere profile usually identified only in RS-cells. H-cells in aggressive
disease do, contrary to H-cells in cases entering persistent remission, already contain multiple very short telomere
consistent with having passed multiple rounds of mitosis without ending up in multinuclear end-stage RS-cells [31]

3 Notes

1. Slides may be stored in that solution for up to 3 months at 4 °C.
2. From this point of the protocol onward, work has to be performed in the dark.

3. Use xylene-proof dish, e.g., glass or green-colored standard histology dish. The
tissue should appear transparent after the 3x xylene washes. If tissue still appears
whitish, do a fourth xylene soak.

4. The quality of the 5 um sections is crucial for a good hybridization and 3D
analysis.



5. Pepsin has to be added immediately before use.

6. Subsequently, it is important not to mix up steps where a shaking platform is
required and where shaking is prohibited.

7. After this incubation, turn the water bath down to 55 °C, or another one is needed.

8. The 3D imaging has to be performed the day after the hybridization in order to
account for all signals present in the same way for each section; this is specifically
important for low-intensity signals.

9. The bulb of the fluorescence microscope should be calibrated using fluorescent
beads and should be at its peak performance in order to avoid too long exposition
times and bleaching, especially if the TRF2 -telomere immuno-FISH protocol is
used, i.e., three subsequent 3D z-stacks for each of the fluorochromes.
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Abstract

High-throughput sequencing of RNA is used to analyze the transcriptomes of viruses and
cells, providing information about transcript structure and abundance. A wide array of
programs and pipelines has been created to manage and interpret the abundance of data
generated from high-throughput RNA sequencing experiments. This protocol details the
use of free and open-source programs to align RNA-Seq reads to a reference genome,
visualize read coverage and splice junctions, estimate transcript abundance, and
evaluate differential expression of transcripts in different conditions. Particular
concerns related to EBV and viral transcriptomics are addressed and access to EBV
reference files is provided.

Key words RNA-Seq — Epstein-Barr virus — Transcriptomics — Differential expression
— STAR — Integrative genomics viewer — IGV — RSEM — EBSeq

1 Introduction

High-throughput RNA sequencing has become a powerful tool in virus research. The
parallel sequencing of millions of short reads has allowed transcriptome-wide analysis
of cellular and viral gene expression, not to mention discovery of novel genes, splice
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junctions, and isoforms. Translational research makes use of high-throughput RNA
sequencing to detect known and novel viruses in clinical samples and to analyze both
transcript- and transcriptome-level changes as viruses interact with their hosts. In
addition, high-throughput RNA sequencing can be combined with other techniques for
specialized tasks such as transcription start site annotation, identification of RNA-
protein partners, and examination of active transcription and translation genome wide
[1-4].

While several high-throughput RNA sequencing technologies have been developed,
[Ilumina RNA-Seq has become the de facto standard. Variations in protocols allow
researchers to ask different questions of the transcriptomes under study. One important
consideration is the treatment of the RNA before sequencing. Poly(A)-selection extracts
mRNA and polyadenylated long noncoding RNA for sequencing. Ribodepletion
removes most ribosomal RNA before sequencing, leaving polyadenylated RNAs, RNA
species without poly(A) tails such as EBV’s EBERs , and some unprocessed mRNA
transcripts. At the RNA library preparation step, researchers can choose to use a
stranded protocol to preserve information about which DNA strand the sequenced RNA
arose from. This approach has revealed significant previously unknown antisense and
intergenic transcription in EBV and other herpesviruses [5—8] and is recommended,
especially, for cases in which the virus is expected to be in a replicative phase.
Researchers can also choose between single-end and paired-end sequencing. In single-
end sequencing a single read is generated from one end of each RNA fragment. In
paired-end sequencing two reads are produced from each RNA fragment: one from each
end. Single-end sequencing is useful for expression quantification, and with sufficient
read length, it can provide meaningful information on structural features such as splice
junctions and fusion transcripts. Paired-end sequencing offers more transcript structure
information, especially for cases of fusion transcripts, circular RNA, and other
unannotated variants, but comes at a greater time and financial cost. The read lengths
obtainable with RNA-Seq have increased substantially in recent years. High-quality
100 bp reads are now readily obtainable on the Illumina platform, and this length is
sufficient to allow sensitive detection of splice junctions. Finally, a common option to
reduce RNA-Seq costs is multiplexing: adding unique “barcode” sequences to samples,
allowing them to be sequenced together and informatically separated after sequencing.
In general, multiplexing still allows sufficient read depth to study EBV genes that are
expressed at relatively low levels.

There are some special considerations when applying RNA-Seq to EBV research.
Most plainly, EBV is studied within the context of the human cellular environment.
RNA-Seq experiments from EBV-infected cells mostly produce reads that map to the
human genome, with the proportion of EBV reads ranging from up to about 25 % (after a
highly robust lytic induction in a cell line) down to a few reads (e.g., in a weakly EBV-
positive tumor sample with a latent gene expression profile). Generally, higher read



counts allow more effective transcriptome analysis. However, analysis of EBV-mapping
reads is more straightforward under latency conditions, when the viral transcriptome is
substantially simpler and it is easier to discern individual transcripts.

This protocol describes analysis steps performed in nearly any RNA-Seq
experiment. First, RNA-Seq reads are aligned to a reference genome. Many alignment
programs, both open source and commercial, are available; this protocol uses the fast
and sensitive STAR aligner [9]. Output from STAR 1is used to examine RNA-Seq
coverage of the genome as well as to identify splice junctions. The data is visualized on
a genome browser, in this case IGV, the Integrative Genomics Viewer [10]. Finally,
transcript expression levels are quantified and compared between samples in a
statistically meaningful way. This protocol uses the program RSEM [11] and its
accompanying EBSeq [ 12] module for quantification and the evaluation of differential
expression.

2 Materials

1. RNA-Seq data: fastq or fasta files acquired from a sequencing facility or
downloaded from a data repository.

2. Hardware: a computer with X86-64 compatible processors running a 64-bit
UNIX/Linux-based operating system (e.g., Mac OS, Ubuntu, or Cygwin) with at
least 30 GB of RAM and enough storage space to accommodate sequence and
reference files. Estimate at least 60 GB of storage for reference/index files and
another 50 GB per single-end RNA-Seq sample (see Note 1 ).

3. Aterminal program to interface with the operating system, (e.g., Terminal in Mac
OS) (see Note 2 ).

4. STAR aligner : the most recent version of STAR aligner 1s available at https://
github.com/alexdobin/STAR. The site provides the necessary files and instructions
for installation.

5. Fasta files for reference genomes: fasta-format files (with file extension .fa) are
available for several strains of EBV at https://github.com/flemingtonlab/public/
tree/master/annotation (see Notes 3 and 4 ). Fasta-format files for the human
genome may be downloaded from Ensembl at http://www.ensembl.org/info/data/
ftp/index.html. Fasta-format files for many more genomes can be obtained from the
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10.

11.

NCBI Nucleotide database at http://www.ncbi.nlm.nih.gov/nuccore.
A text editor program (e.g., TextEdit, pre-loaded on most Macs).

Integrative Genomics Viewer (IGV) : the most recent version of IGV is available,
along with instructions for installation, at http://www.broadinstitute.org/software/
igv/download.

Genome annotation files: BED-format (with file extension .bed) and GTF-format
(with file extension .gtf) files are available for several strains of EBV at https://
github.com/flemingtonlab/public/tree/master/annotation. GTF-format files for the

human genome may be downloaded from Ensembl at http://www.ensembl.org/
info/data/ftp/index.html.

Perl: the current version of Perl is available at https://www.perl.org/ (see Note 5

).

The Perl script junctions to_introns STAR.pl, available from https://github.com/
flemingtonlab/public/tree/master/code.

RSEM : the latest version of RSEM can be obtained from http://deweylab.biostat.
wisc.edu/rsenv. The site provides the necessary files and instructions for
installation.

3

Methods

3.1 Creating Genome Index Files for STAR Aligner

Aligners require that the genomes first be “indexed” to facilitate quicker and less
computationally intensive sequence matching. Genome indexes are generated from fasta
files containing each chromosome of the genome of interest and only need to be
generated once. This example creates a genome index containing both the human genome
and the EBV genome, using a human reference fasta file downloaded from Ensembl and
the EBV reference fasta file chrEBV Akata inverted.fa [13] downloaded from https://

github.com/flemingtonlab/public/tree/master/annotation (see Notes 6 and 7 ):

l.

Create a new, empty directory to which the STAR genome index will be written
(for the example below, the directory must be named GenomeDirectory). The path
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to this directory will need to be entered below, after --genomeDir.

2. Run the following command in Terminal:

$ STAR --runMode genomeGenerate --genomeDir
/PATH/TO/GenomeDirectory --runThreadN 4 --
genomeFastaFiles /PATH/TO/chrEBV Akata inverted.fa
/PATH/TO/Homo sapiens.GRCh38.dna.primary assembly.fa

The runThreadN number, in this case 4, should be equal to or less than the
number of processor cores available. Run time for this procedure is about 1 h using
a computer with 12 cores.

STAR will generate multiple files in the genome directory. These files should not be
modified .

3.2 Aligning Sequence Reads to the Reference Genome

In this step the fastq/fasta files containing sequence data are mapped to the reference
genome index that was generated in the previous step (see Note 8 ). The following
command uses STAR to align single-end sequence reads and report their alignments in a
SAM-format text file and their splice junctions in another text file. Sequence reads that
map to fewer than ten different genomic locations with fewer than ten mismatches to the
genome are reported (see Note 9 ):

1. In Terminal, use cd to move to the desired output directory.

2. Run the following command:

$ STAR --genomeDir /PATH/TO/GenomeDirectory --
readFilesIn /PATH/TO/reads.fastg --runThreadN 4 --
outSAMprimaryFlag AllBestScore

The runThreadN number, in this case 4, should be
equal to or less than the number of processor cores
available. The argument --outSAMprimaryFlag
AllBestScore determines output for the reads that map
to multiple places in the genome. With this option set,
if multiple genomic locations tie for the best score,
all of those locations will be reported as primary
alignments with the same score. Run time for this
procedure, assuming a fastg file 6 GB in size, 1s about



6 min using a computer with 12 cores.

STAR will generate multiple output files into the current working directory. The file
containing the aligned reads is Aligned out.sam, and the file containing identified
splice junctions is SJ.out.tab (see Notes 10 and 11 ).

3.3 Visualizing the Data

The alignment and splice junction files are, to a certain extent, human readable and may
potentially be inspected by opening them in a text editor. Often the alignment file in
particular is very large and difficult or impossible (due to RAM limitations) to open in
a text editor. An alternative is to open a small portion of the file in Terminal using the
command:

$ less Aligned out.sam

The file can then be scrolled through a line at a time using the keyboard arrow keys
(see Note 12 ). To exit the /ess view and return to terminal, type g. Examining these text
files in this way is a limited and difficult way to interpret the data however. To better
view and analyze alignment data, it can be loaded onto a genome browser. The steps
below outline the use of the Integrative Genomics Viewer (IGV) to view RNA-Seq read
coverage across the entire viral genome. Prior to loading alignment data however, the
reference genome must be formatted by IGV. The human genome is pre-loaded, but a
reference genome must be created for EBV. This example creates a reference genome
for the Akata strain of EBV, using the files chrEBV Akata inverted.fa (genome
sequence file) and chrEBV _Akata_inverted.bed (genome feature annotation file), both
downloaded from https://github.com/flemingtonlab/public/tree/master/annotation. The
.genome file created through this process need only be created once.

[E—

. InIGV, from the Genomes menu select Create .genome File.

2. Enter a user-specified ID for the genome (this will be displayed in the IGV
Genomes list) and a descriptive name.

3. Using the fasta file Browse button, select chrEBV Akata_inverted.fa.

4. Using the genome annotation Browse button, select chrEBV _Akata_inverted.bed.
Leave the cytoband file box blank.

5. Save the file with a .genome file extension in the directory of your choice. The new
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genome will be loaded onto the IGV genomes list automatically.

In order to view the alignment file on IGV, it must first be sorted. Sort the alignment
file using the following command in Terminal:

$ sort —-k4,4n Aligned out.sam > Aligned out sorted.sam

Full alignment files are frequently too large to be loaded onto IGV (because of
RAM limitations). To create an alignment file of EBV-mapped reads only, run the
following command in Terminal:

$ awk '$3=="chrEBV Akata inverted”’
Aligned out sorted.sam > Aligned out sorted EBV only.sam
(see Note 13 ).

The sorted alignment file can be loaded onto IGV by selecting the File menu, then
Load from File, and browsing to the file. IGV will prompt you to create an index file
(necessary for display of the data): reply OK to the prompt to allow IGV to create the
index file automatically.

For strand-specific RNA-Seq, reads in the display are color-coded according to
strand (Fig. 1). Above the track displaying the reads, IGV displays an automatically
generated coverage track that contains a histogram of read depth for each coordinate
across the genome. This coverage track combines reads from both strands. To look at
each strand separately, create an alignment file for each strand using the following
Terminal commands (see Notes 14 — 16 ):
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Fig. 1 SAM-format alignment files displayed on IGV . From top to bottom: RNA-Seq coverage and reads from both
strands, RNA-Seq coverage and reads from the plus strand, RNA-Seq coverage and reads from the minus strand, and

gene annotation (chrEBV_Akata_inverted.bed)

$ awk '$2==0’ Aligned out sorted EBV only.sam >

Aligned out sorted EBV only 0 plus.s

$awk '$2==16" Aligned out sorted EBV only.sam >

am

Aligned out sorted EBV only 16 minus.sam

Then load each track separately onto the genome browser. Additionally, it is
possible to create a standalone coverage track for each strand (or both strands together)

using IGV’s IGVtools feature with the following steps:



1. Select the Tools menu and then Run igvtoools.
2. Make sure the Command drop-down menu is set to Count.

3. Use the Input File browse button to locate the desired alignment file (e.g.,
Aligned out sorted EBV only 0 plus.sam).

4. An output filename is automatically generated, with the file extension .tdf. This
creates a binary file; if you prefer a human-readable output file, change the file
extension to .wig.

5. Change the Window Size to 1 to get an accurate read depth count for each genomic
position.

6. Click Run.

3.4 Examining Splice Junctions

Like the alignment file, the splice junctions output file (SJ.out.tab) is human readable
but is easier to visualize on a genome browser. To view the text, use the Terminal /ess
command as in Subheading 3.3:

S less SJ.out.tab

In order to visualize the splice junctions file on IGV , it must first be converted to
BED format. To do this, use the Perl script junctions to_introns STAR.pl:

1. In Terminal, use cd to move to the directory that contains the SJ.out.tab file.

2. Use the following Terminal command:

$ perl /PATH/TO/junctions to introns STAR.pl
SJ.out.tab

The output file SJ.out.tab.bed will be located in the same directory.

3. Like the alignment file, the full splice junctions file may be too large to load on IGV



due to RAM limitations. Create a file of EBV splice junctions by using the Terminal
command:

$ awk ‘$1=="chrEBV Akata inverted”‘SJ.out.tab.bed >
SJ.out.tab EBV only.bed (see Note 17 )

4. InIGV, load the splice junctions file by selecting Load from File from the File
menu and browsing to SJ.out.tab_EBV only.bed.

When loaded on IGV, the SJ.out.tab EBV only.bed file displays features
corresponding to spliced-out introns, with the first base of the feature representing the
first base of the intron and the last base of the feature representing the last base of the
intron (Fig. 2, see Note 18 ). The default view on IGV is Collapsed: to view any
overlapping introns with greater detail, right click on the track name
(SJ.out.tab_EBV only.bed, to the left of the display) and select Expanded. Mouse over
an individual splice junction feature to see its Score: this is the number of uniquely
mapping RNA-Seq reads that span this junction.
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Fig. 2 BED-format splice junction files displayed on IGV. From top to bottom: introns displayed as BED features,
introns displayed as splice junction arcs, and gene annotation (chrEBV _Akata inverted.bed)

3.5 Creating Transcriptome Reference Files for RSEM

The RSEM package works well to quantify transcript expression, even for overlapping
transcripts that have ambiguous read mappings. It uses STAR to align reads to a
reference transcriptome and then estimates the abundance of each transcript using the
expectation-maximization algorithm. Because abundance estimation involves
normalization to total read depth, abundance estimates for EBV genes are better
represented when RSEM reference transcriptome files include both viral and cellular
genes (see Notes 19 and 20 ). In this step, RSEM prepares transcriptome reference files
by using transcript coordinates in a .gtf-format annotation file to extract transcript



sequences from a genome fasta file and indexes those transcripts to serve as reference
sequences for alignment. Transcriptome reference files need only be generated once for
each transcriptome. To prepare all the necessary reference files for RSEM:

1. Create a directory called, e.g., human_and EBV references, and move all human
and EBV genome fasta files and annotation GTF files to it.

2. In Terminal, use cd to move to the newly created directory.

3. Combine the human and EBV GTF-format files into a single file by using the
following command:

$ cat Homo sapiens.GRCh38.81.gtf
chrEBV Akata inverted for EBV.gtf >
human 38.81 and Akata inverted.gtf

4. Create a new, empty directory to contain the RSEM transcriptome index.
5. In Terminal, use cd to move to the new directory.

6. Run the following command:

S rsem-prepare-reference
/PATH/TO/human _and EBV references --gtf
/PATH/TO/human 38.81 and Akata inverted.gtf -p 4 --star
human and EBV RSEM reference (see Note 21 )

The final argument is the user-defined name of the reference genome and should be
informative. The -p number, in this case 4, should be equal to or less than the number of
processor cores available. The --star argument creates STAR transcriptome index files
for the next step. RSEM will generate multiple files in the transcriptome directory. Run
time for this procedure is about 4.5 h using a computer with 12 cores.

3.6 Quantifying Transcript Expression

In this step the fastq/fasta files containing sequence data are mapped to the
transcriptome reference that was generated in the previous step, and transcript
abundance is estimated. The following steps use RSEM and STAR to align single-end
sequence reads and produce a text file containing abundance estimates for all transcripts
in the transcriptome reference.



1. In Terminal, use cd to move to the desired output directory.

2. Run the following command:

S rsem-calculate-expression -p 4 --star --no-bam-
output /PATH/TO/reads.fastqg
/PATH/TO/human and EBV RSEM reference
human and EBV_RSEM (see Notes 21 - 23 )

The -p number, in this case 4, should be equal to or less than the number of
processor cores available. The --star argument instructs RSEM to perform the
alignment step with STAR, using predetermined parameters optimizing the
alignment for expression quantification. The --no-bam-output argument prevents
RSEM from producing an alignment file: this argument can be left out of the
command if alignment files are desired, though for most purposes this alignment file
will not be as useful as that produced in step 3.2 as it presents reads aligned to
individual transcripts rather than the genome. Run time for this procedure, assuming
a fastq file 6 GB in size, is about 15 min using a computer with 12 cores.

RSEM will generate three files in the current working directory.
Human EBV RSEM.genes.results is a tab-delimited text file containing abundance
estimates for all genes in the transcriptome file. It can be opened with a text editor or
with Microsoft Excel (see Notes 24 and 25 ). The column labeled expected count
contains the number of reads estimated to map to that transcript after taking into account
background noise and overlapping genes (see Note 26 ). TPM (Transcripts Per Million)
and FPKM (Fragments Per Kilobase of transcript per Million mapped reads) are two
different normalized abundance measures that take into account transcript length and
overall read depth.

3.7 Comparing Transcript Expression

EBSeq is an empirical Bayesian differential expression analysis tool that is built into
the RSEM package. It is used to find statistically significant differential expression of
transcripts between two or more groups of one or more samples each. If EBseq has not
yet been used after RSEM installation, use the Terminal command:

S make ebseq

to compile the necessary codes. This need only be done once. The following steps
use EBSeq to compare transcript expression in two treatments with three replicates



each:
1. In Terminal, use cd to move to the desired output directory.

2. Create a matrix of genes and their read counts in the samples to be compared by runni
command:

S rsem-generate-data-matrix

/PATH/TO/first sample first replicate human and EBV RSEM
/PATH/TO/first sample second replicate human and EBV RSE
/PATH/TO/first sample third replicate human and EBV RSEM
/PATH/TO/second _sample first replicate

human and EBV RSEM.genes.results

/PATH/TO/second _sample second replicate

human and EBV RSEM.genes.results

/PATH/TO/second _sample third replicate
_human and EBV RSEM.genes.results >

condition one condition two.counts.matrix

Ensure that input files in this command are grouped in an appropriate order to do
from each group to be compared must be adjacent to each other in the command. RSE
matrix file of read counts for each transcript, which will be used by EBSeq in the nex

3. Indicate to EBseq how to group and compare the samples, and run EBSeq’s algorithn
command:

$ rsem-run-ebseq /PATH/TO/condition one condition two.
3,3 condition one condition two ebseq. results

In this case, 3,3 indicates two samples, each with triplicates. 2,2 would indicate t
duplicates, 3,3,3 would indicate 3 samples each with triplicates, and so on. The orde
must correspond to the order of the samples in the counts.matrix file, i.e., in
condition_one condition two.counts.matrix produced in the previous step, the three ¢
are listed and then the three sample two replicates. The final argument is the user-def
file, which is a text file of the posterior probability of differential expression.

4. Determine which transcripts are statistically significantly differentially expressed by
command:

$rsem-control fdr /PATH/TO/condition one condition twc



0.05 condition_one_condition_two_DE.txt

This will produce a text file listing the genes that are statistically significantly dif
at a false discovery rate (FDR) of 0.05. The FDR can be altered as desired by replac
the command.

Run time for this procedure is about 10 min using a computer with 12 cores.

The file produced (in this example named condition one condition two_ DE.txt) is
a tab-delimited text file that can be opened in a Text Editor or Microsoft Excel (see
Notes 24 and 25 ). In the above case of two groups being compared, this output file
contains four columns: PPEE is the posterior probability of equal expression, ranging
from 0 to 1; PPDE is the posterior probability of differential expression, ranging from 0
to 1; posterior fold change is the ratio of the posterior mean expression estimate of the
gene in sample one to that in sample two; and real fold change is the ratio of the gene’s
normalized mean count in sample one to that in sample two. Genes with fold change
greater than one are expressed more highly in condition one; genes with fold change less
than one are expressed more highly in condition two.

When more than two samples are compared, EBSeq produces a file that indicates
the posterior probability that the gene is expressed in any of a number of “patterns.” An
additional file with the suffix .pattern is the key to these patterns, indicating the samples
in which the gene shows differential expression.

4 Notes

1. The first steps of this protocol (up to Examining Splice Junctions) may be
completed on a computer with 16 GB of RAM. However, quantifying and
comparing transcript expression levels using these methods will require up to 30
GB of RAM.

2. For those new to Unix/Linux or command line interfaces, an excellent tutorial is
Ian Korf and Keith Bradnam’s Unix & Perl Primer for Biologists, available at
http://korflab.ucdavis.edu/unix and Perl/.

3. For the best alignments, it is best to use a reference genome that matches the strain
of EBV in the sample. For samples containing the type I EBV strain (the most
common), the Akata genome should provide good results. For samples containing
the type Il EBV strain, the AG876 genome can be used.

4. Several files at https://github.com/flemingtonlab/public/tree/master/annotation are
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available in “inverted” format. This format splits the EBV genome between the
BBRF3 and BGLF3 genes (between positions 107954 and 107955) rather than the
terminal repeats to allow better detection of LMP2 transcripts, which span the
terminal repeats, where EBV genomes are normally split (as in Genbank).

Perl may already be installed on your system. A quick way to check is to run the
Terminal command.

$ perl -v

This will report the version of Perl, if any, that is installed.

Genome index files that contain multiple genomes, e.g., human and EBV, may be
created; however, genome indexes from multiple strains of EBV should be created
separately and not combined into a single index.

If only the EBV transcriptome is of interest, an index of the EBV genome (only)
may be created by leaving out the human genome fasta files from the command.
The argument --genomeSAindexNbases 8 should be added to the command to
adjust for the much smaller genome size. The index creation and read alignment
steps will be faster and less computationally intensive when using the EBV
genome only.

This protocol assumes that quality control and filtering steps have already been
performed, e.g., by the sequencing center. If not, or if this is unclear, FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) is a quick and user-
friendly program to check data quality.

Many STAR parameters can be altered to meet the requirements of different
experiments. Some common variations are listed here; many others can be found in
the STAR manual at
https://github.com/alexdobin/STAR/blob/master/doc/STARmanual.pdf.

For paired-end RNA-Seq data, simply list both read files after the --
readFilesIn argument, i.e., --readFilesIn /PATH/TO/reads_1.fastq
/PATH/TO/reads 2.fastq

To only report alignments for reads that map uniquely to one genomic location,
add the argument --outFilterMultimapNmax 1. Or change this number to report
alignments for reads that map to multiple locations in the genome. The default (as
used in step 3.2) 1s 10: reads aligning to more than 10 genomic locations will not
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10.

11.

12.

13.

14.

15.

be reported.
Use the argument --genomeSAsparseD 2 to reduce the RAM usage. This will
result in a longer run time.

The names of output files can be specified by adding the argument --
outFileNamePrefix to the command line statement followed by the desired name,
which will be used as a prefix for the standard output names (Aligned.out,
Log.out, etc.). It is good practice to make the file name prefix as informative as
reasonably possible, e.g., --outFileNamePrefix

sample one repeat one STAR chrEBV Akata inverted.

To check what parameters were used for previous STAR alignments, open the
Log.out file with a text editor. The default parameters are listed at the top. Scroll
down to see the arguments entered on the command line, which defaults were
changed and the new values used in the alignment.

Less has additional functionality that is often useful, for example, patterns may be
searched using the format /pattern < enter>. To learn more about less, bring up
the manual in Terminal with the command

S man less

You must ensure that the chromosome name in the command matches the desired
chromosome name in the alignment file. In this example, all reads that align to the
chromosome called chrEBV _Akata inverted will be extracted and written to the
EBV only file. To inspect the names of chromosomes in the alignment file, use

$less Aligned out.sam

to open the alignment file, and look in the header lines after @SQ SN: for the
names of chromosomes.

Depending on whether the cDNA protocol used first-strand or second-strand
synthesis, the numbers 0 and 16 may be reversed. For example, using the TruSeq
stranded protocol, reads corresponding to the plus strand have a FLAG code of
16, and reads corresponding to the minus strand have a FLAG code of 0.

Some reads may align to multiple parts of the genome. These commands return



16.

17.

only the primary alignments, that is, the location with the best alignment score. In
order to return both primary and secondary alignments, use the following
commands:

$ awk '$2==0]182==256"
Aligned out sorted EBV only.sam >
Aligned out sorted EBV only 0 plus.sam
Sawk '$2==16]|352==272"'
Aligned out sorted EBV only.sam >
Aligned out sorted EBV only 16 minus.sam

For paired-end sequencing, use the following commands:

$ awk '$2==99]|$2==147"'
Aligned out sorted EBV only.sam >
Aligned out sorted EBV only plus.sam

sawk '$2==83]|]$2==163"
Aligned out sorted EBV only.sam >
Aligned out sorted EBV only minus.sam

to create files contain only the best-mapping reds.
Use:

$ awk '$2==99|1$2==147 || 2==T73|| 2==97]| |
2==145]12==153" Aligned out sorted EBV only.sam >
Aligned out sorted EBV only plus.sam

Sawk '$2==8311$2==163]|| 2==81|| 2==89]| |
2==137]]2==161" Aligned out sorted EBV only.sam >
Aligned out sorted EBV only minus.sam

to create files containing both primary and
secondary alignments.

Higher numbers of reads spanning a splice junction provide greater support for
that splice junction. junctions to introns STAR.pl reports all detected splice
junctions. If you would like to specify a minimum read depth to report splice
junctions, use a command of the form

$ awk '$5 >= 5'SJ.out.tab EBV only.bed >
SJ.out.tab EBV only 5.bed

This example extracts splice junctions supported by
at least five uniquely mapping reads.



18.

19.

20.

21.

22.

23.

IGV has a built-in option to display splice junctions as visually pleasing arcs
rather than the default bed file blocks. To turn on this option, simply rename
SJ.out.tab.bed to SJ.out.tab.junctions.bed and load the new file onto IGV.

Note that abundant unannotated transcription has been detected in EBV during
reactivation [8]. Annotation files including these new transcripts are available at
https://github.com/flemingtonlab/public/tree/master/annotation.

If annotation files include features that are not transcripts (e.g., annotated repeat
regions, promoters , etc.), these should be removed before using the GTF file to
create an RSEM reference. Otherwise, RSEM will interpret these features as
annotated transcripts and may erroneously assign reads to them.

Depending on the installation, the error message /STAR : No such file or
directory! may be encountered. If so, add the argument --star-path
/PATH/TO/directory containing STAR.

Many RSEM parameters can be altered to meet the requirements of different
experiments. Some common variations are listed here; many others can be found in
the RSEM manual at http://deweylab.biostat.wisc.edu/rsem/README.html.

For paired-end RNA-Seq data, add the argument --paired-end to the rsem-
calculate-expression command, and add the second file of reads after the first,

e.g,

$ rsem-calculate-expression --star -p 4 --no-bam-
output --paired-end /PATH/TO/reads 1.fastqg
/PATH/TO/reads 2.fastqg
/PATH/TO/human and EBV RSEM reference human
and EBV_RSEM

The last argument in the command (human_and EBV RSEM in this example)
1s the name prefix for the output files. It is good practice to make the file name
prefix as informative as reasonably possible, e.g.,
sample one repeat_one RSEM human _chrEBV Akata inverted

An error that may be encountered 1s EXITING because of FATAL ERROR: could
not open genome file /PATH/genomeParameters.txt. If this occurs, rerun the
command adding the text /a to the genome directory argument, i.e.,


https://github.com/flemingtonlab/public/tree/master/annotation

/PATH/TO/human_and EBV RSEM reference/a

24. When using GTF files downloaded from Ensembl, RSEM output may use Ensembl
IDs rather than gene names. IDs and gene names may be cross-referenced
individually at Ensembl (http://www.ensembl.org), or a complete list for cross-
referencing may be downloaded from Ensembl’s BioMart (http://www.ensembl.
org/biomart).

25. When displaying text files, Excel automatically formats cells based on their
content. This 1s sometimes inappropriate, e.g., converting the gene symbol SEPT7
to the date September 7. To avoid this problem, open text files in Excel using the
following steps:

Open a new Excel worksheet.

From the File menu, select Import.

Select Text file, navigate to the desired file and click Get Data.

When the Text Import Wizard opens, select Delimited and click Next.

In the Delimiters section, select Tab.

The next screen allows selection of the Data Format for each column. Ensure
that the column containing gene IDs is set to 7ext and click Finish.

26. Note that because the expected count takes into account background noise and
overlapping transcripts, its value may not be an integer.
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