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v

 The Epstein–Barr virus (EBV) was identifi ed 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 is highly 
important that the subclinical primary infection also leads to the virus carrier state for life-
time accompanied by effi cient immunity. The “silent” infection is due to a particular strat-
egy of the immune system, based on a fi nely tuned interaction between T and B lymphocytes. 
When EBV-carrying B lymphocytes acquire proliferating potential (thus malignant poten-
tial) in a well-defi ned 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 strate-
gies 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 (non-
pathogenic and pathogenic) EBV–human interactions are well known. This volume pro-
vides a good background for continued studies with details of molecular, immunological, 
and cell biological methods. Guidelines for the treatment of certain EBV-associated malig-
nancies are also given. “Hot topics” of the fi eld 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.  

    Stockholm, Sweden    Eva     Klein                     

   Foreword   
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 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 herpesvi-
rus (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 fi eld 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,” i.e., observations such as 
EBV and  Plasmodium malariae  infection of children with  endemic   BL and the discovery of 
  c - myc     translocations   in BL cells infl uenced thinking as to the development of other neo-
plasms, too [3]. De Thé 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-François Champollion, an achievement that allowed the trans-
lation of Ancient Egyptian texts and facilitated the understanding of Egyptian culture and 
civilization [4]. The data gained by the application of molecular biological methods com-
bined 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 fi eld. 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 fi ndings, 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 molecu-
lar 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    ). Identifi cation of the 
interacting viral and cellular proteins is indispensable for the understanding of interrelation-
ships between EBV and its host cells. In Chapter   5    , Anna A. Georges and Lori Frappier 
guide us how to use affi nity purifi cation-   mass spectroscopy methods for identifying protein–
protein interactions in EBV-infected cells. Certain latent EBV proteins infl uence 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 (fl uorescent in situ hybridization) to detect nuclear changes, 
including the alterations of chromosomal ends, induced by LMP1 ( latent   membrane protein 
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1, a viral oncoprotein) in Hodgkin lymphoma cells (Chapter   6    ). Next-generation  sequenc-
ing   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)    fol-
lowing conventional RNA isolation and  nuclear run- on assay   that are suitable for the study 
of viral promoter activity, are described in Chapter   8     by Kálmán Szenthe and Ferenc Bánáti. 
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 biomole-
cules are packaged into exosomes, small lipid vesicles involved in intercellular communica-
tion. 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 Waqar Ahmed, and Gulfaraz Khan and Pretty 
S. Philip, respectively. Regarding the methods used to study viral DNA, in Chapter   12     
Ferenc Bánáti, Anita Koroknai, and Kálmán 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 Kálmán Szenthe and Ferenc Bánáti, 
deals with the application of sequencing for the characterization of viral promoters and cod-
ing 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 imme-
diate early protein switching on lytic (productive) EBV replication, and there are Zta bind-
ing sites both in the viral and in the cellular genome. Host cell phenotype-dependent 
deposition of epigenetic marks, including DNA methylation and  histone   modifi cations, 
determines the  epigenotypes   of latent EBV episomes and the activity of the latency promot-
ers. In a detailed protocol, Daniel Salamon describes the use of  bisulfi te   sequencing for the 
analysis of cytosine methylation in EBV DNA sequences and lists thoroughly the important 
steps and caveats of bisulfi te modifi cation and PCR amplifi cation (Chapter   15    ), whereas in 
Chapter   16     Ferenc Bánáti and Kálmán Szenthe outline how chromatin immunoprecipitation 
using specifi c antibodies directed to distinct histone modifi cations 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 diffi cult to study in EBV-infected  humans  . In Chapter   17    , Frank Heuts and 
Noemi Nagy describe how newborn immunodefi cient mice transplanted with human hema-
topoietic 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. 
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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-specifi c T cells for the immunotherapy of EBV-associated post-transplant 
lymphoproliferative disease ( PTLD  ). 

     Budapest, Hungary     Janos     Minarovits   
 Regensburg, Germany      Hans     Helmut     Niller    
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    Chapter 1   

 Current Trends and Alternative Scenarios in EBV Research                     

     Janos     Minarovits      and     Hans     Helmut     Niller      

  Abstract 

   Epstein-Barr virus (EBV) infection is associated with several distinct hematological and epithelial malig-
nancies, 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 lymphoprolif-
erative disease, transplant medicine has to deal with EBV as a major pathogenic virus second only to cyto-
megalovirus. In this review, we summarize briefl y 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 includ-
ing 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 chap-
ter, we thoroughly refer 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 experi-
mental models certainly provided deep and novel insights into the pathogenetic mechanisms of EBV infec-
tion 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 herpesvi-
rus 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 fi rst human 
“tumor virus,” and the many diseases associated with EBV infec-
tion [ 2 ,  3 ]. For this reason, here we wish to give only a brief sum-
mary of the basic facts as to the course of EBV infection and its 
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pathologic consequences and focus, in the light of the most recent 
publications, on some of the emerging new topics and unresolved 
questions of the fi eld.  

2    Epstein-Barr Virus: Basic Facts 

 Epstein-Barr virus (EBV, also known as human herpesvirus 4) 
belongs to the   Lymphocryptovirus    genus within the 
 Gammaherpesvirinae  subfamily of the family  Herpesviridae . As the 
name  Lymphocryptovirus  refl ects, 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 icosa-
hedral capsid. The prototype B95-8 EBV genome was the fi rst 
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  dis-
ease   (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 III 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 occa-
sional  EBNA1   expression, which is needed for viral genome main-
tenance when a memory cell is dividing. Latency type I is found in 
BL cells, with the expression of the EBERs, EBNA1 by transcrip-
tion 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 prod-
ucts including the  BHRF1   microRNAs is found in EBV- 
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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 transcrip-
tion 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 specifi c 
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 inhibi-
tor 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 expres-
sion   patterns besides latency type II 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  EBNA1   is also expressed in 
the lytic viral infection mode and has manifold cellular impact. 
Affi nity purifi cation coupled with  mass spectrometry (AP-MS)   and 
tandem affi nity purifi cation (TAP-tagging)    approaches have suc-
cessfully been used to uncover the interaction of viral proteins with 
its cellular binding partners [ 29 ]. Through its direct interaction 
with the ubiquitin-specifi c protease (USP) 7 (also termed HAUSP), 
EBNA1 interferes with p53 and Mdm2 binding to the same bind-
ing pocket on USP7 in vitro [ 30 ,  31 ]. Thus, EBNA1 may contrib-
ute 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 replica-
tion cycle [ 34 ]. The situation is complex, however, because in epi-
thelial 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 addi-
tional antiapoptotic functions to the establishment of EBV- 
associated malignancies [ 32 ,  33 ]. A further interaction partner of 
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EBNA1 which is relevant to antiapoptosis and EBV-associated 
tumorigenesis is the proapoptotic tumor suppressor protein 
Nm23-H1, a suppressor of metastasis whose functions are sup-
pressed 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  naïve   tonsillar B cells which traverse the  germi-
nal 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 pro-
moters. 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 estab-
lished. In a recent study, Heuts et al. used EBV-infected  human-
ized   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 pro-
moter (Q promoter, Qp) could also be detected. Only transcripts 
coding for a single nuclear antigen,  EBNA1  , 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   dur-
ing primary infection [ 41 ]. 

 Another scenario is also based on the in vitro-infection of  naïve 
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 microdis-
section of lymphoid tissue obtained from patients undergoing 
 infectious mononucleosis   showed that the virus is actually able to 
infect memory B cells directly [ 43 ,  44 ]. In a  humanized mouse   
model of Rag2 –/–  γc –/–  mice, i.e.,  Rag2 / Il2rg  compound mutant 
animals exhibiting T cell, B cell, and NK cell immunodefi ciencies, 
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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 possibil-
ity of extrafollicular EBV infection, i.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 ani-
mal 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 tran-
scribed during lytic or productive EBV replication, due to the suc-
cessive activation of immediate early, early, and late EBV promoters. 
In parallel, expression of  BGLF5  , 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 tran-
scriptome analysis revealed that expression of the immediate early 
protein Zta (ZEBRA,  BZLF1)  , a major transactivator of a subset of 
EBV genes, had, unexpectedly, a signifi cant 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. 
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Recently, Temple et al. established organotypic raft cultures of pri-
mary human keratinocytes derived from either gingiva or tonsil 
tissue and observed productive, lytic EBV replication in the supra-
basal layers of the  stratifi ed 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 contrib-
ute signifi cantly 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 is 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  ID3  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 refl ecting an active somatic hypermu-
tation 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 
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play a role in the pathogenesis of BL [ 54 ]. Sequencing of PCR 
amplifi ed  IGHV  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 fi ndings, Bellan et al. 
speculated that EBV-negative BLs may originate from early cen-
troblasts, whereas EBV-positive BLs may originate either from late 
germinal center  B cells   on the pathway of differentiation to  mem-
ory 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 – 77 ]. 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 col-
lapse of germinal centers. Thus, the cyclically regulated expression 
of  MYC  is of utmost importance for a physiological germinal cen-
ter 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, 
RAG1,    and RAG2, EBV also induces DNA polymerase  η , 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 EBV early lytic cycle protein  BALF2   and its 
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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 is 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 situa-
tions when unexpected shifts were observed in space-time case 
clusters of the disease [ 84 – 86 ]. Furthermore, it 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  transforma-
tion   (reviewed by [ 86 ,  87 ]). There is an overlap regarding the geo-
graphic distribution of  E. tirucalli  and the “lymphoma belt,” i.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 affect-
ing chromosome 18 carrying the latter gene that encodes an anti-
apoptotic 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 infl uence 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  IL10  gene, cod-
ing 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 hemoglo-
bin  β  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 
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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 signifi cant difference in 
HbAS frequency between children with eBL and the correspond-
ing controls, indicating that protection against clinical malaria or 
high-density parasitemia may not curb lymphomagenesis [ 93 ]. 
Further studies may reveal the potential infl uence of additional 
genetic traits on the pathogenesis  of   eBL.  

7     EBNA2  -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 lym-
phoma 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 reor-
ganization 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 diffi culties [ 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  Ig-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 I 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 I 
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 falsifi ed. 
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 pro-
vided by a latent EBV genome.
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   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 com-
patible 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 is increased. 
By binding to its recognition site within the  locus control region   of 
the latent EBV genome, the   MYC    oncoprotein increases the prob-
ability 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  MYC - 
 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 
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  Fig. 1    Pathogenesis of  endemic   Burkitt lymphoma. Germinal  center   passage model ( below ,  brown arrows ; 
[ 13 ]): upon EBV infection of  naïve   B cells in the tonsils, they become growth-transformed cells exhibiting a viral 
latency type III  gene expression   pattern (growth program). Some cells which are not extinguished by the cel-
lular 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, I, or II. All  naïve   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       
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 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 prin-
ciple, even the antiapoptotic role which EBV plays for the patho-
genesis of endemic BL is expendable: it may be replaced by 
additional mutations in EBV-negative sporadic  BLs  , such as   TCF3    
and   ID3    mutations [ 55 – 57 ]. Because oncogene translocations 
occur in physiological germinal  center   reactions as molecular acci-
dents 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 prob-
ability 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 
fi rst 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 fi eld, 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 sur-
prise 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 is 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 EBV, as observed in certain  infectious mononucleosis   
patients [ 43 ,  44 ]. We speculate that disruption of the normal archi-
tecture 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, i.e., the  translocation   of   MYC  
  and other oncogenes. 
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 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 infec-
tion 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. ber-
ghei  MIF (PbMIF) modulated infl ammatory cytokine production 
and decreased  CD4+ T   cell recall responses in experimental ani-
mals [ 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, plas-
modium 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 lym-
phomas with distinct cellular phenotypes and viral  gene expression   
patterns. Whereas eBL, corresponding to EBV latency type I, is the 
predominant lymphoma type in malaria endemic areas, prolifera-
tion of EBV-transformed latency class III B cells forms the basis of 
most cases of early-onset posttransplant lymphoproliferative dis-
ease (PTLD)    developing in transplant patients undergoing iatro-
genic 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 fi rst polymorphic, then monomorphic, if immune suppres-
sion is continuing [ 127 ]. If immune control is restored in time, 
through the reduction of immunosuppressive treatment for trans-
plant patients, polymorphic B cells expressing the growth program 
are extinguished, as long as they have not undergone further muta-
tions which turn them into malignant clones [ 128 ]. 

 In patients with acquired  immunodefi ciency      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 lym-
phomas 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 
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herpesvirus ( KSHV  ); these tumors also belong to EBV latency type 
I. Type II 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 III is characteristic for pri-
mary 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 lym-
phomas [ 130 ,  131 ]. Thus, immunodefi cient 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 infl uenced 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 oncopro-
tein capable to cause tumorigenic  transformation   of rodent cells 
[ 133 ]. LMP1, a pleiotropic regulator activating multiple cellular 
pathways, is 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 down-
regulated the levels of  shelterin   proteins that protect telomeres 
from DNA repair mechanisms in mammalian cells and also down-
regulated 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 pro-
tection of telomere (POT) 1 proteins may result in genomic insta-
bility due to an altered 3D nuclear organization of telomeres, 
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formation of telomere aggregates, generation of unprotected short 
telomeres, and formation of end-to-end telomere fusions of chro-
mosomes (reviewed by [ 138 ]). LMP1 may contribute to the 
pathogenesis of HL by facilitating the transition from mononu-
clear 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 archi-
tecture 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, com-
plete  bisulfi te   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  naïve   B cells, a signifi cant 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 meth-
ylation 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, refl ecting an earlier epigenetic analysis of 
mature aggressive B cell lymphomas [ 143 ,  146 ,  147 ]. However, cell 
lines do not necessarily refl ect 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 signifi cantly 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 precipita-
tion (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 pheno-
type (CIMP)   cancers (reviewed by [ 11 ,  149 – 151 ]). Actually, 
EBVaGC is among the highest methylated of all cancers studied so 
far [ 26 ]. For tumor virology in general and the EBV fi eld, 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, 
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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 extra-
cellular 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 fl uids they enter [ 152 ,  154 ,  155 ]. It was pro-
posed 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 
fi lopodia [ 157 ]. Interestingly, exosomes somewhat resemble the 
“gemmules” which Charles Darwin fi rst 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 out-
come of exosome-recipient cell interaction varied: exosomes pro-
duced by latency type III Mutu cells increased a signifi cantly higher 
expression of ICAM-1 (intracellular adhesion molecule 1) in the 
EBV-negative nasopharyngeal carcinoma cell line  CNE1   than the 
exosomes derived from EBV-negative or latency type I Mutu cells. 
This difference in phenotypic modulation of CNE1 cells was attrib-
uted to the exosomal transfer of LMP1 (latent membrane protein 
1) from the latency type III 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 fi rst 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 superna-
tants of EBV-positive lymphoblastoid cells [ 160 ]. They also pin-
pointed, based on homology search, two sequences in the fi rst 
transmembrane domain of LMP1 that may mediate the in vitro  immu-
nosuppressive   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-infi ltrating T cells and NK cells in vivo [ 160 ,  161 ]. 
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 LMP1 may also affect intercellular communication indirectly, 
by enhancing the expression or exosomal packaging of distinct cel-
lular proteins into exosomes. Ceccarelli et al. observed that LMP1 
expression in a human nasopharyngeal  carcinoma   cell line facili-
tated the release of exosomes containing fi broblast growth factor 2 
(FGF-2), a potent inducer of angiogenesis. They suggested that 
LMP1/FGF-2 double-positive exosomes may promote neoangio-
genesis and tumor progression [ 162 ]. A recent study demonstrated 
that LMP1 may also increase the exosomal level of hypoxia- 
inducible factor 1-alpha (HIF1α), a component of the HIF1 tran-
scription 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 expres-
sion, a change possibly supported by exosomal HIF1α. These data 
suggested that exosomes produced by LMP1-positive nasopharyn-
geal carcinoma cells may facilitate epithelial-mesenchymal transi-
tion (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 infl ammatory 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 specifi c for exosomes 
derived from KSHV-infected cells. LMP1 expression had a signifi -
cant impact on the exosome-associated proteome: there were 60 
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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 tran-
scripts 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 sug-
gested 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 cel-
lular 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  , EBNA1,    and  EBNA2   [ 171 ]. 

 The non-translated, highly abundant EBV-encoded RNAs, 
 EBER1  , and EBER2 were also detected in exosomal fractions puri-
fi ed from cell culture supernatants of EBV-positive lymphoid cell 
lines. The very same exosomes also contained the cellular La pro-
tein, 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 
EBER2 in the pathogenesis of EBV-associated neoplasms was 
reviewed recently [ 173 – 175 ]. We would like to emphasize, how-
ever, 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 devel-
opment or facilitate the progression of EBV-associated autoim-
mune diseases [ 177 ]. The use of novel experimental models, such 
as EBV-infected new-generation  humanized mice  , may clarify the 
role of  EBERs   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 infi ltration of skin lesions of  systemic lupus erythe-
matosus (SLE)   patients by pDCs support the idea that EBER1, 
detected in high levels in such lesions, may play a role in the patho-
genesis 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, 
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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 fi nally 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 desta-
bilization of the target mRNAs and suppress their translation. Pegtel 
et al. observed that EBV-encoded miRNAs accumulated in exo-
somes 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-transmit-
ted 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 endo-
thelial 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 car-
rying NPC xenografts. They were also present in plasma samples of 
 NPC   patients [ 182 ]. 

 How  miRNAs   and other RNA molecules are loaded into exo-
somes remains to be elucidated. Janas et al. proposed recently that 
affi nity to the raft-like regions in the outer layer of the multivesicu-
lar  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 epi-
thelial cells [ 184 ]. An increased miR-155 level may elicit pro- 
angiogenic changes in the exosome-recipient cells. 

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

 Transfer of cellular miRNAs from oral epithelial cells to B cells 
carrying latent EBV genomes may result in the induction of pro-
ductive virus replication. Lin et al. observed that members of the 
epithelium-specifi c 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 ].  
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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, is 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 mono-
clonal 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 univer-
sity 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 thera-
pies and making them amenable for routine application (reviewed 
by [ 188 ]). Antigen-specifi c T cell therapy has also been used for 
virus-associated cancer or lymphoma in immune competent 
patients [ 189 – 193 ] (reviewed by [ 194 ]). Engineered EBV-specifi c 
T cells carrying genetic modifi cations making them resistant against 
the immune-suppressive local tumor environment are under devel-
opment [ 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, malig-
nancies expressing the full complement of latency III gene 
 products, e.g., early-onset PTLD, are better suited for treatment 
with EBV-specifi c 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 specifi cally directed against 
LMP1 and  LMP2A   may be a promising solution. Beyond viruses, 
gene- modifi ed 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 lym-
phocytes. Thus, donor lymphocyte infusion is effective for PTLD, 
but is signifi cantly prone to  graft versus host disease (GVHD)  . To 
avoid GVHD, EBV-specifi c T cells were activated and expanded. 
For this purpose, donor LCL had to be established as antigen pre-
senting cells in each individual case. Regarding clinical outcome and 
cost, this treatment compared favorably with other treatment modal-
ities 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 sup-
pression which usually cannot be reduced in order to prevent graft 
rejection. Therefore, the development of genetically modifi ed specifi c 
T cells which are resistant to  immunosuppressive   treatment is a 
promising option [ 203 – 206 ]. 
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 Since time is the most limiting factor in aggressive PTLD, and 
the generation of new individually tailored EBV-specifi c 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 isola-
tion of pre-existing EBV-specifi c T cells has been tried with success 
[ 207 ,  208 ]. Furthermore, to overcome the problem of limited 
numbers of specifi c donor T cells, the rapid in vitro stimulation and 
expansion of functioning multi-virus-specifi c 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 briefl y outlined some exciting trends in EBV research and 
the interconnected clinical issues. Research developments during 
recent years were facilitated through the generation of novel meth-
ods, novel high throughput techniques, and through signifi cant 
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 labora-
tory routine and the transfer of new knowledge into clinical work. 
Thus, it remains to be hoped that the new book will fi nd many 
interested readers and users.     
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    Chapter 2   

 Epstein-Barr Virus: Clinical Diagnostics                     

     Hans-Helmut     Niller      and     Georg     Bauer     

  Abstract 

   The vast majority of the human adult population is infected with Epstein-Barr virus (EBV), and the major-
ity 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 mononucle-
osis, or which have undergone primary infection in their past, it is sometimes important to appraise symp-
tomatic disease or differentiate infectious mononucleosis from other conditions. In these cases, serological 
methods, i.e., immunofl uorescence, ELISA, or Western blot, are the methods of choice to come to an 
unequivocal diagnostic conclusion, while the detection and quantifi cation 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 reactiva-
tion 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 of each method and report on the diagnostic 
signifi cance of each and how to resolve diagnostic problems in case of uncertainties. For practical proce-
dures, 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)  ,   Immunofl uorescence  ,   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 tremen-
dously stimulated tumor biology, tumor immunology, molecular 
virology, clinical virology, and virus diagnostics. 

 Initially, due to the history of its discovery, the focus was espe-
cially on the tumor biological aspects of EBV. The detection of the 
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EBV genome in Burkitt lymphomas was a milestone for human 
tumor virology. Thereby, EBV became the fi rst established human 
tumor virus, and the discovery of EBV in nasopharyngeal  carci-
noma   (NPC) biopsies [ 2 ], and specifi cally 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 prolif-
eration and antiapoptotic effects. The effects of EBV on  transfor-
mation   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 func-
tions involved in tumorigenesis in each case, the molecular patho-
genesis 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-bind-
ing site [ 8 ] 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 fi nally 
defl ate the older  transformation  -based Burkitt lymphoma models. 

 The in vivo binding site for the oncoprotein   c -Myc   in the locus 
 control   region of the EBV genome suggested a specifi c, antiapop-
totic role for EBV in Burkitt lymphomagenesis and for the fi rst 
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 com-
plex effects of reactive oxygen species (ROS) [ 17 – 19 ], the produc-
tion 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), 
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and early antigens (EA) that control the coordinated synthesis of 
the structural proteins VCA (viral capsid antigen) and MA (mem-
brane 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 infec-
tion seemed to infl uence 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, hepato-
splenomegaly, hepatitis, mononuclear cells in the blood, and neuro-
logical symptoms. Due to the variability of the combination of 
symptoms, EBV-associated mononucleosis needs to be differenti-
ated from primary infection with  CMV  , HHV- 6  ,  HIV  , rubella virus, 
mumps virus, and classical hepatitis viruses HAV, HBV, HCV, and 
HEV. There is symptomatic overlap with toxoplasmosis, brucello-
sis, 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 pri-
mary 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 infec-
tions 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 specifi c antigen. This may lead 
to an increase in IgG titers directed against a random antigen and 
to detectable IgM responses without underlying specifi c interac-
tion 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-specifi c 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 signifi cance of IgM responses 
needs to be assured by parallel testing of serological EBV markers. 
If these exclude acute EBV infection, EBV-driven polyclonal stim-
ulation is not likely. If, however, a primary EBV infection is diag-
nosed, 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 infec-
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tion 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 per-
former of viral diagnosis as seroconversion that seems to prove pri-
mary 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 infl uenced by iat-
rogenic 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 is the target in this case. As mas-
sive  immunosuppression   may lead to the loss of anti-EBNA-1, an 
EBV-specifi c marker that is indicative of past infection, serological 
analysis may become rather ambiguous and require a broader 
approach for resolution.  

2    EBV Serology Using  Immunofl uorescence   

 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 immunofl uorescence techniques [ 22 ,  23 ]. If 
performed by experienced investigators, using excellent equipment 
and taking care of standardization, these methods were nicely repro-
ducible and allowed quantitative measurements based on titration. 
VCA-IgG and VCA-IgM determinations were performed using indi-
rect immunofl uorescence with Burkitt lymphoma cell lines like 
P3HR-1 that were characterized by a small percentage of virus-pro-
ducing cells surrounded by a surplus of latently infected, nonproduc-
tive 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 
immunofl uorescence 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 pro-
teins, their concentration is much lower than that of structural pro-
teins like VCA. Therefore, classical EA-IgG tests in contrast to 
VCA- IgG   and VCA-IgM represented test systems with a suboptimal 
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concentration of antigen and therefore only gave a positive response 
when very high concentrations of anti-EA antibodies were present. 
Therefore, using indirect immunofl uorescence, 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 immunofl uores-
cence technique was used. First of all, this is a good message, because 
otherwise VCA- antibody determination would not have been possi-
ble due to overlap with anti-EBNA reactivity. For the detection of 
anti-EBNA, an additional amplifi catory step was required. This step 
took advantage from the intriguing fi nding 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 pro-
tein, 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 fl uorescence label (Fig.  2 ).

    A positive VCA-IgG and VCA-IgM fi nding was considered as 
evidence for an acute EBV 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 conclu-
sions 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 IgM detection, and therefore the determina-
tion of the true IgM status would have required the removal of 

  Fig. 1    Determination of VCA-IgG using indirect immunofl uorescence       
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IgG in all serum samples before the IgM test. But even then, a 
signifi cant 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 infec-
tions were IgM negative. Several reasons sum up to this problem-
atic 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 fi rst serum was taken too late; (3) the IgM 
test was not suffi ciently sensitive; and (4) the competing IgG was 
not suffi ciently 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 fi nding 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 immunofl uorescence was not as spe-
cifi c 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 specifi cally. A positive anti- 
EBNA- 1 response therefore was indicative of secured past infec-
tion 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 

  Fig. 2    Anti-EBNA-1 test using anticomplementary immunofl uorescence       
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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 specifi cally 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  immuno-
suppression   based on infections, immune disorders, or tumors. 

 Therefore, even optimally performed and controlled EBV 
serology using immunofl uorescence 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 fail-
ure 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 confi denti-
ality. Though these cases represent the majority in routine diagno-
sis, 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 immunofl uores-
cence 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 indi-
rect immunofl uorescence 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 pre-
paring glass slides and performing the indirect anti-EBV immuno-
fl uorescence 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 recombi-
nant antigens represents an important milestone in the improve-
ment of EBV diagnostics [ 25 ]. In particular, p72 (EBNA-1, viral 
gene BKRF1, i.e., BamHI restriction fragment K, rightward frame 1), 
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p23 (BLRF2, a component of VCA), and the early proteins p54 
( BMRF1)      and p138 ( BALF2)      were used in the fi rst 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 defi nes specifi c sero-
positivity. 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 fi rst 3 weeks after onset of disease. 

 Compared to assays based on immunofl uorescence, the blot 
had several advantages. (1) Because recombinant, highly purifi ed 
antigens were used, the problem of anticellular reactivity (a prob-
lem in 5 % cases tested by  immunofl uorescence  ) was no longer an 
issue. (2) Due to the use of recombinant antigens, the test system 
now contained suffi ciently high concentrations of antigens. Thus, 
the test result was solely dependent on the concentration of anti-
body 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 immunofl uorescence 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 
immunofl uorescence, only sera with very high titers gave a signifi -
cant response with this method. Frequently, these were cases with 
acute infections or reactivations after immunosuppression. EA-IgG 
(detected by immunofl uorescence) 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  immunofl uorescence,   EA- IgG   detectable by immunoblot very 
frequently stayed positive over very long periods. In addition, the 
kinetics of appearance of EA-IgG during acute EBV infection 
showed a major difference, depending on the method used. Whereas 
EA-IgG determined by  immunofl uorescence   usually became detect-
able after VCA-IgG, EA-IgG detected by suffi ciently high concen-
trations of recombinant EA usually was the fi rst 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 purifi cation, allowed to group the antigens according to 
early and late antibody response with respect to the onset of disease. A 
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high degree of purifi cation of proteins was necessary to ensure that the 
degree of specifi city 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 specifi city reached 
by either method, but the degree of purity of the applied proteins. 

 The distribution of a specifi c protein within a band on immu-
noblots is characterized as Gaussian distribution, due to the move-
ment of the proteins during electrophoresis. In contrast, purifi ed 
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 quantifi cation. 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 fi nding 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 

  Fig. 3    Titration of a positive serum using immunoblot stripes. Dilution of the 
serum (from  right  to  left ) causes a decrease in intensity as well as a change in 
the size of the band       
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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  prefer-
ably   established by line assays.

    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 descrip-
tion 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 

  Fig. 4    Titration of a positive serum using a line assay. Dilution of the serum (from  right  
to  left ) causes a decrease in intensity without a change in the size of the band       
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 solution containing skim milk powder to block nonspecifi c 
binding of serum antibodies to the test strips.   

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

   3.    Submerge the strip through gentle shaking.   
   4.    Add 20 μL of the serum to be analyzed.   
   5.    Cover the tray with a plastic lid and shake gently for 1 h on a 

horizontal shaker at room temperature.   
   6.    After 1 h of serum incubation, pipet off the liquid, using a 

fresh pipet tip for each well or an aspirating device.   
   7.    Wash off serum traces by three cycles of adding 2 mL of wash-

ing buffer, shaking 5 min, and pipetting off the washing buffer, 
always taking care to avoid cross contamination with serum 
antibodies between the wells.   

   8.    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 antihuman rabbit antibody 
labeled with horseradish peroxidase (HRP). Conjugates are 
specifi c 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.   

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

   10.    Wash off conjugate traces three times as above.   
   11.    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 sec-
ondary rabbit antibodies.   

   12.    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 

 Affi nity maturation of the  IgG   response is known as a unidirec-
tional 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 
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receive the specifi c antigen as stimulus for survival and prolifera-
tion and (2) by constant mutagenesis in the Fab structure. A few 
cell clones thus may eventually present IgG that binds the antigen 
with higher affi nity. These clones are positively selected, whereas 
proliferation and survival of the parental clones is impaired. 
Stepwise cycles of mutagenesis and selection fi nally lead to clones 
that generate IgG with high affi nity for the specifi c epitope struc-
ture. Plasma cells derived from these clones will be the source of 
high-affi nity IgG. Affi nity represents a complex biophysical princi-
ple 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 is representative for overall affi nity. 
Please note that formerly the term avidity was also used to describe 
the complexity of antibody populations, e.g., against fl agella of 
bacteria. The historic term has a different biological background 
and is not suitable in the context of avidity as defi ned 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  immunofl uorescence   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 fl uorescent antibodies as usual 
or were treated with 6 M urea for 3 min, washed, and then pro-
cessed like the control. The comparison between the titers was 
used to determine the avidity index. This procedure required a 
high standardization of quantitation of  immunofl uorescence   titers. 
The maturation kinetics of VCA- IgG   avidity was very fast. Only 
during the fi rst 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 
 immunofl uorescence  . This seemingly paradoxical fi nding is 
explained by less competition between antibodies with high, inter-
mediate, and low affi nity in the immunoblot and line assay. In the 
immunofl uorescence test with its lower concentration of antigen, 
high-affi nity antibodies will compete out antibodies with interme-
diate or low affi nity and thus overestimate high affi nity. 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-affi nity antibodies can be differen-

Hans-Helmut Niller and Georg Bauer



45

tiated from sera that only contain high-affi nity antibody. In this 
way, the true status with respect to affi nity 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-IgG 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 defi ned by a certain basic pattern, but that a high 
degree of variability can also be observed regularly due to the sto-
chastic processes inherent to the immune reaction. This is summa-
rized in Tables  1  and  2 .

    From 1577 non-preselected sera, which were tested with the 
line assay, a relatively low percentage was identifi ed as seronegative, 
and an even lower percentage was identifi ed 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 exhib-
ited one or both late markers in a weakly pronounced way. In 7.4 % 
of cases, p72-IgG 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 fi nding 
underlines the improvement of diagnostics through combining 
two late markers and thus preventing inaccurate fi ndings. It shows 
in particular the stochastic component which plays an important 
part in serological responses. The fi nding allows the assumption 
that the immune system of an affected person incidentally failed to 

   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 
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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 confi rmed the plausibility of 
the preceding assumption. Of course, on a fi rst 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 cer-
tain 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 identifi ed with certainty as past EBV infec-
tion 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 sys-
tem, but rather evidence of the precision with which the stochastic 
variability of the serological response is measured. It proves that a 

     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-IgG and p18-IgG > +)  1154  80.2 

 p72-IgG and p18- IgG   +  7  0.5 

 p72-IgG +, p18-IgG > +  86  6.0 

 p18-IgG +, p72-IgG > +  29  2.0 

 p72-IgG neg., p18-IgG > +  106  7.4 

 p18-IgG neg., p72-IgG > +  11  0.8 

 p23-IgG 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-IgG low avidity, 
p72-IgG 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 modifi ed 
p18, which represents a late marker  
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reliable fi nding 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-IgG 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 effi ciency of EBV serology by line 
assays and show the signifi cance of the avidity determination with 
the aid of this method. The application of the  recom Line 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 infec-
tion. At fi rst, a successive occurrence of the markers BZLF1-IgG, 
p54- IgG, 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, fi rst 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 specifi ed: 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 avid-
ity of the detected marker and the high avidity of p23-IgG, to reli-
ably 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.

   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 seroposi-
tive 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 fi rst serum sample was taken 1 day after the onset of disease. 
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  Fig. 5    Basic pattern of appearance of the IgG response after EBV infection mea-
sured by the recomLine assay. At the onset of disease, antibodies against BZLF1 
(immediate early protein), p138 and p54 (early proteins), are the fi rst 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-IgG 
(directed against the modifi ed 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-IgG, and p72-IgG 
exhibit high avidity. IgG directed against p138, p54, and BZLF1 may disappear 
or remain detectable. In contrast to p72-, p23-, and p18-IgG, IgG against the 
BZLF1, p54, and p138 may exhibit low avidity even in past infection. This fi nding 
is explained by the recognition of new epitopes during silent and clinically irrel-
evant reactivation of the virus. Therefore, avidity determination for the distinc-
tion between acute and past infection has to be restricted to p23-, p18-, and 
p72- IgG. As shown in Table  2 , in a signifi cant 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.       
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It was positive for p138- IgG   and p54-IgG. 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 confi rmed this state-
ment and showed the appearance of the late markers p72- and 
p18(mod)-IgG that showed high avidity, like p23-IgG.

   In most cases, p23-IgG is present in the first sample and 
thus avidity determination is possible and useful to secure the 

  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 anti-
gens. The next serum (serum #2) was taken 4 weeks later and fi nal 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 fi rst incubation. Positions 17–30 are repeats of the avidity determination and demon-
strate the interassay reproducibility of the test system       
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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  is a 50-year-old male patient with lymphadenitis and 
fever. He was found positive for VCA- IgG   and VCA- IgM   using 
indirect  immunofl uorescence   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 posi-
tive for p23-, p138-, and p54-IgG 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  is 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- 
IgG 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 EBV infection. 

  Case #4  is a 22-year-old male patient with symptoms of  infec-
tious 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 clarifi cation. The isolated p23- IgG   was 
of low avidity and thus allowed the serological diagnosis of acute 
EBV infection. This case is 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  immunofl uorescence   techniques has taught us the 
principles and problems of EBV serology; the subsequent sections 
have shown us how the use of recombinant antigens in combina-
tion 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 defi ned, purifi ed antigens at suffi cient 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 evalua-
tion of any new test system must not be based solely on selected 
“typical cases” for past and acute EBV infections as these only 
refl ect part of reality (as shown in Table  2 ).  
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8    Enzyme Immunoassay (EIA)    Testing 

 EIA tests by several manufacturers with purifi ed recombinant anti-
gens, 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 ], 
signifi cantly 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- IgG, some of 
them including also anti-EA [ 33 ,  34 ]. Principally, the three main 
test parameters should suffi ce 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, how-
ever, not suffi cient 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 combi-
nation with avidity determination in addition to EIA testing. In line 
with these fi ndings, it is not surprising that, in a comparative analy-
sis with IFA as the reference standard of the time, Gärtner et al. 
concluded that among four manufacturers of EIAs, due to the dif-
ferent composition of antigens and different interpretation criteria, 
only two of the tests were useful. Therefore, the authors empha-
sized 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 specifi cities for correctly categorizing primary infec-
tion, past infection, and seronegativity of well above 90 % [ 35 ,  36 ]. 
If sequential testing was applied, i.e., anti-EBNA-1 testing was 
done fi rst, a substantial cost saving was obtained. In cases of positive 
anti-VCA-IgM, additional anti-  CMV  -  IgM   testing was recom-
mended 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 experi-
ence 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 
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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 pro-
vides a more differentiated conclusion, including the two above-
mentioned 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 deter-
mination in patient groups at high risk of acquiring posttransplant 
lymphoproliferative disease (PTLD)   . The risk to acquire EBV dis-
ease 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   posi-
tivity 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 pri-
mary 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 screen-
ing, 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, i.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 defi ned threshold and no sin-
gle preferred type of clinical material exist in diagnosing PTLD. In 
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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 iso-
lation kit according to the instructions of the manufacturer, 
e.g., QIAamp 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 fl uorescent probe, according to the instructions of the 
manufacturer.   

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

   4.    Cover the 96 well plate and start the programmed PCR machine.   
   5.    We use TaqMan probes and Step-One-Plus machines from 

ABI.   
   6.    Sense primer: 5′-TGACCTCTTGCATGGCCTCT-3′.   
   7.    Antisense primer: 5′-CCTCTTTTCCAAGTCAGAATTTGAC-3′.   
   8.    Probe: FAM-5′-CCATCTACCCATCCTACACTGCGCTTTA

CA- 3′-TAMRA.   
   9.    This primer-probe set amplifi es a segment from the alkaline 

exonuclease gene of EBV (BGLF5)   .   
   10.    The PCR profi le 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 is opened.   

   11.    Tenfold serial dilutions of plasmids containing the respective 
target sequence have to be amplifi ed 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 reac-
tion, corresponding to 500 genome equivalents (641 IU/mL) 
per mL serum.    
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    Chapter 3   

 Establishment of EBV-Infected Lymphoblastoid Cell Lines                     

     Noemi     Nagy      

  Abstract 

   Lymphoblastoid cell lines (LCLs) can be generated easily by in vitro EBV infection of B lymphocytes col-
lected 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 

 EBV 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- 
specifi c surface molecule, CD21 (receptor for the C3d fragment of 
complement), and it uses HLA class II 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 unlim-
ited 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 III 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, 
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 transfor-
mation 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 mole-
cules (LFA1, LFA3, ICAM1), and MHC class I and II molecules [ 5 ]. 
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 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 modifi es or 
eliminates the immunological cell-mediated controls [ 6 ]. 

 The EBV strain that is most commonly used in the labora-
tory 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 anti-
biotic-resistant genes or GFP,    have been generated (reviewed 
in [ 9 ]).  

2    Materials 

       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 µg/mL penicillin, and 100 µg/mL 
streptomycin.   

   7.    Ammonium chloride lysing solution (commercial).      

       1.     B95-8   or  Akata   cell lines.   
   2.    Complete RPMI medium: RPMI 1640 with 10 % FCS, 100 U/

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

100 µg/mL streptomycin.   
   4.    Affi nity purifi ed antihuman immunoglobulin G ( IgG)   

antibody.   
   5.    Sterile 0.45 μm pore fi lter.      

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

fl asks.   
   3.    Complete RPMI medium: RPMI 1640 with 10 % FCS, 100 

U/mL penicillin, and 100 µg/mL streptomycin.   
   4.    1 mg/mL cyclosporin  A   (CsA) solution.       

2.1  Isolation 
of Mononuclear Cells 
from Blood

2.2   Virus   Production

2.3  In Vitro Infection 
with EBV

Noemi Nagy
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3    Methods 

      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 gra-
dient 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 ×  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 ×  g .   

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

   7.    Resuspend the cells in complete RPMI medium and count 
them. This cell suspension contains highly purifi ed, viable lym-
phocytes (T and B cells) and monocytes ( see   Note    9  ).   

   8.    At this point, purifi ed mononuclear cells are ready to be 
exposed to EBV, 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  ).    

       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 is 
derived from a mononucleosis patient. It was passed to the mar-
moset 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 signifi cant amount of infec-
tious viral particles when it is cultured in medium with low serum 

3.1  Isolation 
of Mononuclear Cells 
from Blood

3.2   Virus   Production

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

Generation of LCLs
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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 suffi cient number of cells 
grow in the logarithmic phase ( see   Note    12  ), centrifuge the 
cells and start a new culture at 2 × 10 5 /mL density in complete 
RPMI medium that contains 2 % FCS (instead of 10 %). Culture 
the cells for 2 weeks at 37 °C in a 5 % CO 2  humidifi ed incuba-
tor without changing the medium.   

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

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

     Akata is a Burkitt lymphoma cell line that can be induced to pro-
duce 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 den-
sity of 4 × 10 6  cells/mL. Add antihuman  IgG   antibody at a 
concentration of 50 μg/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, dilut-
ing the cells at 2 × 10 6 /mL density. Culture them for 5 addi-
tional days in this medium.   

   3.    On day 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, 
fi lter the supernatant through a sterile 0.45 μm pore fi lter 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 superna-
tant produced from Akata by this method has a  higher   titer 
than the one produced from B95-8 cells.    

             1.    Expose the purifi ed mononuclear cells (described at 
Subheading  3.1 ) to virus-containing supernatant. Pellet 
3–5 × 10 6  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.   

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

3.2.2  Production of Virus 
from  the   Akata Cell Line

3.3  Generation of LCL 
from Mononuclear 
Cells

3.3.1  In Vitro- 
Transformed LCLs

Noemi Nagy
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   3.    Pellet the cells by centrifugation, discard the supernatant, 
and resuspend the cells at 5 × 10 5 /mL density in complete 
RPMI medium that contains 0.4 μg/mL  cyclosporin   A 
( see   Note    15  ).   

   4.    Distribute 1 mL of cell suspension/well of a 48-well plate, 
thus each well will contain 5 × 10 5  cells. If higher numbers of 
mononuclear cells are available, 2 mL of cell suspension/well 
can be distributed to a 24-well plate (10 6  cells/well). Maintain 
the cultures in a humidifi ed incubator at 37 °C with 5 % CO 2 .   

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

   6.    After about 3 weeks, foci of EBV-transformed B cells will start 
to grow. When the cultures grow well, cells can be transferred 
fi rst to a 24-well plate, then to a 12-well plate, and later to 
75 cm 2  fl asks ( see   Note    16  ). After about 5–6 weeks, LCLs are 
stable and will grow continuously.      

   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 × 10 5 /mL density in complete RPMI medium that con-
tains 0.4 μg/mL  CsA  .   

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

   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 fi rst to a 24-well plate, then to a 12-well 
plate, and later to 75 cm 2  fl asks ( see   Note    16  ).        

4                      Notes 

     1.    The temperature of Ficoll-Paque should be at 18–20 °C, at 
which temperature its density is 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, erythro-
cytes aggregate and lymphocytes get trapped within the 

3.3.2  Spontaneous LCL 
from Blood 
of EBV- Seropositive Donors

Generation of LCLs
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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 suffi cient to isolate enough mononu-
clear 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.   

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

   6.    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.   

   7.    First discard the upper layer (diluted plasma) without disturb-
ing the mononuclear cells. In this way, collection of the mono-
nuclear 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.   

   8.    This washing procedure will yield effi cient removal of platelets 
from the lymphocytes in the majority of cases.   

   9.    Contamination with erythrocytes (red blood cells) is com-
mon, if cord blood was used as a starting material. Even 
though the presence of some erythrocytes would not inter-
fere 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 chlo-
ride lysis buffer (commercially available). From these two 
possibilities, lysis is more effi cient in eliminating the con-
tamination 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 is 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.   

Noemi Nagy
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   10.    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.   

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

   12.    If LCLs will be regularly established, it is convenient to pro-
duce a larger (200–500 mL) volume of virus-containing super-
natant. For this volume, a starting number of 40–100 × 10 6  
 B95-8   cells are needed.   

   13.    Make sure that the antihuman IgG antibody is functional 
grade, i.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.   

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

   15.     Cyclosporin A (CsA)   is added to the culture to inhibit the 
function of EBV-specifi c T cells that are present in case that 
the blood donor is EBV positive. If CsA is not added, these 
EBV-specifi c  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 is recom-
mended, because it eliminates the necessity to determine the 
EBV status. However, if the mononuclear cells were purifi ed 
from cord blood, CsA may be omitted, since these cultures 
lack EBV-specifi c memory T cells.   

   16.    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.   

   17.    When spontaneous LCLs are generated, the presence of grow-
ing 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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    Chapter 4   

 Generation and Infection of Organotypic Cultures 
with Epstein–Barr Virus                     

     Rachel     M.     Temple    ,     Craig     Meyers    , and     Clare     E.     Sample       

  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 organo-
typic cultures of oral keratinocytes can be used as a model to study EBV infection in the epithelial tissue. 
These “raft” cultures generate a stratifi ed 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  ,   Stratifi ed epithelium  ,   Lytic 
 replication  ,   Virus production  ,   qPCR  

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 diffi culty 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 diffi cult to 
generate high-titer virus, making the study of productive EBV 
 replication and virion structure diffi cult. Organotypic cultures 
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 produce a more biologically relevant three-dimensional tissue that 
closely resembles that seen in vivo: a basal layer containing mitoti-
cally 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 confl uence 
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 stratifi ed  epithe-
lium   results in high levels of productive replication restricted to 
terminally differentiating cells, generally resulting in viral titers of 
5 × 10 9  to 5 × 10 10  genome equivalents per raft by 6–8 days postin-
fection [ 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 sim-
ilar to that observed in vivo in terminally differentiated epithelial 
cells of oral epithelial tissue naturally infected with EBV [ 8 – 10 ].

   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 bio-
chemical 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 

  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 fi broblasts), the basal layer (where pro-
liferating cells reside), and the suprabasal layers, which begin to differentiate, 
ultimately losing their nuclei and disassociating from the raft       
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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  immunofl uorescence  .  

2    Materials 

       1.    Epithelial tissue ( see   Note    1  ).   
   2.    Wash buffer: PBS, 67 μg/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 2 O. Add approximately ten 
drops of concentrated HCl until dissolved, and then adjust 
volume to 20 mL with dH 2 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 dilu-
tions in sterile PBS to obtain fi nal 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 g pow-
dered Ham’s medium (F12 nutrient mixture with  l -glutamine, 
without sodium bicarbonate) in 6 L of dH 2 O, and then add 
30.69 g sodium bicarbonate, 100 mL penicillin–streptomycin 
solution (10,000 U/mL penicillin and 10,000 μg/mL strep-
tomycin stock solution), 10 mL cholera toxin (10 μg/mL 
stock dissolved in dH 2 O), 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 HCl). Adjust vol-
ume to 10 L with dH 2 O, and adjust pH to 7.1–7.15. Filter 
sterilize with a 0.2 μm pore-size low-protein-binding fi lter, 
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).      

       1.    J2 3T3 mouse fi broblasts: use low-passage fi broblasts main-
tained in DMEM containing 10 % heat-inactivated newborn 
calf serum and 25 μg/mL gentamicin sulfate.   

   2.    10× reconstitution buffer: 62 mM NaOH, 260 mM NaHCO 3 , 
200 mM Hepes, and pH 8.2.   

2.1  Reagents 
for Isolation 
and Culture of Primary 
Epithelial Cells

2.2  Reagents 
for Generation 
of Raft Culture

EBV Infection of Raft Cultures
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   3.    10× DMEM (made from powdered DMEM with 4.5 g/L 
 d -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 µg/mL EGF stock solution 

dissolved in dH 2 O supplemented with 1 mg/mL BSA).      

       1.     Akata   medium: RPMI containing 10 % FBS.   
   2.    Akata cells ( see   Note    2  ).   
   3.    Goat anti-human IgG F(ab) 2 .   
   4.    PBS.      

       1.    Homogenization buffer: 0.05 M Na–phosphate, pH 8. To 
make 500 mL homogenization buffer, fi rst combine 13.25 mL 
0.2 M NaH 2 PO 4 , 236.75 mL 0.2 M Na 2 HPO 4 , and 250 mL 
dH 2 O to make 0.1 M Na–phosphate buffer. Dilute 250 mL 
chilled 0.1 M Na–phosphate buffer with 250 mL dH 2 O. Sterilize 
by fi ltration through a 0.2 μm pore-size fi lter and store at 4 °C.   

   2.    Dry ice–ethanol slurry.   
   3.    Benzonase nuclease (250 U/μL stock solution).   
   4.    1 M MgCl 2 .   
   5.    5 M NaCl.      

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

   2.    Proteinase K (20 mg/mL dissolved in dH 2 O).   
   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 2 O.   
   9.    PCR strips and PCR caps.   
   10.    Taqman Universal PCR master mix.   
   11.    BALF5 PCR primers: 20 μM BALF5 forward primer 

(5′-AGTCCTTCTTGGCTAGTCTGTTGAC-3′), 20 μM 
BALF5 reverse primer (5′-CTTTGGCGCGGATCCTC-3′).   

   12.    BALF5 PCR probe: 5 μM Taqman dual-labeled fl uorogenic 
probe (5′-(FAM)- CATCAAGAAGCTGCTGGCGGCCT 
(TAMRA)-3′).   

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

2.3  Reagents 
for Infecting Raft 
Culture with EBV

2.4  Reagents 
for Harvesting 
Infectious Virus 
from Raft Culture

2.5  Reagents 
for Quantifi cation 
of Viral Genomes 
Using  qPCR  
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       1.    Tissue cassette with lid.   
   2.    Biopsy sponge.   
   3.    10 % buffered formalin phosphate.   
   4.    70 % ethanol.      

       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  ).

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

2.6  Reagents 
for Harvesting Raft 
Cultures 
for Immunohistology

2.7  Equipment

  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  immunofl uorescence         
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   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 stratifi ed and terminally differen-
tiated 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, modifi cations 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  histo-
logical   and  immunofl uorescence   analysis (Subheading  3.6 ). 

        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 scissors.   

   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.   
   7.    Following the 1 h incubation, allow the tissue to settle to the 

bottom of the glass universal. Remove ~20 mL of the superna-
tant fraction and neutralize with ~30 mL E-media.   

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

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

3.1  Isolation 
and Culture of Primary 
Epithelial Cells
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   10.    Incubate the cells at 37 °C and 5 % CO 2  for 3 days without 
disturbing, and change the media every other day thereafter.   

   11.    At 2 weeks or when cells reach 70 % confl uence, passage or 
freeze the cells.      

        1.    Trypsinize sub-confl uent J2 3  T3   fi broblasts with 0.05 % 
 trypsin–EDTA ( see   Note    6  ).   

   2.    Neutralize trypsin with J2 3T3 medium.   
   3.    Pellet cells at 2100 ×  g  for 7 min, and for each raft culture, 

resuspend 6.25 × 10 5  J2 3T3 cells in 0.25 mL 10× reconstitu-
tion buffer. All work from this point forward should be per-
formed on ice to prevent the cells from clumping excessively 
and to prevent the collagen from solidifying prematurely.   

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

   5.    Keeping tube on ice, add 2 mL collagen per raft culture, and 
adjust the pH with 2.4 μL 10 N NaOH per mL of collagen. 
Mix by inverting the tube for at least 2 min.   

   6.    For each raft, aliquot 2.5 mL of the collagen containing the J2 
fi broblasts 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.   

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

   8.    Once the collagen has solidifi ed, add 2 mL of E-medium sup-
plemented 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.   

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

   10.    Pellet the cells at 2100 ×  g  for 7 min and resuspend at a fi nal 
concentration of 2 × 10 6  cells/mL in E-medium supplemented 
with 5 ng/mL EGF. Make sure cells  are   completely resus-
pended, and add 1 mL of cell suspension to each collagen plug. 
Incubate at 37 °C, 5 % CO 2  for ~4 h, to allow the epithelial 
cells to adhere to the collagen matrix ( see   Note    8  ).   

   11.    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, ensur-
ing there are no folds or air bubbles beneath it.   

3.2  Generation 
of Raft Culture

EBV Infection of Raft Cultures
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   12.    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 2 .   

   13.    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.      

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

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

   2.    Add 100 μg/mL goat anti-human IgG F(ab) 2  and mix well.   
   3.    Incubate the cells at 37 °C and 5 % CO 2  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 fi nal concentration of 1.25 × 10 7  

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 μL of the Akata cell suspen-

sion (2.5 × 10 6  cells/200 μL) using a 200 μL 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 2  for desired 
length of time ( see   Note    13  ).    

        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 epithe-
lial tissue from the grid.   

3.3  Infecting Raft 
Cultures with EBV

3.4  Harvesting Raft 
Cultures for Virus 
Isolation
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   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 μL 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 μL homog-

enization buffer and combine with the 500 μL homogenate. 
Discard any remaining tissue.    

  Benzonase Treatment to Degrade Non-encapsidated Genomes 

   9.    To the  supernatant   from each raft (~750 μL), add 1.5 μL 
benzonase and 1.5 μL 1 M MgCl 2 . Mix well.   

   10.    Incubate at 37 °C for 1 h, inverting the tube every 20 min.   
   11.    To inactivate the benzonase, add 195 μL 5 M NaCl to each 

tube and mix.   
   12.    Pellet cell debris by centrifugation at 2500 ×  g  at 4 °C for 

10 min.   
   13.    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  ).    

        Extracting the Viral DNA ( See   Note    16  ) 

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

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

   3.    Centrifuge for 10  min   at maximum speed in microcentrifuge at 
room temperature.   

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

   5.    Add 188 μL chloroform to the extracted aqueous phase from 
 step 4 , mix well, and centrifuge at maximum speed in micro-
centrifuge at room temperature.   

3.5  Quantifi cation 
of Viral Genomes 
by  qPCR  

EBV Infection of Raft Cultures
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   6.    Remove the aqueous phase (top portion) and place in new 
microfuge tube.   

   7.    To precipitate the DNA, add 0.1 volume (18.8 μL) 3 M 
sodium acetate and 2.5 volumes (470 μL) 100 % ethanol. 
Vortex to mix the samples. Incubate at −20 °C overnight.   

   8.    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 μL 70 % ethanol. 
Pellet the DNA at maximum speed at 4 °C in a 
microcentrifuge.   

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

   10.    Resuspend the DNA in 20 μL dH 2 O for ~30 min at 37 °C.    

  Quantifi cation of Viral DNA Genome Copy Number 

   11.    The PCR is  performed   using a 25 μL reaction and is adapted 
from that previously described [ 15 ]. While the DNA is being 
resuspended, prepare  qPCR   master mix containing 12.5 μL 
Taqman Universal PCR master mix, 0.25 μL of 20 μM BALF5 
forward primer, 0.25 μL of 20 μM BALF5 reverse primer, 
0.5 μL of 5 μM Taqman dual-labeled fl uorogenic probe, and 
10.5 μL dH 2 O for each sample.   

   12.    Pipet 24 μL of the qPCR master mix into each well of appro-
priate qPCR strips.   

   13.    Add 1 μL sample DNA to each well. Cover the wells with cover 
strips.   

   14.    Each sample should be assayed in duplicate or triplicate. For 
negative controls, use 1 μL dH 2 O in place of DNA. To gener-
ate a standard curve, prepare a DNA stock with 1 × 10 9  genome 
equivalents per μL in distilled H 2 O ( see   Note    18  ). Generate a 
standard curve ranging from 1 × 10 8  to 1 × 10 2  genome equiva-
lents using ten-fold serial dilutions of the DNA standard mas-
ter stock diluted in dH 2 O. Use 1 μL of standard DNA per 
reaction, and perform the standard curve in triplicate.   

   15.    To activate  the   uracil-N-glycosylase, incubate the reaction mix-
ture 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 fl uorescence signal generated at the end 
of each cycle.   

   16.    Use the qPCR software to generate a standard curve, for which 
the R 2  should be ≥0.99, and estimate the number of genomes 
in each sample based on its fi t to the standard curve. The num-
ber of EBV genomes per raft culture  can   then be calculated. 

Rachel M. Temple et al.
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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 μL virus stock)  by   the dilution factor.    

          1.    Soak biopsy sponge in PBS. Drain excess PBS from sponge and 
place in bottom portion of tissue cassette.   

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

   3.    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.   

   4.    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.   

   5.    Close the tissue cassette lid and drop the cassette into a beaker 
fi lled with 10 % buffered formalin phosphate. Incubate at room 
temperature 2–4 h.   

   6.    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 deparaffi nized and processed 
for staining with hematoxylin and eosin or immunofl uores-
cence  staining      ( see   Note    19  ).       

4                      Notes 

     1.    We obtained the gingival tissue from an oral surgeon perform-
ing 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 con-
taining 0.01 M Hepes, 9 mM sodium bicarbonate, 100 U/mL 
penicillin, 100 μg/mL streptomycin, 2.3 μg/mL Fungizone, 
and 0.37 mg/mL gentamycin) at 4 °C until processing.   

   2.    Our laboratory uses wild-type Akata virus to infect raft cul-
tures. We have also successfully infected raft cultures with 
recombinant EBV generated from EBV BACs, though pro-
ductive replication of strains that lack a functional thymidine 
kinase gene is attenuated.   

   3.    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 fi nal rinse in 
dH 2 O for at least 1 h. Autoclave before use.   

3.6  Harvesting Raft 
Cultures for  Histology   
and  Immunostaining  

EBV Infection of Raft Cultures
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   4.    We pooled the tissue from multiple patients beginning at the 
wash step to ensure a heterogeneous cell harvest.   

   5.    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.   

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

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

   8.    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 mak-
ing the collagen matrix to lifting the raft culture) should be 
accomplished in a single day.   

   9.    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.   

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

   11.    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.   

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

   13.    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.   

   14.    Virus can be extracted from the raft tissue in PBS if the removal 
of unencapsidated genomes is 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.   

   15.    We found it convenient to extract viral DNA at the same time 
we harvested the virus, prior to freezing the virus stocks.   
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   16.    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.   

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

   18.    We used purifi ed recombinant EBV Akata BAC DNA, which 
has an estimated genome size of 180.5 kb [ 16 ]. Thus, 
197.828 ng/mL is 1 × 10 9  genome equivalents per μL. 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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    Chapter 5   

 Affi nity Purifi cation–Mass Spectroscopy Methods 
for Identifying Epstein–Barr Virus–Host Interactions                     

     Anna     A.     Georges     and     Lori     Frappier      

  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 unbi-
ased nature. Methods involving single affi nity purifi cations of epitope-tagged viral proteins (AP–MS) and 
tandem affi nity purifi cations of viral proteins with two purifi cation 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  ,   Affi nity purifi cation  ,   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 specifi c cellular proteins as part of the mechanism by 
which they manipulate cellular processes and/or fulfi ll 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 identifi cation by mass spec-
troscopy (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: affi nity 
purifi cation coupled with mass spectrometry (AP–MS) and tandem 
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affi nity purifi cation (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 affi nity 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 pro-
tease cleavage site [ 2 ]. TAP-tagged proteins are recovered from cell 
extracts on IgG resin (agarose or Sepharose), eluted by TEV cleav-
age, and then further purifi ed on calmodulin resin. Eluted proteins 
are typically analyzed by SDS–PAGE and silver staining, prior to 
tryptic digestion of excised bands and protein identifi cation by 
matrix-assisted laser desorption/ionization (MALDI)    MS (how-
ever direct trypsinization and identifi cation of eluted proteins by 
tandem MS as described for AP–MS are also possible). The two 
purifi cation steps in tandem affi nity approaches limit the recovery 
of nonspecifi c protein interactions (as compared to single affi nity 
purifi cations). However, a caveat of this method is that specifi c 
interactions that are weak or transient tend not to survive the two-
step purifi cation and therefore are not detected. In addition to the 
classic TAP tag, tandem tags that include 3×FLAG or Strep tags 
have also been described and tend to give more effi cient protein 
recovery [ 3 – 5 ]. In Subheading  3.3 , we describe the use of a sequen-
tial purifi cation affi nity (SPA)    tag developed by Zeghouf et al. [ 3 ], 
which combines 3×FLAG and CBP tags (Fig.  1 ) and has been used 
for a variety of applications including viral–host interactions [ 6 – 8 ].

   TAP tagging methods have been applied to several EBV pro-
teins. This method was fi rst used by Holowaty et al. [ 6 ] to identify 
 interactions   between the EBV  EBNA1   protein and host proteins, 
revealing strong, direct interactions with ubiquitin-specifi c prote-
ase 7 (USP7) and CK2 kinase. These interactions were later shown 
to be important for p53 destabilization and  promyelocytic   leuke-
mia (PML) nuclear body disruption by EBNA1 [ 9 – 11 ]. Subse-
quently, TAP tagging was used by Forsman et al. [ 12 ] to identify 
cellular interactors with EBNA5 (also called EBNA-LP) and by 
Bailey et al. [ 13 ] to identify host interactions with the BZLF1 
immediate-early protein. The latter led to the identifi cation of the 
53BP1 DNA damage response protein as a BZLF1 target, an inter-
action 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 tan-
demly tagged (FLAG and HA)  EBNA3A  , EBNA3B, or EBNA3C 
proteins and used them to generate lymphoblastoid cell lines. 
Tandem affi nity  purifi cation   of the EBNA3s confi rmed their inter-
action with RBPJ and revealed novel interactions of EBNA3A and 
EBNA3B with complexes containing WDR48 and USP46 or 
USP12 deubiquitinating enzymes. 
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  Fig. 1    Representation of a TAP  tagging   experiment using a  SPA   tag. A  tandem   affi nity  purifi cation   is shown 
using the FLAG and calmodulin-binding peptide (CBP) tags that comprise a SPA tag       
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 AP–MS differs from TAP tagging in that it involves a single 
affi nity purifi cation of a protein containing one epitope tag, most 
commonly 3×FLAG (Fig.  2 ), followed by  green fl uorescent pro-
tein (GFP)   and HA. The tagged protein is recovered from the cell 
extract using a tag-specifi c antibody coupled to column resin. After 
elution, recovered proteins are typically digested with trypsin and 
then identifi ed 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 interac-
tions than TAP tagging, as it can detect both stable and transient 
interactions. As a result, it is also more prone to identifying non-
specifi c interactions, and measures must be taken to limit and/or 
fi lter these interactions in order to obtain meaningful data. This 
includes increasing the salt concentration of the extract above 
physiological levels, which interferes with nonspecifi c interactions 
to a greater degree than specifi c interactions, giving cleaner results. 
In addition, nucleic acid-mediated interactions frequently occur 
and can be limited by incubating the lysates with Benzonase prior 
to affi nity purifi cation. Despite these measures, some nonspecifi c 
interactions will still occur. These can be identifi ed by the frequency 
and effi ciency (according to total spectral counts) with which the 
interacting protein is recovered in AP–MS experiments with unre-
lated proteins. A comprehensive database of AP–MS data from 293 
cells, called the contaminant repository for affi nity purifi cation data 
or CRAPome, has been established for this purpose (  http://www.
crapome.org/    ) [ 18 ] and is an excellent resource for identifying 
background contaminants in a data set. The most  common non-
specifi c contaminants include heat shock proteins, keratins, tubu-
lins, actins,  histones  , translation elongation factors, ribosomal 
proteins, and ribonucleoproteins [ 18 ].

   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 identifi ed 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 identifi ed interactions with GMIP 
and NEK9 kinase that appear to be important for cell cycle regula-
tion [ 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 abro-
gated the ability of BGLF2 to further induce p21. AP–MS 
 a  pproaches have also been applied to EBNA1, in both cases by 
expressing EBNA1 at low levels in order to limit nonspecifi c inter-
actions that can arise due to overexpression. Malik-Soni et al. [ 21 ] 
used an adenovirus delivery system to express FLAG-tagged 
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  Fig. 2    Representation of an AP– MS   experiment using a FLAG tag. A typical single affi nity purifi cation experi-
ment with a  FLAG  -tagged viral protein is shown       
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 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 identifi ed EBNA1 interactions with USP7, 
CK2, PRMT5, NAP1, and TAF-Iβ occur in the context of both 
latent and lytic infection. This study also identifi ed an interaction 
with nucleophosmin, which was subsequently shown to be impor-
tant for the transcriptional activation function of EBNA1 [ 22 ]. 
Chen et al. [ 23 ] conducted an AP–MS experiment with FLAG- 
tagged EBNA1 stably expressed in BJAB Burkitt lymphoma cells 
and identifi ed interacting host proteins that were excised from 
Coomassie-stained polyacrylamide gels. This identifi ed EBNA1 
interactions with nucleolin and ribosome protein L4, which appear 
to cooperate in promoting EBNA1 binding to  oriP  in B cells [ 24 ]. 

 An important consideration in AP–MS or TAP tagging experi-
ments 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 
effi ciently 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 effi cient 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 res-
toration of protein interactions. If the viral protein is effi ciently 
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 

        1.    TpA buffer: 10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 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 2 , and 0.748 g KCl and transfer 
to the beaker. Add water to a volume of 900 mL. Mix with a 
stir bar and adjust pH with HCl ( see   Note    1  ). Make up to 1 L 
with water. Sterilize by vacuum fi ltration and store at 4 °C. Add 
the DTT and protease inhibitor just before using ( see   Note    2  ).   

   2.    TpB buffer: 50 mM HEPES, pH 7.5, 1.5 mM MgCl 2 , 1.26 M 
potassium acetate, and 75 % glycerol. Sterilize by vacuum fi ltra-
tion and store at 4 °C ( see   Note    3  ).   

   3.    Spectra/Por ®  18 mm dialysis tubing.   

2.1  High-Salt 
Extraction
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   4.    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  ).      

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

   2.    25 U Benzonase (Novagen).      

       1.    Anti-FLAG M2 resin (Sigma-Aldrich).   
   2.    Rinsing buffer: 50 mM ammonium bicarbonate, pH 8, and 75 

mM KCl ( see   Note    6  ).   
   3.    0.5 M ammonium hydroxide: Ensure the pH is 11–12 

( see   Note    7  ).   
   4.    0.1 μg/μL mass spectrometry grade trypsin:    Dissolve 20 μg of 

lyophilized proteomics grade trypsin (Sigma) in 1 mL of 1 mM 
HCl.      

       1.    TEV buffer: 10 mM Tris–HCl, pH 8, 100 mM NaCl, 0.1 % 
Triton X-100, 10 % glycerol, and 1 mM DTT.   

   2.    Calmodulin Sepharose 4B resin (GE Healthcare).   
   3.    Calmodulin binding buffer (CBB): 10 mM Tris, pH 8, 

100  mM NaCl, 1 mM imidazole, 1 mM magnesium acetate, 
2 mM CaCl 2 , 0.1 % Triton X-100, 10 % glycerol, and 10 mM 
β-mercaptoethanol.   

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

   5.    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 β-mercaptoethanol.   

   6.    5× Laemmli sample buffer: 60 mM Tris–Cl, pH 6.8, 2 % SDS, 
10 % glycerol, 5 % β-mercaptoethanol, and 0.01 % bromophe-
nol 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 
β-mercaptoethanol and mix. Aliquot and store at −20 °C.       

3    Methods 

       The following protocol is one we have used to profi le the host 
interactions of the EBV  EBNA1   protein in multiple cell lines [ 21 ]. 
The extraction method is adapted from Zeghouf et al. [ 3 ] and 

2.2  Physiological 
or Moderate Salt 
Extraction

2.3  Recovery 
of FLAG-   Tagged 
Proteins for AP–   MS

2.4  Tandem Affi nity 
 Purifi cation   Using 
a  SPA   Tag

3.1  AP– MS      of FLAG- 
Tagged Proteins: High-
Salt Extraction Method
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Coulombe et al. [ 25 ]. The elution method is adapted from Chen 
and Gingras 2007 [ 15 ]:

    1.    Harvest cells from 10 to 20 150 cm 2  plates expressing the 
FLAG-tagged viral protein of interest, collect by centrifuga-
tion at 1000 ×  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 suit-

able for the Beckman 50 Ti rotor. Clarify the lysate by centrifu-
gation at 37,000 rpm (125,000 ×  g ) in a 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 h at 4 °C in 2 L dialysis 
buffer. Transfer to the second 2 L of dialysis buffer and con-
tinue 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 
spin in a microcentrifuge at 15,000 rpm (20,000 ×  g ) for 5 min 
at 4 °C ( see   Note    13  ).   

   8.    Meanwhile, for each sample,  wash      a 50 μL 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 clarifi ed lysate from  step 7  to the pre-washed resin 
and rotate end over end for 4 h at 4 °C.   

   10.    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  ).   

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

   12.    To elute the protein, add 400 μL of 0.5 M ammonium hydro-
xide 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.   

   13.    Pool eluates and lyophilize in a SpeedVac overnight or until 
ammonium hydroxide has completely evaporated. A white 
powder should be evident.   
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   14.    Wash the dried pellet in 200 μL HPLC grade H 2 O, and then 
lyophilize again. Store at −80 °C or proceed to tryptic 
digestion.   

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

   16.    Resuspend the lyophilized peptides in 20 μL of 2 % acetonitrile 
and 0.1 % formic acid. Clarify the sample by 10 min centrifuga-
tion 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.    

      Extraction methods using physiological or moderate salt concen-
trations can be conducted with fewer plates of cells, since no dialy-
sis step is required.

    1.    Harvest fi ve 150 cm 2  plates of cells expressing the protein of 
interest as per  step 1  in Subheading  3.1  above.   

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

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

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

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

   6.    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  ).   

   7.    Pellet the resin by centrifugation at 1000 ×  g  for 1  min   and dis-
card the supernatant. Add 1 mL lysis buffer to the resin and 
transfer the resin lysis solution to a fresh 1.5 mL Eppendorf 
tube.   

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

3.2  AP– MS      of FLAG- 
Tagged Proteins: 
Physiological/
Moderate Salt 
Extraction Method
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    Tandem affi nity purifi cation 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.   

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

   3.    Add 200 μL 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.   

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

   5.    Pellet the FLAG M2 resin from  step 3  by centrifugation at 
1500 ×  g  for 3 min, and transfer the supernatant (eluate) to a 
new tube. Add 400 μL of CBB, 0.8 μL of 1 M CaCl 2  (fi nal 
concentration approximately 1 μM), and 25 U of micrococcal 
nuclease or Benzonase to the eluate. Incubate for 20 min at 
room temperature.   

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

   7.    Collect the calmodulin Sepharose in  step 6  by brief centrifuga-
tion and remove the supernatant. Wash the resin twice with 
500 μL CBB. After the second wash, pellet the resin and 
remove all but 200 μL 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 μL CBB and transfer to the col-
umn. Wash  the   column two more times with 500 μL CBB.   

   8.    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 μL calmodulin 
elution buffer to the column. Repeat fi ve times and pool elu-
ates. Perform an additional elution with 200 μL 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 

3.3  Tandem  Affi nity 
  Purifi cation Using 
a  SPA   Tag
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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  ).   

   9.    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 μL. 
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 trypsiniza-
tion as in Shevchenko et al. [ 26 ]. Analyze the peptides by 
MALDI–TOF MS.          

4                                Notes 

     1.    Having the magnetic stir bar stirring in the water prior to add-
ing the solids will help them to dissolve more easily.   

   2.    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 100× 
protease inhibitor are stored at −20 °C and, like DTT, should 
be added to the buffer just before using.   

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

   4.    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.   

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

   6.    It is essential that HPLC grade H 2 O is used to make up both 
the rinsing and elution buffers.   

   7.    We recommend making the elution buffer right before use.   
   8.    The fl ow of CBB through the column can be initiated by push-

ing on the top of the tip, if necessary.   
   9.    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.   

Proteomics Methods for EBV-Host Interactions
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   10.    It is 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.   

   11.    Add 1 mL of TpB for every 1 g of cell pellet.   
   12.    Begin by sealing one end of the dialysis tube with a dialysis 

tube closure. Then add all of the supernatant slowly to the tub-
ing using a long pipette tip. Seal the open end with a second 
dialysis tube closure. During dialysis, the volume of the dialy-
sate will increase. Therefore, to avoid rupture of the tubing, do 
not completely fi ll the tubing, but rather, use enough tubing 
so that it is only half full with the extract.   

   13.    Some proteins may come out of solution during dialysis result-
ing in a white precipitate. The precipitated proteins are pel-
leted by centrifugation in this step.   

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

   15.    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.   

   16.    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 centri-
fuge on maximum speed for 1 min to pellet any resin that may 
have been transferred with the eluate. Then transfer the super-
natant to a fresh tube leaving behind a ~20 μl 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 nonspecifi cally, 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 facil-
itated by pouring a column.   

Anna A. Georges and Lori Frappier
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   21.    The EGTA in this buffer gradually results in elution by 
 chelating calcium; however, this elution can be ineffi cient. 
Therefore it is recommended to perform an additional elution 
with 200 μL 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   deter-
gents can be used during the elution step.         
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    Chapter 6   

 The Use of 3D Telomere FISH for the Characterization 
of the Nuclear Architecture in EBV-Positive Hodgkin’s 
Lymphoma                     

     Hans     Knecht       and     Sabine     Mai     

  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 imag-
ing (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 lym-
phoma. 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 downregula-
tion 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  ,   LMP1 oncoprotein  ,   TRF2  ,   Shelterin  

1      Introduction 

 Telomeres are the nucleoprotein complexes at the ends of chro-
mosomes. 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 specifi c 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   aberra-
tions 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 fi nding 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 
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that each nucleus has a specifi c three- dimensional   (3D) telomeric 
signature that defi nes it as normal or aberrant. Four criteria defi ne 
this difference: (1) nuclear telomere distribution, (2) the pres-
ence/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 identifi ed by fl ow cytometry [ 16 ]. H- and RS-cells show 
high telomerase activity [ 17 ,  18 ] and express abundant telomerase 
RNA [ 19 ]. 

 Using a three-dimensional quantitative fl uorescent  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 is highly signifi cant ( 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 fi ndings 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 onco-
gene  latent membrane protein 1 (LMP1)   mediates multinuclearity 
and complex chromosomal abnormalities primarily through down-
regulation 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 tech-
nique (3D TRF2/Telo-Q-FISH) protocol and applied it to pri-
mary 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 mainte-
nance of the 3D genome organization [ 25 ].  

Hans Knecht and Sabine Mai
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2    Materials and Methods 

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

       1.    Fix cells in 3.7 % formaldehyde/1× PBS for 20 min.   
   2.    Wash 3× in 1× 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.    Briefl y soak slide in 20 % glycerol and then repeat freeze-thaw 
treatment three more times.   

   7.    Wash 3× in 1× PBS for 5 min.   
   8.    Incubate in fresh 0.1 M HCl for 5 min.   
   9.    Wash 2× in 1× PBS for 5 min.   
   10.    Equilibrate slides in 70 % formamide/2× SSC pH 7.0 for 1–2 h 

 RT   before hybridization ( see   Note    1  ).   
   11.    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 fl uid around the coverslip 
and seal with rubber cement.   

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

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

   14.    Remove rubber cement carefully and  work in the dark  
( see   Note    2  ).   

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

   16.    Wash in 1× PBS, RT, one min, shaking.   
   17.    Wash 5 min at 55 °C in 0.1× SSC, shaking.   
   18.    Wash 2 × 5 min in 2× SSC/0.05 % Tween 20, RT, shaking.   
   19.    Stain with DAPI (0.1 μg/mL stock), apply 50 μL, cover with 

coverslip, and incubate in the dark for 3 min.   
   20.    Mount in Vectashield.   
   21.    Clean Hybrite™ from water and rubber cement.   
   22.    Image ( see  Fig.  1 ).

2.1  3D Telomere 
Hybridization for Cell 
Cultures

The Use of 3D Telomere FISH for the Characterization of the Nuclear Architecture…
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          To remove paraffi n: three times 15 min each soak in xylene; wash 
longer or repeat if the paraffi n 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 suffi cient for 5 μm thick sections); dip briefl y in 
ddH2O water ( see   Notes    3   and   4  ).  

       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 warm up. 1 M NaSCN 
is stored in the hazardous chemical cupboard below the fume 
hood.    

  3.7 % Formaldehyde 

   1.    Mix together 90  mL   of 1× 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 ddH2O and 0.75 mL 

(750 μL) 2 M HCl (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.   

2.2  Paraffi n Removal 
from Hodgkin’s Tissue 
Sections (5 μm Lymph 
Nodes Sections)

2.3  Telomere 
Hybridization–Hodgkin 
Tissue Sections

2.3.1  Prepare First
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  Fig. 1    Large mononuclear  LMP1     -expressing BJAB-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 )       
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   3.    Add the 75 μL 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 2 O.   
   (c)    3 mL 1 M Tris pH 7.4 (50 mL tube of it on my bench).          

     2× SSC/0.05 % Tween  Wash   Solution 

   1.    Mix in a 500 mL glass bottle:
    (a)    268.5 mL ddH 2 O.   
   (b)    30 mL 20× SSC.   
   (c)    1.5 mL 10 % Tween.   

   (a)     Deparaffi nize the slides in 2 × 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 fl ammable cabinet.   

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

   (c)    Put slides into water Coplin jar for 3 min.   
   (d)     Incubate slides at  RT   in 1× PBS for 5 min,  do not  shake 

( see   Note    6  ).   
   (e)     Put slides into the 80 °C NaSCN jar for exactly 20 min 

( see   Note    7  ).   
   (f)    Incubate slides at RT  in   1× PBS for 5 min,  do not  shake.   
   (g)     Put half of the volume, i.e., 50 mL of the 3.7 % formalde-

hyde/1× PBS solution into a vertical Coplin jar. Transfer 
slides into this vertical Coplin jar and incubate for 30 min, 
for 5 μm tissue sections). This incubation is done in the 
fume hood!   

   (h)    3 × 5 min 1× PBS, RT, shaking platform.   
   (i)     10 min 37°C pepsin treatment: at this point, add the 75 μL 

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  ).   

   (j)    1 × 5 min in 1× PBS, RT, shaking platform.   
   (k)    10 min RT, 3.7 % formaldehyde/1× PBS,  do not  shake.   
   (l)     Apply 8 μL PNA-telomere probe (DAKO) in the dark, add 

25 × 25mm coverslip, and apply rubber cement to seal.        

2.3.2  Hybridiztion Steps

The Use of 3D Telomere FISH for the Characterization of the Nuclear Architecture…
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  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.     Put 0.1×    SSC into glass Coplin jar and put into 55 °C water 
bath to warm up.   

   4.     Remove rubber cement carefully and work in the dark 
( see   Note    2  ).   

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

   6.    Wash in 1× PBS, RT, 1 min, shaking.   
   7.    Wash 5 min at 55 °C in 0.1× SSC, shaking.   
   8.     Wash 2 × 5 min in 2× SSC/0.05 % Tween 20, RT, shaking.   
   9.     Stain with DAPI (0.   1 μg/mL stock), apply 50 μL, cover with 

coverslip, and incubate in cardboard slide holder (dark) for 
3 min.   

   10.     Rinse with ddH 2 O; put slides into holder and dip 3× in water 
Coplin jar.   

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

   12.    Image slide ( see  Fig.  2 ).

               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/1× PBS, 10 min, RT.   
   2.    Wash in PBS twice, 5 min, RT, shaking.   
   3.    Permeabilize with 0.1 % Triton X-100 (in ddH 2 O), 12 min, no 

shaking, RT ( see   Note    6  ).   
   4.    Wash in PBS three times, 5 min, RT, shaking.   
   5.    Block in 4 % BSA/4× SSC for 5 min, RT.   
   6.    Add antibody in 4 % BSA/4×    SSC, 45 min, 37 °C, humidifi ed 

atmosphere.   
   7.    Wash in PBS three times, 5 min, RT, shaking.   
   8.    Add secondary antibody in 4 % BSA/4× SSC, 30 min, 37 °C, 

humidifi ed atmosphere.   
   9.    Three washes in PBS, 5 min, RT, shaking:

2.4   TRF2  -Telomere 
Immuno-FISH Protocol
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    10.     Apply 8 μL PNA-telomere probe (DAKO) in the dark, add 
25 × 25 mm coverslip, and apply rubber cement to seal.   

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

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

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

   14.     Until coverslip fl oats off; wash twice for 15 min in this solution 
after coverslip is removed, RT, shaking.   

   15.    Wash in 1× PBS, RT, 1 min, shaking.   
   16.    Wash 5 min at 55 °C in 0.1× SSC, shaking.   
   17.     Wash 2 × 5 min in 2× SSC/0.05 % Tween 20, RT, shaking.   
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  Fig. 2    3D identifi cation 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 identi-
fi es both Reed-Sternberg cells as nearly telomere-free. These “ghost” Reed-Sternberg cells may still contain 
“t-stumps” only identifi able with 3D-SIM technology [ 26 ]. ( b ) 3D telomere reconstruction in surface mode 
confi rms virtually telomere-free “ghost” Reed-Sternberg cells (1, 2; 3, 4) surrounded by mainly midsized telo-
meres belonging to reactive lymphocytes       
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   18.     Reapply primary and  secondary   antibodies as described above.   
   19.    Wash three times in 1× PBS.   
   20.     Stain with DAPI (0.1 μg/mL stock), apply 50 μL, cover with 

coverslip, and incubate in the dark for 3 min.   
   21.    Mount in Vectashield.   
   22.    Image (  see    Fig.  3 ).

               axiovision 4.8  with deconvolution module and rendering module 
are used. For every fl uorochrome, the 3D image consists of a stack 
of 80 images for cell lines (50 images for 5 μm  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 telo-
meres 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  ).  

   Telomere measurements are done with TeloView™ [ 29 ].    By choos-
ing 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 ].  

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

   Telomeres with a relative fl uorescent intensity (x-axis) ranging 
from 0-5000 units are classifi ed as very short, with an intensity 
ranging from 5,000-15,000 units defi ned as short, with an inten-
sity ranging from 15,000–30,000 units defi ned as midsized, and 
with an intensity >30,000 units defi ned as large [ 21 ].  

   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 pur-
poses, the analysis is performed on the original 3D data. The 
detailed physics of these measurements [ 29 ] are not in the scope of 
this chapter.  

   The nuclear volume is calculated according to the 3D nuclear 
4′,   6-diamidino-2-phenylindoline staining and corresponds to the 

2.5  3D Image 
Acquisition 
of Interphase Nuclei

2.6  3D Image 
Analysis for Telomeres

2.7  Telomere 
Aggregates

2.8  Telomere Length

2.9  Telomere Volume

2.10  Nuclear Volume
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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 con-
trast) 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 identifi able telomeres as shown in transparency mode. The reactive, surrounding lympho-
cytes act as an endogenous control, showing as expected telomere/TRF2 overlay ( orange ) in a 1:1 ratio [ 27 ] 
as demonstrated by surface mode       
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integral of all DAPI-stained regions of the 80 images for cell lines 
(50 images for 5 μm  histology   sections) with a sampling distance 
of 200 nm along the  z -axis [ 29 ,  30 ].  

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

   For each situation, where 30 cells (lymphocytes, H-cells, RS-cells) 
are analyzed, normally distributed parameters are compared bet-
ween 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 signifi cant. Other parameters that were not normally 
distributed were compared using a nonparametric Wilcoxon rank 
sum test. Signifi cance level was set at  P  = 0.05. Analyses are carried 
out using SAS v9.1 programs ( see  Fig.  4 ).

2.11  3D Image 
 Analysis   TRF2 Spots

2.12  Statistical 
Analysis
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  Fig. 4    Typical telomere profi les associated with refractory  LMP1  -expressing nodular sclerosis cHL. Telomere 
distribution according to size in mononuclear H- ( blue ) 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 fl uorescent intensity, i.e., size of telomeres ( y -axis) in a diagnostic 5 μm lymph node sec-
tion. Importantly, already the mononuclear H-cells exhibit a 3D telomere profi le usually identifi ed 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 ]       
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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 per-

formed in the dark.   
   3.    Use xylene-proof dish, e.g., glass or green-colored standard 

 histology   dish. The tissue should appear transparent after the 
3× xylene washes. If tissue still appears whitish, do a fourth 
xylene soak.   

   4.    The quality of the 5 μm sections is crucial for a good hybridiza-
tion and 3D analysis.   

   5.    Pepsin has to be added immediately before use.   
   6.    Subsequently, it is important not to mix up steps where a  shak-

ing   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 hybrid-

ization in order to account for all signals present in the same 
way for each section; this is specifi cally important for low- 
intensity signals.   

   9.    The bulb of the fl uorescence microscope should be calibrated 
using fl uorescent 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 
fl uorochromes.         
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    Chapter 7   

 Analysis of EBV Transcription Using High-Throughput 
RNA Sequencing                     

     Tina     O’Grady    ,     Melody     Baddoo    , and     Erik     K.     Flemington      

  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 evalu-
ate differential expression of transcripts in different conditions. Particular concerns related to EBV and 
viral transcriptomics are addressed and access to EBV reference fi les 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 junc-
tions, 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, identifi cation of RNA-protein partners, and examina-
tion of active transcription and translation genome wide [ 1 – 4 ]. 

 While several high-throughput RNA sequencing technologies 
have been developed, Illumina 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. 



106

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 signifi cant previously unknown 
antisense and intergenic transcription in EBV and other herpesvi-
ruses [ 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 sequenc-
ing is useful for expression quantifi cation, and with suffi cient read 
length, it can provide meaningful information on structural fea-
tures 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 unanno-
tated variants, but comes at a greater time and fi nancial cost. The 
read lengths obtainable with RNA-Seq have increased substantially 
in recent years. High-quality 100 bp reads are now readily obtain-
able on the Illumina platform, and this length is suffi cient 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  suffi cient      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 con-
text 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   profi le). Generally, higher read counts 
allow more effective transcriptome analysis. However, analysis of 
EBV-mapping reads is more straightforward under latency condi-
tions, 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 refer-
ence genome. Many alignment programs, both open source and 
commercial, are available; this protocol uses the fast and sensitive 
 STAR aligner   [ 9 ]. Output from STAR is used to examine RNA- 
Seq coverage of the genome as well as to identify splice junctions. 
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The data is visualized on a genome browser, in this case IGV, the 
Integrative Genomics  Viewer   [ 10 ]. Finally, transcript expression 
levels are quantifi ed and compared between samples in a statisti-
cally meaningful way. This protocol uses the program  RSEM   [ 11 ] 
and its accompanying  EBSeq   [ 12 ] module for quantifi cation and 
the evaluation of differential expression.  

2    Materials 

     1.    RNA-Seq data: fastq or fasta fi les 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 
fi les. Estimate at least 60 GB of storage for reference/index 
fi les and another 50 GB per single-end RNA-Seq sample 
( see   Note    1  ).   

   3.    A terminal 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 is avail-
able at   https://github.com/alexdobin/STAR    . The site pro-
vides the necessary fi les and instructions for installation.   

   5.    Fasta fi les for reference genomes: fasta-format fi les (with fi le 
 extension      .fa) are available for several strains of EBV at   https://
github.com/fl emingtonlab/public/tree/master/annotation     
( see   Notes    3   and   4  ). Fasta-format fi les for the human genome 
may be downloaded from Ensembl at   http://www.ensembl.
org/info/data/ftp/index.html    . Fasta-format fi les for many 
more genomes can be obtained from the NCBI Nucleotide 
database at   http://www.ncbi.nlm.nih.gov/nuccore    .   

   6.    A text editor program (e.g., TextEdit, pre-loaded on most 
Macs).   

   7.     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    .   

   8.    Genome annotation fi les: BED-format (with fi le extension .bed) 
and GTF-format (with fi le extension .gtf) fi les are available for 
several strains of EBV at   https://github.com/fl emingtonlab/
public/tree/master/annotation    . GTF-format fi les for the 
human genome may be downloaded from Ensembl at   http://
www.ensembl.org/info/data/ftp/index.html    .   

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

RNA-Seq Analysis of EBV
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   10.    The Perl script  junctions_to_introns_STAR.pl , available from 
  https://github.com/flemingtonlab/public/tree/master/
code    .   

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

3    Methods 

   Aligners require that the genomes fi rst be “indexed” to facilitate 
quicker and less computationally intensive sequence matching. 
Genome indexes are generated from fasta fi les containing each 
chromosome of the genome of interest and only need to be gener-
ated once. This example creates a genome index containing both 
the human genome and the EBV genome, using a human reference 
fasta fi le downloaded  from      Ensembl and the EBV reference fasta fi le 
 chrEBV_Akata_inverted.fa  [ 13 ] downloaded from   https://github.
com/fl emingtonlab/public/tree/master/annotation     ( see   Notes    6   
and   7  ):

    1.    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 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 --genome
FastaFiles /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 fi les in the genome directory. 
These fi les should not be  modifi ed  .  

   In this step the fastq/fasta fi les 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 fi le and their splice junctions in another text fi le. 
Sequence reads that map to fewer than ten different genomic 
 locations with fewer than ten mismatches to the genome are 
reported ( see   Note    9  ):

3.1  Creating Genome 
Index Files for  STAR 
Aligner  

3.2  Aligning 
Sequence Reads 
to the Reference 
Genome
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    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.fastq --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 fastq fi le 6 GB in size, is about 6 min 
using a computer with 12 cores.    

  STAR will generate multiple output fi les into the current work-
ing directory. The fi le containing the aligned reads is  Aligned_out.
sam , and the fi le containing identifi ed splice junctions is  SJ.out.tab  
( see   Notes    10   and   11  ).  

    The alignment and splice junction fi les are, to a certain extent, 
human readable and may potentially be inspected by opening them 
in a text editor. Often the alignment fi le in  particular      is very large 
and diffi cult or impossible (due to RAM limitations) to open in a 
text editor. An alternative is to open a small portion of the fi le in 
Terminal using the command: 
 $ less Aligned_out.sam 

 The fi le can then be scrolled through a line at a time using the 
keyboard arrow keys ( see   Note    12  ). To exit the  less  view and return to 
terminal, type  q . Examining these text fi les in this way is a limited and 
diffi cult 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 for-
matted 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 fi les  chrEBV_Akata_
inverted.fa  (genome sequence fi le) and  chrEBV_Akata_inverted.bed  
(genome feature annotation fi le), both downloaded from    https://
github.com/fl emingtonlab/public/tree/master/annotation    . The 
.genome fi le created through this process need only be created once.

    1.    In  IGV  , from the  Genomes  menu select  Create .genome File .   
   2.    Enter a user-specifi ed ID for the genome (this will be displayed 

in the IGV Genomes list) and a descriptive name.   
   3.    Using the fasta fi le  Browse  button, select  chrEBV_Akata_

inverted.fa .   

3.3  Visualizing 
the Data
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   4.    Using the genome annotation  Browse  button, select  chrEBV_
Akata_inverted.bed . Leave the cytoband fi le box blank.   

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

  In order to view the alignment fi le on IGV, it must fi rst be 
sorted. Sort  the      alignment fi le using the following command in 
Terminal: 
 $ sort –k4,4n Aligned_out.sam > Aligned_out_
sorted.sam 

 Full alignment fi les are frequently too large to be loaded onto 
IGV (because of RAM limitations). To create an alignment fi le 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 fi le can be loaded onto  IGV   by selecting 
the  File  menu, then  Load from File , and browsing to the fi le. IGV 
will prompt you to create an index fi le (necessary for display of the 
data): reply  OK  to the prompt to allow IGV to create the index fi le 
automatically. 

 For strand-specifi c 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 fi le for each strand 
using the following Terminal commands ( see   Notes    14  –  16  ):
   $ awk ‘$2==0’ Aligned_out_sorted_EBV_only.
sam > Aligned_out_sorted_EBV_only_0_plus.sam 

 $awk ‘$2==16’ Aligned_out_sorted_EBV_only.
sam > 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 fea-
ture 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 align-

ment fi le (e.g.,  Aligned_out_sorted_EBV_only_0_plus.sam ).   
   4.    An output fi lename is automatically generated, with the fi le 

extension .tdf.       This creates a binary fi le; if you prefer a human- 
readable output fi le, change the fi le extension to .wig.   
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   5.    Change the  Window Size  to  1  to get an accurate read depth 
count for each genomic position.   

   6.    Click  Run.       

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

 In order to visualize the splice junctions fi le on  IGV  , it must 
fi rst 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  fi le.   

3.4  Examining Splice 
Junctions

  Fig. 1    SAM-format alignment fi les 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 )       
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   2.    Use the following Terminal command: 
 $ perl /PATH/TO/junctions_to_introns_STAR.
pl SJ.out.tab 

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

   3.    Like the alignment fi le, the full splice junctions fi le may be too 
large to load on IGV due to RAM limitations. Create a fi le 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.    In IGV, load the splice junctions fi le 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  fi le displays 
features corresponding to spliced-out introns, with the fi rst base of 
the feature representing the fi rst 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 over-
lapping 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.

      The RSEM package works well to quantify transcript expression, 
even for overlapping transcripts that have ambiguous read map-
pings. 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 estima-
tion involves normalization to total read depth, abundance esti-

3.5  Creating 
Transcriptome 
Reference Files 
 for   RSEM

  Fig. 2    BED-format splice junction fi les  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 )       
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mates for EBV genes are better represented when RSEM reference 
transcriptome fi les include both viral and cellular genes ( see   Notes  
  19   and   20  ). In this step, RSEM prepares transcriptome reference 
fi les by using transcript coordinates in a .gtf-format annotation fi le 
to extract transcript sequences from a genome fasta fi le and indexes 
those transcripts to serve as reference sequences for alignment. 
Transcriptome reference fi les need only be generated once for each 
transcriptome. To prepare all the necessary reference fi les for RSEM:

    1.    Create a directory called, e.g.,  human_and_EBV_references , 
and move all human and EBV genome fasta  fi les      and annota-
tion GTF fi les to it.   

   2.    In Terminal, use  cd  to move to the newly created directory.   
   3.    Combine the human and EBV GTF-format fi les into a single 

fi le 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 transcrip-
tome index.   

   5.    In Terminal, use  cd  to move to the new directory.   
   6.    Run the following command: 

 $ 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 fi nal argument is the user-defi ned 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 avail-
able. The --star argument creates STAR transcriptome index fi les 
for the next step.    RSEM will generate multiple fi les in the tran-
scriptome directory. Run time for this procedure is about 4.5 h 
using a computer  with   12 cores.  

   In this step the fastq/fasta fi les containing sequence data are 
mapped to  the      transcriptome  reference   that was generated in the 
previous step, and transcript abundance is estimated. The follow-
ing steps use  RSEM   and STAR to align single-end sequence reads 
and produce a text fi le containing abundance estimates for all tran-
scripts in the transcriptome reference.

    1.    In Terminal, use  cd  to move to the desired output directory.   
   2.    Run the following command: 

 $ rsem-calculate-expression -p 4 --star --no-
bam-output /PATH/TO/reads.fastq /PATH/TO/
human_and_EBV_RSEM_reference human_and_EBV_
RSEM ( see   Notes    21  –  23  ) 

3.6  Quantifying 
Transcript Expression
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 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 quantifi cation. The --no-bam-output argument 
prevents RSEM from producing an alignment fi le: this argu-
ment can be left out of the command if alignment fi les are 
desired, though for most purposes this alignment fi le 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 fi le 6 GB in size, is 
about 15 min using a computer with 12 cores.    

   RSEM   will generate three fi les in the current working direc-
tory. Human_EBV_RSEM.genes.results is a tab-delimited text fi le 
containing abundance estimates for all genes in the transcriptome 
fi le. It can be opened with a text editor or with Microsoft Excel 
( see   Notes    24   and   25  ). The column labeled  expected_count  con-
tains 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  dif-
ferent      normalized abundance measures that take into account tran-
script length and overall read depth.  

    EBSeq   is an empirical Bayesian differential expression analysis tool 
that is built into the RSEM package. It is used to fi nd statistically 
signifi cant 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: 
 $ 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 running the following command: 
 $ rsem-generate-data-matrix /PATH/TO/fi rst_
sample_fi rst_replicate_human_and_EBV_ RSEM  .
genes.results /PATH/TO/fi rst_sample_second_
replicate_human_and_EBV_RSEM.genes.results /
PATH/TO/fi rst_sample_third_replicate_human_
and_EBV_RSEM.genes.results /PATH/TO/second_
sample_fi rst_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_

3.7  Comparing 
Transcript Expression
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and_EBV_RSEM.genes.results > condition_one_con-
dition_two.counts.matrix 

 Ensure that input fi les in this command are grouped in an 
appropriate order to do comparisons, i.e., fi les from each group 
to be compared must be adjacent to each other in the com-
mand. RSEM will produce a matrix fi le of read counts for each 
transcript, which will be used by  EBSeq   in the next step.   

   3.    Indicate to EBseq how to group  and      compare the samples, and 
run EBSeq’s algorithm using the following command: 
 $ rsem-run-ebseq /PATH/TO/condition_one_con-
dition_two.counts.matrix 3,3 condition_one_
condition_two_ebseq.results 

 In this case, 3,3 indicates two samples, each with triplicates. 
2,2 would indicate two samples each with duplicates, 3,3,3 
would indicate 3 samples each with triplicates, and so on. The 
order of these numbers must correspond to the order of the 
samples in the counts.matrix fi le, i.e., in condition_one_condi-
tion_two.counts.matrix produced in the previous step, the 
three sample-one replicates are listed and then the three sample 
two replicates. The fi nal argument is the user-defi ned name of 
the output fi le, which is a text fi le of the posterior probability 
of differential expression.   

   4.    Determine which transcripts are statistically signifi cantly dif-
ferentially expressed by running the following command: 
 $rsem-control_fdr /PATH/TO/condition_one_ 
condition_two_ebseq.results 0.05 condition_
one_condition_two_DE.txt 

 This will produce a text fi le listing the genes that are statisti-
cally signifi cantly differentially expressed at a false discovery 
rate (FDR) of 0.05. The FDR can be altered as desired by 
replacing the number 0.05 in the command. 
 Run time for this procedure is about 10 min using a computer 
with 12 cores.     

 The fi le produced (in this example named  condition_one_con-
dition_two_DE.txt ) is  a      tab-delimited text fi le 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 fi le contains 
four columns:  PPEE  is the posterior probability of equal expres-
sion, 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. 
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 When more than two samples are compared,  EBSeq   produces 
a fi le that indicates the posterior probability that the gene is 
expressed in any of a number of “patterns.” An additional fi le with 
the suffi x .pattern is the key to these patterns, indicating the sam-
ples in which the gene shows differential expression.   

4                               Notes 

     1.    The fi rst 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 expres-
sion 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://korfl ab.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 con-
taining the type I EBV strain (the most common), the Akata 
genome should provide good results. For samples containing 
the type II EBV strain, the AG876 genome can be used.   

   4.    Several fi les at   https://github.com/fl emingtonlab/public/
tree/master/annotation     are 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).   

   5.    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.   

   6.    Genome index fi les 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.   

   7.    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 fi les from the command. The argument  --genome-
SAindexNbases 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 inten-
sive when using the EBV genome only.   

   8.    This protocol assumes that quality control and fi ltering steps 
have already been performed, e.g., by the sequencing center. If 
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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.   

   9.    Many STAR parameters can be altered  to      meet the require-
ments 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 fi les 
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  --outFilterMultimap-
Nmax 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) is 10: reads aligning to more than 10 genomic 
locations will not be reported. 

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

   10.    The names of output fi les can be specifi ed by adding the argu-
ment  --outFileNamePrefi x  to the command line statement fol-
lowed by the desired name, which will be used as a prefi x for 
the standard output names ( Aligned.out ,  Log.out , etc.). It is 
good practice to make the fi le name prefi x as informative as 
reasonably possible, e.g., - -outFileNamePrefi x sample_one_
repeat_one_STAR_chrEBV_Akata_inverted.    

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

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

   13.    You must ensure that the chromosome name in the command 
matches the desired chromosome name in the alignment fi le. 
In this example, all reads that align to the chromosome called 
 chrEBV_Akata_inverted  will be extracted and written to the 
EBV only fi le. To inspect the names of chromosomes in the 
alignment fi le, use 
 $less Aligned_out.sam 

 to open the alignment fi le, and look in the header lines after  @
SQ SN:  for the names of chromosomes.   
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   14.    Depending on whether the  cDNA      protocol used fi rst-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.   

   15.    Some reads may align to multiple parts of the genome. These 
commands return 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||$2==256’ Aligned_out_sorted_
EBV_only.sam > Aligned_out_sorted_EBV_only_0_
plus.sam 

 $awk ‘$2==16||$2==272’ Aligned_out_sort-
ed_EBV_only.sam > Aligned_out_sorted_EBV_
only_16_minus.sam   

   16.    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 

 $awk ‘$2==83||$2==163’ Aligned_out_sorted_
EBV_only.sam > Aligned_out_sorted_EBV_only_
minus.sam 

 to create fi les contain only the best-mapping reds. Use: 
 $ awk ‘$2==99||$2==147 || 2==73|| 2==97|| 
2==145||2==153’ Aligned_out_sorted_EBV_only.
sam > Aligned_out_sorted_EBV_only_plus.sam 

 $awk ‘$2==83||$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 fi les containing both primary and secondary 
alignments.   

   17.    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 suppor ted by at least fi ve 
uniquely mapping reads.   
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   18.     IGV   has a built-in option to  display      splice junctions as visually 
pleasing arcs rather than the default bed fi le blocks. To turn on 
this option, simply rename  SJ.out.tab.bed  to  SJ.out.tab.junc-
tions.bed  and load the new fi le onto IGV.   

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

   20.    If annotation fi les include features that are not transcripts (e.g., 
annotated repeat regions,  promoters  , etc.), these should be 
removed before using the GTF fi le to create an  RSEM   refer-
ence. Otherwise, RSEM will interpret these features as anno-
tated transcripts and may erroneously assign reads to them.   

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

   22.    Many RSEM parameters can be altered to meet the require-
ments 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 
fi le of reads after the fi rst, e.g., 
 $ rsem-calculate-expression --star -p 4 
--no-bam-output --paired-end /PATH/TO/
reads_1.fastq /PATH/TO/reads_2.fastq /PATH/
TO/human_and_EBV_RSEM_reference human _     and_
EBV_RSEM 

 The last argument in the command ( human_and_EBV_RSEM  
in this example) is the name prefi x for the output fi les. It is 
good practice to make the fi le name prefi x as informative 
as reasonably possible, e.g.,  sample_one_repeat_one_RSEM_
human_chrEBV_Akata_inverted    

   23.    An error that may be encountered is  EXITING because of 
FATAL ERROR: could not open genome fi le /PATH/genome-
Parameters.txt . If this occurs, rerun the command adding the 
text  /a  to the genome directory argument, i.e.,  /PATH/TO/
human_and_EBV_RSEM_reference/a    

   24.    When using GTF fi les downloaded from Ensembl, RSEM out-
put 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    ).   
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   25.    When displaying text fi les, Excel automatically formats cells 
based on their content. This is sometimes inappropriate, e.g., 
converting the gene symbol SEPT7 to the date September 7. 
To avoid this problem, open text fi les in Excel using the fol-
lowing steps: 

 Open a new Excel worksheet. 
 From the  File  menu, select  Import . 
 Select  Text fi le , navigate to the desired fi le 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 col-

umn.       Ensure that the column containing gene IDs is set to 
 Text  and click  Finish.    

   26.    Note that because the expected count takes into account back-
ground noise and overlapping transcripts, its value may not be 
an integer.         
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    Chapter 8   

 Analysis of Viral Promoter Usage in EBV-Infected Cell 
Lines: A Comparison of qPCR Following Conventional RNA 
Isolation and Nuclear Run-On Assay                     

     Kalman     Szenthe     and     Ferenc     Banati      

  Abstract 

   To interpret the results of an epigenetic analysis in gene expression studies, it is essential to characterize the 
activity of the relevant promoters. According to the literature, real-time PCR assay is the most widely used 
method for the determination of latent EBV promoter usage. Here we describe two alternative approaches 
to measure the activity of viral promoters in cell lines carrying latent EBV episomes. The widespread typical 
approach relies on total cellular RNA isolation, whereas the nuclear run-on assay described here is based 
on the initial isolation of nuclei, followed by in vitro transcription in the presence of biotinylated-UTP, and 
purifi cation of RNA transcripts using avidin-coated magnetic beads. Finally, both methods apply reverse 
transcription-based real-time PCR (i.e., quantitative polymerase chain reaction, qPCR) to quantitatively 
measure the amount of specifi c transcripts. We shall describe these methods step by step and demonstrate 
their use for the determination of EBER1 promoter activity in EBV-positive cell lines.  

  Key words     Gene expression  ,   Reverse transcription  ,   Quantitative PCR  ,   Nuclear run-on assay  ,   Latent 
EBV promoter  

1      Introduction 

 Similarly to certain cellular genes, Epstein-Barr virus also utilizes 
alternative  promoters   called Wp, Cp, and Qp for the generation of 
transcripts encoding either a single nuclear antigen,  EBNA1  , or six 
nuclear antigens (EBNAs 1-6) (reviewed by [ 1 ]). The activity of 
Wp, Cp, and Qp depends on the host cell phenotype. Similarly, the 
latency promoters for the viral genes coding for latent membrane 
proteins (LMPs) also vary in different host cells. In contrast, two 
nontranslated viral RNAs,  EBER1   and EBER2, are invariably 
expressed in the majority of EBV-carrying cell types. At present, 
there are many methods for the analysis of promoter activity. 
Earlier,  gene expression   studies relied mainly on Northern blot 
analysis based on hybridization [ 2 ] or on the classical reverse tran-
scription polymerase chain reaction (RT-PCR)    approach followed 
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by agarose gel electrophoresis [ 3 ] or  on      competitive-quantitative 
 PCR   [ 4 ]. These methods are slower and may require more labora-
tory work and manual dexterity than the newer generation meth-
ods, e.g.,  reverse transcription   followed by real-time, quantitative 
polymerase chain reaction (qPCR), mRNA microarray, or  tran-
scriptome   sequencing. In addition, reverse transcription followed 
by classical PCR is not quantitative enough, because it is very dif-
fi cult to stop the reaction in the linear phase (End-point method) 
to obtain the highest difference between the samples. In addition, 
the linear range is highly dependent on the starting concentration 
of the template [ 3 ]. Thus, qPCR is currently used in most cases, 
but mRNA microarray or transcriptome sequencing methods are 
also very common, because of their high-throughput capacity and 
lower overall cost per sample. 

 Notably, nuclear run-on analysis is the most suitable method 
for the determination of the actual, “real”  promoter   activity, 
i.e., the frequency of the generation of nascent transcripts within 
a certain time interval [ 5 ,  6 ]. The other methods mentioned 
above refl ect rather the steady-state level of transcripts or 
mRNAs in biological samples, which, besides the promoter 
activity, depends on post-transcriptional events, e.g., splicing, 
maturation, or degradation, all infl uencing mRNA half life. In 
addition, the nuclear run- on assay can also be coupled with new 
generation methods. 

 Because qPCR is the most frequently applied method to 
determine promoter usage for EBV-infected cells, we shall pres-
ent it in details, and compare it with a version of the nuclear run-
on assay established in our laboratory [ 7 ]. We shall demonstrate 
the use of both methods to quantitate the level of  EBER1  , and to 
determine the activity of the EBER1 promoter (EBER1p) in 
EBV infected cell lines. 

 EBV exhibits distinct viral latency  gene expression   patterns 
which can be classifi ed into two major different groups: the fi rst 
one is the C-promoter-off (Cp-off; including latency classes 0, 1, 
and 2), and the second one is the Cp-on group (containing latency 
class 3) (reviewed by [ 8 ]). The small noncoding RNAs called EBV- 
encoded RNA 1 and 2 (EBER1 and 2) are expressed in latency 
class 0 [ 9 ] and in latency classes 1, 2, and 3 [ 10 ] as well. Both 
RNAs are about 170 nucleotides long and transcribed by RNA 
polymerase III. Their importance  in      infection and latency pro-
grams remains to be exactly clarifi ed. However, because of their 
high, constitutive expression, both  EBERs   are useful diagnostic 
markers of EBV infection. 

Kalman Szenthe and Ferenc Banati



125

 In the following we shall describe two procedures, conven-
tional RNA isolation and nuclear run-on assay ([ 6 ], with modifi ca-
tions) both followed by qPCR as applied to characterize  EBER1   
transcription in EBV positive cell lines.  

2    Materials 

   Cells were cultured in RPMI 1640 medium containing 10 % FCS 
(fetal calf serum), 2 mM glutamine, 50 units/mL streptomycin at 
5 % CO 2  content and 37 °C. Cell lines, and their main characteris-
tics are shown in Table  1 .

          1.    Lysis Solution: 10 mM Tris–HCl pH 7.4, 3 mM MgCl 2 , 
10 mM NaCl, 150 mM sucrose and 0.5 % NP-40.   

   2.    Storage buffer: 50 mM Tris–HCl pH 8.3, 40 % glycerol, 5 mM 
MgCl 2  and 0.1 mM EDTA.   

   3.    Transcription buffer: 200 mM KCl, 20 mM Tris–HCl 
pH 8.5 mM MgCl 2 , 200 mM sucrose, 20 % glycerol.   

   4.    Stop buffer: 250 mM CaCl 2.    

2.1  Cell Lines

2.2  Preparation 
of RNA (Nuclear 
Run-On Assay)

   Table 1  
  Cell lines and  their      main characteristics   

 Cell line 
 Cell type and developmental 
stage of B cell maturation 

 EBV and 
expression of 
 EBERs   

 EBV Latency 
group  Reference 

 CBM1-Ral- 
STO 

 Lymphoblastoid  +  Cp-on  [ 18 ,  19 ] 

 Rael  Endemic, EBV positive BL; late 
germinal center B  cell    a       

 +  Cp-off  [ 18 ,  19 ] 

  Mutu-  BL- 
I-cl-216 

 [ 19 ,  20 ] 

 Mutu-BL- 
III-cl-99 

 Cp-on  [ 19 ,  20 ] 

 Raji b   Cp-off c   [ 21 ] 

  C666.1    Epithelial cell  +  Cp-off  [ 12 ,  22 ] 

   a [ 23 ,  24 ] 
  b Raji carries a virus strain that has a deletion of the EBNA-6 gene 
  c Raji has multiple mutations in region Cp and Wp, so the EBNA transcription is initiated from a distinct and until now 
unidentifi ed promoter [ 25 ]  
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   5.    1× BW buffer: 5 mM Tris–HCl pH7.5, 0.5 mM EDTA, 1 M 
NaCl.   

   6.    1× SSC buffer: 150 mM NaCl, 15 mM sodium citrate, pH 7 
(using 1 M HCl).   

   7.    1× PBS (phosphate buffered saline): 137 mM NaCl, 2.7 mM 
KCl, 10 mM  Na 2      HPO 4 , 2 mM KH 2 PO 4 , adjust pH to 7.4 with 
HCl.       

3    Methods 

              1.    Centrifuge ca 5 × 10 7  cells and wash twice in 10 mL 1× PBS.   
   2.    Centrifuge the cells after each wash step with 270 ×  g  at 4 °C 

for 10 min.   
   3.    Discard the supernatant and resuspend the pellet in 4 mL Lysis 

Solution and keep on ice for 5 min.   
   4.    Centrifuge the solution with 170 ×  g  at 4 °C for 10 min to pel-

let the nuclei.   
   5.    Wash the pellet once in 4 mL modifi ed lysis solution (without 

NP40).   
   6.    Discard the supernatant and suspend the nuclei in 150 μL stor-

age buffer. After this step the nuclei can be stored at −150 °C 
for a few months.      

3.1  Nuclear 
Run-On Assay

3.1.1  Isolation of Nuclei

  Fig. 1    Short scheme of  nuclear run-on         analysis according to Patrone and colleagues [ 6 ] with modifi cations       

 

Kalman Szenthe and Ferenc Banati



127

        1.    Dilute the nuclei suspended in Storage Buffer with 150 μL 2× 
transcription buffer containing 1.6 μL 50 mM biotinylated- 
UTP (biotin-16-UTP).   

   2.    Incubate at 29 °C for 30 min.   
   3.    Add 6 μL stop buffer and 60 U RNase-free DNase I.   
   4.    Isolate RNA using TRI-reagent (see step 2 of Subheading  3.2 ), 

fi nally dissolve the RNA pellet in 120 μL DNase- and RNase- 
free Ultrapure water.      

       1.    In order to isolate the newly synthetized RNA (biotin labeled), 
add 120  μL      streptavidin-conjugated magnetic beads 
(Dynabead, Invitrogen) to 120 μL-samples. Before adding the 
beads, wash 70 μL beads in 1× BW buffer twice and fi nally 
dilute with 1× BW to a total of 120 μL.   

   2.    Incubate and rotate slowly for 2 h at 37 °C and separate the 
beads using a magnetic rack.   

   3.    Wash the pellet twice with 1× SSC containing 15 % 
formamide.   

   4.    Wash the pellet once in 2× SSC.   
   5.    Dissolve in 30 μL RNase-free water (store at −150 °C until 

further use).      

    See  Subheadings  3.3 . and  3.4 .   

        1.    Conventional way: pellet ca 5 × 10 7  cells and wash twice in 
10 mL 1× PBS. Centrifuge the cells after each wash step at 
4 °C with 270 ×  g  for 10 min. Discard the supernatant and add 
1 mL TRI-reagent to the cells, mix vigorously, incubate at 
room temperature (RT) for 5 min.   

   2.    Nuclear run-on: add 1 mL LS Tri-reagent to the solution, (see 
Subheading  3.1.2 ), mix vigorously, incubate at RT for 5 min.   

   3.    Add 200 μL chloroform to the solution from  steps 1  or  2 , 
shake well, and incubate at RT for 5 min.   

   4.    Centrifuge the solution with 12,000 ×  g  at 4 °C for 15 min.   
   5.    Transfer upper phase into a new tube and add 500 μL isopro-

panol, mix,       and incubate at −20 °C for 20 min.   
   6.    After the incubation centrifuge the mixture with 12,000 ×  g  at 

4 °C for 10 min. The RNA should be visible as a pellet.   
   7.    Wash the pellet once with 800 μL 70 % ethanol.   
   8.    Dissolve the precipitate in 50 μL (for step 1) or 120 μL (for 

step 2) RNase-free ultrapure water.      

3.1.2  Labeling 
with Biotinylated UTP

3.1.3  Isolation of Biotin- 
Labeled RNA

3.1.4   Reverse 
Transcription  - Reaction 
and Quantitative  PCR  

3.2  Isolation of RNA
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    To reverse transcribe mRNA to cDNA, random hexamers, oligo- dTs, 
and specifi c oligos may be used. Using specifi c oligonucleotide- 
priming is the most common approach, resulting in the best yield. 
However, the random hexamer priming-approach has the advantage, 
that the resulting cDNA comprises all transcribed mRNAs or RNAs. 
Thus, one cDNA product may be used for different PCR reactions. 
For normalization of RNA quantity, one suitable housekeeping gene 
or a couple such genes have to be included in the study ( see   Note    1  ). 
In general, depending on the kit, a reverse transcription reaction con-
tains specifi c amounts of dH 2 O, oligos (specifi c, random, or oligo-
dT), dithiothreitol (DTT) which in low concentrations helps to 
stabilize the enzyme, buffer, dNTPs, template, and  RT   enzyme 
(reverse transcriptase). The actual reaction depends on the kit, the 
enzyme, and the type of oligonucleotides used. Subsequently, we 
suggest an optional approach using a kit by Invitrogen.

    1.    Take 5 μg RNA and dilute it to 10 μL. Add 1 μL each (2 μM) 
of two oligos or 2 μL random hexamer (60 μM), 1 μL dNTP 
(10 mM) and incubate at 65 °C for 5 min.   

   2.    After this, keep the reaction on ice and add 4 μL 5× SuperScript 
IV buffer, 1 μL 0.1 M DTT, 1 μL RNaseOUT (40 U/μL), and 
1 μL SuperScript IV reverse  transcriptase      (200 U/μL). The 
fi nal volume then is 20 μL.   

   3.    The transcription reaction starts with incubation at 45 °C for 
50 min in a PCR instrument and is fi nished with an inactiva-
tion step at 70 °C for 20 min. When using random hexamers, 
there is an additional incubation step at 29 °C for 10 min prior 
to the reverse transcription reaction at 45 °Cfor 50 min.    

  For reverse transcription and the subsequent qPCR there is the 
alternative possibility of a single-tube one-step qPCR. This is a 
faster approach with the potential for high-throughput multiwell 
systems ( see   Note    2  ).  

    In general, a real-time qPCR reaction contains a DNA polymerase, 
reaction buffer, dNTPs, MgCl 2 , specifi c oligonucleotides, and 
template DNA. Generally, it is also important to select primers and 
cycling conditions well ( see   Notes    3   and   4  ). However, just as for 
 reverse transcription  , the actual qPCR process depends on the sys-
tem used (qPCR kit and qPCR instrument). Subsequently, we 
 suggest an optional approach, using the Roche LightCycler ®  480 
Instrument II.

    1.    Add 1 μL each (5 μM) of two oligos ( EBER1  _upper: 5′- cta 
ggg agg aga cgt gtg tgg-3′; EBER1_lower: 5′- gct ggt act tga 
ccg agg acg-3′; or GAPDH_upper: 5′- gga agg tga agg tcg gag 
tca-3′; GAPDH_lower: 5′- atg ggt gga atc ata ttg gaa ca-3′), 
5 μL 2× reaction mix (contains buffer, dNTP, MgCl 2,  and 
polymerase; SensiFAST SYBR No-ROX kit, Bioline), 2 μL 
ultrapure dH 2 O and 1 μL sample (10× diluted,  see   Note    5  ).   

3.3   Reverse 
Transcription   (Random 
Hexamer, Specifi c 
Oligos, Oligo-dT)

3.4  Real-Time 
(Quantitative)    PCR
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   2.    The actually used thermal profi le has to be adapted to the 
melting temperature of the oligonucleotide set used: Start with 
a denaturation step at 95 °C for 2 min, then continue with 
95 °C for 10 s and 60 °C for 30 s, alternating for 45 cycles.    

     We used well characterized EBV-positive cell lines including Burkitt 
lymphoma subclones ( MUTU  -BL-I-Cl-216, MUTU-BL- 
III-Cl-99) and cell lines (RAEL,  RAJI)  . Besides these, we used a 
lymphoblastoid cell  line   (CBM1-Ral-STO) and a  nasopharyngeal 
  carcinoma-derived cell line ( C666.1  ). All cells constantly express 
EBER1 [ 11 ,  12 ] (Fig.  2 ).

   Our results showed that the ratio of EBER1 levels varied 
between the cell lines, depending on the method applied. The 

3.5  Comparison 
of  EBER1   Expression 
Using Nuclear Run- On      
Assay 
and Conventional RNA 
Isolation

  Fig. 2    Results of  qPCR   assays. Relative  EBER1   RNA levels normalized to GAPDH mRNA levels are shown, cor-
related to the  Mutu  -BLIII-Clone-99 EBER1 level (100 %). Upper graph: blue mark, qPCR following isolation of 
total cellular RNA purifi ed by conventional isolation; red mark, qPCR following  nuclear run-on assay  .  Lower 
graph , the two pie charts show the ratio of the expression values of the examined cell lines       
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RAEL cell line showed the highest EBER1 expression level using 
conventional, total cellular RNA isolation, while in the nuclear 
run-on assay the MUTU-BL-III-Cl-99 clone had the highest 
expression level. Our results raise the point that the interpretation 
of an epigenetic analysis may completely differ depending on the 
specifi c approach used for analyzing transcription. We suggest to 
use the nuclear run-on assay in experiments analyzing  promoter 
  activity, e.g., in the context of epigenetic studies, because it more 
closely refl ects promoter activity independent of RNA steady-state 
levels or  RNA   stability.   

4         Notes 

     1.    A house-keeping gene has to be included into a  gene expres-
sion   study to normalize the sampling differences which could 
disguise the real alterations between the mRNA levels of the 
gene or genes of interest. Experimentally obtained gene expres-
sion levels can be normalized with a single division operation. 
Theoretically, housekeeping genes have constant expression 
levels because they are required for the maintenance of essen-
tial cellular functions that are elemental for the existence of a 
cell, to attend the appropriate role in the living tissue or within 
a one- cell organism [ 13 ]. However, housekeeping genes can 
have  distinct expression levels in tissues or organs, depending 
on the experimental conditions or depending on drug treat-
ment. Specifi c experimental conditions may infl uence the 
selection of a housekeeping gene which is suitable for normal-
ization under the given circumstances. Therefore, it is recom-
mended to try more than one housekeeping gene (actually a 
minimum of three) in the same study to identify and validate 
 the      constantly active ones [ 14 ].   

   2.    The one-step qPCR method can be a quick solution for  reverse 
transcription   and qPCR in a one-step reaction. The major 
advantage of the single-tube approach comes into effect at high 
sample numbers. The one-step reaction uses one of the oligos of 
the PCR primer-set, i.e., the oligo complementary to the RNA 
of interest, to transcribe cDNA, and afterwards in the cycle 
phase of the reaction, the heat-stable DNA polymerase amplifi es 
the DNA in a PCR reaction. The intervening DNase I treatment 
is avoided in this case by using oligo-primers hybridizing to 
exon–exon boundaries. Alternatively, oligo primer-sets hybrid-
izing to exons and enclosing a long intronic section which is 
larger than 1000 nt are suitable for avoiding the DNAse step as 
well. The disadvantage of the one-step qPCR approach is that 
random hexamers cannot be used. Furthermore, because the 
tube is not opened between reverse transcription and PCR reac-
tion, at the end there is no remaining cDNA which might be 
used as a template for later or additional experiments.   

Kalman Szenthe and Ferenc Banati



131

   3.    The general oligonucleotide-primer design rules have been 
described by Dieffenbach and colleagues [ 15 ]. We suggest that 
for optimizing the conditions of the virtual PCR reaction 50 mM 
Na +  and 2.5 mM MgCl 2  should be used during the design. 
Under these conditions the Tm of the qPCR oligos should be 
around 54–60 °C. For the oligos used in the  reverse transcription 
  reaction the Tm has to be closer to the working temperature of 
the reverse transcriptase. This temperature depends on the used 
kit, but in general is about 45 °C. Because primer binding speci-
fi city depends on the Tm and oligo-length, the closest Tm option 
in case of specifi c oligos is about 50 °C (and may go as high as 
60 °C). Using random hexamers, there is an additional step at 
29 °C before the reverse transcription step at about 45–50 °C, 
because of the lower Tm of the random hexamers.   

   4.    For the real-time PCR design it is recommended to use the 
MIQE Guidelines [ 16 ]. Furthermore, at present there is the 
possibility to multiplex qPCR using distinct probes [ 17 ]: 
  http://www.premierbiosoft.com/tech_notes/multiplex-pcr.html    . 
For multiplex-PCR, inner control reactions, needed to prove 
the operable reaction conditions in negative samples, and two 
or three different specifi c oligo sets for a gene or genes of inter-
est may be combined in a single reaction tube. Thus, a multi-
plex system combined with the one-step qPCR approach 
results in an almost high-throughput assay system depending 
on the number of the samples. For example, three genes of 
interest in each well of a 384 multiwell plate results in more 
than one thousand reactions per plate, which comes close to 
the new generation methods.   

   5.    In most cases 10× diluted cDNAs result in better amplifi cation 
curves and contain still enough cDNA for quantifi cation. The 
appropriate dilution depends on the promoter activity of the 
analyzed gene, i.e., the amount of the isolated RNA, the work-
ing effi ciency of the oligos and the used real-time  PCR      kit.         
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    Chapter 9   

 Analysis of Viral and Cellular MicroRNAs 
in EBV-Infected Cells                     

     Rebecca     L.     Skalsky      

  Abstract 

   MicroRNAs are small, noncoding RNAs that posttranscriptionally regulate gene expression. The discovery 
of this relatively new mode of gene regulation as well as studies showing the prognostic value of viral and 
cellular miRNAs as biomarkers, such as in cancer progression, has stimulated the development of many 
methods to characterize miRNAs. EBV encodes 25 viral precursor microRNAs within its genome that are 
expressed during lytic and latent infection. In addition to viral miRNAs, EBV infection induces the expres-
sion of specifi c cellular oncogenic miRNAs, such as miR-155, miR-146a, miR-21, and others, that can 
contribute to the persistence of latently infected cells. This chapter describes several current techniques 
used to identify and detect the expression of viral and cellular miRNAs in EBV-infected cells.  

  Key words     BHRF1  ,   BART  ,   MicroRNA  ,   RISC  ,   RNA isolation  ,   Deep sequencing  ,   RIP-seq  ,   Primer 
extension  ,   Stem-loop qRT-PCR  ,   Luciferase assay  

1       Introduction 

 MicroRNAs (miRNAs) are important regulators of many, if not 
most, biological processes, including homeostasis, cell growth and 
differentiation, and responses to stimuli such as viral infection. 
These ~22 nt small, noncoding RNAs posttranscriptionally regulate 
 gene expression   by guiding the  RNA-induced silencing complex 
(RISC)   to sequence-specifi c sites on target mRNAs, thereby 
repressing translation and/or inducing mRNA degradation. Virus 
infection can trigger dramatic changes in the host miRNA repertoire 
which consequently alters the host transcriptional and translational 
environment [ 1 – 7 ]. In B cells, for example, EBV induces high lev-
els of oncogenic miR-155 which is required for the growth of these 
cells [ 1 ,  3 ,  8 ], while in EBV-positive epithelial cells, many tumor 
suppressor miRNAs  are   downregulated [ 4 ]. Notably, miRNA sig-
natures have been linked to EBV status in B-cell lymphomas [ 6 ,  9 , 
 10 ]. Given the many studies associating miRNA expression pat-
terns with disease states [ 5 – 6 ,  9 – 12 ], miRNAs have signifi cant 
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value as biomarkers. Techniques such as miRNA profi ling by  deep   
sequencing and stem-loop  qRT- PCR  , described here, have been 
applied to a variety of cell types and tumors to investigate cellular 
and viral miRNAs during lytic and latent EBV infection. 

 Viral miRNAs were fi rst identifi ed in 2004 in EBV-infected cells 
[ 13 ]; initially, the expression of fi ve EBV miRNAs (miR-  BHRF1  - 
1,miR-BHRF1-2,miR-BHRF1-3, miR- BART1  , and miR-BART2) 
was demonstrated by cloning of small RNAs (18–24 nt) from EBV 
B95-8-infected BL41 cells and confi rmed by Northern blot analysis. 
Over the last 10 years, additional EBV miRNAs have been identifi ed 
by sequencing studies [ 15 – 17 ], and there is now evidence for >300 
viral miRNAs expressed by herpesviruses and other DNA and RNA 
tumor virus families (reviewed in [ 5 ] and mirbase.org). At least 44 
mature miRNAs arise from the 25 EBV precursor miRNAs (pre-
miRNAs): three miRNAs fl ank the  BHRF1   ORF encoding a viral 
 Bcl2   homolog, and two large clusters of miRNAs arise from introns 
within the  BART   region (Fig.  1 ).

   EBV miRNAs, like the majority of their cellular counterparts, 
are expressed from RNA polymerase II-driven long primary 
miRNA (pri-miRNA) transcripts which undergo multiple biogen-
esis steps in the nucleus and cytoplasm to generate a mature,  RISC  - 
associated miRNA [ 18 ]. Pri-miRNAs fold into long hairpins which 
are cleaved by nuclear Drosha into ~60 nt pre-miRNAs. Following 
nuclear export, the pre-miRNA is cleaved by cytoplasmic Dicer, 
and one strand of the ~22 nt miRNA duplex becomes associated 
with an Argonaute (Ago) protein and incorporated into RISC as 
the mature miRNA [ 5 ,  18 – 20 ].    An understanding of these biogen-
esis steps has signifi cantly aided in developing experimental strate-
gies to identify and detect novel viral miRNA species [ 13 – 16 ], 
ectopically express miRNAs ([ 21 – 23 ] and described in [ 24 ]), and 
isolate miRNA-ribonucleoprotein (RNP) complexes to determine 
miRNA targets [ 21 – 23 ,  25 – 27 ]. High-throughput methods aimed 
at identifying miRNA targets in EBV-infected cells, such as PAR- 
CLIP [ 21 – 23 ,  27 ] and HITS-CLIP [ 26 ] (the PAR-CLIP protocol 
is described in detail elsewhere [ 28 ]), have benefi ted from this 
knowledge and led to the direct identifi cation of hundreds of EBV 
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miRNA targets related to cell survival,  apoptosis  , signaling, and 
immune evasion. 

 Broken into two major sections, this chapter describes current 
protocols (1) to identify and characterize miRNAs, including 
 RISC  -associated miRNAs, in EBV-infected cells using  deep   
sequencing and bioinformatics tools and (2) to detect the expres-
sion of individual miRNAs using primer extension, stem-loop 
 qRT-PCR,   and  luciferase   assays.  

2    Materials and Reagents 

 All reagents, tubes, pipette tips, and work areas should be RNase- 
free. Solutions should be prepared with ultrapure, nuclease-free 
water. Appropriate work practices and institutional disposal guide-
lines must be followed for working with phenol (TRIzol ®  Reagent), 
chloroform, and radioactivity. 

       1.    TRIzol ®  Reagent (Life Technologies).   
   2.    Chloroform.   
   3.    Isopropanol (isopropyl alcohol).   
   4.    Glycogen or GlycoBlue (optional).      
   5.    95 % ethanol (optional).   
   6.    Nuclease-free water.      

       1.    RIP lysis buffer: 50 mM HEPES, 150 mM KCl, 2 mM EDTA, 
1 mM NaF, 0.5 % NP40, 0.5 mM DTT, and EDTA-free com-
plete protease inhibitor cocktail tablets (Roche). For 50 mL of 
RIP lysis buffer, combine 2.5 mL 1 M HEPES, pH 7.5, 
1.875 mL 4 M KCl, 0.2 mL 0.5 M EDTA, 50 μL 1 M NaF, 
50 μL NP40 (or IGEPAL), 25 μL 1 M DTT, and 45.3 mL 
nuclease-free water. Dissolve protease inhibitor tablets accord-
ing to manufacturer’s instructions.   

   2.    Citrate-phosphate buffer: To prepare 1 L, combine 4.7 g 
citrate phosphate and 9.32 g Na 2 HPO 4 . Bring volume up to 
1 L with ultrapure water. The pH should be pH 5.0.   

   3.    Dynabeads ® , Protein G (Life Technologies) and magnetic bead 
separator (i.e., DynaMag).   

   4.    Anti-Ago2 (clone 9E8.2, Millipore) or pan-Ago antibody 
(Abcam ab57113 recognizes Ago1, Ago2, and Ago3; 
Diagenode 2A8 recognizes all four human Ago proteins) [ 29 ]. 
Alternatively, a FLAG-   tagged Ago2 can be introduced into 
cells, and RISC-miRNAs can be immunoprecipitated with 
monoclonal antibodies to FLAG (i.e., clone M2, Sigma) [ 21 ].   

   5.    RNase inhibitor (i.e., RNaseOUT Recombinant Ribonuclease 
Inhibitor, Life Technologies).   

2.1  RNA Isolation 
from EBV- Infected 
Cell Lines

2.2   RISC 
Immunoprecipitation 
(RIP)     
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   6.    NT2 buffer: 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM 
MgCl 2 , and 0.05 % NP40. To prepare 50 mL of NT2 buffer, 
combine 2.5 mL 1 M Tris-HCl, pH 7.4, 7.5 mL 1 M NaCl, 
50 μL 1 M MgCl 2 , 25 μL NP40 (or IGEPAL), and 40 mL 
nuclease-free water.   

   7.    Proteinase K, PCR grade.            

       1.    Total or  RIP   RNA (up to 1 μg).   
   2.    Illumina TruSeq small RNA kit (or kit compatible with the 

platform of choice).   
   3.    Thermocycler and nuclease-free 0.2 μL tubes.   
   4.    10 % Tris/borate/EDTA (TBE) polyacrylamide gel, 1× TBE 

buffer, and electrophoresis apparatus.   
   5.    0.3 M NaCl, glycogen, and 100 % ice cold ethanol for 

precipitation.         

       1.    Total RNA (5–10 μg, in water).   
   2.    Primer design: DNA oligonucleotides used for miRNA detec-

tion by primer extension should be ~14–17 nt in length and 
perfectly complementary to the 3′-end of the miRNA of inter-
est to allow extension of 5–7 nt.   

   3.    Size markers: DNA or RNA oligonucleotides of discrete sizes 
(i.e., 18 and 24 nt in length) can be radiolabeled for use as size 
markers. Alternatively, the Decade Marker System (Life 
Technologies) can be used. Label according to manufacturer’s 
instructions.   

   4.    [γ- 32 P] ATP (3000 Ci/mmol, 10 mCi/mL).   
   5.    MicroBioSpin6 columns (BioRad).   
   6.    The following reagents are included within the Primer 

Extension System (Promega):
   T4 polynucleotide kinase (PNK) (NEB).  
  T4 PNK 10× buffer.  
  2× AMV primer  extension   buffer.  
  40 mM sodium pyrophosphate.  
  AMV reverse transcriptase (   RT).  
  Nuclease-free, ultrapure water.  
  2× loading dye.      

   7.    15 % TBE-Urea polyacrylamide gel, 1× Tris/borate/EDTA 
(TBE) buffer, and electrophoresis apparatus.      

   For detection of many EBV and human miRNAs, predesigned 
assays are commercially available. Commercial miRNA PCR arrays 
are also available for profi ling large sets of known miRNAs. For 
custom assays, design  the   following:

2.3   Deep   Sequencing 
of Small RNAs

2.4  Primer Extension

2.5  Stem-Loop 
 qRT-PCR  

Rebecca L. Skalsky



137

    1.    miRNA-specifi c stem-loop RT primer, where  NNNNNN  is 
complementary to the miRNA 3′-end: 

 5′-GTC GTA TCC AGT GCA GGG TCC GAG GTA 
TTC GCA CTG GAT ACG CA N NNN NN -3′.   

   2.    miRNA-specifi c forward PCR primer, where  NNN NNN 
NNN NNN NNN N  is equivalent to the fi rst 16 nt of the 
miRNA: 5′-GCG C NN NNN NNN NNN NNN NN -3′.   

   3.    Reverse PCR primer: 5′-GTG CAG GGT CCG AGG T-3′.   
   4.    miRNA-specifi c TaqMan ®  MGB-labeled probe, where  NNN 

NNN  is complementary to the 3′-end of the miRNA: 5′-TGG 
ATA CGA C NN NNN N -3′.   

   5.    Reagents for the RT reaction (performed on a thermocy-
cler):    5 μM annealed miRNA-specifi c stem-loop RT primer, 
10 mM dNTPs, MultiScribe reverse transcriptase (Life 
Technologies), RNase inhibitor, RNA template (50 ng/μL) 
( see  Subheading  3.1 ), nuclease-free water, and 10× RT buf-
fer, 100 mM Tris- HCl, pH 8, 500 mM KCl, and 5.5 mM 
MgCl 2 .   

   6.    Reagents for the  qPCR   reactions (performed on a real-time 
PCR machine): 2× Universal PCR Master Mix (Life 
Technologies) or comparable, 50 μM forward and reverse PCR 
primers, 10 μM TaqMan ®  MGB probe, nuclease-free water, 
and 96-well optical plates suitable for real-time PCR.    

         1.    HEK293T cells, grown in Dulbecco’s modifi ed Eagle’s 
medium supplemented with 10 % fetal bovine serum and 
antibiotics.   

   2.    Dual-luciferase reporter vector such as psiCHECK-2 
(Promega) with two perfectly complementary binding sites for 
a miRNA of interest cloned into the 3′-UTR of either renilla 
or fi refl y luciferase.   

   3.    Source of viral or cellular miRNA with appropriate negative 
controls. This can be a miRNA expression vector such as 
pcDNA3 or lentiviral vector [ 21 ,  23 ,  24 ] containing ~200 nt 
of the primary miRNA cloned downstream of a promoter OR 
miRNA mimics (see [ 30 ] for custom design).   

   4.    Transfection reagent such as Lipofectamine 2000 (Life 
Technologies) and Opti-MEM I reduced serum media.   

   5.    Black-walled, clear-bottom 96-well tissue culture plates for 
transfections. Alternatively, transfections can be performed in 
12-, 24-, or 48-well plates and lysates transferred to appropriate 
tubes/plates prior to addition of DLR substrate.   

   6.    Dual-Luciferase Reporter (DLR) Assay System (Promega).   
   7.    Luminometer capable of reading 96-well plates.          

2.6   Luciferase   
Indicator Assays

Analysis of Viral and Cellular MicroRNAs in EBV-Infected Cells
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3    Methods 

            1.    Pellet suspension cells (~1000 ×  g  for 5 min) and wash once 
with phosphate-buffered saline (PBS). For adherent cells, 
remove media and wash 1× PBS. Add 1 mL TRIzol ®     per 1 × 10 7  
cells and pipette up and down to lyse cells ( see   Note    1  ).   

   2.    Perform phenol-chloroform extraction to isolate RNA from 
TRIzol ® . Add 0.2 mL chloroform per 1 mL TRIzol. Vortex or 
invert to mix, and then centrifuge at >10,000 ×  g  at 4 °C for 
15 min to separate the aqueous (top) and organic (bottom) 
layers. Transfer aqueous layer to a new tube (if 1 mL TRIzol ®  
was used, this volume should be about 0.5 mL). Optional: 
Perform additional chloroform extraction by adding one-volume 
chloroform to the aqueous layer, vortex or invert to mix, and 
centrifuge 10 min >10,000 ×  g  to separate the layers. Transfer 
top layer to a new tube.   

   3.    Precipitate RNA by adding 0.75 volumes of isopropanol to the 
aqueous layer, and incubate for >15 min at −80 °C or >30 min 
at −20 °C. For isolation of RNA from low cell numbers 
(<1 × 10 6 ), add 1 μL of glycogen during this step. Pellet RNAs 
at >15,000 ×  g  at 4 °C for 30 min. Remove all liquid and allow 
RNA pellet to air-dry for 2–3 min. Resuspend RNA in 50 μL 
nuclease-free water. Optional: The RNA pellet can be washed 
one to two times with ice cold 95 % ethanol prior to resuspen-
sion in water ( see   Note    2  ).      

    The majority of assays to investigate miRNA levels use total RNA 
or size-fractionated RNA as input. Recent studies have demon-
strated that the level of a miRNA in total RNA fractions does not 
accurately predict its inhibitory potential; rather, the level of RISC 
association is a more accurate indicator for miRNA activity [ 29 ]. 
The RIP protocol below is modifi ed from a protocol by Keene 
et al. [ 31 ] to isolate RISC-associated RNAs using antibodies 
against Ago2, a key RISC component. This RIP method, follow-
ing by deep sequencing ( RIP-seq),   has been used recently to 
 interrogate RISC-associated miRNAs in lymphoblastoid cell lines 
(LCLs) [ 22 ]:

    1.    Grow enough cells to obtain ~1 mL dry cell pellet (~50–
100 × 10 6  cells or ~1–1.5 L of EBV B95-8 LCLs). Pellet cells 
by centrifugation at ~1000 ×  g  for 5 min and  wash   two times 
with PBS ( see   Note    3  ). Resuspend pellet in three volumes of 
RIP lysis buffer and incubate on ice for 10 min. Clear lysate by 
centrifugation at >10,000 ×  g  at 4 °C for 15 min. Transfer 
lysate to a new tube ( see   Note    4  ).   

3.1  Identifying 
miRNAs in EBV- 
Infected Cells Using 
Small RNA  Deep 
  Sequencing

3.1.1  Isolating RNA 
from EBV- Infected Cells

3.1.2  Isolating  RISC  - 
Associated miRNAs by Ago 
 Immunoprecipitation (RIP)  
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   2.    Prepare magnetic Dynabeads (protein G) by transferring 30 μL 
beads to 1.5 mL tube and washing two times with 0.5 mL 
citrate-phosphate buffer. Resuspend beads in 60 μL of RIP 
lysis buffer and add 10 μL of anti-Ago2 antibody. Incubate on 
rotator for 45 min at room temperature.   

   3.    Remove unbound antibody using the magnetic separator and 
wash beads one time with 1 mL of RIP lysis buffer. Resuspend 
beads in 60 μL RIP lysis buffer and add in  full   to cell lysate 
( see   Note    5  ). Incubate at 4 °C on a rotator for 2–18 h.   

   4.    Collect beads on ice using the magnetic separator and discard 
supernatant. Wash beads ten times in NT2 buffer ( see   Note    6  ).   

   5.    Resuspend beads in 300 μL NT2 buffer ( see   Note    7  ). Add 
10 μL RNase inhibitor and 30 μL (~25–30 μg) proteinase K 
to the bead mixture. Incubate at 55 °C for 30 min to release 
antibody/RISC-bound RNAs. Flick the tube every 5–10 min 
to mix.   

   6.    Add 1 mL TRIzol ®  to the bead mixture to isolate RNAs. 
Proceed to the chloroform extraction and  steps 2  and  3  in 
Subheading  3.1.1  above. Addition of glycogen is necessary 
during RNA precipitation and recovery. Resuspend RNA pel-
let in 10 μL nuclease-      free water ( see   Note    8  ).    

     Among the most commonly used platforms for high-throughput 
sequencing of RNAs are 454 (Roche), SOLiD (Life Technologies/
Applied Biosystems), and Illumina. SOLiD and Illumina are pre-
ferred for small RNAs since both technologies yield millions of 
short reads. Two to fi ve million reads generally provide enough 
complexity to have coverage of all miRNA isoforms in a given sam-
ple.    Using the Illumina HiSeq2000 platform (50 cycle, single-end 
reads), we generally multiplex 10–12 samples in a sequencing lane. 
This yields about 300 million reads total, with at least 25 million 
high-quality reads per sample. Sequencing library preparation kits 
are commercially available for each platform. When comparing 
multiple biological samples, it is highly recommended to use the 
same sequencing platform. 

 We have previously used the Illumina TruSeq small RNA kit 
with either 0.5–1 μg total RNA ( see  Subheading  3.1.1 ) or 0.2–
0.5 μg  RIP   RNA as input ( see  Subheading  3.1.2 ) [ 22 ,  29 ]. RNAs 
are sequentially ligated to Illumina adapter sequences. Following 
adapter ligation, RNAs are reverse transcribed using primers com-
plementary to the 3′-adapter, and cDNAs are PCR amplifi ed with 
bar-coded primers for multiplexing. Importantly, a pilot PCR 
should be performed for each library to ensure that amplifi cation 
occurs within the linear range. The pilot PCR is necessary to main-
tain library complexity and avoid over-amplifying highly expressed 
miRNAs. This can be set up using 15 % of the cDNA mixture and 

3.1.3  Deep Sequencing 
of Small RNAs

Analysis of Viral and Cellular MicroRNAs in EBV-Infected Cells



140

amplifying for 10, 12, 14, 16, and 18 cycles using the conditions 
outlined  in   the Illumina TruSeq manufacturer’s protocol. cDNAs 
are gel purifi ed using a 10 % TBE polyacrylamide gel run at 200 V 
in 1× TBE buffer. Following staining with ethidium bromide or 
SYBR Safe, excise the ~145 nt cDNA band, place the gel slice in a 
1.5 mL tube with 0.5 mL 0.3 M NaCl, and passively elute on a 
rotator at 4 °C for 16 h. The eluted cDNA is precipitated by trans-
ferring the 0.5 mL supernatant to a clean tube and adding 1 μL 
glycogen and two volumes of 100 % ethanol. Incubate at 20 °C for 
30 min and pellet by centrifugation at >10,000 ×  g .  

   Sequences should be obtained in fastq format ( see   Note    9  ). A 
number of open source tools are available for fi ltering and  aligning 
  reads:

   Preprocessing the reads : 
  For command-line users, the  fast-x toolkit   (  http://hannonlab.cshl.edu/

fastx_toolkit/    ) provides scripts to remove adapter sequences and 
fi lter out low-quality and short reads <15 nt. A web-based version, 
 Galaxy   (  www.usegalaxy.org    ), is available for those requiring access to 
resources for computationally intensive analyses.   

   Aligning reads and determining miRNAs : 

  Strategy I:  Using   Bowtie [ 32 ] (or comparable alignment tool), 
align reads concurrently to the human (HG19) and appro-
priate EBV (i.e.,    AJ507799) genomes. For Bowtie or 
Bowtie2 alignments, we allow up to two mismatches and 
up to 25 unique locations for miR-seq and  RIP  - seq   align-
ments (-v 2 -m 25). Genomic locations with reads falling 
into the best stratum (--best --strata) are kept for further 
analysis. To annotate miRNAs, compare read locations to 
the coordinates/sequences of the human and EBV miR-
NAs from the most current version of  miRBase   (  www.mir-
base.org    ). 

 Strategy II: Use Perl-based scripts from miRDeep2 [ 33 ] to align 
reads and quantify miRNA read counts.  miRDeep2   has 
 dependencies on Bowtie and also requires miRNA sequences 
from the most current version of  miRBase  .   

   Identifying differentially expressed (DE) miRNAs:  

  Once read counts per miRNA are obtained, we use the Bioconductor 
software package  edgeR   [ 34 ,  35 ] to normalize libraries and 
defi ne  DE   miRNAs.      

     Primer extension analysis is an effective method to identify 5′-end 
variations in viral and cellular miRNAs [ 36 ,  37 ] and often has a 
better sensitivity than Northern blotting to detect miRNAs. Unlike 

3.1.4  Bioinformatics 
Analysis 
of Sequencing Reads

3.2  Detecting 
Individual miRNAs in 
EBV- Infected Cell Lines 
and Tissue Samples
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Northern blotting which allows for detection of both the precur-
sor and mature miRNA, only the mature miRNA isoforms can be 
detected by primer extension:

    1.    Label the probe. Set up the following reaction in a nuclease- 
free, sterile 1.5 mL tube: 2 μL (10 pmol) primer (5 μM stock), 
1 μL 10x T4 PNK buffer, 5 μL nuclease-free water, 1 μL T4 
PNK, and 1 μL [γ-32P] ATP (3000 Ci/mmol, 10 mCi/mL). 
Incubate at 37 °C for 10–30 min. To remove unincorporated 
radionucleotides, add 90 μL of nuclease-free water to the label-
ing reaction, and pipette the entire volume onto prepared 
MicroBioSpin column. Spin for 2 min at 800 ×  g  and collect 
labeled probe into a new tube ( see   Note    10  ).   

   2.    Perform primer extension ( see   Note    11  ). Set up the following 
reaction in a nuclease-free 1.5 mL tube: 5 μg total RNA ( see  
 Note    12  ), 1 μL labeled primer probe, 5 μL 2× AMV PE buf-
fer, and nuclease-free water to 11 μL. Incubate at 95 °C for 
2  min   to denature RNA and then, anneal at 37 °C for 20 min.   

   3.    At room temperature, set up the following: 11 μL annealed 
primer/RNA from  step 2 , 1.4 μL sodium pyrophosphate, 
5 μL 2× AMV PE buffer, 1.6 μL nuclease-free water, and 1 μL 
AMV RT (should be added last). Pipette up and down to mix. 
Incubate for 5 min at room temperature, and then extend for 
30 min at 42 °C. To terminate reaction, add 20 μL 2× for-
mamide loading buffer and heat inactivate at 95 °C for 10 min.   

   4.    Analyze primer extension products on a 15 % TBE urea gel ( see  
 Note    13  ). Prepare a vertical gel containing 15 % acrylamide 
(19:1 acrylamide-bis), 7 M urea, and 1× TBE buffer. Boil sam-
ples (including negative control reaction) and size markers 
briefl y prior to loading. Run at 250 V in 1× TBE buffer until 
the bromophenol blue dye is within 1 cm of the bottom. 
Expose gel to X-ray fi lm overnight at −80 °C or to a phospho-
rimaging screen.    

     qRT-PCR-based assays are perhaps the most widely used method 
for detecting individual miRNAs due to their relative ease and 
little hands-on time. miRNA stem-loop qRT-PCR relies on 
knowing the precise 3′-end of a miRNA. Several studies have 
profi led miRNAs in EBV-infected cells using  deep   sequencing 
[ 16 ,  17 ,  21 – 23 ,  26 ,  38 ]; thus, the 3′-ends of these miRNAs are 
generally known:

    1.    Set up the following for  reverse transcription   by preparing 
master mix for multiple samples: 0.2 μL dNTPs, 2 μL 10× RT 
buffer, 0.2 μL RNase inhibitor, 0.3 μL stem-loop RT primer 
(5 μM stock), 1 μL MultiScribe RT, 100 ng RNA, and nuclease-
free water to 20 μL ( see   Note    14  ).   

3.2.2  Stem-Loop 
 qRT-PCR  

3.2.1  Primer Extension
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   2.    Incubate at 16 °C for 30 min to anneal RT primer and then at 
42 °C  for   30 min. Heat inactivate at 85 °C for 10 min.   

   3.    Set up the following for TaqMan ®   qPCR   (prepare master mixes 
for multiple samples): 10 μL 2× Universal PCR Master Mix, 
0.3 μL each forward and reverse PCR primer (50 μM stock), 
0.3 μL TaqMan ®  MGB probe (10 μM stock), and nuclease-
free water to 18 μL. Pipette 18 μL of the PCR mix into each 
well of a 96-well qPCR plate. Add 2 μL cDNA (10 % of RT 
reaction from above) to each well. At minimum, technical 
duplicates should be set up for each experiment.   

   4.    Perform qPCR using the following conditions: 40 cycles each 
consisting of (step 1) 2 min at 50 °C, (step 2) 10 min at 95 °C, 
and (step 3) 15 s at 95 °C and 1 min at 60 °C.       

      Luciferase reporter assays are commonly used to measure miRNA 
activity following ectopic miRNA expression (i.e., for miRNA target 
validation, when a 3′-UTR of a gene of interest is cloned behind 
luciferase) or following disruption of miRNA function (i.e., to dem-
onstrate inhibition in cells containing a sponge inhibitor, decoy, or 
locked nucleic acid inhibitor directed against a specifi c miRNA) 
[ 21 – 24 ,  30 ]. miRNA luciferase indicators are highly effective at 
demonstrating miRNA activity from miRNA expression plasmids 
(Fig.  2 ) as well as in infected cells [ 21 ,  23 ,  27 ]:

3.3  Detecting EBV 
miRNA Activity Using 
 Luciferase   Indicator 
Assays
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  Fig. 2    ( a ) Example of  luciferase   reporter (miRNA indicator) and miRNA expression vector design. ( b ) EBV  BHRF1   
miRNAs inhibit luciferase expression from miRNA indicators. HEK293T cells, plated in 96-well black, clear- 
bottom plates, were co-transfected with 20 ng miRNA indicator and 250 ng miRNA expression vector using 
Lipofectamine 2000 according to manufacturer’s protocol. 48 h post-transfection, cells were lysed in 1× passive 
lysis buffer and analyzed on a luminometer using the DLR (Dual-Luciferase Reporter) Assay System. Light values 
are relative to an internal control and normalized to empty vector (pcDNA3). A luciferase vector lacking miRNA-
binding sites is used as a negative control (Neg). Shown is the average of two independent experiments per-
formed in triplicate. n.d. = not determined for miR-BHRF1-1       
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     1.    Plate HEK293T cells (1 × 10 6  cells per plate) in 96-well 
black- well plates in complete media one day prior to 
transfection.   

   2.    Per well, combine 20 ng luciferase indicator vector (i.e., psi-
Check2 containing two tandem miRNA-binding sites within 
the luciferase 3′-UTR), 250 ng miRNA expression plasmid (or 
control) ( see   Note    15  ), Opti-MEM reduced serum media, and 
 transfection   reagent according to manufacturer’s protocol, and 
add dropwise onto cells.   

   3.    Incubate for 48–72 h to allow for miRNA expression. Lyse 
cells in 1× passive lysis buffer, and analyze luciferase activity 
using the DLR system and  luminometer   ( see   Note    16  ).    

4                         Notes 

     1.    Lysate can be stored at −80 °C for several weeks or placed on 
ice prior to  step 2 .   

   2.    The use of <95 % ethanol (i.e., 70 % ethanol) is not recom-
mended for washing as this can partially elute small RNAs from 
the RNA pellet.   

   3.    The pellet can be stored at −80 °C for several months. Avoid 
freeze-thaw cycles.   

   4.    25 μL of cleared lysate can be saved for  Western blot   (WB) 
analysis.   

   5.    The slurry can be spiked with 1–2 μL RNase inhibitor to prevent 
RNA degradation.   

   6.    Washing is critical to eliminate background. 25 μL of the 
supernatant following IP as well as portions of the wash steps 
can be saved for WB analysis.   

   7.    25 μL of resuspended beads can be saved and boiled in Laemmli 
buffer for WB analysis along with other saved samples ( see  
 Notes    3   and   5  ) to ensure adequate Ago2 IP.   

   8.    Recovered RNA can be used directly for  qRT-PCR   analysis or 
to generate deep-   sequencing libraries ( RIP  - seq  ). 0.5–2 μg of 
RNA is a common yield from ten million cells.   

   9.    The Illumina platform provides reads in basespace format 
(fastq). For SOLiD users, reads are in colorspace format 
(csfasta) and require alternate workfl ows other than described 
here. Note that for either platform sequencing fi les are several 
gigabytes in size and require appropriate computational 
resources for storage and manipulation.   

   10.    Purifi ed probe for primer extension can be stored at −80 °C or 
used immediately. Measuring radionucleotide incorporation 
on a scintillation counter is recommended.   

Analysis of Viral and Cellular MicroRNAs in EBV-Infected Cells



144

   11.    Master mixes for the primer mixture and extension mixture 
should be prepared when analyzing multiple RNA samples. 
Additionally, a negative control reaction should be prepared 
for each primer probe containing water in place of RNA 
template.   

   12.    At least 5–10 μg of high-quality, total RNA is recommended 
 for   detection of most miRNAs. This amount can be increased 
to 15 μg for lowly expressed miRNAs.   

   13.    Due to the small size of the primer extension product (~15 nt 
probe, ~22 nt product), a 15 % denaturing polyacrylamide gel is 
recommended. Wells of the gel should be rinsed with 1× TBE 
buffer to remove urea prior to loading samples.   

   14.    Appropriate controls for assaying viral miRNAs include RNA 
from uninfected cells or from cells infected with a miRNA 
knockout virus (i.e., EBV  BHRF1   miRNA mutant viruses 
[ 40 ,  21 ,  39 ]). Standard curves can be generated using RNA 
oligonucleotides that match the specifi c miRNA sequence. 
Separate RT reactions need to be set up for each standard 
curve dilution.   

   15.    Suggested controls include additional miRNA expression 
plasmids that should not interact with the luciferase indicator 
vector as well as a control  luciferase   vector lacking miRNA-
binding sites (“Neg” in Fig.  2 ). Technical replicates, i.e., tripli-
cates, should be set up for each condition. psiCheck2 expresses 
both  Renilla  and fi refl y luciferase. If another type of luciferase 
vector is used, an internal control luciferase plasmid should be 
spiked into the transfections.   

   16.    The level of luciferase indicator knockdown via a miRNA with 
perfect complementarity to the inserted binding sites should 
be in the range of >75–90 %. The 25–75 % inhibition is  normally 
observed for luciferase 3′-UTR reporters with mismatches to 
the miRNA of interest, i.e., a 3′-UTR containing a miRNA 
seed match or an indicator with imperfect sites.            
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    Chapter 10   

 Isolation and Characterization of Exosomes Released 
by EBV-Immortalized Cells                     

     Gulfaraz     Khan      and     Waqar     Ahmed     

  Abstract 

   Epstein-Barr virus is an oncogenic herpesvirus associated with several human malignancies. Although the 
details of the molecular steps involved in EBV-mediated cell transformation and immune evasion are not 
fully known, a number of viral products, including EBV latent proteins and non-protein coding RNAs 
have been shown to be involved, directly or indirectly in these processes. In recent years, a growing body 
of data indicates that some viruses are able to transport selected products to neighboring cells and induce 
biological changes by exploiting the exosome secretory pathway. Exosomes are nanovesicles secreted by 
virtually all cell types and present in most body fl uids. Here, we describe the protocols used in our labora-
tory to isolate and characterize exosomes from EBV-infected, noninfected, and transfected cell lines.  

  Key words     EBV  ,   Exosomes  ,   Differential ultracentrifugation  ,   Electron microscopy  ,   CD63  ,   Flotillin  , 
  RT-PCR  ,   Western blotting  

1      Introduction 

 Exosomes are nanosize membrane vesicles (50–150 nm in diameter) 
excreted by many different cells types, including B-cells, T-cells, 
dendritic cells, mast cells, epithelial cells, and neurons [ 1 ,  2 ]. 
Exosomes are present in most body fl uids, including blood, urine, 
saliva, and breast milk [ 3 ]. These nanovesicles are generated 
through inward budding of cytoplasmic endosomal-derived mem-
branes of multi-vesicular bodies ( MVBs  ) [ 4 ]. These MVBs can 
either be targeted for lysosomal degradation or transported to the 
plasma membrane and subsequently released as exosomes [ 4 ]. 
Morphologically, exosomes have been described as “cup or dish- 
like” structures after fi xation, staining, and visualization by trans-
mission  electron microscopy  . Whether these features are unique to 
exosomes or artifacts introduced by sample processing is unclear 
[ 5 ]. Initially, exosomes were thought to be artifacts or cell’s 
waste products, but in recent years it has emerged that exosomes 
are in fact an important means of intercellular transport and 
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 communication [ 6 ,  7 ]. Exosomes have been shown to contain a 
number of membrane-associated proteins such as  CD63  , 
endosome- associated proteins such as  fl otillin  , heat shock proteins 
such as Hsp40 and endosomal sorting complex required for trans-
port (ESCRT) such as Alix [ 5 ,  8 ]. Some of these proteins are 
believed to be involved in the transport of the exosomal cargo, 
which includes proteins, lipids, mRNAs, and microRNAs ( miR-
NAs  ) [ 7 ,  8 ]. Moreover, a growing body of data indicates that some 
viruses can also hijack this physiological pathway for the excretion 
of their products [ 9 ]. What impact exosomes released from viral-
infected cells have on recipient cells is poorly understood. Most 
likely, this will depend on the type of cell and exosomal cargo being 
excreted. 

 An important step in any study aimed at understanding exo-
somes and their biological role in the pathogenesis of viral infec-
tions is the isolation and characterization of exosomes. Because 
cells release many types of microvesicles [ 10 ], it is essential that 
exosomes are isolated and their identity confi rmed before any 
down-stream investigations are performed [ 11 ]. In our laboratory 
we use differential ultracentrifugation to isolate exosomes from 
various cell lines, including EBV-infected, noninfected, and trans-
fected cells. The identity of the isolated nanovesicles is checked by 
transmission  electron microscopy   and confi rmed by  western blot-
ting   for exosomal markers  CD63   [ 12 ] and  Flotillin   [ 13 ]. In this 
chapter, the details of these protocols are described. In the next 
chapter ( Functional analysis of exosomes derived from EBV-infected 
cells ), we describe the methods we use for investigating the uptake 
and the physiological effect of EBV exosomes on recipient cells. 
Although our protocols are based on using EBV-infected cells, in 
principle the same protocols could be adopted for studying exo-
somes from other virus-infected cells.  

2    Materials 

            1.    CO 2  incubator set at 37 °C and 5 % CO 2 .   
   2.    Tissue culture media:
    (a)     Media # 1: RPMI 1640 (without  l -glutamine), supple-

mented with 2 mM  l -glutamine, 10 % FBS, 10 μL/mL 
antibiotic antimycotic, 50 μg/mL gentamicin.   

   (b)     Media # 2: DMEM with  l -glutamine, supplemented with 
10 % FBS, 10 μL/mL antibiotic antimycotic, 50 μg/mL 
gentamicin.       

   3.    Cells ( see  Table  1 ).
       4.    Heat-inactivated fetal bovine serum (FBS).   

2.1  Cell Culture 
and Exosome Isolation
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   5.    Exosome depleted heat-inactivated fetal bovine serum (FBS) 
( see   Note    1  ).   

   6.     l -glutamine (200 mM).   
   7.    Antibiotic antimycotic mix (10,000 U/mL penicillin, 

12,500 μg/mL streptomycin, 25 μg/mL amphotericin B).   
   8.    Gentamicin (50 mg/mL).   
   9.    Sodium pyruvate (100 mM).   
   10.    α-thioglycerol (α-TG) (50 mM), dissolved in PBS, fi lter- 

sterilized, aliquoted, and stored at −20 °C.   
   11.    Bathocupronic disulfonic acid (BCA) (10 mM), dissolved in 

PBS, fi lter-sterilized, aliquoted, and stored at −20 °C.   
   12.    Hygromycin (50 mg/mL).   
   13.    Phosphate buffered saline (PBS), pH 7.4.   
   14.    Trypsinization solution: 0.25 % Trypsin, 0.02 % EDTA in 

HBSS media.   
   15.    0.4 % Trypan blue.   
   16.    Tissue culture fl ask T75.   

    Table 1  
  Type of cell lines used and their culture requirements   

 Name of cell 
line  Type of cell line  Culture requirements 

 B95.8  Marmoset B-cell (EBV+)  Media #1 ( see  Subheading  2.1 ) 

 EBV-LCL  Human EBV-immortalized B-cell (EBV+)  Media #1 ( see  Subheading  2.1 ) 

 Jurkat  Human T-cell (EBV-)  Media #1 ( see  Subheading  2.1 ) 

 Namalwa  Burkitt lymphoma-derived B-cell (EBV+)  Media #1 ( see  Subheading  2.1 ) 

  BL30    Burkitt lymphoma-derived B-cell (EBV-)  Media #1 with 1 mM sodium pyruvate, 
10 mM α-TG and 20 μM BCA 

 BL30-B95.8  Burkitt lymphoma-derived B-cell (EBV+)  Media #1 with 1 mM sodium pyruvate,1 
0 mM α-TG and 20 μM BCA 

 293  T    Human embryonic kidney epithelial cell 
(EBV-) 

 Media #2 ( see  Subheading  2.1 ) 

 293 T-Hebo  Human embryonic kidney epithelial cell 
(transfected with pHebo plasmid) 

 Media #2 with 150 μg/mL of 
hygromycin 

 293 T-ER1  Human embryonic kidney epithelial cell 
(transfected with EBER1-   pHebo plasmid) 

 Media #2 with 150 μg/mL of 
hygromycin 

 293 T-ER2  Human embryonic kidney epithelial cell 
(transfected with EBER2-pHebo plasmid) 

 Media #2 with 150 μg/mL of 
hygromycin 

Isolation and Characterization of Exosomes Released by EBV-Immortalized Cells



150

   17.    Refrigerated ultracentrifuge.      
   18.    50 mL polypropylene falcon tubes.   
   19.    Beckman polyallomer tubes or polycarbonate bottles, appro-

priate for the ultracentrifuge rotor.      

       1.    2 % uranyl acetate.   
   2.    1× PBS.   
   3.    Autoclaved water (ddH 2 O).   
   4.    200 mesh formvar-carbon-coated copper grid.   
   5.    Micropipette.   
   6.    5 mL syringes.   
   7.    Philips CM10 transmission electron microscope (TEM)   .      

       1.    Antibodies specifi c for exosome markers CD63 or fl otillin. 
Suitable monoclonals for these markers are widely available. 
We have used clones MEM-259 for CD63 and EP446Y for 
fl otillin.   

   2.    Prestained molecular weight markers.   
   3.    PVDF transfer membrane.   
   4.    Tween 20.   
   5.    PBST solution: In 1000 mL of PBS buffer add 1 mL of 

Tween 20.   
   6.    5 % blocking buffer: 2.5 g of fat free milk in 50 mL PBST.   
   7.    RIPA buffer ( see   Note    2  ).   
   8.    RLN buffer ( see   Note    3  ).   
   9.    6× loading buffer ( see   Note    4  ).   
   10.    10× SDS running buffer/electrophoresis buffer ( see   Note    5  ).   
   11.    Transfer buffer ( see   Note    6  )   
   12.    10 % SDS polyacrylamide gel (resolving gel) ( see   Note    7  ).   
   13.    4 % SDS polyacrylamide gel (stacking gel) ( see   Note    8  ).   
   14.    ECL Plus kit.   
   15.    Fluorescent imaging system (we use Typhoon).               

       1.    TRIzol Reagent.   
   2.    Exosomes.   
   3.    Molecular biology grade chloroform, isopropanol, ethanol.   
   4.    Refrigerated centrifuge.   
   5.    Spectrophotometer, e.g., Nanodrop instrument.   
   6.     Reverse transcription   kit (Promega).   
   7.    DNase 1.   

2.2  Transmission 
 Electron Microscopy  

2.3  SDS-PAGE 
and  Western Blot   
for Exosome Markers 
 CD63    and   Flotillin

2.4  RNA Isolation 
from Exosomes 
and RT- PCR         for EBERs
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   8.    Primers for EBER-1 and 2 ( see  Table  2 ).
       9.    PCR mastermix.   
   10.    Taq polymerase.   
   11.    PCR thermocycler.       

3    Methods 

       1.    Grow cells in the respective growth media ( see  Table  1 ) at 
37 °C, 5 % CO 2  incubator. Change media two or three times a 
week by aspirating half of the old media and replacing it with 
an equal volume of fresh media to maintain the culture. Cells 
should be split as follows: 1:5 for B95.8, EBV-LCL, Namalwa 
and Jurkat; 1:3 for  BL30   and BL30-B95.8; 1:10 for 293  T  ; 1:5 
for 293 T-Hebo, 293 T-ER1 and 293 T-ER2 ( see   Note    9  ).   

   2.    For exosome isolation, 0.5 × 10 6  cells/mL should be grown in 
media containing exosome depleted FBS for 72 h.   

   3.    Cell viability should be determined using trypan blue exclusion 
assay. Cell viability should be at least 95 % to continue to the 
next step ( see   Note    10  ).   

   4.    Carefully remove the culture supernatant without disturbing 
the settled cells and centrifuge at 2000 ×  g  for 20 min at 4 °C 
to remove cells and cellular debris ( see   Note    11  ).   

   5.    Carefully remove the supernatant, leaving approximately 
1–2 mL behind, and transfer it to an  ultracentrifuge   tube and 
spin at 10,000 ×  g  for 30 min at 4 °C. This will further remove 
the cellular debris.   

   6.    Remove the supernatant and transfer it to a fresh ultracentri-
fuge tube and spin at 100,000 ×  g  for 1 h at 4 °C.   

   7.    Carefully remove the supernatant (leaving behind about 
1 mL), and resuspend the exosome pellet in 1 mL of PBS. At 

3.1  Cell Culture 
and Exosome Isolation

    Table 2  
  Sequence of  EBER   primers used for RT- PCR        

 Primer  Sequence (5’ - 3’) 

 EBER-1 forward primer  AGG ACC TAC GCT GCC C 

 EBER-1 reverse primer  AAA ACA TGC GGA CCA CCA GC 

 EBER-2 forward primer  AGG ACA GCC GTT GCC CTA GT 

 EBER-2 reverse primer  AAA AAT AGC GGA CAA GCC GAA T 
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this stage, exosome suspensions from all the tubes from the 
same cells can be pooled into a single ultracentrifuge tube.   

   8.    Fill the tube with cold PBS and  ultracentrifuge   at 100,000 ×  g  
for 1 h at 4 °C.   

   9.    Remove all the PBS as much as possible and resuspend the 
exosome pellet in 100 μL of PBS (if the total volume of the 
original culture supernatant was 80-100ml). Determine the 
total exosomal protein concentration using the Bradford Assay   

   10.    Use immediately or store at −80 °C.      

       1.    Thaw the isolated exosomes and keep them on ice.   
   2.    Add 10 μL of exosome suspension onto freshly glow dis-

charged 200 mesh formvar-carbon-coated copper grid.   
   3.    Let the grid absorb the suspension by incubating for 5 min at 

room temperature.   
   4.    Wash the grids by adding a drop of ddH 2 O using a syringe, let 

it stand for 1 min and absorb the drop using a fi lter paper.   
   5.    Negatively stain the exosomes by adding a drop of 2 % uranyl 

acetate and incubate for 2 min at room temperature.   
   6.    Absorb the extra uranyl acetate with fi lter paper.   
   7.    Save the grid in a petri dish or use it immediately for examina-

tion under the electron microscope.   
   8.    Under TEM, exosomes appear as membranous vesicles in the range 

of 50–150 nm with a “cup-shaped” morphology (Fig.  1a ) [ 14 ].

              1.    For 100 μL of exosomes in PBS, add 40 μL of RLN buffer 
( see   Note    12  ) and incubate the samples on ice for 10 min. Use 
5 μL for the Bradford assay to determine exosomal protein 
concentration of each sample ( see   Note    13  ).   

   2.    Depending on the exosomal protein volume, add 6 x loading 
dye (fi nal dye concentration should be 1×).   

   3.    Assemble the glass plates (1.5 mm) for western blotting 
( see   Note    14  ).   

   4.    Prepare the resolving gel ( see   Note    7  ).   
   5.    Pour the gel solution between the glass plates with a pipette, 

leave about 1/4 of the space free for the stacking gel. Carefully 
cover the top of the resolving gel with isopropanol and wait 
until the resolving gel polymerizes (~30 min). A clear line will 
appear between the gel and the isopropanol when polymeriza-
tion is complete.   

   6.    Discard the isopropanol solution and wash gently with ddH 2 O.   
   7.    Prepare the stacking gel ( see   Note    8  ).   
   8.    Pour the stacking gel on top of the resolving gel and insert the 

comb ( see   Note    15  ). Allow the gel to polymerize for at least 
30 min.   

3.2  Transmission 
 Electron Microscopy   
on Exosomes

3.3  SDS-PAGE 
and  Western Blot   
for Exosomal Markers 
 CD63   and  Flotillin  
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   9.    Remove combs carefully and wash the wells  twice         with 
ddH 2 O. Place the gel into the electrophoresis tank, fi ll the tank 
(bottom and top reservoirs) with fresh 1 x running buffer 
( see   Note    16  ), making sure that the wells of the gel are covered 
with the buffer.   

   10.    Load each sample ( see   Note    17  ) and prestained molecular 
weight markers.   

   11.    Apply a current of 80 V for ~2 h.   
   12.    Stop the electrophoresis, disassemble the gel apparatus, remove 

the gel carefully, and proceed with staining the gel or Western 
blot procedures.   
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  Fig. 1    Transmission  electron microscopy   of exosomes isolated by differential  ultracentrifugation   from two dif-
ferent EBV-positive cell lines. ( a ) Under TEM, exosomes appear as “cup-shaped” vesicles ranging from 
50–150 nm. ( b ) The identity of isolated exosomes can be confi rmed by  Western blot   for the exosomal markers, 
 CD63  , and  fl otillin  . ( c ) RT-      PCR for EBER- 1   showing presence of EBV RNA in exosomes. Pre-treatment of exo-
somes with RNase prior to RNA extraction and RT-PCR, does not eliminate EBER amplifi cation, indicating that 
EBERs are present within the exosomes and thus protected from RNase digestion (Figure adapted from ref.  14 .)       
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   13.    Electrotransfer the SDS-PAGE resolved proteins from the gel 
to a PVDF membrane using wet/tank blotting system ( see  
 Note    18  ). Apply a current of 30 V for overnight at 4 °C.   

   14.    Next day, incubate the PVDF membrane in 20 mL of blocking 
buffer (5 % nonfat milk in PBST) for 1 h at room temperature 
on a rocker with constant agitation.   

   15.    Transfer the membrane to hybridization bags, add 5 mL of 
anti-CD63 and/or anti-fl otillin monoclonal antibody diluted 
1/500 and 1/1000 in 1 % milk PBST, respectively. Seal the 
bag and make sure there are no leaks.   

   16.    Incubate for 1 h at room temperature on a rocker with con-
stant agitation.   

   17.    Remove the primary antibody and wash the PVDF membrane 
in PBST for 10 min (×3).   

   18.    Repeat  steps 15 – 17  using HRP-labeled anti-mouse secondary 
antibody (diluted 1:20,000) for CD63 and HRP-labeled anti-
rabbit secondary antibody (diluted 1:20,000) for fl otillin.   

   19.    Incubate the blot for 5 min in the appropriate HRP-substrate. 
We use fl uoro-chemiluminescent detection reagents e.g., Pierce 
ECL Plus Substrate.   

   20.    Visualize the blot using autoradiography or fl uorescent image 
analyzer, e.g., Typhoon.   

   21.    Bands at ~60 and ~48 kDa indicate the presence of CD63 and 
fl otillin, respectively. (Fig.  1b )          ( see   Note    19  ) [ 14 ].      

       1.    Add 500 μL of TRizol Reagent to 100 μL of isolated 
exosomes.   

   2.    Add 100 μL of chloroform and shake the tubes vigorously for 
15 s and then incubate the tubes at room temperature for 
3 min.   

   3.    Centrifuge at 12,000 ×  g  at 4 °C for 15 min. Three layers will 
be visible after the centrifugation.   

   4.    Transfer the aqueous phase to a new tube and add 500 μL of 
isopropanol to the aqueous phase and invert gently several 
times. Incubate at room temperature for 10 min.   

   5.    Centrifuge at 12,000 ×  g  at 4 °C for 10 min ( see   Note    20  ). 
A small white pellet will be visible at the bottom of the tube.   

   6.    Discard the supernatant carefully and wash pellet by adding 
1 mL of 75 % ethanol. Briefl y vortex and then centrifuge at 
7500 ×  g  at 4 °C for 5 min.   

   7.    Discard the ethanol and air dry the tubes for 15 min ( see   Note    21  ).   
   8.    Resuspend the pellet in 20 μL of nuclease free water.   

3.4  RNA Isolation 
from Exosomes 
and RT- PCR         for EBERs
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   9.    To eliminate any contaminating DNA, all RNA samples should 
be treated with DNase I. Appropriate PCR can be done to 
check for DNA contamination ( see   Note    22  ).   

   10.    Reverse transcribe isolated RNA into cDNA using  Reverse   
Transcription Kit (Promega), following the manufacturer’s 
instructions.   

   11.    Aliquot the cDNA and store at −80 °C until required.   
   12.    Perform RT-PCR for EBERs using EBER1 and EBER2- 

specifi c primers ( see  Table  2 ).   
   13.    Set up each RT-PCR reaction as follows: 1 U of  Taq  poly-

merase, 0.5 mM dNTPs, 1× PCR reaction buffer, 2 mM MgCl 2  
and 10 pmol of each primer and 1–2 μL of cDNA in 30 μL 
reactions.   

   14.    Set the amplifi cation conditions as follows: An initial 5 min 
denaturation step at 94 °C followed by 30 cycles of 94 °C for 
1 min, 51 °C/46 °C (EBER-1/EBER-2 respectively) for 30 s 
and 72 °C for 60 s with a fi nal elongation step at 72 °C for 
7 min.   

   15.    Separate the amplifi ed products on a 2 % agarose gel stained 
with ethidium bromide. Bands at 166 bp and 172 bp indicate 
the presence of EBER-1 and  EBER        -2, respectively (Fig.  1c ).       

4                            Notes 

     1.    FBS is known to contain exosomes. To avoid contamination by 
these exosomes, cells should be grown in exosome depleted 
media. Exosome depleted FBS is commercially available, but 
it can also be prepared by centrifuging standard FBS at 
100,000 ×  g  at 4 °C for 6 h. This will pellet the exosomes, and 
supernatant can be carefully removed and stored at −20 °C 
until required.   

   2.    RIPA buffer: 50 mM Tris, pH 7.4, 150 mM NaCl, 1 % Triton 
X-100, 1 % Sodium deoxycholate, 0.1 % SDS, made in ddH 2 O 
and fi lter-sterilized. For 1 mL of RIPA buffer add 50 μL of 
β-Mercaptoethanol and 10 μL of 100 mM PMSF just before 
use.   

   3.    RLN buffer: 50 mM Tris, pH 8.0, 140 mM NaCl, 1.5 mM 
MgCl 2,  0.5 % NP40, made in ddH 2 O.   

   4.    6× loading buffer: 5.91 g of Trizma base, 6 g of SDS, 48 mL 
of glycerol, 9 mL of β-merceptoethanol, 30 mg of bromophe-
nol blue, volume made up to 100 mL in dH 2 O.   

   5.    10× SDS running buffer: Dissolve 10 g SDS, 30.2 g Tris base 
and 144 g glycine in dH 2 O and make up to 1000 mL.   

Isolation and Characterization of Exosomes Released by EBV-Immortalized Cells
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   6.    10× Transfer buffer (for 1500 mL): 45.4 g of Trizma base, 
216 g of Glycine, 500 mL of dH 2 O, mix and make up to 
1500 mL with dH 2 O. Make fresh 1× transfer buffer before 
using. 1× transfer buffer (for 1000 mL): 100 mL of 10× trans-
fer buffer, 200 mL methanol, made up to 1000 mL with dH 2 O.   

   7.    Resolving gel: 8 mL of autoclaved dH 2 O, 5 mL of 1.5 M Tris 
buffer, pH 8.8, 6.7 mL of 30 % acrylamide, 200 μL of 10 % 
SDS, 200 μL of 10 % APS, 20 μL of TEMED. This recipe is for 
casting two gels (7 mL for each gel). Add APS and TEMED at 
last to start the polymerization. For a native gel do not add 
10 % SDS in the gel preparation.   

   8.    Stacking gel: 6.1 mL of autoclaved dH 2 O, 2.5 mL of 0.5 M 
Tris buffer, pH 6.8, 1.34 mL of 30 % acrylamide, 100 μL of 
10 % SDS, 100 μL of 10 % APS, 20 μL of TEMED. Add APS 
and TEMED last to avoid polymerization.   

   9.    For suspension cells (B95.8, EBV-LCL, Namalwa, Jurkat), 
aspirate the media without disturbing the cells settled at the 
bottom of the fl ask and add fresh media. For adherent cells 
(293 T, 293 T-Hebo, 293  T  -ER1 and 293 T-ER2), aspirate 
the media, wash the cells with PBS and trypsinize for 1 min 
and neutralize by adding fresh media (double the volume of 
trypsin). 293 T cells are very sensitive and fragile. Care should 
be taken not to trypsinize them for longer time as this will 
harm the cells.   

   10.    Cultures with cell viabilities of above 95 % should be used to 
avoid any cell debris contaminating the subsequent exosome 
fractions.   

   11.    Pre-cool everything before use especially the centrifuge tubes 
as heating may affect exosomes preparation.   

   12.    For nondenaturing SDS-PAGE, RLN buffer, but not RIPA 
buffer should be used. Protease inhibitor cocktail should be 
added to RLN and RIPA buffer to avoid protein degradation. 
For the Bradford assay, add the RLN buffer fi rst and homog-
enize the exosomal proteins by pipetting and then use 5 μL of 
the exosome proteins for the assay. Add protease inhibitor 
cocktail after the Bradford assay, as this may affect the 
reading.   

   13.    When performing  western blot   on exosomal extracts, it is 
important to load equal quantity of exosomes excreted from 
each cell type (e.g., infected and noninfected), if comparison is 
to be made. One method of estimating the amount of exo-
somes present in an isolate is by quantifying the total  exosomal 
protein concentration. This can be done using the Bradford 
Assay.   

   14.    Glass plates should be cleaned with ethanol before use.   
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   15.    It is important to use the comb of the same thickness as that of 
the glass slide. Using a comb of less thickness will result in the 
polymerization of the whole gel with no proper well forma-
tion. The maximum volume that can be loaded using a 1.5 mm 
comb is 45 μL per well.   

   16.    Use the appropriate buffer depending on the type of gel. 
Running buffer and loading dye should be made without SDS 
for the native gel assay.   

   17.    We usually load 25–35 μg of exosomal proteins per sample. 
For the denaturing gels, add 1× loading dye in the sample and 
heat at 100 °C in a water bath for 5 min before loading the 
samples on the gel. For native gels, add 1× loading dye in each 
sample and load directly onto the gel.   

   18.    Pre-cool the 1× transfer buffer and add cold pack in the tank 
to keep the buffer cold throughout the transfer process.   

   19.    The size of the bands will depend on the antibody clones used 
for the detection of CD63 and fl otillin.   

   20.    The RNA pellet is often not visible. Marking the outside of the 
 ultracentrifuge   tube prior to centrifugation can help in esti-
mating the location of the pellet.   

   21.    Air dry the tubes properly as droplets of ethanol can result in 
inhibition of downstream applications. You can leave the tubes 
for more than 15 min if the ethanol has not dried completely.   

   22.    For RNA extracted from EBV exosomes, PCR for the EBV 
BamHI-W-fragment can be performed. Negative results indi-
cate that there is no contaminating DNA present.         
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    Chapter 11   

 Functional Analysis of Exosomes Derived 
from EBV- Infected Cells                     

     Gulfaraz     Khan      and     Pretty     S.     Philip     

  Abstract 

   Exosomes are diverse bioactive extracellular nanovesicles excreted by different cell types. These tiny 
membrane- bound vesicles, once thought to be functionally insignifi cant, are now believed to be important 
vehicles for transport and intercellular communication. Exosomes have been shown to contain a broad 
range of molecules, from miRNAs to proteins to soluble factors. Moreover, an accumulating body of evidence 
indicates that some viruses can hijack the exosomal excretory pathway to infl uence the microenvironment 
surrounding the infected cells. In this chapter, we describe the protocols we use to examine the impact of 
exosomes isolated from EBV-infected cells on different cell types.  

  Key words     EBV  ,   Exosomes  ,   Exosome uptake  ,   Apoptosis  ,   Caspase activation  

1      Introduction 

 Epstein-Barr virus is a common herpesvirus infecting more than 
90 % of individuals worldwide. Following primary infection, EBV 
establishes life-long  persistence   in resting  memory   B-lymphocytes, 
even in the face of a competent immune system. The virus has 
evolved multiple mechanisms by which it can evade the immune 
system and persist in its host [ 1 ]. In recent years, studies have 
uncovered a potentially new strategy by which EBV could modu-
late the immune system for its survival, namely by hijacking the 
exosome excretory pathway. These nanovesicular bodies, initially 
considered to be garbage bags for abandoned membrane parcels 
and molecular fragments, are in fact important transport vehicles 
for a variety of molecules ranging from mRNA to miRNA, and 
from proteins to soluble factors [ 2 ]. Over 4500 proteins, 1600 
mRNA, and 750  microRNAs   (miRNAs) have been identifi ed in 
exosomes derived from different cell types [ 3 ,  4 ]. Depending on 
their cargo, exosomes can induce various cellular changes in target 
cells, including antiviral activity and immune modulation [ 5 ,  6 ]. 
Several viruses, including EBV have also been shown to utilize the 
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exosome pathway to excrete specifi c viral and cellular components. 
Moreover, the mechanism of exosome biogenesis has considerable 
overlap with the assembly and release of enveloped viruses such as 
EBV [ 7 ,  8 ]. Indeed, several studies now indicate that exosomes 
released from cells infected with some viruses, can induce local 
immune tolerance and contribute to virus-associated pathogenesis 
[ 9 ,  10 ]. For example, recently it was reported that exosomes iso-
lated from nasopharyngeal  carcinoma   and from EBV-immortalized 
lymphoblastoid cell lines (LCLs) have anti-proliferative or apop-
totic effects on recipient cells [ 11 ,  12 ]. In another study, it was 
shown that exosomes isolated from EBV LCLs contained Fas- 
ligand and MHC class II molecules and these exosomes could 
induce cell death of antigen specifi c T H  cells [ 13 ]. Taken together, 
there is now convincing evidence that EBV can manipulate its 
microenvironment by secreting exosomes loaded with bioactive 
cargo. However, the mechanisms involved in selecting the cargo to 
be packaged into EBV exosomes and the molecular details of the 
biological effects induced by these exosomes, remain to be eluci-
dated. Here we describe the protocols we use in our laboratory for 
investigating proliferative/apoptotic effects of EBV exosomes 
released from various types of latently infected cells.  

2    Materials 

       1.    50–100 μg of purifi ed exosomes.   
   2.    PKH 67 linker kit (Sigma) ( see   Note    1  ).   
   3.    Beckman polyallomer tubes or polycarbonate bottles, appro-

priate for the  ultracentrifuge   rotor.      

       1.    Coverslips to grow cells 22 × 22 mm.   
   2.    293  T   cells, growing culture.   
   3.    DMEM with 10 % FBS.   
   4.    Trypsinization solution: 0.25 % trypsin, 0.02 % EDTA in HBSS 

media.   
   5.    70 % ethanol.   
   6.    6-well plates for tissue culture.   
   7.    DAPI for nuclear staining.      

       1.    293  T   cells: Human embryonic kidney epithelial cell (EBV 
negative).   

   2.     BL30   cells: Burkitt lymphoma derived B-cell (EBV negative).   
   3.    CellTiter-Glo ®  Luminescent Cell Viability Assay (Promega).*   
   4.    Caspase-Glo ®  3/7 Assay (Promega).*   
   5.    Caspase-Glo ®  8 Assay (Promega).*   

2.1  Fluorescent 
Labeling of EBV 
Exosomes

2.2  EBV Exosomes 
Uptake Assay

2.3  Effect of EBV 
Exosomes 
on Recipient Cells
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   6.    Caspase-Glo ®  9 Assay (Promega).*   
   7.    White 96 MicroWell Nunclon delta (fl at bottom) microplates.   
   8.    Exosome-depleted heat-inactivated FBS ( see   Note    2  ).   
   9.    Tissue culture media:

   (a)    For BL30 cells: RPMI 1640 (without  l -glutamine), sup-
plemented with 2 mM  l -glutamine, 10 % FBS, 10 μL/mL 
antibiotic antimycotic, 50 μg/mL gentamicin.   

  (b)    For 293 T cells: DMEM with  l -glutamine, supplemented 
with 10 % FBS, 10 μL/mL antibiotic antimycotic, 50 μg/mL 
gentamicin.         

 *Prepare the reagent according to manufacturer’s instructions.   

3    Methods 

       1.    Isolate EBV exosomes as described in the Chapter  Isolation 
and characterization of exosomes released by EBV-immortalized 
cells  and determine the total exosomal protein concentration 
using the Bradford Assay ( see   Note    3  ).   

   2.    If using previously isolated exosomes stored at −80 °C, then 
thaw them on ice.   

   3.    Dilute 100 μg of EBV exosomes in diluent C (1:1) provided 
with the labeling kit. This should be done inside the laminar 
fl ow hood ( see   Note    4  ).   

   4.    Dilute PKH67 dye in diluent C (1:50) ( see   Note    5  ).   
   5.    Add 20 μL of diluted PKH67 to the diluted exosomes from 

 step 3 . Mix by pipetting. For negative control, add 20 μL of 
diluted PKH67 to PBS ( see   Note    6  ).   

   6.    Incubate at room temperature for 3 min in dark.   
   7.    Add 0.1 % BSA or exosome-depleted FBS to terminate the 

reaction.   
   8.    Centrifuge at 70,000 ×  g  for 1 h at 4 °C in  ultracentrifuge   

tubes.   
   9.    Carefully remove the supernatant without disturbing the EBV 

exosome pellet.   
   10.    Wash the pellet in PBS by centrifuging for 30 min at 70,000 ×  g  

at 4 °C.   
   11.    Decant the buffer and resuspend the pellet in 100 µL PBS 

1 μg/μL.   
   12.    Use immediately or store at −80 °C.      

       1.    Grow the recipient cells to be used for the EBV exosome 
uptake assay in their respective media. The protocol described 

3.1  Fluorescent 
Labeling of EBV 
Exosomes

3.2  EBV Exosomes 
Uptake Assay

Functional Analysis of Exosomes Derived from EBV-Infected Cells



162

here is for 293  T   cells ( see   Note    7  ). For 293 T cells the passage 
number should not be more than 10.   

   2.    Wash the 22 × 22 mm coverslips by dipping them in autoclaved 
ddH 2 O several times ( see   Note    8  ). Then rinse them in 70 % 
ethanol (prepared in autoclaved water). Use petri dishes for 
these washing steps.   

   3.    Keep the sterilized coverslips under UV for 30 min.   
   4.    In the meantime, check the viability of 293 T cells using trypan 

blue exclusion assay ( see   Note    9  ). Cell viability should be at 
least 95 % to continue to the next step.   

   5.    Place the sterile coverslips in 6 well tissue culture plates. Use a 
sterile forceps.   

   6.    Plate 1 × 10 5  293 T cells in 150 μL of DMEM to the center of 
the sterile coverslip and incubate at 37 °C for 24 h in a 5 % CO 2  
incubator ( see   Note    10  ).   

   7.    Examine the cells under the microscope to confi rm their 
presence and normal morphology ( see   Note    11  ).   

   8.    Carefully wash the cells by aspirating the media and adding 
PBS drop by drop ( see   Note    12  ).   

   9.    Dilute the labeled EBV exosomes in DMEM media containing 
exosome-depleted FBS ( see   Note    2  ) according to the experi-
mental requirements. In our studies, we use 12.5 μg of labeled 
exosomes in 150 μL of media.   

   10.    Add 150 μL (12.5 μg) of the labeled EBV exosomes to the 
293 T cells on each coverslip and incubate for 24–30 h at 
37 °C in a 5 % CO 2  incubator. Use PBS-PKH67 as a negative 
control for the exosome uptake assay.   

   11.    Wash the recipient 293 T cells on the coverslip with PBS (×2) 
( see   Note    13  ).   

   12.    Fix with cold acetone for 30 min at 4 °C or 4 % paraformalde-
hyde for 30 min at room temperature.   

   13.    Wash 3–4 times with PBS.   
   14.    Counter stain the cells with DAPI ( see   Note    14  ). Add 100 μL 

of 5 μg/mL of DAPI to the cells on the coverslip and incubate 
for 5 min in dark.   

   15.    Wash with PBS (×5).   
   16.    Mount the cells using fl uorescence mounting medium ( see  

 Note    15  ).   
   17.    Examine under fl uorescent microscope (Fig.  1 ).

          Exosomes are nanovesicles which are released from all cell types 
under normal and pathological conditions. It is now well accepted 
that these membrane-bound vesicles can be taken up by neighbor-
ing cells and induce physiological changes in the recipient cells [ 6 ]. 

3.3  Effect of EBV 
Exosomes 
on Recipient Cells
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The effect will depend on the type of cargo present in the exosomes 
and the type of cells receiving these exosomes. The following proto-
col can be used to examine the effect of exosomes on cell prolifera-
tion,  apoptosis  , and  caspase activation  . This protocol takes 3–4 
days to complete, depending on the cell type being used (adherent 
or suspension cultures) and the length of exposure to exosomes. 
The protocol described here is for 293  T   cells (adherent cells) and 
 BL30   cells (suspension cells).

    1.    Grow the recipient cells to be tested (293 T and/or BL30) in 
their respective growth media ( see   Note    16  ).   

   2.    Determine the cell viability of 293  T   and BL30 cells using try-
pan blue exclusion assay. Since 293 T cells are adherent cells, 
they require gentle trypsinization to remove them from the 
culture fl ask ( see   Note    9  ).   

   3.    For 293 T, plate 2500 cells/100 μL/well in white 96 microw-
ell plate (in duplicates or triplicates) and incubate them over-
night to allow them to “settle” before exposing them to EBV 
exosomes.  BL30   cells can be exposed to EBV exosomes with-
out the need to “settle.”   

   4.    Next day, remove the media from 293 T cells and add 100 μL 
of exosome-depleted media ( see   Note    2  ). For BL30, plate 
5000 cells/100 μL/well in exosome-depleted media.   

  Fig. 1    Strong punctate fl uorescent green signals are clearly evident in the cyto-
plasm of 293  T   cells exposed to PKH67 labeled EBV exosomes from EBV- LCL. DAP1 
(blue) was used as a nuclear counter stain. (Original magnifi cation 40×)       
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   5.    Add the appropriate amount of exosomes depending on the 
experiment. We regularly used 12.5 μg of exosomes for the 
 apoptosis   assay ( see   Note    3  ). For negative controls, PBS is 
added instead of exosomes ( see   Note    17  ).   

   6.    Incubate the cells at 37 °C in 5 % CO 2  for 48 h ( see   Note    18  ).   
   7.    To check cell proliferation/cell viability, commercially available 

kits can be used. We use CellTiter-Glo ®  Luminescent Cell 
Viability Assay (Promega) ( see   Note    19  ). Thaw the reagents 
from the kit at room temperature.   

   8.    To determine cell viability, add 100 μL of the cell viability 
reagent (CellTiter-Glo ®  Reagent) and incubate for 10 min on 
a rocking platform in dark ( see   Note    20  ).   

   9.    Read the plates in the plate reader or the luminometer ( see  
 Note    21  ) (e.g., Perkin Elmer, 2030 multi-label reader, Victor 
Tm X3) with the luminescence settings.   

   10.    For determining caspase activity, after incubation with exo-
somes ( step 6 ), add 100 μL of the Caspase-Glo ®  Reagent from 
the appropriate kit ( see   Note    22  ).   

   11.    Incubate the plate for 3 h on the rocker in dark and read the 
plate in the plate reader or the luminometer.   

   12.    The mean readings of the replicates should be analyzed relative 
to the mean readings of the negative controls (without expo-
sure to exosomes). Data can be represented in the form of a 
bar chart.    

4                                  Notes 

     1.    PKH67 has a long aliphatic tail, resulting in more stable label-
ing and less cell-to-cell transfer. It is estimated to have an 
in vivo half-life of 10–12 days.   

   2.    FBS is known to contain exosomes. Thus, only exosome- 
depleted serum should be used. Exosome-depleted FBS is com-
mercially available, but it can also be prepared in the lab by 
centrifuging standard FBS at 100,000 ×  g  for 6 h at 4 °C (see the 
chapter  Isolation and characterization of exosomes released by 
EBV-immortalized cells ).   

   3.    The quantity of exosomes isolated from culture supernatants 
will vary depending on the cell type and the isolation procedure. 
Moreover, the concentration will vary from batch to batch and 
this can have a signifi cant impact on downstream functional 
assays. One way to standardize this is to measure the total 
exosomal protein concentration using the Bradford Assay.   

   4.    Since the labeled exosomes are going to be used for tissue 
culture purpose, it is recommended to maintain the sterility by 
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performing the procedures inside a laminar fl ow safety 
cabinet.   

   5.    PKH67 staining and the subsequent steps should be done in 
the dark.   

   6.    Including a negative control, i.e., equivalent volume of PBS 
instead of exosomes, is important as it can help to differentiate 
between any nonspecifi c background staining and genuine 
signals.   

   7.    293  T   cells are cultured in DMEM with  l -glutamine, supple-
mented with 10 % FBS, 10 μL/mL antibiotic antimycotic, 
50 μg/mL gentamicin.   

   8.    Use sterile petri dishes inside the hood.   
   9.    293 T cells are adherent cells and require gentle trypsinization 

for 1 min followed by neutralization using fresh DMEM media 
(double the volume of trypsinization solution). 293 T cells are 
very sensitive and fragile. Care should be taken not to trypsin-
ize them for longer time as this will damage the cells.   

   10.    Make sure to add the cells at the center of the coverslips and do 
not tilt once they are added.   

   11.    Do this with as little movement as possible to avoid disturbing 
the cells. If a digital camera is used, then an image of the cells 
can be taken for future reference.   

   12.    Tilt the plate slightly and aspirate the media from the coverslips 
using a p200 pipette. While washing, ensure not to disturb the 
293 T cells in the center. Also make sure the cells look healthy 
and at least 80–90 % have normal morphology.   

   13.    PKH67 is a membrane dye, and it will label all membranes. 
Hence, failure in washing it away, will results in signifi cant 
background signal.   

   14.    DAPI stock solution is 5 mg/mL in ddH2O. DAPI readily 
dissolves in water, but does not dissolve directly in PBS, even 
with heat and sonication. For long-term storage, the solution 
can be aliquoted and stored at -20 °C. Working solution is 
diluted 1:1000 in PBS, giving a fi nal DAPI concentration of 
5 μg/mL.   

   15.    The fl uorescence is stable for 2 days at 4 °C. Wrap the slides in 
aluminum foil and keep them refrigerated.   

   16.     BL30   cells are cultured in RPMI 1640 (without  l -glutamine), 
supplemented with 2 mM  l -glutamine, 10 % FBS, 10 μL/mL 
antimycotic, 50 μg/mL gentamicin, 1 mM sodium pyruvate, 
10 mM α-thioglycerol and 20 μM bathocupronic disulfonic 
acid. For 293  T   cells,  see   Note    7   above.   

   17.    Including negative controls, i.e., cells not exposed to exosomes 
is essential. In our exosome isolation protocol (see previous 
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chapter), we resuspend our fi nal exosome pellets in PBS, hence 
we use PBS for a negative control. The volume of PBS used for 
negative controls should be equivalent to the volumes of 
exosome used.   

   18.    Recipient cells can be exposed to EBV exosomes for shorter or 
longer time, but in our hands, we have found that 48 h expo-
sure is most optimal for measuring maximum apoptotic effects 
of exosomes.   

   19.    The CellTiter-Glo ®  Luminescent Cell Viability Assay measures 
the viability of cells in culture based on quantitation of the 
ATP present, an indicator of metabolically active cells. It is a 
very simple assay involving the addition of a single reagent 
(CellTiter-Glo ®  Reagent) directly to cells.   

   20.    It is important to do the experiment in the dark. Exposure to 
light can affect the luminescence and can give incorrect 
readings.   

   21.    Although we take our readings soon after the end of the 10 min 
incubation period, the luminescent signal is fairly stable for 
several hours and a slight delay in taking the readings will not 
affect the results.   

   22.    Promega Caspase-Glo Assays are available for measuring the 
activity of several different caspases, e.g., 3/7, 8, and 9. 
Although we describe the assay using 100 μL of Caspase-Glo ®  
Reagent to 100 μL of sample, this can be adapted to smaller 
volumes (e.g., 50 μL), provided the 1:1 ratio of Caspase-Glo ®  
Reagent to sample volume is maintained.         
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    Chapter 12   

 Terminal Repeat Analysis of EBV Genomes                     

     Ferenc     Bánáti      ,     Anita     Koroknai     , and     Kálmán     Szenthe      

  Abstract 

   Epstein-Barr virus (EBV) was the fi rst human virus associated directly with human malignancies. During 
EBV infection of various host cells the double-stranded linear EBV DNA carried by the virions undergoes 
circularization. Since there are variable numbers of terminal repetitions (TRs) at the ends of the linear EBV 
genome, the resulting circular episomes enclose a variable number of TRs. Thus, in cells carrying viral 
episomes, the sizes of the terminal restriction enzyme fragments of EBV is affected by the number of TRs 
(Raab-Traub and Flynn Cell 47:883-889, 1986). Southern blot analysis revealed that in monoclonal pro-
liferations, arising from a single cell, there was only a single band representing the joined EBV termini, 
whereas multiple terminal restriction enzyme fragments that differ in size were characteristic for oligoclo-
nal or polyclonal proliferations. Using suitable probes, one can distinguish the episomal form from the 
linear EBV genomes that are formed during lytic EBV replication or during integration into the host 
genome. TR analysis is a useful tool for the determination of EBV clonality in different clinical samples 
and in cell lines carrying EBV genomes. A single terminal restriction enzyme fragment may indicate EBV 
infection at an early phase of clonal cell proliferation, whereas polyclonal EBV genomes may derive from 
multiple infections of proliferating cells.  

  Key words     EBV infection  ,   Terminal repeat  ,   Clonality  

1      Introduction 

 TR analysis, i.e., the study of EBV clonality in EBV-associated 
 neoplasms may reveal the order of distinct pathogenic events such 
as viral infection and cell proliferation. In case of benign or malig-
nant cell proliferations, a monoclonal EBV genome may indicate a 
causative relationship between viral infection and tumorigenesis. 
In contrast, polyclonal EBV genomes may indicate that the infec-
tion occurred after the massive cell division suggesting that the 
tumor initiation anticipated EBV infection. 

 The unique features of productive, lytic EBV replication and 
the circularization of the viral genome in newly infected cells per-
mits the analysis of EBV clonality by the molecular biological anal-
ysis of the length of the terminal restriction enzyme fragment that 
carries variable numbers of direct tandem terminal repeats (TRs) 
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[ 1 – 3 ] (also  see  Fig.  1 ). This  approach   is based on conventional 
genomic DNA digestion using restriction endonucleases followed 
by the determination of the size of the DNA fragment that harbors 
the terminal repeat, using agarose gel-based separation and 
Southern blotting [ 4 ]. Most studies applied radioactively labeled 
hybridization probes. Here we describe a non-isotopic method for 
TR analysis.

   The length of a single TR of the EBV genome is 538 bp. This 
fragment contains all the sequences required for the cleavage of the 
concatemers generated during  lytic   replication and encapsidation 
of the linear double-stranded genomes during the build-up of 
the virions. Accordingly, it was demonstrated that a TR-negative 
mutant-EBV produced predominantly empty virions, without 
DNA, in spite of the fact that rare infectious viruses carrying 
TR-negative EBV genomes were also observed. These data sug-
gested that virion formation and egress may occur even in the 
absence of viral DNA packaging [ 5 ]. The number of TRs gener-
ated during concatemeric amplifi cation and—accordingly—the 
length of the terminal restriction enzyme fragment representing 
the joint EBV termini in the circular episomes formed in newly 
infected cells is highly variable. The exact mechanism behind this 

oriLyt
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TR TR TR TR TR TRIn the virion

In the host cell

Digestion with BamHI
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TR TR TR TR
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  Fig. 1    EBV life cycle  and   TR fragment length analysis. Within the host cell during lytic replication EBV forms a 
concatemeric repeat of its genome. Before encapsidating into the virion the concatemers are fragmented 
between two terminal repeat (TR) units according to an unclarifi ed mechanism resulting in different numbers 
of TR units at both ends. After virions having different TR sizes, due to a variable number of repeating units, 
infect cells,    the clonality can be determined by methods like terminal repeat analysis, “measuring” the length 
of the complete terminal repeat region       
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phenomenon is not clearly understood, although an enzymatic and 
an immunoglobulin gene rearrangement-like scheme have already 
been suggested [ 2 ,  6 ]. The length of the detected terminal restric-
tion enzyme fragment is proportional to the number of TRs 
enclosed into the episome. Besides, viral integration can also be 
detected using terminal repeat analysis [ 7 ,  8 ]. 

 Viral episomes carried by EBV positive cell lines cultivated 
in vitro and EBV positive tumors growing in vivo can be character-
ized by the number of their TRs and the sizes of their terminal 
restriction fragments. The TR repeat number (the length of 
the terminal fragment) inversely correlated with LMP2A mRNA 
amount and directly with cell doubling time, pointing at a selec-
tion mechanism favoring a shorter TR region containing less 
repeats with higher LMP2A expression and  LMP2A  -driven carci-
nogenesis. Usually 4–20 repeat units can be observed [ 3 ]. 

 The clinical importance of the clonality of EBV carrying cell 
populations is evidenced in a series of key publications [ 9 – 19 ]. 
These studies are  fundam  ental in the determination of how the 
proliferations emerge and develop from a single host cell or due to 
multiple, independent events involving EBV infection.  

2    Materials 

       1.    200U  Bam HI restriction endonuclease per sample (100,000 U/
mL) ( see   Note    1  ).   

   2.    Appropriate 10× restriction digest buffer.   
   3.    10 μg sample DNA.   
   4.    DNA isolation kit or solutions.      

       1.    PCR enzyme or Klenow fragment.   
   2.    DIG DNA Labeling Mix (1 mM dATP, 1 mM dCTP, 1 mM 

dGTP, 0.65 mM dTTP, 0.35 mM DIG-dUTP) ( see   Note    2  ).   
   3.    Template/sample DNA.   
   4.    

 Primers:  Forward primer:  GTATGCCTGCCTGTAATTGTTG 

 Reverse primer:  ACGAAAGCCAGTAGCAGCAG 

   10 μM each. These primers amplify the region between nts 
68-723 of the EBV genome (GenBank NC_007605.1).   

   5.    Agarose, molecular biology grade, for gel electrophoresis.   
   6.    10× TBE buffer: 89 mM Tris-borate, 2 mM EDTA, pH 8.3.   
   7.    DNA molecular weight marker for PCR products.   
   8.    DNA gel stain, e.g., ethidium bromide or equivalent.   
   9.    PCR  product   purifi cation kit.      

2.1  Digestion 
and Purifi cation 
of Genomic DNA

2.2  Labeling 
of DNA Probe 
for the Detection 
of EBV 
Terminal Repeat
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       1.    Agarose for molecular biology, for gel electrophoresis.   
   2.    10× TBE buffer: 89 mM Tris-borate, 2 mM EDTA, pH 8.3).   
   3.    DNA Molecular Weight Marker III, DIG-labeled: The mix-

ture contains 13 fragments with the following base pair lengths: 
125, 564, 831, 947, 1,375, 1,584, 1,904, 2,027, 3,530, 
4,268, 4,973, 5,148, and 21,226 bp.   

   4.    DNA gel stain, e.g., ethidium bromide or equivalent.   
   5.    Hybond N membrane or equivalent ( see   Note    3  ).   
   6.    Whatman paper.   
   7.    Depurination solution: HCl, 250 mM.   
   8.    Denaturation solution: 1.5 M NaCl, 0.5 M NaOH.   
   9.    Neutralization solution: 1.5 M NaCl, 0.5 M Tris–HCl, pH 7.5.   
   10.    Transfer buffer, 20× SSPE: 3 M NaCl, 0.2 M NaH 2 PO 4 , 

20 mM EDTA, pH 7.4 ( see   Note    4  ).   
   11.    Pre-hybridization solution: 50 % deionized formamide, 5× 

SSC (20× SSC: 3 M NaCl, 0.3 M Na-citrate, pH 7.0), 
0.1 % N-lauroylsarcosine, 0.02 % SDS, 2 % Skim Milk Powder.   

   12.    Hybridization solution: Pre-hybridization solution + labeled 
probe, 100 ng.   

   13.    Low stringency buffer: 2× SSC, 0.1 % SDS.   
   14.    High stringency buffer: 0.1 × SSC, 0.1 % SDS.   
   15.    Maleate buffer: 150 mM NaCl, 100 mM maleate, pH 7.5.   
   16.    Blocking reagent for nucleic acid hybridization and detection, 

Roche.   
   17.    10 μL Anti-Digoxigenin-AP, Fab fragments, per 100 cm 2  

membrane, Roche.   
   18.    Washing buffer: Maleate Buffer, 0.3 % Tween-20.   
   19.    Detection buffer: 0.1 M NaCl, 0.1 M Tris– HC  l pH 9.5.   
   20.    X-ray fi lm, developer and fi xer solution.       

3    Methods 

    Digest 10 μg sample DNA with  Bam HI restriction enzyme as 
follows:

    1.    Mix together 33 μL dH 2 O, 5 μL 10× restriction digest buffer, 
2 μL  Bam HI restriction endonuclease (100,000 U/mL) and 
10 μL sample DNA (1 μg/μL).   

   2.    Incubate at 37 °C for at least 1 h.     

 Isolate digested DNA with classical or silica-based methods 
and elute DNA in small volume (<20 μL) of TE buffer: 1 mM 
EDTA, 10 mM Tris, pH 8.0. 

2.3  Southern Blot

3.1  Digestion 
and Purifi cation 
of Genomic DNA
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  Bam HI cuts EBV genomic DNA more than 40 times. The 
fragment that contains the terminal repeats is cut at positions 
166,156/166,160 and 3955/3959 resulting in a 9693 bp product 
(EBV reference genome GenBank NC_007605.1). Within this 
reference DNA sequence four terminal repeat units can be 
observed.  

   Mix together the following components: 5 μL DIG DNA 
Labeling, 1 μL of each oligo (10 μM each); 5 μL 10× PCR reac-
tion buffer without MgCl 2 ; 5 μL MgCl 2  (25 mM); 2.5U poly-
merase and 1 μL genomic DNA of the cell line of interest in 50 μL 
total volume. 

 The PCR conditions are summarized in Table  1 .
   The effectiveness of labeling is to be determined using agarose 

gel electrophoresis with 1 % agarose gel and 1× TBE or equivalent. 
The incorporated digoxigenin results in a size shift, thus unlabeled 
product has to be included in the run to see the effi ciency of the 
labeling reaction. A typical photo showing the size difference 
between labeled and unlabeled products is shown  in   Fig.   2  .

   In the case of the above-mentioned EBV probe the size is 
expected to be 656 bp. After successful labeling the product has to 
be purifi ed with a PCR clean-up kit or similar procedures.  

       1.    Run the prepared genomic DNA (see Subheading  3.1 ) and the 
Dig-labeled DNA marker side-by-side in a 0.8 % agarose gel 
using 1× TBE for 15 min at 50 V (2.5 V/cm) and 135 min at 
100 V (5 V/cm).   

   2.    Submerge agarose in depurination solution for 10 min and 
shake gently.   

   3.    Soak gel in denaturation solution twice for 20 min to denature 
separated dsDNA to single stranded.   

   4.    Wash gel two times for 20 min in neutralization solution with 
gentle shaking.   

3.2  Labeling 
of the Probe for EBV 
TR Detection

3.3  Southern Blot

   Table 1  
  Thermal profi le of amplifi cation-based probe labeling of an EBV sequence   

 Process  Temperature (°C)  Time (min)  Cycles 

 Denaturation and Enzyme activation  95  3.5  1× 

 Denaturation  95  0.5  40× 
 Annealing  60  0.5 
 Elongation  72  1 

 Final extension   72    3  1× 

 Cooling   4  Infi nite  1× 

Terminal Repeat Analysis of EBV Genomes
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   5.    Change buffer to 20× SSPE and let the gel soak for 10 min to 
get it ready for DNA transfer.   

   6.    For capillary transfer assembly,  see  Fig.   3  .
       7.    After overnight blotting the membrane-DNA binding is stabi-

lized with 4 min UV light exposure ( see   Notes    4   and   5  ).   
   8.    Thereafter, the membrane is pre-hybridized in 10 mL Standard 

buffer at 42 °C.   
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  Fig. 2    A representative result of PCR-based DIG-labeling. +DIG: PCR mix con-
tained Digoxigenin-conjugated dUTP, −DIG: PCR mix without Digoxigenin- 
conjugated dUTP, −K/+DIG and − DIG are the negative controls of + DIG and − DIG 
samples. DNA marker band sizes from above are as follows: 2000, 1000, 500, 
250, 100 bps. A shift in product size due to digoxigenin incorporation can be 
observed upon successfull labeling       
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  Fig. 3    Capillary transfer of DNA, Southern blot assembly. Whatman paper is soaked and submerged into the 
transfer buffer. On the top of the paper the agarose is placed just below the nylon membrane. To apply capillary 
effect, a Whatman paper and a pile of paper towels is gently pressed on the top with the help of a glass plate 
and some weight       
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   9.    Discard buffer and add 5 mL Standard buffer supplemented 
with denatured (95 °C, 3 min) DIG-labeled probe and incu-
bate at 42 °C overnight.   

   10.    Wash membrane in low stringency buffer 2× for 15 min at 
room temperature (RT) with continuous shaking.   

   11.    Wash membrane in high stringency buffer 2× for 15 min at 
65 °C with continuous shaking.   

   12.    Incubate membrane in maleate buffer with 1 % blocking 
reagent (Roche) for 1 h.   

   13.    Soak membrane for 30 min in 50 mL 1 % blocking reagent 
(same as before) supplemented with anti-digoxigenin-AP in 
1:5000 dilution (10 μL) ( see   Note    6  ).   

   14.    Antibody surplus is discarded with washing the blot in washing 
buffer for 15 min, 2× at RT.   

   15.    Put membrane into detection buffer for 5 min.   
   16.    Cover the surface of the membrane with a 1000 μL (in the case 

of 100 cm 2  membrane) 1:200 diluted CDP-Star (the substrate 
of alkaline  phosphatase   conjugated to Anti-DIG antibody) in 
detection buffer for 5 min ( see   Note    6  ).   

   17.    Detect signal using X-ray fi lm or equivalent method or 
instrument.     

 A typical result is shown in Fig.   4   .  The lengths of specifi c prod-
ucts presented in the fi gure are between ca 10 and 25 Kbp with 
obvious differences among cell lines. In all EBV-carrying cell lines 
only one band could be visualized except the  B95-8   cell line with 
spontaneous lytic activation.

4                Notes 

     1.    Depending on the aim of the study different restriction endo-
nucleases can be used.   

   2.    There are many ways of DNA fragment labeling, e.g., one can 
supplement a PCR mix with digoxigenin-dUTP or with labeled 
oligos before the PCR reaction, or different end-labeling 
approaches can also be used, like ligation.   

   3.    Instead of nylon membranes, nitrocellulose is also suitable, 
although DNA has to be stabilized with baking. Nylon mem-
branes bind DNA much stronger and can be cross-linked cova-
lently with UV light. Nitrocellulose is more fragile and cannot 
be reprobed as many times as nylon. Nitrocellulose is not suit-
able for smaller DNA fragments below 500 bps, but usually 
gives less background.   

   4.    Transfer of DNA may be performed with applying vacuum or 
positive pressure instead of simple capillary effect.   

Terminal Repeat Analysis of EBV Genomes
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   5.    Duration of the capillary transfer depends on the size of the 
DNA fragment of interest. When using a depurination step 
resulting in broken DNA of about 1-2 Kbp, shorter time might 
suffi ce for >90 % transfer effi ciency, but it has to be empirically 
determined.   

   6.    Other enzyme-substrate systems for visualization are available 
besides alkaline phosphatase/CDP-star (e.g., HRPO or NBT/
BCIP), and as a consequence the  developing   method is highly 
dependent on the infrastructure of the laboratory.         
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    Chapter 13   

 Characterization of EBV Promoters and Coding Regions 
by Sequencing PCR-Amplifi ed DNA Fragments                     

     Kalman     Szenthe      and     Ferenc     Bánáti       

  Abstract 

   DNA sequencing approaches originally developed in two directions, the chemical degradation method and 
the chain-termination method. The latter one became more widespread and a huge amount of sequencing 
data including whole genome sequences accumulated, based on the use of capillary sequencer systems and 
the application of a modifi ed chain-termination method which proved to be relatively easy, fast, and reli-
able. In addition, relatively long, up to 1000 bp sequences could be obtained with a single read with high 
per-base accuracy. Although the recent appearance of next-generation DNA sequencing (NGS) technolo-
gies enabled high-throughput and low cost analysis of DNA, the modifi ed chain-terminating methods are 
often applied in research until now. In the following, we shall present the application of capillary sequenc-
ing for the sequence characterization of viral genomes in case of partial and whole genome sequencing, 
and demonstrate it on the BARF1 promoter of Epstein Barr virus (EBV).  

  Key words     Capillary sequencing  ,   Whole genome sequencing  ,   EBV  

1      Introduction 

   Molecular biological methods relying on DNA or RNA sequences 
are widespread in basic research. The very same methods (e.g., 
polymerase chain reaction, DNA/RNA micro array, Southern/
Northern blot, molecular cloning, RFLP and certain kind of 
sequencing) are frequently used in diagnostics or in the develop-
ment of diagnostic methods as well. In 1953, Watson and Crick 
defi ned the structure of DNA; thenceforth, a series of methods 
have been invented to determine primary DNA sequences includ-
ing whole-genome sequences of organisms, and DNA sequence 
data were utilized in diverse areas of research and diagnostics. In 
1977 two groups established two different sequencing approaches: 
Sanger and colleagues established the dideoxy chain-terminating 
method [ 1 ], and Maxam and Gilbert established the chemical deg-
radation method [ 2 ]. The fi rst one formed the basis of more recent 
sequencing methods (e.g.,  capillary   sequencing and certain kind of 

1.1  Sequencing 
in General
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next-generation  sequencing (NGS)   approaches), while the second 
one formed the basis for special methods, e.g., the dimethyl sulfate 
(DMS) in vivo footprinting [ 3 – 6 ] assay. 

 While the original Sanger method was based on  32 P radioactive 
isotope labeling and detection, the newer methods used the same 
approach, but replaced the hazardous radioactive label: instead of 
isotope labeling, fl uorescein dye-labeled dideoxy nucleotides or—
in certain cases—fl uorescein dye-labeled universal sequencing 
primers (e.g., Pharmacia Biotech (Amersham Biosciences) ALF 
express Genetic analyzer; [ 7 ]) were introduced. The disadvantage 
of the original method and the method using fl uorescein-dye is 
that, due to a single dye (or radioactivity) four different reactions 
had to be prepared for the four dideoxy nucleotides, and the prod-
ucts had to be run in four separate wells on a slab gel electropho-
resis system. To reduce the laboratory work and hands-on time, a 
new labeling method was developed with four different dyes linked 
to the different dideoxy nucleotides (ddATP, ddCTP, ddGTP, 
ddTTP) [ 8 ] and later [ 9 ] a single capillary (10- to 100-μm internal 
diameter size) fi lled with matrix replacing the slab gel system. The 
matrix could be produced from linear polyacrylamide (LPA), poly-
ethylene oxide (PEO), hydroxyethylcellulose (HEC), polydimeth-
ylacrylamide (PDMA), polyvinylpyrrolidone (PVP), polyethylene 
glycol with a fl uorocarbon tail, or polyacryloylaminopropanol, a 
copolymer of acrylamide or allylglucopyranose [ 10 ]. Mathies and 
colleagues published a protocol using two fl uorescent dyes [ 9 ], but 
currently capillary sequencing mostly uses a four-colored approach. 
The LPA matrix provided the best resolution and a fair read-length 
(ca 500-1000 bp) [ 11 ]. The capillary approach facilitated the 
development of parallel  DNA   sequencing runs of multiple samples 
using a 96-well plate or systems using multiple 96-well plates in 
parallel. 

 Currently, despite the spread of next-generation sequencing 
(NGS) approaches, DNA sequencing based on capillary electro-
phoresis is still a common method for the sequencing of PCR- 
amplifi ed DNA fragments. It is worth to be mentioned that the 
high throughput NGS approaches can also be applied to this 
 purpose, but these platforms are profi table only at high sample 
numbers. 

 The exact steps of the  capillary   sequencing protocols are plat-
form specifi c. A typical sequencing process is presented in Fig.  1 . 
In the following, we shall describe an optional way using the 
MegaBace 1000 Sequencing System (Amersham Biosciences, GE 
Healthcare Life Sciences).

      In the following, we shall present the application of sequencing 
(principally the capillary sequencing) for the sequence character-
ization of viral genomes, as demonstrated on EBV (Epstein Barr 
virus) genomes. 

1.2   Capillary 
  Sequencing Using 
the EBV Model System
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 The fi rst whole genome sequence for Epstein Barr virus was 
established through a shotgun sequencing approach by Baer and 
colleagues, using B95-8 (GenBank accession number V01555), a 
virus produced by an EBV-carrying marmoset B-lymphoblastoid 
cell line [ 12 ]. Earlier some partial B95-8 sequence results were 
published by Cheung et al. [ 13 ] and Dambaugh et al. [ 14 ]. The 
 B95-8   cell line is frequently used, because it continuously produces 
the virus, due to the activation of the lytic cycle in a subpopulation 
of the cells. Other groups detected a few deletions in other cell 
lines, e.g.,  Daudi,   P3HR-1 [ 15 ]  and   Raji [ 16 ]. Later, a “wild type” 
EBV  reference sequence (EBVwt) was created, based on the B95-8 
sequence, by decreasing the number of IR1 internal repeat units 
and inserting a Raji-derived viral sequence to restore the B95-8 
deletion [ 17 ]. The “wild type” EBV sequence (EBVwt, AJ507799) 
is available at   http://www.ncbi.nlm.nih.gov/nuccore/AJ507799    . 

  Fig. 1    Sequencing process. ( a ) The sequencing reaction contains an oligonucleotide primer, template DNA, 
e.g., purifi ed PCR product, ddNTPs, each labeled with a different fl uorochrome, dNTPs, DNA polymerase, and 
an appropriate buffer. ( b ) After purifi cation, the products of the sequencing reaction are separated by length 
using capillary electrophoresis fi lled  with   LPA matrix. The shorter products run faster. The laser induces the 
specifi c fl uorochrome attached to the ddNTP which terminated the chain elongation in the sequencing reac-
tion. The detector detects the fl uorochrome-specifi c, emitted light. Based on fl uorescence detection, the soft-
ware discriminates the distinct ddNTPs and thus establishes the DNA sequence of initial template for the PCR 
product       
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 In addition to the earlier results of “classical” sequencing 
methods, currently there are several new details coming from  NGS 
  experiments. Lin and colleagues sequenced the EBV strains from 
the  Mutu I   and  Akata   cell lines after  IgM   and  IgG l  ytic cycle activa-
tion, respectively [ 18 ]. Another group sequenced the EBV strain 
carried by the nasopharyngeal  carcinoma   cell line C666.1 using an 
NGS system and corrected, verifi ed, and extended the results with 
capillary sequencing [ 19 ]. Recently, Palser and colleagues also used 
NGS to determine 71 novel EBV genome sequences from differ-
ent clinical sample types and locations collected worldwide [ 20 ]. 

 In addition to whole genome sequencing, the capillary sequenc-
ing method is also useful for partial genome (usually PCR- amplicon) 
sequencing. Partial genome sequencing is generally useful for 
 targeted preparatory work which precedes the analysis of DNA 
methylation experiments, i.e., the sequencing of  bisulfi te  - treated 
DNA. In this case, it is necessary to establish the actual primary 
DNA sequence under examination, before further oligonucleotide 
design is performed (for more detail please see Chap. 15). 

 Subsequently, we shall present an example of partial genome 
sequencing using the capillary sequencer, for the EBV gene encod-
ing the  BARF     1 transcript. 

 The Epstein-Barr virus (EBV)  Bam HI-A rightward frame 1 
(BARF1) gene can be regarded as a viral oncogene in epithelial 
cells, and it has immune-modulating functions [ 21 ]. The BARF1 
gene is encoded in the  Bam HI A fragment of the EBV genome. Its 
protein product has autocrine and paracrine effects and may play 
an important role in the development of certain EBV-associated 
malignancies. It is classifi ed as an early gene of the lytic cycle of 
EBV, nonetheless it is also expressed in latently infected epithelial 
cells such as  nasopharyngeal carcinoma (NPC)   cells, EBV- 
associated gastric cancer (GC)    cells and EBV positive epithelial and 
lymphoid cell lines as well as in certain EBV-associated lymphomas 
[ 22 ,  23 ]. In latently EBV-infected cell lines lytic genes other than 
BARF1 are not expressed. Due to its high expression level during 
viral latency in epithelial cells, the classifi cation of  BARF1   as lytic 
cycle gene has become  questionable   [ 22 ].   

2    Materials 

   Cells were cultured in RPMI 1640 medium containing 10 % FCS 
(Fetal Calf Serum), 2 mM glutamine, 50 U/mL streptomycin at 
5 % CO 2  content and 37 °C. Cell lines and their main characteris-
tics are shown in Table  1  . 

          1.    1× PBS (Phosphate buffered saline): 137 mM NaCl, 2.7 mM 
KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , adjust pH to 7.4 with 
HCl.   

2.1  Cell Lines

2.2  Isolation of DNA
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   2.    TE buffer: 10 mM Tris–HCl, pH 8.0, 1 mM EDTA.   
   3.    Extraction buffer: 10 mM Tris–HCl, pH 8.0, 0.1 M EDTA, 

pH 8.0, 20 μg/mL RNase A, 0.5 % SDS.   
   4.    Proteinase K.   
   5.    Phenol, saturated with 0.5 M Tris–HCl, pH 8.   
   6.    Chloroform.   
   7.    Ammonium acetate.      

       1.    FastStart™ Taq DNA Polymerase: Roche.   
   2.    Oligonucleotide sets used:

   BARF1fw: 5′-cac gta gat gtc cct gtg ata gg-3′  
  BARF1rev: 5′-gtc cag cta cct cat gtt cag g-3′  
  BARF3fw: 5′-cgt agt ggt cgt tgt aca ctg c-3′  
  BARF3rev: 5′-caa ggt gaa ata ggc aag tgc-3′  
  BARF5fw: 5′-ctt tac tca tca cgc aac acc-3′  
  BARF5rev: 5′-cag ctg acc tca atc tct gg-3′.         

       1.    GeneJET PCR Purifi cation Kit, Thermo Scientifi c.      

       1.    DYEnamic™ ET dye terminator, Amersham Biosciences, GE 
Healthcare Life Sciences.      

       1.    Illustra AutoSeq G-50 columns: GE Healthcare Life Sciences.   
   2.    Absolute ethanol.   
   3.    Ammonium acetate: 7.5 M, included in DYEnamic™ ET dye 

terminator kit.   

2.3  PCR

2.4  PCR Purifi cation

2.5  Sequencing 
Reaction

2.6  Purifi cation 
of the Sequencing 
Reaction Products

   Table 1  
  Cell lines and their main characteristics   

 Cell line  Cell type or stage of B cell maturation  EBV  Reference 

 CBM1-Ral-STO  Lymphoblastoid  +  [ 24 ] 
 KR-4  [ 25 ] 

 Rael   Endemi  c, EBV-positive BL; 
 late germinal center B  cell   

 +  [ 24 ] 
  Mut  u-BL-I-cl-216  [ 26 ] 
 Mutu-BL-III-cl-99  [ 26 ] 
  Raji    [ 27 ] 

 MDA-MB-231  Breast carcinoma cell line  −  [ 28 ] 
 C4A3  +  [ 29 ] 
 C2G6  +  [ 29 ] 

 C666.1  Nasopharyngeal carcinoma cell  line    +  [ 30 ] 
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   4.    GenElute™-LPA: Sigma-Aldrich.   
   5.    loading solution: 70 % formamide, 1 mM EDTA, included in 

DYEnamic™ ET dye terminator kit.       

3    Methods 

   For DNA isolation nowadays there are numerous options. Silica- 
based genomic DNA isolation kits (e.g., GeneJET Genomic DNA 
Purifi cation Kit, Thermo Scientifi c) could be fast and profi table 
solutions. These kits have detailed manuals, so in the following we 
shall describe a classical option using basic laboratory chemicals.

    1.    Centrifuge cell suspension (ca. 5 × 10 7  cells) for 1500 ×  g  at 
4 °C for 10 min.   

   2.    Wash the cell pellet in 1× PBS twice (between the washing 
steps centrifuge the samples with 1500 ×  g  at 4 °C for 10 min).   

   3.    Resuspend the pellet in 1 mL TE buffer.   
   4.    Add 10 mL of Extraction buffer to the 1 mL of cell suspension 

and incubate at 37 °C for 1 h.   
   5.    Add 100 μg/mL (fi nal concentration) Proteinase K and incu-

bate at 50 °C for 3 h.   
   6.    Cool to room temperature (RT) and add an equal volume of 

saturated (0.5 M Tris–HCl, pH 8) phenol.   
   7.    Stir at RT for 10 min and centrifuge at 5000×  g  for 15 min.   
   8.    Pipette the upper aqueous phase into a new tube and repeat 

the phenolic purifi cation twice.   
   9.    Add equal volume of chloroform to the upper aqueous phase, 

stir, centrifuge, and remove aqueous phase.   
   10.    Add 0.2 volume of 10 M ammonium acetate and 2 volumes of 

absolute ethanol to the aqueous phase, mix gently, and centri-
fuge at 12,000×  g  10 min at 4 °C.   

   11.    Wash pellet twice with 70 % ethanol and then dry the pellet 
at RT (between the washing steps centrifuge the samples at 
12,000×  g  at RT for 5 min).   

   12.    Dissolve the pelleted DNA in sterile TE buffer. Analyze the 
solution using a spectrophotometer at 260 and 280 nm. The 
fi nal concentration should be about 1 μg/μL DNA.      

   The specifi c PCR reaction process depends on the system used 
(PCR kit, primers, and PCR instrument). In general, a PCR reac-
tion contains DNA polymerase, reaction buffer, dNTPs, MgCl 2 , 
specifi c oligos, and template DNA. In the following, we suggest an 
optional approach, using the FastStart™ Taq DNA Polymerase, 
according to the manufacturer’s instructions.

3.1  Isolation of DNA

3.2  PCR Reaction
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    1.    Thermal profi le: 95 °C for 3 min once, then 95 °C for 40 s, 
65 °C for 40 s and 72 °C for 1 min alternating for 45 cycles, 
and fi nally an elongation step at 72 °C for 8 min.   

   2.    To verify the quality and quantity of PCR product it is recom-
mended to use agarose gel electrophoresis.   

   3.    The product of the PCR reaction must be purifi ed from the 
oligos and other reaction components prior to the sequencing 
reaction using a purifi cation kit, e.g., Thermo Scientifi c, 
GeneJET PCR Purifi cation Kit.    

     The actual sequencing reaction process depends on the system 
used. Subsequently, we shall describe an optional way using the 
MegaBace 1000 Sequencing System (Amersham Biosciences, GE 
Healthcare Life Sciences) ( see   Note    1  ).

    1.    Add 1.5 μL dH 2 O, 0.5 μL oligo (10 μM) and 8 μL DYEnamic™ 
ET dye terminator (Amersham Biosciences, GE Healthcare 
Life Sciences) premix (fi nal volume: 20 μL) per 10 μL of sam-
ple into a PCR tube. The premix contains dNTPs, ddNTPs 
with fl uorochromes, DNA polymerase (sequenase), and reac-
tion buffer. In this specifi c kit, the dNTP contains dITP instead 
of dGTP.   

   2.    Thermal profi le: 95 °C for 20 s once, then 95 °C for 20 s, 
58 °C for 15 s and 60 °C for 1 min, alternating for 30 cycles.    

     There are several options for the purifi cation of the sequencing 
reaction product, among which only two, a fast gel fi ltration-based 
solution (illustra AutoSeq G-50 columns; GE Healthcare Life 
Sciences) and a simple ethanol precipitation are mentioned here. 
Because the illustra AutoSeq G-50 kit has a detailed manual sup-
plied by the producer, subsequently we shall describe only the 
 second option using basic laboratory chemicals. This inexpensive 
approach results in long read-lengths and good sequencing results.

    1.    Add 55 μL absolute ethanol and 2.5 μL ammonium acetate 
(7.5 M, included in the DYEnamic™ ET dye terminator kit), 
2 μL 0.25 mg/mL GenElute™-LPA (Sigma-Aldrich).   

   2.    Incubate the samples on −20 °C for 15 min and then centri-
fuge them at 14,000×  g  at 4 °C for 20 min.   

   3.    Discard the supernatant from the pellet, and wash it with 70 % 
ethanol once. After the washing step centrifuge the samples at 
12,000×  g  at RT for 5 min).   

   4.    Dry the pellet, but do not overdry (!), and dissolve it in 15 μL 
loading solution (70 % formamide, 1 mM EDTA, included in 
the DYEnamic™ ET dye terminator kit). The samples in load-
ing solution can be stored for a few months.      

3.3  Sequencing 
Reaction

3.4  Purifi cation 
of the Sequencing 
Reaction Product
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   We used the MegaBACE 1000 platform to analyze the purifi ed 
fragments. This instrument applies LPA matrix ( see   Note    2  ) loaded 
into the 96 or 2 × 96 well PCR plates, and the submerging capillar-
ies enable the separation of fragments between 600 and 1000 bases 
depending on the secondary structures and other physicochemical 
characteristics. The detection is performed with a four color detec-
tor and thus using four different dyes. The resulting electrophero-
gram can be opened with the appropriate Amersham software 
(MegaBACE™ Sequence Analyzer) and can be exported for fur-
ther processing. Quantitative analysis may be performed, while 
paying attention to the fact that the different dyes yield fl uores-
cence with different intensities and that the raw data can not be 
accessed on this platform. 

 The protocol regarding the adjustment of the electrophoresis, 
detection, and data management parameters is beyond the scope of 
this chapter, because these parameters depend largely on the spe-
cifi c sequencing machine used. Some empirical hints to accomplish 
the sequencing runs are given in Subheading  4  ( see   Notes    3   –   6  ).  

   Our sequencing of the BARF1 promoter of several virus strains 
revealed eleven new polymorphisms, among them ten substitu-
tions and one deletion,  see  Table  2 . In case of other virus-infected 
cell lines there was no change compared to the NCBI Reference 
Sequence: AJ507799.

   A typical electropherogram is presented in Fig.  2  showing an 
example of the BARF1 promoter sequence from the C666.1 cell 
line, prepared using the MegaBace sequence Analyzer software.

4             Notes 

     1.    We prepared sequencing reactions with all oligos used in the 
PCR amplifi cations. In many cases, bidirectional sequencing 
with the lower and the upper oligos is a better approach than 
unidirectional sequencing, because of the more reliable results 
of overlapping sequences and because it enables the user to 
sequence larger PCR products in this way. In many cases the 
PCR amplifi cation oligos are usable for sequencing reactions, 
but sometimes, due to unwanted secondary structures of oli-
gos, it is necessary to design oligos specially for the sequencing 
reaction or to reoptimize the amplifi cation oligos.   

   2.    The MegaBace 1000 sequencing system uses LPA matrix 
(MegaBACE Long Read Matrix), which enables read lengths 
around 600–800 bases per sample.   

   3.    The capillary should occasionally be washed with warm distil-
lated water, but never warmer than 50 °C, because the high 
temperature can harm the capillary.   

3.5  Sequencing Run

3.6  Results of  BARF1   
Sequencing
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   4.    The results of sequencing runs are highly dependent on the 
quality and quantity of the PCR product and the sequencing 
reaction. In certain cases, the dilution of the purifi ed sequenc-
ing product enhances sequencing quality and as a consequence, 
has a positive impact on the electropherogram.   

   Table 2  
  Results of  BARF1   sequencing   

 Position in the reference 
sequence (AJ507799)  Polymorphisms 

 164109  C2G6 cell line: cytosine to thymine transversion 

 164147  Rael cell line: cytosine to thymine transversion 

 164148  CBM1 cell line: guanine deletion, Rael cell line: guanine to 
adenine transversion 

 164154  Mutu I and Mutu III cell lines: guanine to thymine transversion 

 164724  C666.1 cell line: cytosine to thymine transversion 

 164938  Rael and CBM1 cell lines: guanine to thymine transversion 

 165087  C666.1 cell line: thymine to cytosine transversion 

 165131  Mutu I and  Mutu I  II cell lines: thymine-cytosine transversion 

 165219  Mutu III cell line: guanine to adenine transversion 

 165486  Mutu III cell line:  cyto  sine to thymine transversion 

  Fig. 2    Electropherogram of BARF1 sequence of the EBV genome from the C666.1 nasopharyngeal carcinoma 
cell line       

 

Characterization of EBV Promoters and Coding Regions by Sequencing PCR-Amplifi ed…



188

   5.    For further useful details please check the following webpage : 
  https://www.gelifesciences.com/gehcls_images/GELS/
Related%20Content/Files/1314729545976/litdocMega_
manual_complete_20110830212541.pdf    .   

   6.    We used the MegaBACE™ Sequence Analyzer software, but 
other, freely available software can be also used.         
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    Chapter 14   

 The Use of Chromatin Precipitation Coupled to DNA 
Sequencing (ChIP-Seq) for the Analysis of Zta Binding 
to the Human and EBV Genome                     

     Anja     Godfrey    ,     Sharada     Ramasubramanyan    , and     Alison     J.     Sinclair      

  Abstract 

   Determining which components of the transcription machinery associate with the viral and cellular 
genome, and how this changes at specifi c stages of the viral life cycle is paramount to understanding how 
the distinct transcriptional programs associated with primary infection, latency, and disease are established 
and how they are reprogrammed during initiation and execution of the viral lytic replication cycle. 
Chromatin precipitations linked to next generation DNA sequencing (ChIP-Seq) allow for the interac-
tions of proteins with DNA to be mapped across both viral and cellular genomes. This can be applied to 
viral and cellular transcription factors, coactivators and corepressors, modifi ed histones, and modulators of 
chromatin.  

  Key words     Chromatin  ,   Immunoprecipitation  ,   DNA  ,   ChIP  ,   DNA sequencing  ,   Transcription factor  

1      Introduction 

 Every cell in an organism has an identical genome, which contains 
all of the information required for the lifetime of that organism, 
but many genes are required only in specialized cells or in response 
to particular conditions. Highly controlled mechanisms that regu-
late the expression of such genes are paramount to the specializa-
tion of cells, thus allowing for the complexity and survival of the 
organism. This is achieved through a myriad of controls that ensure 
that an environment that is either favorable or unfavorable to tran-
scriptional activation exists surrounding the transcriptional start 
site of each gene [ 1 ]. 

 The Epstein Barr virus (EBV) has highly controlled and distinct 
programs of  gene expression  . The EBV genome consists of ~170 kb 
of double strand DNA.  Following         infection of cells the genome is 
transported to the nucleus, where it becomes associated with  his-
ton  es and so resembles cellular DNA. During viral latency one of the 
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four distinct patterns of viral gene expression is  established (termed 
latency 0 to latency III) [ 2 ]. These have relevance for viral  persis-
tence a  nd for virus-associated disease. Cells exhibiting these latency 
patterns can be activated to initiate the viral lytic  replicatio  n cycle, 
during which most viral genes are expressed. In addition, an impor-
tant but currently less well-defi ned pattern of gene expression occurs 
immediately following infection of B-cells, and during some dis-
eases, which is termed pre-latency or abortive lytic replication. 

 The relevant proteins include  histones,   specifi c posttransla-
tional modifi cations of histones, transcription factors, coactivators 
and corepressors, and proteins that enable and change chromatin 
architecture. Several EBV genes encode transcription factors that 
either interact directly (e.g., Zta (Zebra) and Rta), or indirectly 
(e.g.,  EBNA1  , -2, - 3 and -LP) with DNA [ 2 ]. 

 ChIP-Seq has been valuable in determining information about 
the binding sites of individual EBV transcription factors with the 
human, and in some cases viral, genomes [ 3 – 9 ]. In addition, the 
Encyclopedia of DNA elements (ENCODE)  project   [ 10 ] includes 
an EBV-infected cell displaying latency III pattern of  gene expres-
sion  , and the wealth of data available from ENCODE has been 
mapped to the EBV genome. This generated an atlas of interac-
tions in Latency III [ 11 ]. 

 The ChIP-Seq technique takes a genome-wide approach to 
determine the interactions of proteins with DNA. This involves the 
use of cross-linkers to “fi x”  adjacent         protein-protein and  protein- 
DNA interactions   within live cells, followed by isolation of a spe-
cifi c protein, together with any other proteins, and DNA that 
protein is associated with. The precipitated DNA and a sample of 
the starting DNA are then isolated, the cross-links are reversed and 
samples are prepared for sequencing. The libraries are then subject 
to next generation  sequencing  . The resulting DNA sequencing 
reads are mapped to genome sequences. For virus-infected cells, 
this can be undertaken for both the viral genome and the host cell 
genome from the same sequence library as shown for the viral tran-
scription factor Zta [ 9 ,  12 ].  

2    Materials 

       1.    Formaldehyde: 37 % (v/v).   
   2.    Glycine: 1 M.   
   3.    PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM 

KH 2 PO 4 .   
   4.    Cell Lysis Buffer: 85 mM KCl, 0.5 % (v/v) NP-40, and 5 mM 

PIPES pH 8.0.   

2.1  Chromatin 
Preparation 
and Precipitation
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   5.    SDS lysis buffer: 1 % (w/v) SDS, 10 mM EDTA, 50 mM Tris 
pH 8.0.   

   6.    IP Dilution Buffer: 0.01 % (w/v) SDS, 1.1 % (v/v) Triton 
X-100, 1.2 mM EDTA, 16.7 mM Tris pH 8.0, 167 mM NaCl.   

   7.    Low salt wash buffer: 0.1 % (w/v) SDS, 1 % (v/v) Triton 
X-100, 2 mM EDTA, 20 mM Tris pH 8.0, 150 mM NaCl.   

   8.    High salt wash buffer: 0.1 % (w/v) SDS, 1 % (v/v) Triton 
X-100, 2 mM EDTA, 20 mM Tris pH 8.0, 500 mM NaCl.   

   9.    LiCl wash buffer: 250 mM LiCl, 1 % (v/v) NP-40, 1 % (w/v) 
Na- deoxycholate, 1 mM EDTA, 10 mM Tris pH 8.0.   

   10.    Elution buffer: 10 mM Tris–HCl, 1 mM EDTA, 1 % (w/v) 
SDS.   

   11.    Protein A sepharose beads.   
   12.    Protein G sepharose beads.   
   13.    Blocking buffer: PBS, 0.5 % (w/v) BSA (fraction V), passed 

through a 0.2 μm fi lter).   
   14.    RNase A: 20 mg/mL.   
   15.    Proteinase K (20 mg/mL).      

       1.    Library preparation kits: NEB Next ChIP-Seq Library  Prep 
        Reagent Set for Illumina, NEBNext Multiplex Oligos for 
Illumina (Index Primers Set 1).   

   2.    Deoxynucleotide (dNTP) solution mix: Kit component, 
10 mM dATP, 10 mM dGTP, 10 mM dCTP, 10 mM dTTP, 
supplied in Milli-Q water (Millipore Corporation) as a sodium 
salt at pH 7.5.   

   3.    Phosphorylation reaction buffer (10×): Kit component, 
500 mM Tris–HCl, 100 mM MgCl2, 100 mM DTT, 10 mM 
ATP, pH 7.5 at 25 °C.   

   4.    Enzymes: Kit components, T4 DNA Polymerase, DNA poly-
merase I: Large (Klenow) fragment, T4 Polynucleotide Kinase, 
Klenow Fragment (3′→5′exo–), quick T4 DNA ligase, USER 
enzyme.   

   5.    NEBuffer 2 for Klenow fragment (3′ → 5′exo–): Kit compo-
nent, 50 mM NaCl, 10 mM Tris–HCl, 10 mM MgCl 2 , 1 mM 
DTT, pH 7.9 at 25 °C.   

   6.    Deoxyadenosine 5′- Triphosphate (dATP): Kit component, 
1 mM, supplied in Milli-Q water as a sodium salt at pH 7.5.   

   7.    Quick ligation reaction buffer (2×): Kit component, 132 mM 
Tris–HCl, 20 mM MgCl 2 , 2 mM dithiothreitol, 2 mM ATP, 
15 % (v/v) Polyethylene glycol (PEG 6000), pH 7.6 at 25 °C.   

   8.    NEBNext Adaptor: Kit component, 15 μM, 5′-/5Phos/GAT 
CGG AAG AGC ACA CGT CTG AAC TCC AGT C/

2.2  ChIP Library 
Preparation

ChIP-Seq for EBV
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ideoxyU/A CAC TCT TTC CCT ACA CGA CGC TCT TCC 
GAT C*T-3′, where the * indicates a phosphorothioate bond.   

   9.    High-Fidelity 2× PCR Master Mix: Sample kit component.   
   10.    Universal PCR primer: Kit component, 25 μM ( see   Note    1  ), 

5′-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT 
CTT TCC CTA CAC GAC GCT CTT CCG ATC*T-3′, 
where the * indicates a phosphorothioate bond.   

   11.    NEBNext Multiplex Oligos for Illumina:          Kit component, e.g., 
Index 1: 5′-CAA GCA GAA GAC GGC ATA CGA GAT CGT 
GAT GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG 
ATC-s-T-3′, where -s- indicates a phosphorothioate bond ( see  
 Note    2  ).   

   12.    Qiagen MinElute PCR Purifi cation and Gel Extraction Kits.   
   13.    PB buffer: Kit component, high concentration of guanidine 

hydrochloride and isopropanol.   
   14.    MinElute Columns: Kit component.   
   15.    QIAquick spin columns: Kit component.   
   16.    2 mL collection tubes: Kit component.   
   17.    PE buffer: Kit component.   
   18.    EB buffer: Kit component, 10 mM Tris-Cl, pH 8.5.   
   19.    QG buffer: Kit component.   
   20.    Thermal cycler.   
   21.    Agarose.   
   22.    TAE buffer (1×): 4.84 g Tris base, 1.14 mL acetic acid, pH 8.0. 

Make up to 1 L with sterile water.   
   23.    Loading buffer: 50 mM Tris, pH 8.0, 40 mM EDTA, 40 % w/v 

sucrose.   
   24.    100 bp DNA ladder (New England Bio Labs Quick-Load 

100 bp DNA Ladder).   
   25.    1 kb DNA ladder (Bioline HyperLadder).   
   26.    Electrophoresis equipment (Bio-Rad Mini-Sub Cell GT 

System #170-4467 and power source).   
   27.    Dark Reader Transilluminator (Clare Chemical Research).   
   28.    Disposable scalpels.   
   29.    96–100 % (v/v) ethanol.   
   30.    Isopropanol.   
   31.    Microcentrifuge.   
   32.    Agilent 2100 Bioanalyzer.   
   33.    Agilent High Sensitivity DNA Kit.   
   34.    High Sensitivity DNA Chip: Kit component.   
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   35.    Electrode Cleaner: Kit component.   
   36.    Syringe: Kit component.   
   37.    Spin Filters: Kit component.   
   38.    High Sensitivity DNA Ladder: Kit  component        , 13 DNA frag-

ments from 50 to 7000 bp.   
   39.    High Sensitivity DNA Markers: Kit component, lower marker 

at 35 bp, upper marker at 10,380 bp.   
   40.    High Sensitivity DNA Dye Concentrate: Kit component.   
   41.    High Sensitivity DNA Gel Matrix: Kit component.   
   42.    IKA MS3 vortex mixer with chip adaptor (Agilent).   
   43.    Electrode cleaner (Agilent).       

3    Methods 

       1.    Centrifuge 1 × 10 8  cells at 1710 ×  g  for 5 min, resuspend in 
5 mL of cell culture medium to 2 × 10 7 /mL.   

   2.    Add formaldehyde to cell culture medium to a fi nal concentra-
tion of 1 % and incubate for 15 min at 20 °C while rocking.   

   3.    Add 625 μL of 1 M glycine, to a fi nal concentration of 0.125 M.   
   4.    Centrifuge cells at 1710 ×  g  for 5 min resuspend in 5 mL of 

PBS.   
   5.    Centrifuge cells at 1710 ×  g  for 5 min resuspend cells in 3 mL 

of Cell Lysis Buffer.   
   6.    Incubate on ice for 10 min.   
   7.    Centrifuge at 1710 ×  g  5 min, and discard supernatant ( see  

 Note    3  ).   
   8.    Resuspend nuclei in 2 mL SDS lysis buffer.   
   9.    Sonicate nuclear lysate on ice (e.g., using a Branson Model 

250 Microtip sonicator) 10 × 10 s pulses, in a volume of 100 μL 
with a 21 % output, vortexing the sample after every minute 
( see   Note    4  ).   

   10.    Snap freeze and store nuclear chromatin extracts at −80 °C.   
   11.    Mix 1 mL of Protein-A Sepharose beads with 1 mL of 

Protein- G Sepharose beads ( see   Note    5  ) and 10 mL of IP 
Dilution Buffer ( see   Note    6  ).   

   12.    Centrifuge beads at 1710 ×  g  for 5 min, and discard 
supernatant.   

   13.    Add 10 mL of IP Dilution Buffer,  centrifug        e beads at 1710 ×  g  
for 5 min and discard supernatant.   

   14.    Resuspend beads in 5 mL of blocking buffer and incubate at 
4 °C while rotating for 30 min.   

3.1  Chromatin 
Preparation 
and Precipitation
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   15.    Centrifuge beads at 1710 ×  g  for 5 min and discard 
supernatant.   

   16.    Resuspend beads in 2 mL of IP dilution buffer.   
   17.    Defrost 2 mL of chromatin and transfer it to a 50 mL falcon tube.   
   18.    Add 18 mL IP dilution buffer.   
   19.    Remove 400 μL and freeze. Label as “input chromatin.”   
   20.    Add 1 mL of the blocked protein A-G beads to the remaining 

19.4 mL and incubate for 30 min at 4 °C.   
   21.    Centrifuge beads at 1710 ×  g  for 5 min and transfer superna-

tant into a new 50 mL tube.   
   22.    Add 40 μg of antibody and incubate for 1 h on a rotator.   
   23.    Add 1 mL of blocked protein A-G beads and rotate tubes 

overnight.   
   24.    Centrifuge beads at 1710 ×  g  for 5 min and add 20 mL low salt 

wash buffer. Incubate for 10 min on a rotator.   
   25.    Centrifuge beads at 1710 ×  g  for 5 min and add 20 mL high 

salt wash buffer. Incubate for 10 min on a rotator.   
   26.    Centrifuge beads at 1710 ×  g  for 5 min and add 20 mL LiCl 

wash buffer. Incubate for 10 min on a rotator.   
   27.    Centrifuge beads at 1710 ×  g  for 5 min and add 20 mL TE buf-

fer. Incubate for 10 min on a rotator.   
   28.    Centrifuge beads at 1710 ×  g  for 5 min and discard 

supernatant.   
   29.    Add 3 mL of TE/1 % (v/v) SDS at room temperature and 

incubate the solution at 65 °C for 20 min.   
   30.    Centrifuge beads at 1710 ×  g  for 5 min. Transfer the superna-

tant to a new tube.   
   31.    Defrost the “input chromatin” control and add 3 mL of 

TE/1 % (w/v) SDS at room temperature.   
   32.    Incubate the input chromatin and the precipitated          chromatin 

at 65 °C overnight to reverse the cross-links.   
   33.    Add 60 μL of RNAse A and 3 mL of TE to each and incubate 

at 37 °C for 2 h ( see   Note    7  ).   
   34.    Add 60 μL of proteinase K to each tube and incubate at 55 °C 

for 2 h ( see   Note    7  ).   
   35.    Purify DNA using the Qiagen MinElute PCR purifi cation kit 

( see   Note    11  ). Add ethanol (96–100 %) to buffer PE before 
use. All centrifugation steps are carried out in a microcentri-
fuge set to 11,710 ×  g  at room temperature ( see   Note    12  ).   

   36.    Add 15 mL PB buffer to the samples and mix.   
   37.    Place the MinElute column in a provided 2 mL collection tube.   
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   38.    Apply 700 μL of the samples to the column and centrifuge for 
1 min.   

   39.    Discard the fl ow-through and place the MinElute column back 
into the same tube.   

   40.    Repeat  steps 38  and  39  until all of the sample has been 
centrifuged.   

   41.    Add 750 μL PE buffer to the column, let it stand for 3 min, 
and centrifuge for 1 min.   

   42.    Discard the fl ow-through and place the column back into the 
same tube. Centrifuge the column for an additional minute.   

   43.    Place the MinElute column into a sterile 1.5  mL         microcentri-
fuge tube.   

   44.    Add 42 μL EB buffer to the center of the membrane, let the 
column stand for 1 min, then centrifuge for 1 min.   

   45.    Add the eluate back to the center of the column, let it stand for 
1 min, then centrifuge for 1 min.      

       1.    The NEBNext ChIP-Seq Library Prep Reagent Set is used in 
combination with the NEBNext Multiplex Oligos for Illumina 
(Index Primers Set 1), the MinElute PCR purifi cation kit 
(Qiagen), and the Gel Extraction kit (Qiagen) to prepare the 
input and ChIP libraries.   

   2.    To end-repair the ChIP and input DNA, measure the concen-
tration of your ChIP and input samples ( see   Note    8  ).   

   3.    Suspend 10 ng ( see   Note    9  ) of ChIP or input DNA in sterile 
water to a fi nal volume of 40 μL.   

   4.    Dilute DNA polymerase I, Large (Klenow) Fragment by mix-
ing 1 μL of enzyme with 4 μL of sterile water.   

   5.    Mix the following components in a sterile microcentrifuge 
tube:

    (a)    20 μL of Phosphorylation Reaction Buffer (10×).   

   (b)    4 μL of T4 DNA Polymerase.   

   (c)    4 μL of T4 polynucleotide kinase.   

   (d)    8 μL of dNTP mix.   

   (e)    4 μL  of         diluted DNA Polymerase I, Klenow Fragment.       
   6.    Add 10 μL of this mix to each sample of the 40 μL ChIP and 

input DNA.   
   7.    Incubate in a thermal cycler at 20 °C for 30 min ( see   Note    10  ).   
   8.    Purify DNA using the Qiagen MinElute PCR purifi cation kit 

( see   Note    11  ). Add ethanol (96–100 % (v/v)) to buffer PE 
before use. All centrifugation steps are carried out in a micro-

3.2  ChIP Library 
Preparation
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centrifuge set to 11,710 ×  g  at room temperature ( see   Note  
  12  ).   

   9.    Add 250 μL PB buffer to the samples and mix.   
   10.    Place the MinElute column in a provided 2 mL collection tube.   
   11.    Apply all traces of the samples to the column and centrifuge for 

1 min.   
   12.    Discard the fl ow-through and place the MinElute column back 

into the same tube.   
   13.    Add 750 μL PE buffer to the column, stand for 3 min, and 

centrifuge for 1 min.   
   14.    Discard the fl ow-through and place the column back into the 

same tube. Centrifuge the column for an additional minute.   
   15.    Place the  MinElute         column into a sterile 1.5 mL microcentri-

fuge tube.   
   16.    Add 35 μL EB buffer to the center of the membrane, let the 

column stand for 1 min, then centrifuge for 1 min.   
   17.    Add the eluate back to the center of the column, let it stand for 

1 min, then centrifuge for 1 min.   
   18.    For dA-tailing of end-repaired DNA, mix the following com-

ponents in a sterile microcentrifuge tube:

    (a)    20 μL NEBuffer 2 (10×).   

   (b)    40 μL Deoxyadenosine 5′-Triphosphate.   

   (c)    4 μL Klenow Fragment (3′→5′ exo–).       
   19.    Add 16 μL of this mix to the 34 μL of DNA sample ( see   Note    13  ).   
   20.    Incubate in a thermal cycler for 30 min at 37 °C.   
   21.    Repeat  steps 8–17 , but using 11 μL EB buffer.   
   22.    For the adaptor ligation, dilute the NEBNext Adaptor for 

Illumina (15 μM) 10-fold in sterile water to a fi nal concentra-
tion of 1.5 μM.   

   23.    Mix the following components in a sterile microcentrifuge 
tube:

    (a)    60 μL  of         Quick Ligation Reaction Buffer (2×).   

   (b)    4 μL of Diluted NEBNext Adaptor (1.5 μM).   

   (c)    16 μL of Quick T4 ligase.       
   24.    Add 20 μL of this mix to the 10 μL end-repaired, dA-tailed 

DNA.   
   25.    Incubate the reaction in a thermal cycler for 15 min at 20 °C 

( see   Note    10  ).   
   26.    Add 3 μL USER enzyme, mix by pipetting up and down, and 

incubate at 37 °C for 15 min.   
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   27.    Repeat  steps 8–17 , but using 150 μL PB and 24 μL EB 
buffer.   

   28.    To PCR enrich the adaptor ligated DNA, mix the following 
components in a sterile microcentrifuge tube:

    (a)    23 μL adaptor ligated DNA.   

   (b)    25 μL NEBNext High-Fidelity 2× PCR Master Mix.   

   (c)    1 μL  universal         PCR primer (25 μM).   

   (d)     1 μL Index Primer (one of 12 per sample, e.g., Input: 
Index 4, ChIP1: Index 6, ChIP2: Index 12).       

   29.    PCR cycling conditions (Table  1 ):
       30.    Repeat  steps 8–17 , but using 16 μL EB buffer.   
   31.    To size select the library, prepare the required number of 2 % 

(w/v) agarose gels with 1× TAE buffer ( see   Note    14  ).   
   32.    Add 6 μL loading buffer to the samples and to 15 μL of the 

100 bp DNA ladder.   
   33.    Use 1× TAE buffer as running buffer. Load the sample and 

marker ladders onto the gel(s), leaving at least one space 
between ladder and samples ( see   Note    15  ).   

   34.    Run the gel at 120 V until the marker dye has reached the bot-
tom of the gel (approximately 60 min).   

   35.    Weigh out three sterile microcentrifuge tubes and label them 
with their weight.   

   36.    View the gels on the Dark Reader Transilluminator ( see   Note    16  ).   
   37.    Excise the 175–225 bp region of the gel with a clean, dispos-

able scalpel ( see   Note    17  ). Minimize the size of the gel slice by 
removing excess agarose. Place the selected gel slice into a 
labeled microcentrifuge tube.   

   38.    Use the Qiagen gel extraction kit to purify the DNA from the 
agarose slice. All centrifugation steps are carried out in a micro-
centrifuge set to 11,710 ×  g  at room temperature ( see   Note    12  ).   

   Table 1  

  PCR cycling conditions   

 Cycle step  Temperature (°C)  Time (s)  Cycles 

 Initial denaturation  98  30  1 

 Denaturation   98          10  15 

 Annealing  65  30 

 Extension  72  30 

 Final extension  4  hold  1 
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   39.    Weigh the tubes containing the gel slice and calculate the 
weight of the agarose.   

   40.    Add three volumes of QG buffer to one volume of gel (i.e., 
add 300 μL of QG to 100 mg of gel). For gel slices over 
400 mg, use more than one tube.   

   41.    Incubate on bench ( see   Note    18  ) for at least 10 min until the 
gel slice has completely dissolved. Vortex the tube every 2 min 
during the incubation time.   

   42.    Heat  EB         buffer to 50 °C.   
   43.    Add one gel volume of isopropanol to the sample (i.e., if the 

gel slice weight 100 mg, add 100 μL) and mix ( see   Note    19  ).   
   44.    Place the QIAquick spin column in a provided 2 mL collection 

tube.   
   45.    Apply the sample to the column and centrifuge for 1 min. The 

maximum volume of the column is 750 μL. For higher sample 
volumes, load the spin column again after centrifugation.   

   46.    Discard fl ow-through and place the column back into the same 
collection tube.   

   47.    Add 500 μL QG buffer to the column and centrifuge for 1 min.   
   48.    Discard fl ow-through.   
   49.    Add 750 μL of PE buffer to the column and let it stand for 

3 min, then centrifuge for 1 min.   
   50.    Discard fl ow-through  a        nd centrifuge the column for an addi-

tional minute.   
   51.    Place the column into a sterile 1.5 mL microcentrifuge tube.   
   52.    Add 55 μL of EB buffer directly to the center of the column 

membrane and let the column stand for 1 min, then centrifuge 
for 1 min.   

   53.    Repeat  steps 8–17 , but using 14 μL EB buffer.   
   54.    Use 1 μL of the purifi ed library sample for quality control on a 

Bioanalyzer ( see   Note    20  ) using the Agilent High Sensitivity 
DNA Kit:   

   55.    Let the High Sensitivity DNA dye concentrate and High 
Sensitivity DNA gel matrix equilibrate to room temperature 
( see   Note    21  ).   

   56.    Vortex the vial with High Sensitivity DNA dye concentrate for 
10 s and spin down. Making sure that the DMSO is completely 
thawed.   

   57.    Pipette 15 μL of the dye concentrate into a High Sensitivity 
DNA gel matrix vial ( see   Note    22  ).   

   58.    Return the dye concentrate to 4 °C to store, protecting it from 
light.   
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   59.    Cap the tube, vortex for 10 s. Make sure that the gel and dye 
are mixed properly.   

   60.    Transfer the gel—dye mix to the top receptacle of the spin fi lter.   
   61.    Spin for 10 min at 2400 × g at room temperature in a 

microcentrifuge.   
   62.    Discard the  fi lter         and label the tube ( see   Note    23  ).   
   63.    Ensure that the base plate of the chip priming station is in posi-

tion C and that the adjustable clip is set to the lowest position.   
   64.    Place a new High Sensitivity DNA chip onto the chip priming 

station.   
   65.    Placing the pipette tip at the center of the well, pipette 9 μL of 

the gel—dye mix (which is at room temperature) to the bottom 
of the well located in the right (fourth) column and third row.   

   66.    Set a timer to 1 min and make sure that the plunger is posi-
tioned at 1 mL. Then close the chip priming station.   

   67.    Press the syringe plunger down until it is held by the clip, then 
start the timer.   

   68.    Release the plunger after exactly 1 min.   
   69.    Make sure that the plunger moves back at least to the 0.3 mL 

mark.   
   70.    Wait 5 s before slowly pulling back the plunger to the 1 mL 

position.   
   71.    Open the chip priming station and pipette 9 μL of the gel—dye 

mix into the three empty wells of the right (fourth) column.   
   72.    Return the gel—dye mix to 4 °C to store, protecting it from 

light.   
   73.    Pipette 5 μL of the High Sensitivity DNA marker into each of 

the empty wells (fi rst three columns) ( see   Note    24  ).   
   74.     Pipette         1 μL of the High Sensitivity DNA ladder into the well 

marked with the ladder symbol (third column, fourth row).   
   75.    Pipette 1 μL of sample ( see   Note    25  ) or 1 μL of marker (for 

otherwise empty wells) into each well of the fi rst three col-
umns, except the well with the ladder symbol.   

   76.    Carefully place the chip horizontally into the vortex adapter 
and vortex for 1 min at 2400 rpm.   

   77.    Place the chip carefully into the receptacle of the Bioanalyzer, 
making sure that the run is started within 5 min.   

   78.    Carefully close the lid ( see   Note    26  ) and start the chip run. Use 
the dsDNA assay and fi ll in the sample name table.   

   79.    After the run is fi nished dispose of the chip.   
   80.    Slowly fi ll one of the wells of the electrode cleaner ( see   Note    27  ) 

with 350 μL sterile water.   
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  Fig. 2    Agarose gel showing the size, in base pairs (bp), of sonicated chromatin 
fragments, using two different chromatin sonication protocols ( left  and  right )       

  Fig. 1    Bioanalyzer  Electropherogram         showing fl uorecense units [FU] on the  y -axis and seconds [s] on the 
 x -axis, with numbers above peaks indicating the fragment size in base pairs (bp). A single high peak around 
200 bp and no peak in the 100 bp Adapotor region has been detected       
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   81.    Place the electrode cleaner in the Bioanalyzer, then close the 
lid and leave it for about 10 s.   

   82.    Remove the electrode cleaner and wait another 10 s to allow 
the water on the electrodes to evaporate.   

   83.    For a good quality sample, the electropherogram should show      
no peak in the 100 bp region, with a high peak around 200 bp 
( see  Fig.  1 ). If there is a peak in the adaptor region (as indicated 
by the blue box),          the sample is contaminated and sequencing 
may not yield successful results.

4                                             Notes 

     1.    Concentrations of universal PCR Primer and the Index Primers 
contained in the NEB kit have changed from 25 to 10 μM. Refer 
to the most recent protocol for use.   

   2.    12 Index Primers are included in the NEBNext Multiplex 
Oligos for Illumina (Index Primers Set 1) kit for producing 
barcoded libraries. Refer to the manual for sequence informa-
tion. If fewer than 2 indexes per lane are used, NEB recom-
mends the combination of the following indexes for best 
demultiplexing results:

    (a)    Pool of 2 samples: Index 6 and 12.   

   (b)    Pool of 3 samples: Index 4, 6, and 12.   

   (c)    Pool of 6 samples: Index 2, 4, 5, 6, 7, and 12.       
   3.    After the addition of cell lysis buffer all steps are undertaken at 

4 °C unless specifi ed.   
   4.    Sonication is critical. The ideal fragment size for ChIP sequenc-

ing is 200 bp. Appropriate conditions will vary with each soni-
cator and can be checked by undertaking a time course of 
sonication, incubating at 65 °C overnight to reverse the cross- 
links. This is followed by purifying the DNA and analyzing size 
distribution on an agarose gel. Figure  2  shows the results of 
two different sonication protocols. The gel on the left shows a 
sub- ideal         chromatin sonication for ChIP-Seq purposes. The 
gel on the right, using the second chromatin sonication proto-
col, shows a good fragmentation around 200 bp.   

   5.    Protein A and Protein G sepharose beads should be stored at 
4 °C in 70 % (v/v) ethanol, then washed with IP dilution buffer 
prior to use.   

   6.    Add protease inhibitor cocktail (Sigma) and 1 mM PMSF to all 
buffers just before use.   

   7.    Proteinase K and RNAase can be stored as aliquots at −20 °C.   
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   8.    We found that the Qubit Fluorometer worked well for this 
step. The concentration of our ChIP samples was too low to be 
measured accurately using a NanoDrop Spectrophotometer.   

   9.    The kit calls for 10 ng of DNA, but we have previously used 
18 ng to ensure maximum library concentration. In our experi-
ence, this did not seem to impair the quality of the fi nal library.   

   10.    Our laboratory tends to be around 20 °C. We incubate this 
reaction on the bench rather than in a thermal block cycler and 
still get good results.   

   11.    If using the Qiagen kit, it is important for the effi ciency of this 
purifi cation process that centrifugation steps are actually car-
ried out at room temperature. 
 Alternatively, it is possible to clean up  the         sample using AMPure 
XP Beads (Beckman Coulter, Inc.).   

   12.    Qiagen suggests that buffer QG from the GelExtraction kit 
may be used to remove salt and proteins from samples. Do not 
use buffer QG outside of the gel extraction during the library 
preparation.   

   13.    The sample was eluted in 35 μL, but a small amount will 
remain in the column; hence, the DNA is already in the correct 
34 μL volume required for the following step.   

   14.    Make sure that the comb creating the sample wells in the aga-
rose gel is precisely straight to ensure that the sample and 
markers run exactly vertically on the gel. If the samples and 
markers run at an angle, it is more diffi cult to be sure of the 
exact size to select on the gel, which can lead to adaptor 
contamination.   

   15.    It is important to select the correct sample size, we suggest 
running each sample with two markers on each side, as shown 
in the scheme below.

 Marker 1  Marker 2  Sample  Marker 1  Marker 2 

       16.    The Dark Reader Transilluminator allows the visualization of 
the DNA on the gel for excision of the desired size while avoid-
ing UV exposure that may be harmful to the DNA sample.   

   17.    Make sure not to cut out any of the light adaptor band (below 
150 bp). It is advisable to take a photograph of the gel before 
and after the excision.   

   18.    Do not heat the samples to 55 °C as stated in the GelExtraction 
kit protocol.   

   19.    Do not  centrifuge         the sample at this point.   
   20.    If you are unable to perform quality control of your sample 

using a bioanalyzer, your sequencing facility may be able to 
perform this step for you. In this case, we recommend per-
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forming a  qPCR   analysis of a target that is known/thought to 
be enriched before sending your samples off.   

   21.    Make sure to protect the DNA dye concentrate from light.   
   22.    Use the indicated volumes. Different volumes at the same ratio 

can produce inaccurate results.   
   23.    Shield the gel—dye mix from light and store at 4 °C. It is suf-

fi cient for fi ve chips. Use within 6 weeks of preparation.   
   24.    Even if you have less than 11 samples, do not leave any wells 

empty; otherwise, the chip will not run properly.   
   25.    Samples should be dissolved in 10 mM Tris and 1 mM EDTA 

for optimal results. However, we have achieved good results 
with our samples in EB buffer.   

   26.    Never use force to close the lid or drop the lid onto the chip. 
This may damage the electrodes or cause liquid spills leading 
to bad results.   

   27.    A more thorough  c        lean may be required when switching 
between different types of assay.         
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    Chapter 15   

 Analysis of Viral Epigenotypes Using Bisulfi te Sequencing: 
A Detailed Protocol for the Crucial Bisulfi te Modifi cation 
and PCR Amplifi cation Steps                     

     Daniel     Salamon      

  Abstract 

   Characterization of viral DNA methylation patterns is essential to understand its function in viral 
 pathogenesis. Bisulfi te modifi cation, followed by polymerase chain reaction (PCR) and sequencing is the 
most effective method for the high resolution methylation mapping of viral genomes. Since the bisulfi te 
modifi cation and PCR steps are the most critical ones, an optimized protocol for these two steps is pre-
sented, with special attention to potential pitfalls.  

  Key words     Virus  ,   DNA methylation  ,   Bisulfi te modifi cation  ,   Polymerase chain reaction  ,   Primer 
design  ,   Sequencing  

1      Introduction 

 DNA methylation plays an important role in the  control   of the 
latent and/or lytic state of several viruses [ 1 – 3 ]. High resolution 
methylation mapping of episomal and/or integrated viral genomes 
is essential to understand the function of DNA methylation in 
these viruses [ 4 ]. Current high resolution methylation mapping 
techniques are based on sodium bisulfi te modifi cation of purifi ed 
DNA. During this reaction unmethylated cytosines convert to 
 uracils and are therefore amplifi ed as thymines, while methylated 
cytosines remain unconverted and amplifi ed as cytosines in the 
subsequent amplifi cation steps [ 5 ,  6 ]. Although the sequence of 
bisulfi te modifi ed DNA can be analyzed with several different tech-
niques, sequencing is the most effective method to measure DNA 
methylation levels at one nucleotide resolution. Sequencing can be 
either region-specifi c or genome-wide. Since the length of most 
viral genomes is relatively small compared to the human genome, 
their DNA methylation patterns are analyzed particularly by 
region-specifi c sequencing. This type of sequencing starts with the 
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PCR amplifi cation of the bisulfi te modifi ed region of interest, 
 followed by sequencing the PCR product directly [ 7 – 12 ] or after 
cloning [ 5 ,  6 ]. Direct sequencing allows fast, semi-quantitative 
measurement of the average methylation level at each cytosine, but 
provides no information about methylation pattern heterogeneity 
(for a representative result  see  Fig.  1 ). Furthermore, accurate quan-
tifi cation of DNA methylation level from the raw direct sequencing 
data is often diffi cult, although correction algorithm retrieving 
imbalanced and overscaled signals is available [ 11 ]. The advantage 
of indirect sequencing is that it determines cytosine methylation 
pattern for each individual amplicon.    On the other hand, cloning 
biases may affect the result [ 16 ], and the need for sequencing a 
high number of clones for statistical accuracy makes this method 
expensive, labor-intensive and time-consuming. While the selec-
tion of the appropriate region-specifi c sequencing technique 
greatly depends on the available laboratory resources, the bisulfi te 
modifi cation and PCR steps can easily be accomplished in any lab-
oratory. Hence, and because the bisulfi te modifi cation and PCR 
steps are the most critical ones, this chapter covers only these two 
parts of the whole method.

  Fig. 1    Raw direct  sequencing data   of the C-promoter (Cp) of Epstein-Barr virus (EBV), obtained from bisulfi te 
modifi ed C2G6 DNA. DNA purifi ed from the C2G6 cell line [ 13 ] was bisulfi te modifi ed and amplifi ed in a nested 
PCR with primers specifi c for the Cp of EBV [ 14 ]. One of the nested primers was biotin labeled, while the other 
carried 15 bases of the M13 universal primer sequence at its 5′ end. The second PCR product was purifi ed 
with streptavidin-coated magnetic beads, and the biotin-labeled strand was sequenced with the fl uorescein- 
labeled M13 universal primer as described by Myöhänen et al. [ 7 ]. The reaction product was separated on an 
acrylamide gel using an automated DNA sequencer. The Cp region is shown between nucleotides 11,041 and 
11,111 (according to the prototype B95-8 sequence [ 15 ]).  Vertical dashed lines  indicate positions of cytosines 
in the unmodifi ed DNA sequence.  Stars above the    lines    indicate positions of cytosines within cytosine–guanine 
dinucleotides (CpG)       
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2       Materials 

 Freshly prepare all solutions using DNase/RNase-free distilled 
water. Unless otherwise specifi ed, prepare and store all reagents at 
room temperature. Do not vortex the solutions unless indicated 
otherwise. Use fi lter tips. Strictly follow waste disposal regulations 
when disposing of waste materials.

    1.    Purifi ed genomic or viral DNA dissolved in water ( see   Note    1  ).   
   2.    3 and 5 M sodium hydroxide solutions: Add 12 or 20 g of 

sodium hydroxide pellets to 80 mL of water, while stirring 
with a magnetic stirring bar ( see   Note    2  ). After the pellets have 
completely dissolved, make up to a fi nal volume of 100 mL 
with water. Sterilization is not required.   

   3.    10 mM hydroquinone solution ( see   Note    3  ): Dissolve 55 mg 
hydroquinone without vigorous shaking in 45 mL water. Make 
up to a fi nal volume of 50 mL with water and sterilize by 
fi ltration.   

   4.    3.6 M sodium bisulfi te solution, pH 5.0 ( see   Note    3  ): Dissolve 
2.256 g of sodium bisulfi te (e.g., Sigma-Aldrich) without vig-
orous shaking in 4.5 mL water. Adjust the pH to 5.0 with the 
addition of 370 μL freshly prepared 5 M sodium hydroxide. 
Make up to a fi nal volume of 5 mL with water and sterilize by 
fi ltration.   

   5.    Mineral oil, molecular biology grade.   
   6.    One of the appropriate GeneClean Kits (e.g., MP Biomedicals).   
   7.    10 M ammonium acetate solution: Dissolve 385.4 g molecular 

biology grade ammonium acetate in 400 mL of water. Make 
up to a fi nal volume of 500 mL with water and sterilize by 
fi ltration.   

   8.    20 mg/mL glycogen, molecular biology grade.   
   9.    FastStart High Fidelity PCR System, dNTPack (e.g., Roche) 

   ( see   Note    4  ).   
   10.    Oligonucleotide primers ( see   Note    5  ).      

3    Methods 

 Perform all procedures at room temperature unless otherwise 
specifi ed. Do not vortex the samples unless indicated (bisulfi te 
modifi ed DNA is highly fragile). Use fi lter tips. 

       1.    Adjust the volume of the DNA solution (containing 50 ng–5 μg 
DNA) to 40 μL with DNase/RNase-free distilled water. Add 

3.1  Bisulfi te 
Modifi cation 
of Purifi ed 
Genomic DNA
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4.4 μL freshly prepared 3 M sodium hydroxide, vortex gently, 
spin down and incubate at 37 °C for 15 min.   

   2.    Add 24.4 μL 10 mM hydroquinone solution and mix by 
 pipetting. Add 424 μL 3.6 M sodium bisulfi te solution, mix by 
pipetting and dispense fi ve 98 μL aliquots into 0.5 mL PCR 
tubes. Overlay the aliquots with 100 μL of mineral oil and 
incubate in a thermocycler ( see   Note    6  ) at 95 °C for 1 min, 
followed by fi ve cycles of 95 °C for 3 min, 57 °C for 57 min 
( see   Note    7  ).   

   3.    Recover the bisulfi te treated DNA solution from under the 
mineral oil layer ( see   Note    8  ), and purify the DNA using one 
of the GeneClean Kits or another system appropriate for the 
purifi cation of single-stranded DNA, according to the manu-
facturer’s instructions. Elute or resuspend the purifi ed DNA 
in 100 μL DNase/RNase-free distilled water in a 1.5 mL 
Eppendorf tube.   

   4.    Add 11 μL freshly prepared 3 M sodium hydroxide, mix by 
pipetting and incubate at 37 °C for 15 min.   

   5.    Add 0.5 μL 20 mg/mL glycogen ( see   Note    9  ), 47 μL 10 M 
ammonium acetate and 500 μL 100 % ethanol, mix by pipet-
ting and incubate overnight at −20 °C.   

   6.    Centrifuge at maximum speed in a microfuge for 20 min at 
4 ° C  . Carefully decant the supernatant. Add 800 μL 70 % etha-
nol. Spin at maximum speed in a microfuge for 5 min at 
4 °C. Carefully decant the supernatant. Air-dry for a few min-
utes and then dissolve the pellet in an appropriate volume of 
DNase/RNase-free distilled water.   

   7.    Quantify modifi ed DNA by spectrophotometric measurement 
or any other more specifi c method ( see   Note    10  ). Store the 
bisulfi te modifi ed DNA at −20 °C ( see   Note    11  ).      

       1.    Amplify the bisulfi te modifi ed DNA with the FastStart High 
Fidelity PCR System, dNTPack, according to the manufactur-
er’s instructions, with minor modifi cations. The 50 μL PCR 
contains 5 μL FastStart High Fidelity Reaction Buffer (10× 
conc. with 18 mM MgCl 2  ( see   Note    12  )), 1 μL PCR Grade 
Nucleotide Mix (to obtain a 200 μM fi nal concentration of 
each dNTP), 0.6 μM fi nal concentration of each primer, 
5–250 ng bisulfi te modifi ed DNA, 0.5 μL (5 U/μL) FastStart 
High Fidelity Enzyme Blend, and DNase/RNase-free distilled 
water up to 50 μL.   

   2.    Incubate the reaction in a thermocycler at 95 °C for 2 min, 
followed by 35 cycles of 95 °C for 30 s, 50–72 °C ( see   Notes  
  12   and   13  ) for 30 s, 72 °C for 0.5 - 3 min ( see   Note    14  ) and 
then 72 °C for 7 min. For products larger than 3 kb incubate 
the reaction in a thermocycler at 94 °C for 2 min, followed by 
ten cycles of 94 °C for 30 s, 50–68 °C ( see   Notes    12   and   13  ) 

3.2  PCR 
Amplifi cation 
of Bisulfi te Modifi ed 
Genomic DNA

Daniel Salamon
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for 30 s, 68 °C for 3–5 min ( see   Note    14  ), followed by 30 
cycles of 94 °C for 30 s, 50–68 °C ( see   Notes    12   and   13  ) for 
30 s, 68 °C for 3–5 min ( see   Note    13  ) with an extra 20 s of 
68 °C after each successive cycle, and then 68 °C for 7 min.   

   3.    If further amplifi cation is necessary, dilute the fi rst PCR prod-
uct 100× with DNase/RNase-free distilled water and use 1 μL 
in a nested PCR with similar conditions, but containing 0.2 μM 
fi nal concentration of each nested primer.   

   4.    Visualize an aliquot of the PCR product on a 1–2 % agarose gel.       

4                          Notes 

     1.    Any methods and kits can be used to isolate genomic or viral 
DNA, which provides pure, protein free DNA [ 16 ]. Fragment 
size reduction of high-molecular-weight DNA is unnecessary. 
Control reactions with fully methylated and unmethylated 
DNA (commercially available; for a detailed list see Hernandez 
et al. [ 17 ]) are also  recommended   to run in parallel with exper-
imental samples to monitor the effi ciency of conversion.   

   2.    Preparation of concentrated sodium hydroxide solution is 
accompanied by an exothermic reaction. To avoid breakage, 
the glass beaker can be placed in a container of ice. Avoid skin 
contact.   

   3.    Hydroquinone and sodium bisulfi te are toxic chemicals. Avoid 
skin contact and inhalation. Weigh in a safety cabinet. Hydro-
quinone and sodium bisulfi te solutions are light sensitive, and 
therefore should be protected from light.   

   4.    Most commercially available Taq polymerases suffi ciently 
amplify bisulfi te modifi ed DNA. However, high cycle number 
PCR amplifi cation with Taq polymerase may lead to the accu-
mulation of sequence errors, resulting in the appearance of 
false negative and/or false positive cytosine methylation [ 16 ]. 
This bias is especially important, if the PCR products are 
cloned before sequencing. Therefore, a higher fi delity poly-
merase, which tolerates uracil in the DNA template is recom-
mended to use for high cycle number PCR amplifi cation of 
bisulfi te modifi ed DNA.   

   5.    Primers should be designed under the assumption that all cyto-
sines (C) outside of  CpGs   convert to uracil during bisulfi te 
modifi cation. Since the two DNA strands are no longer com-
plementary after bisulfi te modifi cation, separate primer pairs 
must be designed for each. Modifi ed DNA essentially contains 
only three bases, increasing the probability of nonspecifi c 
primer annealing. Therefore, optimal primer sequences are 
usually longer (~24–30 base pairs) than in conventional PCR. 
The primer binding site should not contain cytosines of CpGs, 

Bisulfi te Sequencing of Viral DNA
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to ensure equal amplifi cation of both unmethylated and meth-
ylated templates. If a primer must reside on a cytosines(s) of a 
CpG(s) degenerate bases(s) must be used at that(those) 
positions(s): Y (cytosine or thymine) instead of cytosine in the 
forward primer, while R (adenine or guanine) instead of gua-
nine must be used in the reverse primer. On the other hand, 
the presence of non-CpG cytosines in the primer binding site 
is favorable, as it may avoid the amplifi cation of insuffi ciently 
converted DNA. Since bisulfi te modifi ed DNA is usually highly 
fragmented, the optimal length of the PCR product is less than 
500 bp. Several free online tools are also available to support 
the design of primers specifi c for bisulfi te modifi ed DNA [ 17 ]. 
Take into account the potential sequence differences between 
viral strains. If necessary, determine the sequence of the ana-
lyzed region in the  particular viral strain before designing 
primers. For primers less than 35 bases in length desalting is a 
suffi cient method  of   purifi cation. For longer primers additional 
purifi cation is recommended.   

   6.    The bisulfi te conversion reaction is light sensitive and must 
take place in the dark (use a thermocycler with a non- 
transparent lid).   

   7.    Alternatively, when the starting DNA amount is below 200 ng, 
the aliquots can be incubated in a thermocycler at 98 °C for 
8 min, followed by 55 °C for 60 min. This protocol may 
increase DNA yield, without signifi cantly decreasing conver-
sion effi ciency.   

   8.    Although minimal residual oil may not affect the purifi cation 
process, the oil layer can easily be removed after snap freezing 
the aliquots and pipetting off the unfrozen oil.   

   9.    Addition of glycogen as a carrier may not be needed, if the 
starting DNA amount is more than 1 μg. Other carriers like 
linear acrylamide, tRNA, or salmon sperm DNA are also 
suitable.   

   10.    Choose a quantifi cation method which is capable to measure 
single stranded DNA. Use settings for single-stranded DNA 
during spectrophotometric measurement.   

   11.    Under these conditions the modifi ed DNA is stable for at least 
6 months.   

   12.    Optimal adjustment of MgCl 2  concentrations and annealing 
temperatures may prevent false priming and the potential bias 
in the amplifi cation effi ciency of differentially methylated 
alleles [ 16 ,  18 ,  19 ].   

   13.    Depending on the melting temperatures of the primers.   
   14.    Depending on the length of the product to be  amplifi ed 

  (~1 min/kb).         

Daniel Salamon
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    Chapter 16   

 Analysis of Viral Epigenotypes Using Chromatin 
Immunoprecipitation                     

     Ferenc     Bánáti       and     Kálmán     Szenthe      

  Abstract 

   Chromatin Immunoprecipitation (ChIP) is a method used to detect DNA-protein interactions in vivo. ChIP 
has been widely applied to assess the abundance of various epigenetic regulators, including modifi ed his-
tones, in various regions of cellular and viral chromatin. During the procedure, DNA binding proteins are 
covalently cross-linked to DNA, and the isolated chromatin is broken into pieces of 300–500 bps in length 
on average. Thereafter, using specifi c antibody directed against the protein of interest the covalently cross-
linked DNA is pulled down together with Protein A or G carrying beads that bind the Fc fragment of the 
antibody. After the reversal of crosslinks and DNA isolation, one may analyze the precipitated DNA frag-
ments by quantitative and qualitative methods to assess the relative abundance of the examined protein in a 
region or within the genome studied in vivo. In addition to the analysis of transcription factor binding, ChIP 
has proved to be a reliable method to map histone modifi cations across cellular and viral epigenomes.  

  Key words     Protein-DNA interaction  ,   In vivo  ,   Chromatin  ,   Epigenetics  

1      Introduction 

 The fi eld of epigenetics originated  from   developmental biology 
and embryogenesis as the term “epigenetics” was coined by Conrad 
H. Waddington in 1942 who described the epigenetic landscape 
mechanism in cell fate determination in the late 1950s (reviewed in 
[ 1 – 3 ]). Originally, epigenetics stood for “The science concerned 
with the causal analysis of development.” In those days the mecha-
nisms behind phenotypic differences notwithstanding identical 
genomes was beyond the scope of knowledge, and only in 1975 
was it proposed that 5-methyl cytosine may play a role in infl uenc-
ing gene activity [ 4 ,  5 ]. The importance of  nucleosomal   chromatin 
arrangement and chromatin remodeling complexes was discovered 
and extensively studied from the late 1980s [ 6 ]. Many different 
 histone   modifi cations were implicated and demonstrated to play a 
role in genetic regulations alone or in combinations [ 7 ]. As the 
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time went on, the term epigenetics gained another meaning, such 
as the study of changes in gene function that are mitotically and/
or  meiotically heritable and that do not entail a change in DNA 
sequence [ 8 ]. 

   The main role of epigenetic regulations is to assure and coordinate 
the expression of genetic information at the right time and in the 
right place and amount via the modulation of the chromatin struc-
ture and the binding of different transcription factors. These 
mechanisms manifest at the  gene expression   level and infl uence all 
the important biological processes within a cell.    Epigenetic dys-
regulation can be involved however, in tumorigenic processes 
[ 9 – 11 ]. The main epigenetic mechanisms in mammals affecting 
gene regulation are DNA methylation and hydroxymethylation at 
CpG palindrome dinucleotides, modifi cation of  histon  e side chains 
with acetyl, methyl, phosphoryl, ubiquitin, sumoyl groups [ 12 ] 
and the binding of Polycomb/Trithorax protein complexes. 
Generally, cytosine methylation of regulatory sequences fl anking 
RNA polymerase II-transcribed promoters results in the inhibition 
of gene expression [ 11 ]. The effect of histone modifi cations on 
gene activity is very complex and depends on other modifi cations; 
some possess inhibiting, others have activating properties [ 7 ]. 
These modifi cations are associated with lysine and arginine side 
chains. Polycomb and  Trithorax   group proteins with blocking and 
upregulating activity also modify histone tails and form stable com-
plexes with the DNA [ 13 – 15 ]. 

 In addition to host cell genomes, complex viral genomes are 
also regulated via epigenetic mechanisms. The relevance of epigen-
etic gene regulation in latent herpesvirus infections was docu-
mented and reviewed by several research groups [ 16 – 18 ]. Latency, 
an important property of all three herpesvirus subfamilies (α, β, γ), 
enables the long-term maintenance of viral genomes within the 
host cell’s nucleus without  lytic replication  . In case of several her-
pesviruses, distinct patterns of  gene expression   can be observed in 
the latent phase of infection. In latent EBV infection only a small 
proportion of the approximately 70 viral genes is expressed. 
Depending on C and Q  promoter   usage directing the transcription 
of Epstein-Barr virus Nuclear Antigens (EBNAs) and in combina-
tion with the expression of Latent Membrane proteins (LMPs), 
numerous latency gene expression patterns were observed, classi-
fi ed as EBV latency types. Because these latency types are associ-
ated with discrete epigenetic marks, the epigenotypes of EBV were 
directly linked to the viral latency types [ 19 ]. 

 Due to the developments in ChIP-coupled methods, the 
examination of activating and inhibitory  histone   modifi cations and 
the exploration of modifi ed cytosines can be effi ciently performed 
within viral genomic regions or even within complete viral genomes 

1.1   Epigenotypes  

Ferenc Bánáti and Kálmán Szenthe
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choosing the appropriate ChIP-based protocol (see more details 
about ChIP methods below). 

 In this chapter, we focus on the use of ChIP for  the   character-
ization of epigenetic marks, especially histone modifi cations of 
latent EBV episomes. For the analysis of the other major epigenetic 
 mark  , CpG methylation,  see  chapter 15 by Salamon, D.  

   The history of Chromatin Immunoprecipitation began ca 30 years 
ago, when Lis and coworkers (1984) examined in vivo protein- 
 DNA   interactions in bacteria and  Drosophila    melanogaste    r  [ 20 ,  21 ]. 
The methodology was developed further by Solomon et al. (1988) 
applying  formaldehyde   instead of UV crosslinking [ 22 ]. In these 
early times the detection of the isolated DNA was based on nucleic 
acid hybridization. The method was not as widely used as nowa-
days until the early 2000s when quantitative real-time PCR (qPCR) 
   was added in practice as a subsequent quantifi cation method after 
DNA isolation [ 23 ]. When omitting cross linking agents, native 
chromatin can also be sheared using micrococcal nucleases. This 
ChIP approach is also called native or N-ChIP permitting mainly 
the examination of  nucleosomal   arrangement and to a lesser extent 
transcription factor occupancy. N-ChIP has several advantages and 
disadvantages compared to X-ChIP (cross- linking ChIP) based on 
treatment with crosslinking agents. For more details  see  refs.  24 , 
 25 . The schematic view of X-ChIP is presented in Fig.  1 .

   As for the last steps of the workfl ow more and more sophisti-
cated high-throughput methods have been developed, and not 
only the capacity and speed of ChIP improved, but the fi eld of its 
applicability became much wider, too. Besides detection methods, 
sophisticated improvements enable users to examine not only cul-
tured cells, but even tissue samples as a starting material. The 
improvements in the ChIP protocol resulted in differently named 
methods like Carrier ChIP (CChIP), Quick and quantitative ChIP 
(Q2ChIP), Fast ChIP (qChIP), MicroChIP (μChIP), or Matrix 
ChIP. Some aspects and main advantages are summarized in 
Table  1 .

      As mentioned above, with the  continuous   development of DNA 
analysis chemistry and instruments, the quantitative and qualitative 
assessment of immunoprecipitated DNA can be performed in 
many ways including classical and high-throughput methods as 
well. Below is an incomplete list and summary of the most domi-
nant approaches used in this fi eld. 

   Real-time PCR is an appropriate method for quantitative analysis 
of DNA present in samples and as such, for defi ning the abundance 
of DNA fragments co-immunoprecipitated with proteins of inter-
est in chromatin immunoprecipitation experiments. Although, in 
several cases probe-based detection is preferred, in general dye- 

1.2  Chromatin 
Immunoprecipitation

1.3  ChIP-Coupled 
Detection Methods

1.3.1  ChIP, Classical

Analysis of Viral Epigenotypes Using Chromatin Immunoprecipitation
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based  qPCR   (SYBR Green, Eva Green etc.) provide us satisfying 
and reliable result. Intercalating dye converts excess energy of laser 
exposure into rotation energy in solution; thus it does not emit, 
until rotation is arrested due to binding to double-stranded 
DNA. The excess, emitted energy can be detected at 530 nm. The 
amount of the bound dye and thus the intensity of the detectable 
signal are proportional to the amount and length of the double- 
stranded DNA. Determination of the fl uorescent signal intensity 
takes place at the end of the elongation step of each cycle. By 
checking the melting temperature of the qPCR products, the reac-

crosslinking

DNA fragmentation

Immunoprecipitation (Antibody)

Pellet
Supernatant

Reverse crosslink

Detection

Protein A 
beadImmunoprecipitation (Protein A 

bead)

?

Protein A 
bead

Supernatant

  Fig. 1     Schematic   overview of ChIP method. DNA and DNA-binding proteins are covalently crosslinked followed 
by chromatin shearing. Chromatin fragments are immunoprecipitated using bead-coupled specifi c antibodies 
against proteins of interest. The purifi ed DNA, following the reversal of crosslinking, is analyzed by the method 
of choice.       
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tion specifi city can be verifi ed with continuous signal detection 
during heating from 55 °C to 95 °C.  

   High-throughput techniques such as New Generation Sequencing 
(NGS) may also be coupled to ChIP. This approach allows the user 
to investigate all or most chromatin regions that are bound to a 
specifi c transcription factor or any other protein of interest. Besides, 
 NGS   within some limits may supply users with trustable, quantita-
tive and comparable information ( see   Note    1  ).  

   Another high-throughput solution for the detection of fi shed 
DNA sequences is using some sort of microarray-based technique. 
As many different platforms with a wide range of data-points are 
available, one can choose the optimal solution depending on 
 expected   results, sample type, and other aspects. The limit of these 
chip slides is that one can detect only regions that are represented 
on the chip as a probe [ 26 ].  

1.3.2  ChIP-Seq

1.3.3  ChIP-Chip, 
ChIP-on-Chip

   Table 1  
  List of  differen  t ChIP applications and their main characteristics   

 Designation  Abbreviation  Summary  Reference 

 Carrier ChIP  CChIP  ChIP is carried out of ca 100 cells mixed with carrier 
Drosophila cells to reduce loss of target chromatin 

 [ 31 ] 

 Quick and 
quantitative 
ChIP 

 Q 2 ChIP  Starting with 10 6  cells in crosslinking and sonication. 
The immunoprecipitation is done with a 100-cell 
aliquote using fast protocol and quantitative real-time 
PCR detection 

 [ 32 ] 

 Fast ChIP  qChIP  The binding of antibody to target is facilitated with 
ultrasonic bath, the DNA isolation is Chelex-100- 
based. In 5 h 24 PCR-ready ChIP DNA can be 
produced 

 [ 33 ] 

 MicroChIP  μChIP  A 1-day protocol with small cell number (100–1000) or 
tiny tissue biopsies 

 [ 34 ,  35 ] 

 Matrix ChIP  Potentially automatable 96-well plate-based assay with 
simplifi ed process 

 [ 36 ] 

 Pathology 
tissue-ChIP 

 PAT- ChIP    Developed protocol enables user to start with laser 
microdissected FFPE tissue sample 

 [ 37 ] 

 ChIP-nexus  ChIP coupled with exonuclease to gain nucleotide-level 
resolution 

 [ 38 ] 

 Ultra-low-input 
ChIP-seq 

 ULI-ChIP- 
seq 

 A combination of ChIP and  NGS   sequencing with 1000 
cells as starting material using and micrococcal 
digestion (NChIP) 

 [ 39 ] 

Analysis of Viral Epigenotypes Using Chromatin Immunoprecipitation
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   In addition to the above-mentioned high-throughput methods, 
mass spectrometry has been developing in technology and capacity 
as well and was linked to ChIP. Isolated chromatin, using antibod-
ies against  histone  -modifi cations or chromatin-associated proteins, 
can be analyzed further for co-immunoprecipitated proteins with 
mass spectrometry analysis and protein identifi cation (ChroP, 
Chromatin Proteomics or ChIP- MS   and m-ChIP) [ 27 ,  28 ]. 

 With this armada of subsequent methods linked directly to 
chromatin immunoprecipitation and numerous available antibod-
ies directed not only against proteins but also at methylated or 
hydroxymethylated cytosines or at methylated-cytosine-binding 
proteins (Me-DIP: methylated DNA immunoprecipitation; hMe- 
DIP: hydroxymethylated DNA immunoprecipitation; MeCP2 
ChIP) and at different amino acid side-chain modifi cations, nearby 
transcription factor and cofactor binding, all epigenetic mecha-
nisms can be quantitatively and qualitatively examined within 
entire viral and host genomes. 

 The list of methods presented above is by far not complete, 
and as methodologies are developing and coming up, the list is 
continuously broadening. For example, there are efforts to com-
bine and correlate ChIP-seq data with mass spectrometry results, 
too. 

 The method presented below is based on the classical X-ChIP 
workfl ow described by Farnham et al. (2002), with some adapta-
tions [ 8 ,  23 ,  29 ]. The presented results are unpublished data of 
Banati et al. on the  EBER   region of Epstein-Barr virus. This 
method applies “home-made” buffers with the entire protocol free 
of kits, except for the detection method, real-time PCR in this case 
( see   Note    2  ).    

2    Materials 

       1.    37 % Formaldehyde.   
   2.    2.5 M Glycine.   
   3.    PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM  N  a 2 HPO 4 , 1.8 mM 

KH 2 PO 4 , pH 7.4.   
   4.    Cell lysis buffer: 5 mM Pipes, pH 8.0, 85 mM KCl, 0.5 % 

NP40 + freshly added protease inhibitor.   
   5.    Nuclei lysis buffer: 50 mM Tris–HCl, pH 8.1, 10 mM EDTA, 

1 % SDS + freshly added protease inhibitor.      

       1.    Proteinase K, 20 mg/mL.   
   2.    RNase I, 10 mg/mL.   
   3.    5 M NaCl.   

1.3.4  ChIP Associated 
Mass Spectrometry

2.1  Chromatin 
Preparation

2.2  Evaluation 
of Chromatin 
Shearing, Reverse 
Crosslinking, DNA 
Isolation
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   4.    Column-based DNA extraction kit.   
   5.    TE buffer: 10 mM Tris–HCl, pH 8.0, 0.1 mM EDTA.   
   6.    10 % SDS.      

       1.    IP Dilution Buffer: 0.01 % SDS, 1.1 % Triton X-100, 1.2 mM 
EDTA, 16.7 mM Tris–HCl, pH 8.0, 167 mM NaCl.   

   2.    Sonicated salmon sperm DNA, 10 μg/μL.   
   3.    tRNS, 11 mg/mL.   
   4.    50 % Protein A bead ( see   Note    3  ).   
   5.    LiCl detergent wash buffer: 10 mM Tris–HCl, pH 8.1, 1 mM 

EDTA, 250 mM LiCl, 1 % IGEPAL-CA630, 1 % deoxycholate.   
   6.    Low salt buffer: 0.1 % SDS, 1 % Triton X-100, 2 mM EDTA, 

20 mM Tris–HCl, pH 8.0, 150 mM NaCl.   
   7.    High salt buffer: 0.1 % SDS, 1 % Triton X-100, 2 mM EDTA, 

20 mM Tris–HCl, pH 8.0, 500 mM NaCl.   
   8.    Elution buffer: 1 % SDS, 0.1 M NaHCO 3 .      

       1.    Protein A bead, agarose or sepharose coupled ( see   Note    3  ).   
   2.    Lysis buffer: 1 % SDS, 10 mM EDTA, 50 mM Tris–HCl, 

pH 8.0 + freshly added protease inhibitor.   
   3.    Dilution buffer: 1 % Triton X-100, 150  m  M NaCl, 2 mM 

EDTA, 20 mM Tris–HCl, pH 8.0 + freshly added protease 
inhibitor.   

   4.    BSA, 10 μg/μL.   
   5.    Sonicated salmon sperm DNA, 10 μg/μL, ( see   Note    4  ).      

       1.    Real-time PCR kit.   
   2.    Positive control, DNA.   
   3.    Negative control, TE buffer if DNA is eluted in TE.   
   4.    PCR grade water.       

3    Method 

       1.    Take ca 4 × 10 7  cells in 44 mL media.   
   2.    Add 1.22 mL 37 % formaldehyde (1 % fi nal concentration) and 

incubate with gentle agitation for 10 min at RT.   
   3.    Add 2.38 mL 2.5 M glycine (0.125 M fi nal concentration) and 

incubate with gentle agitation for 5 min at RT.   
   4.    Centrifuge tube at 1100 ×  g  for 5 min at 4 °C.   
   5.    Wash cell pellet twice in 5 mL PBS.   
   6.    Discard all the supernatant carefully.   

2.3  Immunopre ci-
pitation

2.4  Activation 
of Protein A Bead

2.5  Detection, 
Quantifi cation 
of ChIP-ed DNA

3.1  Chromatin 
Preparation
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   7.    Resuspend pellet in 1 mL cell lysis buffer and incubate on ice 
for 5 min.   

   8.    Centrifuge sample at 1500 ×  g  for 5 min at 4 °C (nuclei will 
settle down).   

   9.    Repeat  steps 6–8 .   
   10.    Discard all the supernatant carefully.   
   11.    Resuspend pellet in 2 mL nuclei lysis buffer and incubate on 

ice for 5 min.   
   12.    Use own protocol to sonicate sample.    This step is highly 

dependent on the instrument and/or method used, and 
accordingly we do not go into details ( see   Note    5  ).   

   13.    Centrifuge sample on 4 °C for 5 min at 15,000 ×  g .      

       1.    Take 100 μL supernatant, add 6 μL 5 M NaCl and 2 μL RNase 
I, and incubate at 65 °C overnight (at least 2 h).   

   2.    Add 4 μL Proteinase K and incubate at 50 °C for 1 h.   
   3.    Purify DNA with classical Phenol-Chloroform-Isoamyl alcohol 

protocol ( see   Note    6  ).   
   4.    Separate extracted DNA in 1 % conventional TBE or TAE aga-

rose gel. Sheared chromatin size should be around 300–500 
bases.      

       1.    To 90 μL lysate add 810 μL IP dilution buffer, 18 μL sonicated 
salmon sperm DNA, 16 μL tRNA and 36 μL activated (!!!) 
Protein A bead.   

   2.    Rotate sample for 30 min at RT.   
   3.    Centrifuge sample at 1500 ×  g  for 3 min RT.   
   4.    Divide supernatant into 2 tubes (ca 2 × 450 μL).   
   5.    Add 2 μg antibody specifi c to the protein of interest to tube 1 

(Ab + sample).   
   6.    Add 2 μg nonimmunized rabbit IgG to tube 2 (Ab- samples).   
   7.    Vortex samples and incubate at 4 °C overnight (ON) with gen-

tle agitation (rotation).   
   8.    Add 30 μL 50 % protein A bead, rotate at RT for 30 min.   
   9.    Centrifuge at 1500 ×  g , 1 min. Save Ab- sample supernatant 

as total input chromatin (TIC) until the  step 15 . Discard 
Ab + supernatant.   

   10.    Wash bead 1× in 1 mL Low salt buffer (cf. 1500 g, 1 min).   
   11.    Wash bead 1× in 1 mL High salt buffer (cf. 1500 g, 1 min).   
   12.    Wash bead 2× in 1 mL LiCl Wash buffer (cf. 1500 g, 1 min).   
   13.    Wash bead 2× in 1 mL TE buffer (cf. 1500 g, 1 min).   
   14.    Resuspend bead in 100 μL TE.   

3.2  Evaluation 
of Chromatin 
Shearing, Reverse 
Crosslinking, DNA 
Isolation

3.3  Immunopre-
cipitation
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   15.    Add 1 μL RNase I and incubate at 65 °C ON. TIC sample can 
be processed in parallel. With TIC samples follow protocol 
from  step 20 .   

   16.    Add 2 μL 10 % SDS, 5 μL Proteinase K and incubate at 50 °C 
for 1 h.   

   17.    Centrifuge with 1500 ×  g , 2 min.   
   18.    Isolate DNA from the supernatant  using   a silica column-based 

method.   
   19.    Elute DNA in 50 μL TE.   
   20.    Add 4.5 μL RNase I to TIC samples and incubate at 65 °C 

ON.   
   21.    Add 9 μL 10 % SDS, 22.5 μL Proteinase K and incubate at 

50 °C for 1 h.   
   22.    Centrifuge with 1500 ×  g , 2 min.   
   23.    Isolate DNA from the supernatant using a silica column-based 

method (PCR purifi cation kit).   
   24.    Elute DNA in 50 μL TE.      

       1.    Add 600 μL TE to 0.15 g Protein A agarose bead and incubate 
for 1.5 h at RT.   

   2.    Add 600 μL TE and wash the bead four times (centrifugation 
with 2000 ×  g  for 5 min between washing steps).   

   3.    After discarding supernatant add 600 μL TE resulting ca 
1.2 mL 50 % bead ( see   Note    8  ).   

   4.    Add 50 μL Sonicated Salmon Sperm DNA (ca 400 μg/mL 
fi nal conc.) to 50 % bead.   

   5.    Add 125 μL BSA (ca 90 μg/mL fi nal conc.).   
   6.    Store activated bead at 4 °C until use.      

   Here an example is shown; the actual parameters will vary, of 
course, depending on the actual experiment to be performed. 

 In this ChIP study, we used antibodies directed to modifi ed 
 histones   to characterize the epigenetic marks in a region of the 
EBV genome. Quantitation of antibody-precipitated DNA seq-
uences of different Epstein-Barr virus carrying cell lines permitted 
assessing the abundance of the activating histone modifi cations 
Acetylated Histone 3 (AcH3), Acetylated Histone 4 (AcH4), and 
dimethylated Lysine 4 of Histone 3 (H3K4me2) in the regulatory 
and coding sequences of  EBER   1 and 2 genes. The primers used to 
detect EBER sequences are listed in Table  2 .

    qPCR   reaction was done in 20 μL containing 10 μL 2× 
SensiFAST SYBR No-Rox Kit, 1 μL each of two primers (5 μM, 
each), 7 μL dH 2 O and 1 μL  template   DNA. Amplifi cation was per-
formed as follows in Table  3 .

3.4  Bead Activation 
( see   Note    7  )

3.5  Detection, 
Quantifi cation 
of ChIP-ed DNA
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   The concentration of the samples was determined with the 
help of a plotted standard curve obtained from a 10× dilution 
series of the most concentrated total input chromatin DNA. 

 A typical result is demonstrated in Fig.  2 .
   All of the examined histone modifi cations were found to be 

present in great amounts within the entire EBER locus in all of 
the investigated cell lines. There were minor differences between 
the individual cell lines in all cases. The Rael and  Mutu   I Burkitt’s 
lymphoma cells carrying latency type I EBV genomes were more 
enriched in AcH3 throughout the EBER locus, compared to the 
CBM1 and Mutu III, latency type III cells that carry the same 
EBV strains with their latency I counterparts. The same tendency 
was observed in case of acetylated H4. The abundance of these 
 histone   modifi cations was variable in the C666-1 nasopharyngeal 
 carcinoma   cell line and the  Raji   Burkitt’s lymphoma cell line. The 
H3K4me2 modifi cation was approximately equally abundant in 
the 5′ promoter sequence of the lymphoid cell lines, but the 
C666-1 nasopharyngeal carcinoma cells lacked this modifi cation in 
that region. In the coding sequences, the latency type I cell lines 
(Rael, Mutu I) had lower amounts of the H3K4me2 modifi cation 
compared to their latency type III counterparts (CBM1, Mutu III, 
respectively). The C666-1 cells showed the highest amount, and 

   Table 2  
  Primers used  to   detect EBER sequences in  ChIP   experiment   

 EBER region  Name of the primer (position in sequence) a  
 Sequence of primers 
 5′- 3′ 

 EBER- CTCF  EBER-CTCF up (6136–6156)  tca cag cta aat gcc cac cag 
 EBER-CTCF low (6339–6319)  ctc aga aaa cac gcc atc cac 

 EBER1  EBER1 up (6656–6676)  cta ggg agg aga cgt gtg tgg 
 EBER1  low   (6777–6757)  gct ggt act tga ccg agg acg 

 EBER2  EBER2 up (6988–7004)  cac cgc caa cgc tca gtg 
 EBER2 low (7111–7091)        cga ata ccc ttc tcc cag agg 

   a  according to the NC_007605 NCBI reference genome  

   Table 3  
  Thermal program of the  qPCR   used for the amplifi cation of  EBER   sequences   

 Denaturation, enzyme activation  95 °C 2 min  1× 

 Denaturation  95 °C 10 s  40× 
 Annealing and elongation  60 °C 30 s  a  

 Tm calling  60–95 °C, 0,3 °C/s ramping  1× 

   a  Fluorescence was measured at the end of this step  

Ferenc Bánáti and Kálmán Szenthe
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the Raji cells showed the smallest amount of this modifi cation in 
the  EBER   coding sequences.   

4             Notes 

     1.    For high-throughput ChIP experiments, the data handling 
might be extremely exhausting. To ease this problem, a Web- 
based analysis tool was created called MEME-ChIP [ 30 ].   

   2.    The entire ChIP protocol can be performed within hours using 
commercial ChIP kits.   

   3.    Magnetic or any other kind of beads might be suitable; how-
ever, the exact experimental conditions have to be individually 
adjusted.   

   4.    Other DNA protecting agents can also be used.   
   5.    To shear chromatin one can use  ultrasound  , physical braking 

(syringe, nitrogen), or specifi c nucleases (restriction endonu-
cleases, micrococcal DNase, or limited DNase I treatment). In 
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  Fig. 2     ChIP   results of  EBE  R region using modifi ed  histone   specifi c and nonspecifi c antibodies. The abundance 
of different histone modifi cations is expressed as the percentage of the total input chromatin. Panel A: 
Acetylated Histone H3, panel B: Acetylated Histone H4. Panel C: dimethylated lysine 4 of Histone H3, panel D: 
Mock- precipitated samples. On the left side, the amount of modifi cations in the 5′ regulatory sequence ( black 
columns ), in the middle the EBER 1 coding sequence ( green columns ), on the  right  the EBER 2 coding sequence 
( orange columns ) is shown in the examined cell lines       
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each case, the exact experimental conditions have to be adjusted 
experimentally.   

   6.    Instead of classical methods column-based DNA purifi cation 
kit or PCR clean-up kit can be used.   

   7.    In case of ready to use beads and several all-inclusive ChIP kits 
there is no need for an extra bead activation step.   

   8.    The exact amount of TE buffer needed has to be estimated based 
on the remaining bead volume to obtain 50 % bead solution.         
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    Chapter 17   

 Mice with Reconstituted Human Immune System 
Components as a Tool to Study Immune Cell Interactions 
in EBV Infection                     

     Frank     Heuts     and     Noemi     Nagy      

  Abstract 

   Recent developments in mouse models that harbor part of a human immune system have proved extremely 
valuable to study the in vivo immune response to human specifi c pathogens such as Epstein-Barr virus. 
Over the last decades, advances in immunodefi cient mouse strains that can be used as recipients for human 
immune cells have greatly enhanced the use of these models. Here, we describe the generation of mice 
with reconstituted human immune system (HIS mice) using immunocompromised mice transplanted with 
human CD34 +  hematopoietic stem cells. We will also describe how such mice, in which human immune 
cells are generated de novo, can be used to study EBV infection.  

  Key words     CD34 +   ,   Humanized mice  ,   Epstein-Barr virus  ,   Latency  

1      Introduction 

 Studies of human specifi c pathogens such as Epstein-Barr virus 
(EBV) have been hampered by the lack of suitable small animal 
models for in vivo studies. Immunocompromised mice engrafted 
with human hematopoietic cells have proved to be extremely valu-
able in this respect; however, these models were limiting in that 
they were relying on the transfer of  peripheral blood mononuclear 
cells (PBMCs)  , and no immune cells developed de novo in these 
animals. Recent advances in immunodefi cient mouse strains have 
allowed for the development of improved animal models.  After   
transplantation with human  CD34   +  hematopoietic stem cells, such 
mice develop human immune cells, notably T and B cells, allowing 
for infection with human tropic viruses such as EBV and the sub-
sequent immune response [ 1 ,  2 ]. Here, we describe how to gener-
ate mice with human immune system components (HIS mice) by 
transplantation of human hematopoietic stem cells into newborn 
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immunodefi cient mice, and how such mice can be used successfully 
to study EBV infection in vivo through manipulation of cell 
populations in vivo and subsequent ex vivo experiments.  

2    Materials 

       1.    Newborn  NOD/Lt- scid IL2rγ   null   (NSG)   mice ( see   Note    1  ).   
   2.    Irradiation source ( see   Note    2  ).   
   3.    100 mm 2  petri dish.   
   4.    CD34 +  human hematopoietic stem cells ( see   Note    3  ) purifi ed 

using the human  CD34   +  isolation kit (e.g., Miltenyi Biotec or 
equivalent products from other vendors).   

   5.    Sterile phosphate buffer saline (PBS).   
   6.    Eppendorf tubes.   
   7.    25 μL Hamilton syringe (Model 702 RN SYR (25 μL with 

replaceable needle) with 30 gauge, Small Hub RN NDL, 1 in., 
point style 4 (Sharp 10–12° beveled needle)).   

   8.    Eppendorf tubes containing anticoagulant, for example 2 mM 
EDTA in PBS.      

       1.    Antibodies for depletion ( see   Note    4  ).   
   2.    Sterile PBS.   
   3.    27 gauge needles.   
   4.    1 mL syringes.   
   5.    EBV stock of known titer.   
   6.    Weighing scales.      

       1.    Sterile PBS.   
   2.    70 μm cell strainers.   
   3.    22.1 cm 2  petri dishes.   
   4.    2 mL syringes.   
   5.    Ammonium chloride lysing solution:  8  .25 g NH 4 Cl, 1 g 

KHCO 3  and 200 μL 0.5 M EDTA dissolved in 1 L ddH 2 O and 
pH adjusted to 7.2.   

   6.    Complete RPMI medium: RPMI with 10 % fetal calf serum 
(FCS), 100 U/mL penicillin, 100 μg/mL streptomycin.      

       1.    FACS buffer: 2 % fetal bovine serum in PBS.   
   2.    Fluorescent conjugated antibodies ( see   Note    5  ).   
   3.    Fc blocking reagent.   

2.1  Generation 
of HIS Mice

2.2  EBV Infection 
and Immune System 
Manipulation In Vivo

2.3  Processing 
of Organs

2.4  Flow Cytometric 
Analysis of Tissues 
and Cell Cultures
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   4.    BD FACS lysing solution.   
   5.    Flow cytometer.   
   6.    Flow cytometry analysis software.      

       1.    Total RNA isolation kit, for example Quick-RNA Miniprep 
(Zymo Research) or kits from other suppliers can be used 
( see   Note    6  ).   

   2.    cDNA synthesis kit, for example SuperScript VILO (Invitrogen) 
or from other suppliers.   

   3.    SYBR Green-based real-time RT-PCR kit, for example 
LightCycler FastStart DNA Master SYBR Green I kit (Roche) 
or similar.   

   4.    Primers ( see   Note    7  ).   
   5.    Ultrapure DNase/RNase-free distilled water.   
   6.    Nuclease free, aerosol-resistant pipette tips (with fi lter).   
   7.    Nuclease free Eppendorf tubes (1.5 mL).      

       1.    Complete RPMI medium: RPMI  with   10 % fetal calf serum 
(FCS), 100 U/mL penicillin, 100 µg/mL streptomycin.   

   2.    Stock solution of 1 mg/mL Cyclosporin A.      
   3.    96 well plate (fl at bottom).   
   4.    Methyl- 3 H-Thymidine.   
   5.    Glass fi ber fi lters (e.g., from Perkin Elmer).   
   6.    Cell harvester for a 96-well plate.   
   7.    Scintillation liquid (e.g., Betaplate scint from Perkin Elmer).   
   8.    β-counter.       

3    Methods 

       1.    All work on  NSG   mice should be performed in a sterile envi-
ronment to prevent possible infections.   

   2.    Set up NSG breeder pairs and monitor for newborns.   
   3.    Transfer newborn recipients 24–48 h after birth into a sterile 

100 mm 2  Petri dish containing some bedding of the breeding 
cage.   

   4.    Irradiate recipient newborn mice with 1 Gray.   
   5.    Prepare  CD34 +    cells for transplantation to concentration of 

4 × 10 6 /mL in PBS in an Eppendorf vial ( see   Notes    8   and   9  ).   
   6.    Preload the Hamilton syringe with 25 μL CD34 +  cell 

suspension.   

2.5  Real-Time 
RT- PCR  

2.6  In Vitro 
Measurement 
of Splenocyte 
Proliferation

3.1  Generation 
of HIS Mice

EBV Infection of Humanized Mice
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   7.    Inject 1 × 10 5  CD34 +  progenitor cells intrahepatically 4 h after 
irradiation. In order to prevent the cell suspension from leak-
ing out of the liver and abdomen the injection should be per-
formed as in Fig.  1 . Gently scruff the mouse between thumb 
and index fi nger and puncture the skin in the neck, avoiding 
the carotic nerve. Move the needle over the rib cage, through 
the diaphragm into the liver until the needle enters one of the 
lobes. Gently inject the cell suspension. If cells are injected 
correctly the lobe will turn pale and swell up slightly.

       8.    After injection carefully retract the needle and return the new-
born to the cage with the mother.   

   9.    Wean the transplanted mice at 3 weeks of age.   
   10.    Allow reconstitution to take place until the mice are 8–12 weeks 

old ( see   Note    10  ).   
   11.    Collect a 50 μL blood sample in a tube containing anticoagu-

lant and analyze for engraftment of human hematopoietic cells 
by fl ow  cytometry   (Subheading  3.4.1 ).   

   12.    Use mice with suffi cient engraftment levels for EBV infection 
( see   Note    11  ).      

       1.    Prior to and during infection with EBV, selected human 
immune cells can be depleted through intraperitoneal injection 
of antibodies targeting these populations ( see   Note    4  ).   

   2.    Prepare EBV by diluting in PBS so that 100 μL of suspension 
contains the desired viral titer for infection.   

3.2  EBV Infection 
of  Humanized   Mice

  Fig. 1    For injection of  human    CD34 +    cells, newborn mice should be held between 
thumb and index fi nger. 25 μL of cell suspension needs to be injected into one 
lobe of the liver as shown       
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   3.    Inject mice intraperitoneally with 100 μL of virus suspension.   
   4.    Monitor health by checking weight, behavior, and appearance three 

times weekly and if applicable treat with depleting antibody.   
   5.    Sacrifi ce mice at the desired time point and harvest tissues of 

interest for analysis ( see   Note    12  ).      

         1.    Create single cell suspensions of lymph nodes and spleen by 
straining through a 70 μm cell strainer into a 22.1 cm 2  petri 
dish containing 1 mL PBS using the plunger of a 2 mL syringe.   

   2.    Collect single cell suspension and transfer into 15 mL polypro-
pylene tube.   

   3.    Wash in 10 mL PBS and centrifuge cells at 400 ×  g  for 10 min 
at 4 °C.   

   4.    Aspirate supernatant.   
   5.    Resuspend splenic cells in 2 mL ammonium chloride lysing 

solution to lyse red blood cells. Leave for 10 min at room tem-
perature. This step is not required for lymph node cell suspen-
sions. For preparation of lymph nodes continue at  step 7  in 
this protocol.   

   6.    Stop lysis by adding 10 mL of PBS and centrifuge cells at 
400 ×  g  for 10 min at 4 °C.   

   7.    Resuspend pelleted cells in 1 or 3 mL of complete RPMI for 
lymph node or spleen cell suspensions respectively.   

   8.    Count cell number in a haemocytometer and proceed with 
ex vivo analysis.      

          1.    Transfer 80 μL of anticoagulated blood into  a   6 mL polysty-
rene FACS tube.   

   2.    Add 20 μL of antibody mastermix containing antihuman 
CD45, CD3, and CD19 antibodies ( see   Note    5  ) and Fc block-
ing reagent in FACS buffer.   

   3.    Incubate for 10 min at 4 °C.   
   4.    Wash once in 1 mL FACS buffer and centrifuge cells at 400 ×  g  

for 5 min at 4 °C.   
   5.    Aspirate supernatant.   
   6.    Resuspend pellet in 1.5 mL BD FACS lysing solution and 

incubate for 12 min at room temperature.   
   7.    Add 3 mL FACS buffer to every sample and centrifuge cells at 

400 ×  g  for 5 min at 4 °C.   
   8.    Resuspend cell pellet in 250 μL of FACS buffer and acquire 

samples on a fl ow cytometer.   
   9.    Analyze B and T cell populations within the human CD45 

positive cell population using fl ow cytometry analysis software 
such as FlowJo.      

3.3  Processing 
of Organs

3.4  Flow Cytometry

3.4.1  Flow Cytometric 
Analysis of Blood Samples
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        1.    Prepare 100 μL antibody mixture for labeling the cells per 
sample by mixing the required antibodies at the right concen-
tration ( see   Note    5  ) and the Fc blocking reagent in FACS 
buffer.   

   2.    Transfer 1 × 10 6  cells to be analyzed into a 6 mL polystyrene 
FACS tube.   

   3.    Wash once in 1 mL FACS buffer and centrifuge cells at 400 ×  g  
for 5 min at 4 °C.   

   4.    Aspirate supernatant.   
   5.    Resuspend cell pellet in 100 μL of the prepared antibody mix-

ture and incubate the samples for 10 min at 4 °C protected 
from light.   

   6.    Wash once in 1 mL FACS buffer and centrifuge cells at 400 ×  g  
for 5 min at 4 °C.   

   7.    Resuspend cell pellet in 250 μL of FACS buffer and acquire 
samples on a fl ow cytometer.   

   8.    Analyze B and T cell populations within the human CD45 
positive cell population using fl ow cytometry analysis software 
such as FlowJo.       

   In vivo generation of the various latency types can be ascertained 
by determining the presence and relative abundance of the differ-
ent EBV  transcripts   initiated from the latency type specifi c promot-
ers. C (Cp) and W (Wp)  promoters   identify latency III cells, while 
Qp is characteristic of latency I and latency IIa cells [ 3 ]. Other 
EBV encoded genes, e.g.,  EBNA2        , LMP1, EBER1/2, can be 
determined as well.

    1.    Pellet 1–3 × 10 6  cells from the suspension prepared from the 
spleen or other organs as described at Subheading  3.3  in a 
nuclease free Eppendorf tube (1.5 mL). Discard completely 
the supernatant (medium) with an aerosol-resistant tip. 
Proceed directly to total RNA purifi cation or quick freeze the 
pellet at −80 °C where it can be kept until a later time point 
when RNA is purifi ed.   

   2.    Purify total RNA according to the manufacturer’s protocol ( see  
 Note    13  ) and measure RNA concentration with your method 
of choice, for example by Nanodrop. High quality RNA should 
have an  A 260/ A 280 ratio >1.8, and  A 260/ A 230 ratio >1.8.   

   3.    Perform cDNA synthesis according to the manufacturer’s 
instructions. If SuperScript VILO kit is used, the amount of 
input total RNA can be anywhere between 100 ng and 2.5 μg 
in a 20 μL reaction, where the maximum volume of RNA can 
be 14 μL. cDNA can be stored at −20 °C.   

   4.    To perform  the      real- time   RT-PCR reaction, dilute cDNA in 
ultrapure DNase/RNase-free distilled water to achieve the 

3.4.2  Flow Cytometry 
of Tissue Samples 
and Cultured Cells

3.5  Latency Type 
Determination/EBV 
 Gene Expression   
by Real-Time RT- PCR   
of Splenic Cells
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concentration equivalent of starting with 100 ng of RNA. For 
example if 1.5 μg total RNA was used in the cDNA synthesis 
reaction, then a 15 times dilution should be performed ( see  
 Note    14  ). Two microliters of this diluted cDNA will be used 
in a 20 μL real-time PCR reaction. 

 The PCR mix for one reaction contains 10.8 μL H 2 O; 
3.2 μL 25 mM MgCl 2 ; 1 μL of 5 μM forward and reverse prim-
ers each (giving a total fi nal concentration of 0.5 μM), 2 μL of 
the 10× concentrated LightCycler FastStart reaction mix SYBR 
Green I with the admixed LightCycler FastStart enzyme and 
2 μL of the diluted template (cDNA).   

   5.    Run  the   PCR reaction: initially denature the mix at 95 °C for 
10 min and then run 40 cycles of 95 °C for 8 s, 60 °C for 5 s, 
72 °C for 8 s.   

   6.    Calculate the relative level of each transcript by using the stan-
dard curve method ( see   Note    15  ). For normalization use the 
relative values of the simultaneously measured EF1α tran-
scripts, used as housekeeping gene ( see   Note    16  ). EBV genes 
are only expressed in human B cells; thus, the relative expres-
sion values have to be related to the number of B cells present 
in the cell suspension used as starting material. For this, the 
results of the FACS analysis described in Subheading  3.4.2  are 
used. If the percentage of B cells in the human lymphocyte 
gate is “N” for a given spleen, then the relative EBV gene 
expression in B cells in that spleen = relative expression obtained 
in the  PCR      reaction/N × 100.    

     Cell-mediated immunity against EBV that has been generated 
in vivo can be monitored in vitro as the capacity of T lymphocytes 
to inhibit virus induced proliferation of B cells. EBV specifi c T cells 
that are present would inhibit the in vitro growth of transformed B 
cells. This test is a modifi ed version of the classical, so called out-
growth inhibition (regression) test [ 4 ]. Unlike in the standard out-
growth inhibition assay, in this present version, we do not 
“super-infect” in vitro the lymphocyte population derived from the 
infected mice’s spleen. In this way, the test also gives information 
about the proliferative capacity of the in vivo infected B cells, thus 
indirectly about their latency types. Cells with latency I or IIa lack 
 EBNA2   expression; thus they do not have inherent proliferative 
capacity in vitro. Therefore, proliferating B cell cultures would be 
detected after 4 weeks if the B cells present in the spleen express 
latency III program and the number of EBV specifi c T cells is too 
low to inhibit them. In order to measure only the proliferative 
capacity of the B cells, in half of the cultures we inhibit T cell  function   
with Cyclosporin  A  .

    1.    Seed the cells in doubling dilutions from 2 × 10 5  to 0.12 × 10 5 /well 
(fi ve different concentrations). Set up at least ten replicates for 

3.6  Proliferative 
Capacity of EBV-
Infected B Cells 
from Spleen or Lymph 
Nodes and Effect 
of T Cells
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each dilution. For this purpose, resuspend 5 × 10 6  cells from 
the single cell suspension prepared from the spleen (described 
at Subheading  3.3 .) in 2.5 mL complete RPMI medium. This 
will give a concentration of 2 × 10 6  cells/mL.   

   2.    Distribute 100 μL of complete medium into rows 2–5 of a 
96-well plate with fl at bottom (leave the fi rst row empty).   

   3.    Distribute 200 μL cell suspension into the fi rst row (which 
does not contain medium) of the plate.   

   4.    Starting from this row, prepare the serial doubling dilutions by 
transferring 100 μL of cell suspension into the next row, admix 
with the medium already present there, and transfer 100 μL 
into the next row. Repeat this until the last row, from where 
after the mixing step 100 μL cell suspension is discarded. This 
will provide you with 0.12 × 10 5  cells/well in the last row.   

   5.    Add 100 μL complete medium to half of the wells of each cell 
concentration (total of 200 μL/well).   

   6.    To the other half of the wells, add 100 μL complete medium 
that contains 1 μg/mL Cyclosporin A (CsA). Thus, the fi nal 
concentration will be 0.5 μg/mL CsA and this will inhibit the 
T cell functions. To prepare the 1 μg/mL  Cs  A, add 3.5 μL 
from the stock solution (1 mg/mL) to 3.5 mL medium.   

   7.    Feed the cells weekly by replacing 100 μL culture medium 
with 100 μL fresh complete RPMI medium. For the CsA con-
taining cultures replace the old medium with 100 μL medium 
that contains 0.5 μg/mL CsA.   

   8.    After 4 weeks, evaluate the growth of transformed B cells by 
visual examination, by recording the presence of cell clumps. 
At this time point, only transformed B cells are present in the 
cultures, T cells do not survive.   

   9.    To obtain a more objective evaluation of the B cell growth, 
after the visual examination of the cultures, use  3 H-Thymidine 
incorporation to measure cell proliferation ( see   Note    17  ). For 
this, add 1 μCi  3 H-Tymidine to each well. Incubate for 16 h, 
during which proliferating cells will incorporate the labeled 
nucleotide into newly synthesized DNA.   

   10.    Harvest the cells from the plate on a glass fi ber fi lter, using a 
cell harvester.    

  Air dry the fi lter and seal it in a plastic bag. Add 4 mL scintil-
lation fl uid to the fi lter and measure radioactivity in a β-counter. 
Counts per minute (cpm) values are proportional with the number 
of proliferating cells present in each well. 

 Cultures grown in medium with  CsA   ( no   T cells were active) 
that incorporate  3 H-Thymidine, correspond to wells where B cells 
expressing latency III were present. 
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 The lower the cell number/well that still gives positive result, 
the higher the frequency of these B cells was in the spleen at the 
time of sacrifi ce. Comparing cpm values of cultures with the same 
starting cell number, grown with or without CsA, gives informa-
tion about the presence of EBV specifi c T cells. They were present, 
if cpm is lower in cultures with functioning T cells (no CsA) than 
in the absence of T cells (CsA added).   

4                        Notes 

     1.    While various immunodefi cient mouse strains can be used for 
engraftment with human  CD34 +    cells, NOD/Lt- scid  IL2Rγ null  
( NSG  ) mice have been shown superior over other strains. 
It should also be noted that there are no reports in which 
immunodefi cient strains on the C57BL/6J background have 
been successfully engrafted with human CD34 +  cells [ 5 ].   

   2.    A  137 Cs source is used in this protocol, but other radiation 
sources can be used. We recommend however performing a 
titration to establish the right dosage if another source is used.   

   3.    Human CD34 +  cells are commonly isolated from fetal liver, 
cord blood, or G-CSF mobilized  PBMCs  . Cord blood is a 
readily accessible source for most researchers and stem cells 
obtained from this source have been shown to give good 
engraftment results. Notably, larger numbers of CD34 +  cells 
can be obtained from fetal liver, and in addition to this, fewer 
stem cells are required to obtain satisfying levels of chimerism 
in the mice [ 6 ]. However, access to fetal liver is more restricted 
than cord blood. Engraftment of CD34 +  cells isolated from 
G-CSF mobilized blood is less effi cient compared to CB and 
HFL derived cells [ 6 ]. Additionally, getting access to this 
source of CD34 +  cells is limited due to ethical constraints.   

   4.     We   and others have successfully depleted human CD4 or CD8 
T cells by injecting  humanized   mice intraperitoneally with 
100 μg OKT-4 or 50 μg OKT-8 in 100 μL PBS for 3 consecu-
tive days every 2 weeks [ 2 ,  7 ]. Antibody treatment needs to be 
started 3 days prior to EBV inoculation to ascertain that the 
targeted cell subset has been depleted before exposure to 
EBV. Antibodies targeting other subsets of cells can be used 
provided that a dose and treatment regimen is established.   

   5.    The choice of antibodies for fl ow cytometric analysis depends on 
the question being asked; however, antibodies against human 
CD45 (clone 5B1), CD3 (clone UCHT1), and CD19 (clone 
HIB19) should be included in any panel used. The correct 
concentrations to be used for all antibodies should be estab-
lished on human peripheral blood  mononuclear   cells.   

EBV Infection of Humanized Mice
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   6.    If  EBERs   and/or  miRNAs   are going to be detected by PCR, 
make sure you use an RNA purifi cation kit and protocol that 
allows recovery of RNAs smaller than 200 nt as well.   

   7.    The following primer pairs were designed for the different 
EBV genes to be used in the  capillar  y LightCycler (Roche) 
instrument, but are expected to perform well in other, for 
example the Applied Bioscience instruments. The working 
solution of different primers is 5 μM. The primers are based on 
the B95-8 sequence; thus, their suitability for other EBV 
strains has to be tested.

 Primer pair  Sequence 

 Cp    5′-GAT CAG ATG GCA TAG AGA CAA GGA C-3′ 
 5′-AGG CTG TTT CTT CAG TCG GTT TAG-3′ 

 Wp [ 8 ]     5′-CGC CAG GAG TCC ACA CAA AT-3′ 
 5′-GAG GGG ACC CTC TGG CC-3′ 

 Qp     5′-GAT AGC GTG CGC TAC CGG AT-3′ 
 5′-TGC AGA  ATC   AGC TCT CCC AAA C-3′ 

 Fp     5′-TGC GAA AAC GAA AGT GCT TGA-3′ 
 5′-TGC AGA ATC AGC TCT CCC AAA C-3′ 

  EBER1       5′-TGC TAG GGA GGA GAC GTG TGT-3′ 
 5′-GAA GAC GGC AGA AAG CAG AGT-3′ 

 EBER2     5′-GCC CTA GTG GTT TCG GAC ACA-3′ 
 5′-GGA CAA GCC GAA TAC CCT TCT-3′ 

  LMP1       5′-GCA GGA GGG TGA TCA TCA GT-3′ 
 5′-GTC CTC TAT TCC TTT GCT CTC ATG-3′ 

  EBNA2    5′-GGA CAC AAG AGC CAT CAC CT-3′ 
 5′-CAA AGC ATT CGC ATA GCA GA-3′ 

 EF1α     5′-CTG AAC CAT CCA GGC CAA AT-3′ 
 5′-GCC GTG TGG CAA TCC AAT-3′ 

   The EF1α primer pair for the housekeeping gene is human 
specifi c; thus, the results will not be infl uenced by the contami-
nating mouse cells present in the starting material (cell 
suspension).   

   8.    If a fresh source of  CD34 +    cells is available on the day of trans-
plantation, freshly isolated cells can be used. Alternatively, iso-
lated CD34 +  cells can be frozen in 10 % dimethyl sulfoxide in 
fetal calf serum using a controlled rate freezer and thawed on 
the day of transplantation. Thawed cells should be enumerated 
prior to injection and resuspended in PBS at the correct 
concentration.   

   9.    1 × 10 5  CD34 +  cells are suffi cient to achieve 50 % chimerism in 
recipient mice [ 2 ]. If more donor cells are available a larger 
number of cells can be injected to improve reconstitution [ 6 ].   
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   10.    T  cell   reconstitution is complete 12 weeks after reconstitution. 
Blood samples analyzed at earlier time points may display a 
large variability in frequencies of T cells.   

   11.    What is considered a suffi cient level of engraftment will depend 
on the experimental setup. The investigators should establish 
experimentally which level of engraftment is suffi cient to 
answer their question.   

   12.    EBV-infected HIS mice can develop tumors, predominantly in 
the spleen although we have occasionally observed tumors in 
other anatomical locations such as liver and thymus.   

   13.    DNase treatment must be performed during RNA purifi ca-
tion, since  EBERs   do not contain intronic sequences, and our 
primer set for the housekeeping gene of choice (EF1α) does 
not span over intronic sequences either.   

   14.    Dilution is important because higher concentrations of cDNA 
will affect the signal baseline in SYBR Green reactions.   

   15.    Include in all PCR runs a standard sample of cDNA prepared 
from an established LCL (for Cp and other  transcrip  ts specifi c 
for latency III) and a cDNA from a typical type I cell line (for 
example: Rael) for Q promoter activity. In this way, results of 
test samples run in different occasions can be compared/
related to each other.   

   16.    Actin and GAPDH are often used as reference (housekeeping) 
genes for relative quantifi cation of  gene expression  . However, we 
found that expression of these genes was very different in samples 
derived from  infe  cted compared to noninfected mice. This was 
most likely a consequence of the presence of high numbers of 
activated and proliferating T and B cells in the infected mice. 
After testing a number of other genes suggested in the literature 
[ 9 ], we selected EF1α as a housekeeping gene, since it was 
expressed at much more stable levels in this system.   

   17.    Instead of  3 H-Tymidine incorporation, MTT [3-(4,5- Dimethylt
hiazol- 2-yl)-2,5-diphenyltetrazoliumbromid] or other methods 
can be used to evaluate the quality of the cultures (living cell 
number) in a more objective way than just visual examination.         
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    Chapter 18   

 Generation and Analysis of Humanized Mouse Model 
of EBV Infection                     

     Ken-Ichi     Imadome     and     Shigeyoshi     Fujiwara      

  Abstract 

   The recent development of severely immunodefi cient mouse strains enabled the production of new- 
generation humanized mice, in which major components of the human immune system are reconstituted. 
These new-generation humanized mice can be infected with human pathogenic viruses that do not infect 
regular mice and target cells of the hematoimmune system. Here we describe the method for preparing 
humanized mice, infecting them with EBV, and for their virological and immunological analyses. The 
results obtained from our own mouse models are briefl y described.  

  Key words     Epstein-Barr virus  ,   Humanized mouse  ,   Lymphoproliferative disease  ,   Rheumatoid arthri-
tis  ,   Latent infection  ,   Immune response  ,   T cell  ,   ELISPOT assay  ,   MHC class I tetramer  

1      Introduction 

 Humans are the only natural host of EBV infection and very few 
mammal species, including the cotton-top tamarin, can be infected 
with the virus experimentally. Although cotton-top tamarins have 
been used as an in vivo model of EBV-induced lymphomagenesis, 
 they   are an endangered species now and cannot be used in experi-
ments anymore. Small animal models, particularly useful in the eval-
uation of novel drugs and therapies, have not been available for 
EBV. The development of C.B-17  scid  mice in 1980s enabled the 
generation of  scid -hu PBL mice that were generated by intraperito-
neal injection of human peripheral blood mononuclear cells 
(PBMCs) in C.B-17  scid  mice. Injection of  PBMCs   isolated from 
EBV-seropositive donors induced the development of EBV- positive 
B-cell lymphoma in  scid -hu PBL mice, whereas those from sero-
negative donors did not [ 1 ].  Scid -hu PBL mice were thus utilized as 
a small animal model of EBV-induced B-cell oncogenesis. However, 
this early version of humanized mouse was actually a xenotransplan-
tation model and  was   not suitable for direct analysis of in vivo events 
induced by EBV infection, including immune responses. 
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 The development of severely immunodefi cient mouse strains, 
such as NOD/Shi- scid Il2rg  null  (NOG) [ 2 ], BALB/c  Rag2  −/−  Il2rg  −/−  
(BRG) [ 3 ], and NOD/LtSz- scid Il2rg  −/−  (NSG)    [ 4 ], enabled 
reconstitution of functional human immune  system   components in 
mice by transplanting them with human hematopoietic stem cells 
(HSCs) [ 5 ]. Mice thus prepared are often called new-generation 
humanized mice and are a powerful tool to study the development 
and function of the human immune system. In addition, these 
new-generation humanized mice have been used to reproduce key 
features of viral infections that target cells of the human hematoim-
mune system [ 6 ]. In vivo infection models for viruses including 
Epstein-Barr virus (EBV), human  immunodefi ciency   virus type 1 
(HIV-1),    Dengue virus, and Kaposi’s sarcoma-associated herpesvi-
rus (KSHV)    have been prepared using new-generation humanized 
mice [ 6 ]. Pathogenesis of these viruses and novel experimental 
therapeutics for them have been studied in these mice [ 6 ]. We have 
used NOG mice to prepare a humanized mouse model of EBV 
infection and reproduced key features of human EBV infection, 
including B-cell lymphoproliferative disease (LPD), erosive arthri-
tis resembling  rheumatoid arthritis,   cell-mediated and humoral 
immune responses specifi c to the virus, and asymptomatic persis-
tent infection similar to EBV latency in humans [ 7 – 10 ]. 

 In this chapter, we describe our  protocol   for the preparation of 
new-generation humanized mice, inoculation of EBV to the mice, 
and virological and immunological characterization of infected 
mice. Although the entire process of preparing and analyzing these 
models consists of numerous individual steps requiring various 
virological and immunological techniques, we describe here only 
techniques essential for studies with humanized mice. Standard 
techniques in EBV virology and immunology should be found 
elsewhere in this book.  

2    Generation of Humanized Mice 

     NOD/Shi- scid Il2rg  null  (NOG) [ 2 ], BALB/c  Rag2  −/−  Il2rg  −/−  
(BRG) [ 3 ], and NOD/LtSz- scid Il2rg  −/−  ( NSG  ) [ 4 ] are represen-
tative immunodefi cient mouse strains used most often for 
preparation of new-generation humanized mice. NOG and BRG 
mice are available from Taconic Biosciences Inc. (Hudson, NY), 
whereas NSG mice can be purchased from the Jackson Laboratory 
(Bar Harbor, ME). A specifi c pathogen free (SPF) facility, such as 
a vinyl isolator, a biobubble, or a barrier room, is required for 
maintaining  these   severely immunodefi cient mice. The authors’ 
group uses the bioBUBBLE (Kurea, Japan) and the IVC system 
(TECNIPPLAST, Japan). Immunodefi cient mice need to be fed 
with sterilized water and food. Sterile disposable instruments or 
those sterilized by autoclaving should be used in all experiments 
with immunodefi cient mice. Sterile caps, masks, gowns, and gloves 

2.1  Materials

2.1.1  Immunodefi cient 
Mouse Strains
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should be worn always when handling these mice. Regular moni-
toring for microbiological agents should be carried out at least 
once a month. The immunodefi cient mouse strains named above 
are considered living modifi ed organisms (LMOs), and experi-
ments with them should be carried out in compliance with laws 
and guidelines concerned.  

   Cord blood is the recommended source of HSCs. Bone marrow-
derived stem cells can be also used, but the speed and effi ciency of 
reconstitution are less favorable than cord blood-derived ones 
(Imadome K, unpublished results). In addition, it is diffi cult to 
obtain bone marrow samples from healthy persons due to ethical 
considerations. The majority of adults are considered EBV carriers 
and bone marrow is likely to contain EBV-infected cells, unless 
they are shown to be seronegative. The author’s group has been 
using  cord blood   supplied by a  cord   blood bank. A fraction of cord 
blood samples deposited to cord blood banks do not clear the cri-
teria for transplantation to patients and are available for experi-
ments, if informed consent is obtained. Frozen samples of cord 
blood are available from public resources such as the RIKEN 
Biobank (Tsukuba, Japan) and commercially (e.g., Lonza, Basel, 
Switzerland), although the effi ciency of humanization with these 
materials is not comparable to fresh cord blood and varies from lot 
to lot. Experiments using cord blood should follow the Helsinki 
declaration and the protocol for them should be approved by an 
internal review board (IRB).  

   We use the CD34 MicroBead kit (Miltenyi Biotec, Bergisch 
Gladbach, Germany) and the protocol for isolating HSCs shown 
below is mostly based on the instruction supplied in the kit.  

   We use the following antibodies: FITC-anti-CD10, PE-anti-IgD, 
ECD-anti-CD45, PC5-anti-CD20, PC7-anti-CD19, FITC-anti- 
HLA-DR, PE-anti-CD8, ECD-anti-CD45, PC5-anti-CD3, PC7- 
anti- CD4, PE-anti-CD3, PC5-anti-CD56, and PC7-   anti-CD16. 
All antibodies are available from BD Biosciences (Franklin Lakes, 
NJ, USA), except for FITC-anti-HLA-DR that can be purchased 
from Beckman-Coulter (Brea, CA, USA).   

            1.    Transfer cord blood from a cord blood bag with a pipet into a 
50 mL sterile tube containing 5 mL of phosphate-buffered 
saline (PBS) supplemented with 200 U/mL heparin and store 
at 4 °C prior to use ( see   Note    2  ).   

   2.    Dilute the cord blood sample 1:1 with RPMI-1640 medium 
and put it slowly on a cushion of lymphocyte separation media 
(Promo Cell, Heidelberg, Germany).   

   3.    Centrifuge at 400 ×  g  for 30 min at room temperature (RT).   

2.1.2  Cord Blood

2.1.3  Commercially 
Available Kits for Isolation 
of HSCs

2.1.4  Antibodies 
for Characterization 
of Reconstituted Human 
Immune  System 
  Components

2.2  Methods

2.2.1  Isolation 
of  CD34 +    Hematopoietic 
Stem Cells from  Cord   
Blood ( See   Note    1  )

 Isolation 
of Mononuclear Cells
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   4.    Collect the mononuclear cell band with a glass  pipet   and 
dilute 1:1 with RPMI-1640 medium and transfer to a sterile 
15 mL tube.   

   5.    Centrifuge the cell suspension at 400 ×  g  for 10 min at RT and 
discard the supernatant fl uid.   

   6.    Resuspend the cell pellet with 10 mL of RPMI-1640 medium.   
   7.    Determine cell number and viability.   
   8.    Centrifuge cell suspension at 400 ×  g  for 10 min and aspirate 

supernatant completely.      

       1.    Resuspend cell pellet in 300 μL of RPMI-1640 medium 
( see   Notes    4   and   5  ).   

   2.    Add 100 μL of FcR Blocking Reagent (supplied by the kit).   
   3.    Add 100 μL of CD34 MicroBeads (supplied by the kit).   
   4.    Mix well and keep at 2–8 °C for 30 min ( see   Note    6  ).   
   5.    Wash cells by adding 5–10 mL of RPMI-1640 medium, centri-

fuge at 400 ×  g  for 10 min, and aspirate supernatant 
completely.   

   6.    Resuspend cells in 500 μL of RPMI- 1640   medium.   
   7.    Place an appropriate MACS column (supplied by the kit) in the 

magnetic fi eld of a suitable MACS Separator (supplied by the 
kit) (    see   Note    7  ).   

   8.    Rinse the column with the appropriate amount of RPMI-1640 
medium: 500 μL for MS and 3 mL for LS.   

   9.    Apply the cell suspension to the column. The fl ow-through 
contains unlabeled cells.   

   10.    Wash the column three times with the appropriate amount of 
RPMI-1640 medium: MS, 3 × 500 μL; LS, 3 × 3 mL.   

   11.    Remove the column from the separator and place it on a col-
lection tube.   

   12.    Pipet the appropriate amount (1 mL for MS and 5 mL for LS) 
of RPMI-1640 medium onto  the   column and let labeled cells 
drop down ( see   Note    8  ).       

       1.    Resuspend  CD34+   stem cells isolated as described above in 
PBS at 1–10 × 10 4  cells/300 μL and inject the total volume 
slowly (taking 5–10 s) via the tail vein ( see   Note    10  ).      

        1.    Take 100 μL of blood from the tail vein ( see   Note    11  ) and 
transfer to a 12 × 75 mm test tube containing an appropriate 
amount ( see   Note    12  ) of antibody and mix well.   

   2.    Keep the tube shielded from light at RT (20–25 °C) for 
15–30 min.   

 Isolation of  CD34+   Cells by 
Magnetic Labeling
 ( See   Note    3  )

2.2.2   Transplantation 
of HSCs   
to Immunodefi cient Mice 
( See   Note    9  )

 2.2.3 Monitoring 
of Reconstitution of  Human 
  Immune System 
Components in Mice
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   3.    Add 500 μL of OptiLyse C (Beckman Coulter) and stir well.   
   4.    Keep the tube shielded from light at RT (20–25 °C) for 

10 min.   
   5.    Add 500 μL of PBS and stir well.   
   6.    Keep the tube shielded from light at RT (20–25 °C) for 

10 min.   
   7.    Add 2 mL of PBS and stir well.   
   8.    Centrifuge the tube at 400 ×  g  for 5 min and remove the 

supernatant.   
   9.    Resuspend the cells in 500 μL of PBS containing 2 % BSA and 

keep the sample shielded from light at 2–8 °C until measure-
ment by a fl ow  cytometer  .        

3    Inoculation of EBV to Humanized Mice 

     EBV can be prepared from the  culture   supernatants of several 
virus-producer cell lines, such as  Akata   and  B95-8  .  Akata   is a 
human cell line that was derived from a Japanese patient with 
Burkitt lymphoma and produces a type-1 strain EBV. B95-   8 is a 
B-cell line of the cotton-top tamarin origin transformed by a type-1 
EBV strain isolated from a patient with  infectious mononucleosis  .   

         1.    Resuspend  Akata   cells at 5 × 10 6  cells/mL in fresh culture 
medium containing a fi nal concentration of 0.5 % (vol/vol) 
polyclonal rabbit anti-human IgG (Dako, Denmark).   

   2.    Incubate the cells at 37 °C in 5 % CO 2  atmosphere for 6 h.   
   3.    Wash the cells once with fresh culture medium, resuspend 

them at 1 × 10 6  cells/mL in fresh culture medium, and transfer 
them to a culture fl ask of an appropriate size.   

   4.    Culture the cells at 37 °C in 5 % CO 2  atmosphere for 42 h.   
   5.    Collect supernatant by centrifugation at 400 ×  g  for 5 min at 4 °C.   
   6.    Filter the supernatant through a 0.45  μm   sterile fi lter 

membrane.   
   7.    The supernatant fl uid is kept at −80 °C until use ( see   Note    13  ).      

       1.    Propagate B95-8 cells in 40 mL of culture medium using a 
T-75 fl ask.   

   2.    Change the half of the medium every 4–5 days until full con-
fl uency is gained.      

   3.    Remove cells from the fl ask with a cell scraper, resuspend them in 
100 mL fresh culture medium, and transfer them to a T-150 fl ask.   

   4.    Incubate for 7 days at 37 °C in 5 % CO 2  atmosphere.   

3.1  Material

3.1.1  EBV

3.2  Methods

3.2.1  Preparation 
of an Akata EBV Inoculate

3.2.2  Preparation 
of a B95-8 EBV Inoculate
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   5.    Centrifuge the cells at 400 ×  g  for 5 min at 4 °C.   
   6.    Collect the supernatant and fi lter it through a fi lter membrane 

0.45 μm.   
   7.    The supernatant fl uid is kept at −80 °C until use ( see   Note    13  ).      

   Following  transplantation of HSC  s to NOG mice, B cells are 
reconstituted 2–3 months post-transplantation, whereas T cells 
develop  signifi cantly   later, 5–6 months post-transplantation 
(Fig.  1 ). Therefore, effi cient T-cell responses are induced when 
mice are infected 5–6 months following transplantation; more 
aggressive EBV-induced lymphoproliferation results when mice 
are infected at earlier time points [ 8 ].

   Inject EBV inoculate (100 μL containing an appropriate titer) 
intravenously through the tail vein with a 29 Gauge (0.33 × 13 mm) 
needle. The same amount of virus can be injected intraperitoneally 
( see   Note    14  ).    

4    Analyses of EBV-Infected Mice 

         1.    DNA isolation kit (e.g., QIAamp DNA Mini Kit from 
QIAGEN, Venlo, Netherlands).   

   2.    Primers and a probe for real-time PCR derived from the EBV- 
encoded BALF5 open reading frame: upstream primer, 
5′-CGG AAG CCC TCT GGA CTT C-3′; downstream primer, 
5′-CCC TGT TTA TCC GAT GGA ATG-3′;  fl uorogenic 
  probe, 5′-TGT ACA CGC ACG AGA AAT GCG CC-3′.   

3.2.3  Intravenous or 
Intraperitoneal Injection

4.1  Monitoring EBV 
DNA Load ( See   Note    15  )

4.1.1  Materials

  Fig. 1    Differentiation of human lymphocytes in a NOG mouse transplanted with human HSCs.    Percentage of 
cells positively stained with human-specifi c antibodies to CD45, CD3, and CD19 were determined at 0, 3, 4, 6, 
and 8 months post-transplantation (mpt). B cells differentiated fi rst around three mpt, whereas T cells appeared 
fi rst four mpt and reached the peak level at six mpt       
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   3.    Reagents kit for real-time PCR (e.g., AmpliTaq Gold DNA 
Polymerase with Gold Buffer & MgCl 2  from Applied 
Biosystems, Waltham, MA, USA).      

       1.    Take 100 μL of blood from the tail vein.   
   2.    Purify DNA following the instruction provided in the kit and 

determine DNA concentration.   
   3.    Perform standard real-time PCR as described elsewhere [ 11 ].       

   Following infection with EBV, a drastic increase in the number of 
peripheral blood  CD8+   T cells is recognized. These CD8+ T cells 
have an activated phenotype with the expression of HLA-DR. Some 
mice show a slight increase in the number of peripheral blood NK 
cells. These changes in the number and phenotype of lymphocytes, 
examined by fl ow cytometry as described in Subheading  2.2.3 , can 
be used as a marker for successful infection.  

         1.    A  CD8+   T-cell isolation kit (e.g., Anti-Human  CD8   Particles 
from BD Biosciences).   

   2.    An ELISPOT assay kit (e.g., IMMUNOCYTO IFN-γ 
ELISPOT Kit provided by MBL, Nagoya, Japan).   

   3.    96-well microplates for  ELISPOT assay   (such as Millipore 
MAHA S45 10 and MAIP S45 10).   

   4.    Lymphoblastoid cell lines transformed by EBV that are used 
as a stimulator of IFN-γ production or as a mock stimulator 
( see   Note    16  ).   

   5.    Sensitization buffer: 20 mM HEPES, pH 7.4, 150 mM NaCl, 
0.5 mM CaCl 2 .   

   6.    Wash buffer: 0.05 % Tween 20 in the sensitization buffer.      

         1.    Sacrifi ce mice with Somnopentyl and collect total blood by 
cardiac puncture.   

   2.    Isolate mononuclear cells as described in Subheading  2.2.1 .   
   3.    Count cells, wash them with an excess volume of 1× BD IMag 

buffer (supplied by the kit), and carefully aspirate all the 
supernatant.   

   4.    Vortex the BD IMag Anti-Human CD8  Magnetic   Particles- DM 
(supplied by the kit) thoroughly, and add 50 μL of particles for 
every 10 7  total cells.   

   5.    Mix thoroughly by gentle pipetting and incubate at RT for 
30 min.   

   6.    Bring the volume up to 1–8 × 10 7  cells/mL with 1× BD IMag 
buffer (supplied by the kit), and immediately place the tube on 
the BD IMagnet (supplied by the kit).  I  ncubate for 8–10 min.   

4.1.2  Methods

4.2  Characterization 
of Peripheral Blood 
Lymphocyte 
Phenotypes

4.3   ELISPOT Assay 
  to Count EBV-Specifi c 
T-Cells

4.3.1  Materials

4.3.2  Methods

 Isolation of  CD8+   T Cells
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   7.    With the tube on the BD IMagnet, carefully aspirate off the 
supernatant. This supernatant contains the negative fraction.   

   8.    Remove the tube from the BD IMagnet, and add 1 mL of 1× 
BD IMag buffer to the same volume as in the  step 6 . Gently 
resuspend cells by pipetting, and return the tube to the BD 
IMagnet for another 2–4 min.   

   9.    With the tube on the BD IMagnet, carefully aspirate off the 
supernatant and discard.   

   10.    Repeat  steps 8  and  9 .   
   11.    After the fi nal wash step, resuspend the positive fraction in cul-

ture medium.      

       1.    Add 100 μL of 70 % ethanol to a polyvinylidene difl uoride 
(PVDF) plate (such as Millipore MAIP S45 10) and keep at 
RT for 10 min (  see     Note    17  ).   

   2.    Remove 70 % ethanol and add 100 μL of sensitization buffer.   
   3.    Aspirate the buffer and add 100 μL of appropriately diluted 

antibody to each well.   
   4.    Seal the plate and incubate at 4 °C overnight.   
   5.    Aspirate the antibody solution.   
   6.    Wash the plate with 200 μL/well of  sensitization   buffer and 

aspirate. Repeat this step 5 times.   
   7.    Block the plate by adding 200 μL of culture medium to each 

well and incubate at RT for 30 min.      

       1.    Mix  CD8+ T   cells with autologous LCL in fresh culture 
medium containing 50 U/mL human IL-2 so that the cell 
density for the former will be 2.5–10 × 10 4  cells/well and that 
for the latter 1–10 × 10 2  cells/well. Dispense 200 μL of this cell 
suspension to each well of the microplate ( see   Note    18  ).   

   2.    Incubate for 17 h in 5 % CO 2  incubator at 37 °C.   
   3.    Aspirate supernatant of each well carefully and  add   200 μL of 

wash buffer to each well.   
   4.    Aspirate supernatant of each well carefully.   
   5.    Repeat  step 3–4  to wash each well four times.   
   6.    Add 100 μL of diluted Biotinylated anti- human   IFN-γ mono-

clonal antibody (supplied by the kit) to each well.   
   7.    Overlay the plate with a plate seal and incubate the plate for 

2 h at RT.   
   8.    Wash each well, according to  step 3–5 .   
   9.    Add 100 μL of diluted streptavidin-conjugated alkaline 

phosphatase (supplied by the kit) to each well.   

 Preparation of Microplates

 ELISPOT Analysis
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   10.    Overlay the plate with a plate seal and incubate the plate for 
1 h at RT.   

   11.    Wash each well, according to  step 3–5 .   
   12.    Add 1000 μL of diluted BCIP/NBT chromogen Substrate 

(supplied by the kit) to each well.   
   13.    Overlay the plate with a plate seal and incubate the plate for 

10–20 min at RT in the dark. This incubation should continue 
until the red-purple spots on the plate become visible.   

   14.    Stop color development by adding 200 μL of deionized water 
to each well.   

   15.    Aspirate water.   
   16.    Repeat  step 14–15  to wash each  well   nine times.   
   17.    Leave the plate to dry completely.   
   18.    Count spots with a stereomicroscope or an  automated 

     ELISPOT reader.        

         1.    Human MHC class I tetramers presenting EBV-derived pep-
tides   PE-labeled HLA-A*0201, 0301, 1101, 2402 and HLA- 
B*1501, 0801, 3501 tetramers presenting epitopes derived 
from fi ve immunodominant EBV proteins,  LMP2  , BRLF1, 
BMLF1,  EBNA3A  , and EBNA3B are available from Medical 
and Biological Laboratories (MBL), Nagoya, Japan. The fol-
lowing protocol is based on the instruction provided in the kit 
(T-Select HLA class I human Tetramer-PE, MBL).      

       1.    Prepare  PBMC   as described above and resuspend them at 
4 × 10 6  cells/mL in PBS.   

   2.    Add 40 μL human FcR blocking reagent (provided in the kit) 
to 50 μL (2 × 10 5  cells) of the PBMC suspension and incubate 
for 5 min at RT.      

   3.    Add 10 μL of the tetramer solution (provided in the kit).   
   4.    Incubate for 20 min at RT or for 30 min at 4 °C.   
   5.    Add 20 μL of anti-CD8  antibody   ( see   Note    21  ) and incubate 

for 30 min at 4 °C.   
   6.    Add an appropriate amount of PBS containing 2 % FCS and 

centrifuge the tube at 400 ×  g  for 5 min.   
   7.    Aspirate or decant the supernatant carefully.   
   8.    Resuspend the pellet in 500 μL of PBS containing 0.5 % 

Paraformaldehyde.   
   9.    Store prepared samples at 4 °C protected from light for a mini-

mum of 1 h (maximum 24 h) prior to analysis by  fl ow 
  cytometry.        

4.4  Quantitation 
of EBV-Specifi c T Cells 
with MHC  Class   
I Tetramers
 ( See   Notes    19   and   20  )

4.4.1  Materials

4.4.2  Methods
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5                          Notes 

     1.    During this procedure, cells should be kept cold and precooled 
solutions should be used to suspend them. This will prevent 
capping of antibodies on the cell surface and nonspecifi c cell 
labeling.   

   2.    Cord blood should be used on the day of collection. This will 
help isolating HSCs of better quality.   

   3.    The volumes for buffers and solutions given below are for up 
to 10 8  total cells. When working with fewer than 10 8  cells, use 
the same volumes as indicated.    When working with higher cell 
numbers, scale up all reagent volumes and total volumes 
accordingly (e.g., for 2 × 10 8  total cells, use twice the volume of 
all indicated reagent volumes and total volumes).   

   4.    For optimal isolation of HSCs it is important to obtain a single 
cell suspension before magnetic labeling. Pass cells through 30 μm 
nylon mesh (for example, cell strainer provided by BD Biosciences) 
to remove cell clumps which may clog the column.   

   5.    We use RPMI-1640 medium in place of the buffer (PBS, 
pH 7.2 containing 0.5 % BSA and 2 mM EDTA) suggested by 
the kit and obtain good results.   

   6.    The recommended incubation temperature is 2–8 °C. Higher 
temperatures or longer incubation times may lead to  nonspecifi c 
cell labeling. Incubation on ice may require increased incuba-
tion time.   

   7.    An appropriate MACS Column and MACS Separator should 
be chosen according to the number of total cells and the num-
ber of  CD34 +    cells; the criteria for this choice are given in the 
instruction provided by the manufacturer.   

   8.    When the number of labeled cells is expected to be low, we 
spin the column at 400 ×  g  for 10 min.   

   9.    Female mice at the age of 6–8 weeks are injected intravenously 
with 1–10 × 10 4  stem cells. There are several options for the 
method of transplanting HSCs.    Mice can be irradiated 
(~300 cGy) before transplantation, although this may shorten 
the lifespan of mice [ 12 ]. Newborn mice can be also trans-
planted with HSCs; intrahepatic injection or injection via the 
facial vein is usually used [ 13 ].   

   10.    A mouse fi xation adjuster (Sanpratec Japan)  can      be used to 
retain mice.   

   11.    Blood should be taken from mice at 8, 12, 16, 20, 24 weeks 
after transplantation of HSCs.   

   12.    The amount of antibody to give optimal staining varies and 
should be determined on an empirical basis.   
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   13.    The 50 % transforming dose (TD 50 ) of individual virus prepara-
tions can be measured as described elsewhere [ 7 ].   

   14.    We have used both intravenous and intraperitoneal routes for 
EBV inoculation. By comparison, intravenous injection gave 
more consistent results. We have also tried oral administration 
of EBV, without success.   

   15.    EBV DNA starts to be detected in the peripheral blood of 
humanized NOG mice usually 3–4 weeks after inoculation and 
therefore measurement of EBV DNA load should be started 
before this time point.   

   16.    A stimulator LCL needs to be established from the same cord 
blood sample as used for humanization of the particular mouse, 
or from B cells isolated from the mouse. This warrants that 
an LCL obtained is autologous to T cells isolated from the 
EBV-infected mouse. An allogenic LCL with mismatched 
MHC can be used as a mock stimulator.   

   17.    Microplates with two kinds of membrane,  mixed   cellulose and 
PVDF, are available for  ELISPOT   assay; we usually have better 
results with PVDF membrane.   

   18.    Each mouse has a different number of EBV-specifi c cells 
among total  CD8+ T   cells. Therefore, the number of CD8+ T 
cells and LCL cells per well, as well as the ratio of the two cell 
populations, should be varied to fi nd an optimal condition for 
counting spots.   

   19.    In primary EBV infection of humans, massive expansion of 
CD8+ T cells is evident. The majority of these CD8+ cells is 
specifi c to EBV and plays important roles in the immune con-
trol of primary infection. An approximate number of EBV- 
specifi c CD8+ T cells can be quantitated with human MHC 
 c  lass I tetramers. Reactivity with these tetramers is considered 
as a direct evidence for T-cell responses restricted by human 
MHC in humanized mice.   

   20.    In the positive selection of T-cell progenitors in the thymus, 
those cells expressing TCR molecules reacting with the MHC 
molecule (plus a self-derived peptide) on thymic epithelial cells 
with low affi nity will survive. Because the thymic epithelial cells 
of regular new-generation humanized mice are of the murine 
origin, T cell education in the thymus does not occur opti-
mally, and the functions of human T cells in these mice are 
impaired. The  NS  G-HLA-A2.1 mouse strain (available from 
Jackson Laboratory) expresses the human HLA-A2.1 mole-
cule from a transgene,    and therefore excellent T-cell responses 
to EBV are achieved when humanized with HSCs carrying this 
particular MHC allele [ 14 ].   

   21.    We use the clone T8 provided by Becton Dickinson and have 
not obtained good results with other antibodies to CD8.      
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6    Brief Description of the Results with Our Humanized Model Mice 

 Most humanized NOG mice infected with EBV of >10 3  TD 50  devel-
oped a lymphoproliferative disease that is similar to typical cases of 
human EBV-associated lymphoproliferative disease with respect to 
 histology   (typically diffuse large B-cell  lymphoma  ), marker expres-
sion (activated B-cell phenotype), and EBV  gene expression   (latency 
III) (Fig.  2 ) [ 7 ]. Mice infected with EBV of <10 1  TD 50  developed 
asymptomatic persistent infection that may be similar to EBV latency 
in humans. EBV-infected humanized NOG mice mounted effi cient 
virus-specifi c T-cell responses that are restricted by human MHC 
class I, and depletion of either CD3- or CD8-positive cells by the 
administration of anti CD3 or anti-CD8 antibody, respectively, 
reduced the lifespan of infected mice signifi cantly [ 7 ,  8 ]. In contrast, 
humoral immune responses were much less effi cient, and only a 
minor fraction (3/30) of infected mice produced  IgM   antibodies to 
the viral capsid antigen component p18  BFRF3    [ 7 ]. No IgG antibody 
directed to EBV proteins was detected. Basically similar results have 
been obtained from the humanized mouse model of EBV  infection 
  using different immunodefi cient mouse strains as well as different 
procedures of reconstitution of human immune  system   components 
[ 15 ,  16 ]. Recently, characterization of EBV mutants in humanized 
mice has revealed novel functions of EBV genes that could not have 
been elucidated in in vitro studies with cultured cells [reviewed in 
 9 ]. Humanized mice prepared by transplanting human fetal liver 
and thymus tissues as well as autologous HSCs isolated from human 
liver are called BLT mice and mount better T-cell immune responses 
as compared with regular new-generation humanized mice [ 16 ].

   Although B cells and epithelial cells are the major targets of EBV 
infection, the virus infects T or NK cells occasionally and induces 
their monoclonal or oligoclonal proliferation in a group of rare dis-
eases termed EBV-associated T/NK-cell LPDs. Since we did not 
fi nd any signs of EBV infection in T or NK cells in EBV- infected 
humanized mice described above, we transplanted  PBMCs   isolated 
from patients with EBV-associated T/NK-cell LPDs and succeeded 
in  reproducing   cardinal features of these diseases [ 17 ].     

Fig. 2 (continued) staining of lymphocyte surface markers (CD3, CD20, CD23, and Mum1) and EBV-encoded 
proteins ( LMP     1 and EBNA2), as well as in situ hybridization for EBER in a lymph node of an infected mouse. 
The  bottom-right panel  represents double staining for  EBER   and CD20. ( e, f ) RT- PCR   analysis of latent-cycle 
( e ) and lytic-cycle ( f ) EBV  gene expression   in tumors from infected mice. Spleen tumors from three different 
mice were examined for the expression  o  f EBV genes indicated. RNA samples from an LCL ( e ) and anti-IgG-
treated Akata cells ( f ) were used as positive controls, and those of EBV-negative Akata cells ( e ,  f ) were used 
as a negative control. Analysis was done with (+) or without (−) reverse transcriptase (RT) in  f. (g)  Double 
staining of EBER and CD20 in the spleen of a humanized NOG mouse inoculated with low-dose EBV. EBER is 
stained navy in the nucleus and CD20 is stained brown in the membrane. Reproduced with permission from J 
Infect Dis 198:673–682, 2008       
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  Fig. 2    EBV- induced   lymphoproliferative disease in humanized NOG mice. ( a ) Photograph of a mouse showing 
tumors in the cervical area. ( b ) Photographs of spleens, liver, lymph node, and kidney from EBV-infected mice. The 
 upper-left panel  shows the spleen from an uninfected mouse. ( c ) Photomicrographs of HE-stained tissues. An 
 arrow  indicates a Reed-Sternberg- like   cell and  arrowheads  indicate Hodgkin-like cells. ( d ) Immunohistochemical 
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    Chapter 19   

 EBV-Directed T Cell Therapeutics for EBV-Associated 
Lymphomas                     

     Lauren     P.     McLaughlin     ,     Stephen     Gottschalk    ,     Cliona     M.     Rooney    , 
and     Catherine     M.     Bollard     

  Abstract 

   Epstein Barr virus (EBV) is a human gamma herpes virus that establishes latency in B cells after primary infec-
tion. EBV generally only causes a mild, self-limiting viral illness but is also associated with several malignan-
cies including posttransplantation lymphoproliferative disorder in the immunosuppressed host as well as 
Hodgkin and non-Hodgkin lymphoma in the immune competent host. The expression of EBV antigens 
by lymphoma has important applications as targets for adoptive T cell therapy. However, as many lympho-
mas only express subdominant EBV antigens that are less immunogenic, novel strategies are needed to 
manufacture EBV-specifi c T cell products specifi c for Latent Membrane Protein 1 (LMP1) and LMP2, 
which are expressed in lymphomas with type II and III latency. While several techniques for manufacturing 
EBV-CTLs are described in the literature, this chapter focuses on one method for generating Good 
Manufacturing Practice (GMP)-compliant EBV-specifi c T cell products that are enriched with LMP1 
and LMP2.  

  Key words     Epstein Barr virus  ,   Lymphoma  ,   Adoptive T cell therapy  ,   Good manufacturing 
practice  

1      Introduction 

   Epstein Barr virus (EBV) is a gamma herpes virus that infects 90 % 
of the population. EBV establishes life-long latency in  memory   B 
cells and oral epithelial cells. In the immune competent host, circu-
lating EBV-specifi c cytotoxic T lymphocytes (CTLs) maintain 
EBV-infected B cells at a level of less than 1 % of the B-cell pool. 
However, in the  immunosuppressed   host, uncontrolled prolifera-
tion of EBV-infected B cells contributes to lymphoproliferative dis-
orders such as posttransplantation lymphoproliferative disorder 
(PTLD)    after solid organ  transplantation (SOT  ) or hematopoietic 
stem cell  transplantation (HSCT).   Moreover, a signifi cant propor-
tion of Hodgkin lymphomas (HL) and non-Hodgkin lymphomas 
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(NHL) express EBV antigens even in the immune competent host. 
The expression of EBV antigens by lymphomas has signifi cant 
implications for adoptive  T   cell therapy.  

   EBV latency varies in the number and type of EBV proteins expressed 
by B cells, and EBV-associated malignancies can be categorized by 
their EBV latency pattern ( see  Table  1 ). Type III latency malignancies 
such as PTLD express a full complement of EBV antigens, which 
makes these tumors highly immunogenic and thus prime candidates 
for  adoptiv  e T cell therapy with EBV-CTLs. However, PTLD only 
occurs in immune compromised hosts. In the immune competent 
host, approximately 40 % of HL and a signifi cant proportion of NHL 
(20 % of  diffuse   large B-cell lymphomas and >90 % natural killer/T-cell 
NHL nasal type) are associated with type II EBV latency. Type II 
latency tumors only express the subdominant antigens LMP1, LMP2, 
EBV nuclear antigen 1 (EBNA1), and BARF1 [ 1 – 3 ].  LMP1   and 
 LMP2   are expressed by Reed-Sternberg  c  ells in HL and by NHL 
tumor cells, and LMP- specifi c CTLs are present in most donors at a 
low frequency that can be activated and expanded in vitro [ 4 ]. Thus, 
LMP1 and LMP2 are suitable targets for type II and III latency lym-
phomas.    Nasopharyngeal carcinomas (NPC) are also frequently EBV- 
associated with a type II latency pattern, and EBV-CTLs have been 
used to treat metastatic or locally recurrent NPC but with less success 
than in EBV-associated lymphomas [ 5 ]. In type I latency such as 
seen in Burkitt’s Lymphoma (BL), only  EBNA1   and  BARF1   are 
expressed, which are weakly immunogenic. While EBNA1 is 
expressed in most EBV infected cells, an internal glycine-alanine 
repeat prevents effective presentation to class I  CD8+ T   cells, mak-
ing EBNA1 an unsuitable target for adoptive  T   cell therapy [ 6 ].

1.2  EBV-Encoded 
Proteins as Target 
Antigens 
for Immunotherapy

   Table 1  
  Pattern of EBV latent  gene expression     

 Type I  Type II  Type III 

 EBV antigen 
expression 

                  

 Associated 
malignancy 

 Burkitt’s lyphoma  Hodgkin lymphoma 
  DLBCL  ,  NK/T cell 

lymphoma  ,  NPC   

  PTLD   
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      Adoptive T cell therapy has been used for over two decades to treat 
EBV-associated  PTLD   [ 7 ]. While using unselected donor lympho-
cyte infusions (DLIs) from EBV seropositive donors to restore 
EBV-specifi c immunity has yielded response rates of ~70 % [ 8 – 10 ], 
this approach carries the signifi cant risk of severe graft-versus-host- 
disease (GVHD).    Thus, investigators sought novel ways to restore 
EBV immunity while minimizing GVHD risk by manufacturing 
EBV-specifi c T cell products for infusions. One early method of 
manufacturing EBV-specifi c T cell products was developed to use 
EBV-transformed B-lymphoblastoid cells lines (LCLs) as antigen 
presenting cells (APCs) [ 11 ]. In a cohort of 101 patients who 
received EBV-specifi c CTLs post- HSCT   as prophylaxis for EBV- 
associated PTLD, no patients developed disease compared to a 
11.5 % incidence in the historical controls. Moreover, 11 out of 13 
patients who had developed PTLD attained a durable CR after 
receiving donor-derived EBV-specifi c T-cells [ 12 ]. In a study of 49 
patients with PTLD, Doubrovina et al. from Memorial Sloan 
Kettering Cancer Center demonstrated that DLI from EBV- 
seropositive donors ( n  = 30) and donor derived EBV-specific 
T cells ( n  = 19) had similar effi cacies in vivo since approximately 
70 % of patients in both groups attained complete or partial 
responses. However, the EBV-T-cell cohort had no cases of GVHD 
compared to a 17 % incidence in the patients who received DLI 
[ 10 ]. An alternative strategy to treat PTLD which is generally an 
aggressive and rapidly progressing disease, the use of “off the shelf” 
third- party EBV-CTL products are being developed to avoid the 
time delays inherent when generating donor-specifi c products. 
Using this approach, a group from the United Kingdom reported an 
overall response rate of 52 % (17 of 33 patients) at 6 months using 
third-party EBV-CTLs in patients with  PTLD   after  SOT   ( n  = 31) or 
 HSCT   ( n  = 2) who had previously failed conventional therapy [ 13 ]. 

 Given the signifi cant successes using EBV-CTLs for the treat-
ment and prevention of PTLD, this therapeutic also been used to 
treat refractory/relapsed EBV-positive HL and NHL. Circulating 
T cells specifi c for type II latency antigens are relatively uncommon 
in patients with type II latency lymphomas, and the  immunosup-
pressive   tumor microenvironment is thought to render these T 
cells anergic [ 14 ,  15 ]. Despite these limitations, autologous EBV- 
CTLs have been successfully expanded from patients with EBV+ 
Hodgkin lymphoma, but expansion is less robust when compared 
to healthy donors [ 16 ]. To enrich T cells specifi c for the EBV type 
II latency antigens present on EBV+ lymphomas that develop in 
immune competent hosts,    the Baylor College of Medicine group 
developed a method of transducing dendritic cells and EBV- 
transformed B–lymphoblastoid cell  lines   (LCLs) with an adenoviral 
vector (Ad5f35) expressing  LMP1   and/ or   LMP2 [ 17 ,  18 ]. Using 
this approach, in 50 patients with refractory/relapsed EBV- 
associated HL or NHL, 28 out of 29 patients who received 

1.3  Clinical 
Applications 
of  Adoptive   T Cell 
Therapy for EBV- 
Associated 
Lymphomas
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LMP- specifi c T cells prophylactically after autologous SCT or 
chemotherapy remained in remission with an 82 % EFS at 2 years, 
and 13 of 21 patients with relapsed disease had a partial ( n  = 2) or 
complete ( n  = 11) tumor response [ 19 ,  20 ]. 

 While patients with HL/NHL typically have good outcomes, 
the prognosis for patients with relapsed or refractory disease is 
often very poor. Moreover, there are signifi cant short- and long- 
term effects associated with the standard therapies that include 
chemotherapy, radiation therapy, and possibly  HSC  T. Additionally, 
 PTLD   can be a very aggressive disease, and while PTLD often 
responds favorably to reduction in  immunosuppression  , this is 
often not feasible in  SOT   patients who require lifelong immuno-
suppression. Thus, EBV-CTLs offer a novel therapeutic for many 
patients who have previously failed therapy. Not only do EBV- 
CTLs help restore EBV-specifi c cellular immunity and have direct 
tumor killing, but there is also evidence that they recruit endoge-
nous T cells specifi c for nonviral tumor antigens through epitope 
spreading [ 20 ]. 

 Importantly, EBV-CTLs have proven to be not only effi cacious 
but also safe since EBV-directed T cells (both autologous and 
donor-derived) have been well tolerated in vivo with minimal infu-
sion related toxicities [ 20 ,  21 ]. Further, in the allogeneic donor- 
specifi c setting, despite a theoretical risk of  GVHD  , the adoptive 
transfer of allogeneic donor-derived virus-specifi c CTLs in 153 
recipients resulted in no de novo cases of acute GVHD after infu-
sion despite 73 instances of HLA mismatch [ 22 ]. Similarly, no 
cases of GVHD occurred in 33 patients who received third-party 
EBV-CTLs despite a low degree of HLA matching ranging from 
2/6 to 5/6 antigen match [ 13 ]. Thus,  adoptive T cell therapy   with 
EBV-specifi c T cells is a very promising therapy for patients with 
refractory/relapsed EBV-associated lymphomas that primarily 
have been used in the post- HSCT   setting but have potential to be 
used as either a bridge to HSCT or adjuvant upfront therapy to 
decrease the short- and long-term side effects associated with  con-
ventional   therapy.   

2    Materials and Equipment 

     1.    RPMI 1640 (Invitrogen).   
   2.    Advanced RPMI 1640 (Invitrogen).   
   3.    X-vivo 15 (Lonza).   
   4.    Click’s Medium (Irvine Scientifi c).   
   5.    Heat-inactivated Fetal Calf Serum (Hyclone 1640).   
   6.    Human AB serum (Gemini).   
   7.    CTL medium: 45 % Advanced RPMI 1640, 45 % Click’s 

Medium, 10 % Fetal Calf Serum, 2 mM  L -Glutamine.   

Lauren P. McLaughlin et al.



259

   8.    Complete medium: 90 % RPMI 1640, 10 % Fetal Calf Serum, 
2 mM  L -Glutamine.   

   9.    Dulbecco’s PBS (1×) (Invitrogen).   
   10.     L -Glutamine, 200 mM (Invitrogen).   
   11.    Acyclovir (Hospital pharmacy).   
   12.    Cyclosporine A (Sandoz).   
   13.    EBV-containing viral supernatant (CAGT, cell line B95.8).   
   14.     Ad5f35ΔLMP1  -I-LMP2 (CAGT Vector Production Facility).   
   15.    Ficoll (Lymphoprep, Cosmo Bio USA, Carlsbad, CA).   
   16.    Interleukin-15 (CellGenix).   
   17.    Interleukin-2 (hospital pharmacy).   
   18.    15 and 50 mL centrifuge tubes (Falcon).   
   19.    24-well and 96-well tissue culture plates (Falcon).   
   20.    T-25 cm 2  vented fl ask (Falcon).   
   21.    Serological pipets (Falcon).   
   22.    Pipette tips (VWR).   
   23.    Biosafety Cabinet.   
   24.    Centrifuge, calibrated.   
   25.    Microscope.   
   26.    Irradiator.   
   27.    Humidifi ed incubator with atmosphere of 5 % CO 2  in air.   
   28.    Hemacytometer.   
   29.    Water bath.   
   30.    Pipetman.   
   31.    Pipet Aid.      

3    Methods 

 Several groups have developed methods for activating and expand-
ing T-cells specifi c for EBV antigens for clinical use. Moreover, 
EBV-CTLs can be generated from autologous or allogeneic sources 
(either  HSCT   donor or third-party). LCLs are generally used as 
antigen presenting cells for the expansion of EBV-specifi c T cells 
since they not only express type III latency antigens but also are 
excellent APCs as they express both HLA class I and II and several 
costimulatory ligands [ 23 ]. Dendritic cells or activated monocytes 
can also be used as APCs. However, monocytes cannot be used for 
the generation of autologous EBV-CTLs as they are not effective 
enough APCs to reactivate LMP-specifi c T cells from patients with 
lymphoma where such T cells are likely very low in frequency and 
anergic [ 24 ]. The Baylor College of Medicine group have 
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developed a more rapid generation of EBV-CTLs that express 
LMP1,     LMP2,   and  EBNA1   that uses an antigen-presenting com-
plex (KATpx) consisting of activated autologous T cells pulsed 
with EBV peptides with a costimulatory HLA-negative K562 cell 
line [ 25 ]. This method is currently being tested in a Phase I clinical 
trial (NCT01555892). However, this chapter outlines the process 
of manufacturing an EBV/LMP-CTL product that has already 
been comprehensively evaluated in phase I studies ultimately for 
third- party use as an off the shelf therapeutic [ 19 ,  20 ,  24 ,  26 ,  27 ]. 

       1.    Peripheral blood (up to 120 mL total in two aliquots of 60 mL) 
is collected from the allogeneic donor ( see   Note    1  ).   

   2.    Dilute heparinized peripheral blood in an equal volume of PBS 
or RPMI 1640 at ambient temperature.   

   3.    In a 50 mL centrifuge tube, carefully overlay approximately 
10 mL of Lymphoprep with approximately 20 mL of diluted 
blood.   

   4.    Centrifuge at 400 ×  g  for 40 min.   
   5.    Harvest  PBMC   interface into an equal volume of PBS or 

RPMI 1640.   
   6.    Centrifuge at 450 ×  g  for 10 min. Aspirate supernatant.   
   7.    Resuspend in 40 mL PBS and count. Centrifuge at 400 ×  g  for 

5 min. Aspirate supernatant. PBMCs can now be frozen for 
later use or used to generate APCs and CTLs.      

   EBV-LCLs are used for the second and subsequent stimulations 
but require 4–6 weeks to generate depending on the donor. 
PBMCs are infected with a clinical grade, laboratory strain of EBV 
(B95-8) [ 28 ,  29 ] to manufacture EBV-LCL. EBV-LCLs are trans-
duced with the Ad5f35-LMP1-I-2 vector [ 18 ], which enables 
EBV-LCL to overexpress  LMP1   and  LMP2   antigens to the T cells. 

       1.    Centrifuge 5–10 × 10 6   PBMC   for 5 min at 400 ×  g . Remove 
supernatant.   

   2.    Add 200 μL of concentrated B95.8 virus-supernatant to pel-
leted PBMCs and resuspend.   

   3.    Add 1.8 mL of complete culture media containing cyclospo-
rine (1 μg/mL).   

   4.    Place 200 μL of cell mixture in each of fi ve wells of a 96-well 
fl at-bottomed plate. Place in incubator. Place 100 μL of cell 
mixture into another 10 wells and add 100 μL of  CS  A-containing 
medium to those 10 wells. Final volume per well is 200 μL.   

   5.    Feed weekly by removing 100 μL and replacing with 100 μL 
fresh media. When cells are confl uent and the media has 

3.1  Blood 
Procurement 
and Preparation 
of Mononuclear Cells

3.2  Generation 
of EBV- Transformed B 
Lymphoblastoid Cells 
Lines (EBV-LCL)

3.2.1  Generation of LCLs
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changed color, the cells should be split from one well to two 
wells.   

   6.    After 1–3 weeks, combine three wells into one well of a 24-well 
plate. Continue with weekly feeds ( see   Note    2  ).   

   7.    Once cells are proliferating, remove cells from 24-well plate 
and place in a T-25 cm 2  vented fl ask with 5 mL complete 
medium plus 100 μM acyclovir.   

   8.    Feed cells twice a week adding 100 μM acyclovir each time. 
LCLs should be cultured to the appropriate cell number 
needed for CTL stimulation and maintained in culture as stim-
ulator cells for CTL ( see   Note    3  ).      

       1.    Aliquot up to 1 × 10 7  LCL per 15 mL centrifuge tube. Centrifuge 
at 400 ×  g  for 5 min to pellet cells. Aspirate supernatant.   

   2.    Transfer adenovirus vector into the cells and pipette to mix ( see  
 Note    4  ).   

   3.    Incubate at 37 °C for 90 min. Then resuspend cells in com-
plete culture medium to a concentration of 5 × 10 6  cells per mL 
( see   Note    5  ).   

   4.    Add 2 mL of cell suspension to each well of a 24-well plate.   
   5.    Incubate 1–2 days in 37 °C incubator.   
   6.    LCL can now be used as stimulators or frozen for future use.       

     Day 0: Monocyte activation by adherence to plastic 

   1.    Resuspend PBMC at 1 x 10 6  cells per mL in serum-free 
X-Vivo15.   

   2.    Aliquot 2 mL cell suspension per well of a 24-well plate. 
Incubate overnight at 37 °C.    

  Day 1: Addition of adenovirus vector 

   3.    Harvest nonadherent and adherent PBMCs. Use either a cell 
scraper or transfer pipette to dislodge adhered monocytes and 
combine with nonadherent cells.   

   4.    Count and aliquot into centrifuge tubes at up to 1 × 10 7  cells 
per tube. Centrifuge for 5 min at 400 ×  g  and aspirate 
supernatant.   

   5.    Add Adenovirus vector to pellet. Incubate for 120 min at 
37 °C.   

   6.    Wash cells four times.   
   7.    Resuspend cells at 1 × 10 6  cells/mL in CTL medium. Add 

10 ng/mL IL-15 for a fi nal concentration of 5 ng/mL.   
   8.     Aliquot   2 mL per well of a 24-well plate. Culture at 37 °C for 

7 days.    

3.2.2  Adenovirus 
Transduction of LCL

3.3  Initiation of EBV/
LMP-Specifi c CTLs 
Using Adenovirus 
Vector- Transduced 
Adherent  PBMC  s
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  Day 6–8: Media change 

   9.    Remove 1 mL of medium per well and replace with 1 mL of 
fresh CTL medium.    

  Days 9–12: Second stimulation of EBV-specifi c CTL ( see   Note    6  ) 

   10.    Harvest responder cells from 24-well plates. Centrifuge at 
400 ×  g  for 5 min. Resuspend cells at 1 × 10 6  cells per mL in 
CTL medium.   

   11.    Count and determine viability ( see   Note    7  ).   
   12.    Aliquot 1 mL cells per well of a 24-well plate.   
   13.    Irradiate LMP1/2-      transduced LCL at 50 Gy, wash four times, 

and count.   
   14.    Resuspend LCL at 2.5 × 10 5  cells per mL and aliquot 1 mL per 

well of responder T cells so that the ratio of CTL:LCL is 4:1. 
Culture in 37 °C ( see   Note    8  ).   

   15.    3–4 days after second stimulation, perform media change with 
IL-2. Prepare CTL media with 100–200 units/mL IL-2 (fi nal 
concentration of 50–100 unit/mL). Remove 1 mL medium per 
well and replace  with   1 mL fresh medium with IL-2 ( see   Note    9  ).   

   16.    Culture for 3–4 days.    

  Days 16+: Third or subsequent stimulations 

   17.    Harvest CTLs. Count and determine viability.   
   18.    Resuspend CTLs at 1 × 10 6  cells per mL. Add 100–200 units/

mL of IL-2 (fi nal concentration of 50–100 units/mL). Aliquot 
1 mL cells per well in a 24-well plate.   

   19.    Irradiate LMP1/ 2      transduced LCL at 50 Gy, wash four times, 
and count.   

   20.    Resuspend LCL at 2.5 × 10 5  cells per mL and aliquot 1 mL per 
well of responder T cells. Culture in 37 °C.   

   21.    3–4 days after stimulation, perform media change with IL-2. 
Prepare CTL media with 100–200 units/mL IL-2 (fi nal concen-
tration of 50–100 unit/mL). Remove 1 mL medium per well 
and replace with 1 mL fresh medium with IL-2 ( see   Note    10  ).   

   22.     Culture   for 3–4 days ( see   Note    11  ).    

4                  Notes 

     1.    Blood should be kept at room temperature until it is processed, 
which should ideally be done within 24 h of blood procure-
ment to ensure the highest yield of  PBMCs  .   

   2.    LCL will be ready to be transferred from 96-well plate to 
24-well plate when they are confl uent and in clumps. Feed 
harvested wells with medium as they often grow back. 
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Additionally, for very fast growing cultures, nine wells of 
96-well plate may be transferred directly into a T-25 cm 2  
vented fl ask.   

   3.    After LCL have been in T-25 cm 2  vented fl asks for approxi-
mately 2 weeks, we recommend freezing three vials with at 
least 5 × 10 6  LCLs per vial for backup or future use. This pro-
cedure should produce a minimum of 2 × 10 7  LCL from 5 mL 
of peripheral blood.   

   4.    For Ad5f35ΔLMP1-I-      LMP2 transduction, the multiplicity of 
infection (MOI) is established for every new lot of vector. For 
example, if the MOI is 500 viral particles (v.p.) per cell in 
500 μL and the adenovirus vector is 10 12  v.p. per mL, add 5 μL 
adenovirus vector (diluted 1:10) per 1 × 10 6  cells.   

   5.    Remember to keep cap of centrifuge tube loosened to allow 
for CO 2  exchange.   

   6.    Second and subsequent CTL stimulations can also be per-
formed in a G-Rex fl ask of the appropriate volume at a 5:1 
ratio of CTL:LCL. We recommend 1–5 mL of CTLs at 1 × 10 6  
cells per mL be used for a G-Rex10 or 10–20 mL of CTLs for 
a G-Rex100.   

   7.    If viability is less than 60 %, centrifuge over Lymphoprep gra-
dients to remove dead cells. Harvest interface, centrifuge, and 
resuspend in CTL medium. Count cells and wash one more 
time. Then resuspend cells at 1 × 10 6  cells per mL CTL medium 
and proceed with second stimulation. This can be done at each 
subsequent stimulation.   

   8.    Culture 2 mL of irradiated LCL alone in one well as a control 
for irradiation.   

   9.    The addition of IL-15 at the time of CTL initiation has been 
shown to increase the likelihood of expanding LMP1/2- 
      specifi c CTLs independent of HLA type. IL-2 should not be 
used until the feed step during the second stimulation as it may 
contribute to the expansion of non-antigen-specifi c T cells or 
even T regulatory cells [ 24 ].   

   10.    If wells are confl uent, cells can be split 1:1 into new wells and 
refed with fresh medium.   

   11.    CTL can be cryopreserved for infusion from day 7 onward, 
but immunological analysis should not be done until at least 
Day 10 because of high background cytokine release.         
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