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Abstract Epstein–Barr nuclear antigen 1 (EBNA1) plays multiple important roles 
in EBV latent infection and has also been shown to impact EBV lytic infection. 
EBNA1 is required for the stable persistence of the EBV genomes in latent infec-
tion and activates the expression of other EBV latency genes through interactions 
with specific DNA sequences in the viral episomes. EBNA1 also interacts with 
several cellular proteins to modulate the activities of multiple cellular pathways 
important for viral persistence and cell survival. These cellular effects are also 
implicated in oncogenesis, suggesting a direct role of EBNA1 in the development 
of EBV-associated tumors.
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4 L. Frappier

1  Introduction

Epstein–Barr nuclear antigen 1 (EBNA1) is expressed in all forms of EBV latency 
in proliferating cells and was the first reported EBV latency protein (Reedman and 
Klein 1973). EBNA1 has been extensively studied and shown to have multiple 
important roles in EBV infection. These include contributions to both the replica-
tion and mitotic segregation of EBV episomes that lead to stable persistence of 
EBV episomes in latent infection. EBNA1 also activates the transcription of other 
EBV latency genes important for cell immortalization. These functions require 
EBNA1 binding to specific DNA elements in the EBV latent origin of DNA rep-
lication (oriP). In recent years, it has become apparent that EBNA1 functions are 
not limited to its roles on EBV episomes but rather that EBNA1 also alters the 
cellular environment in multiple ways that contribute to cell survival and prolifera-
tion and viral persistence. EBNA1 lacks enzymatic activities but is able to affect 
many processes due to interactions with a variety of cellular proteins. This chapter 
reviews the multiple functions and mechanisms of action of EBNA1.

2  EBNA1 Functions at EBV Genomes

2.1  DNA Replication

The origin of latent DNA replication, termed oriP (for plasmid origin), was iden-
tified by screening EBV DNA fragments for the ability to enable the replication 
and stable maintenance of plasmids in human cells that were latently infected with 
EBV (Yates et al. 1984). Subsequent studies showed that the only viral protein 
required for the replication of oriP plasmids was EBNA1 (Yates et al. 1985). Both 
EBV episomes and oriP plasmids were found to replicate once per cell cycle, 
mimicking cellular replication and providing a good model system for human 
DNA replication (Yates and Guan 1991; Sternas et al. 1990). Note that oriP is not 
the only origin of replication for EBV episomes, as replication forks have also 
been found to initiate from a poorly defined region outside of oriP that appears 
to be independent of EBNA1 (Little and Schildkraut 1995; Norio et al. 2000; Ott 
et al. 2011).

OriP contains two functional elements: the dyad symmetry (DS) element and 
the family of repeats (FR) (Reisman et al. 1985) (Fig. 1). The DS contains four 
EBNA1 recognition sites, two of which are located within a 65-bp DS sequence 
(Reisman et al. 1985; Rawlins et al. 1985). The DS element is the origin of 

5  Immune Evasion .................................................................................................................. 20
6  EBNA1 in Lytic EBV Infection ........................................................................................... 22
7  Conclusion ........................................................................................................................... 22
References .................................................................................................................................. 23



5EBNA1

replication within oriP (Gahn and Schildkraut 1989) and has been shown to be 
both essential and sufficient for plasmid replication in the presence of EBNA1 
(Wysokenski and Yates 1989; Harrison et al. 1994; Yates et al. 2000). Efficient 
replication from the DS element requires all four EBNA1 binding sites; however, 
a low level of DNA replication can be achieved with only two adjacent EBNA1 
sites, provided that the 3-bp spacing between these sites is maintained (Koons 
et al. 2001; Harrison et al. 1994; Yates et al. 2000; Atanasiu et al. 2006; Bashaw 
and Yates 2001; Lindner et al. 2008). The FR element consists of 20 tandem cop-
ies of a 30-bp sequence, each of which contains an EBNA1 binding site (Rawlins 
et al. 1985; Reisman et al. 1985). The primary function of the FR element is in 
the mitotic segregation and transcriptional activation functions of EBNA1 as dis-
cussed below, although in some cell lines the FR also appears to be required for 
replication from the DS (Hodin et al. 2013). In addition, when bound by EBNA1, 
the FR can affect DNA replication by inhibiting the passage of replication forks, 
forming a major pause site (Gahn and Schildkraut 1989; Dhar and Schildkraut 
1991; Norio and Schildkraut 2001, 2004; Ermakova et al. 1996).

The DNA replication activity of EBNA1 requires its DNA binding domain as 
well as additional sequences in the N-terminal half of EBNA1 (Fig. 2) (Yates and 
Camiolo 1988; Van Scoy et al. 2000; Kim et al. 1997; Kirchmaier and Sugden 

FR DS

91
37

90
19

80
29

73
90

Fig. 1  Schematic representation of oriP. Organization of the oriP DS and FR elements show-
ing genome nucleotide coordinates and EBNA1 binding sites (gray boxes). For the DS element, 
the positions of the four EBNA1 binding sites and 65-bp dyad symmetry sequence (arrows) are 
indicated

1   33   53         90  459 

Gly/Arg Gly/Ala Gly/Arg

607   641 

DNA binding 
& dimerization

EBNA1 

325 376 
442 

USP7 
binding

coreflanking

 504 
387 392 448 

CK2

binding

Fig. 2  Organization of the EBNA1 protein. Positions of some of the key elements of EBNA1 
are indicating, including the two Gly–Arg-rich regions, variable Gly–Ala repeat, USP7 and CK2 
binding sites, and DNA binding and dimerization domain (black), along with flanking and core 
subcomponents of the DNA binding and dimerization domain. Amino acid numbers are indicated 
below
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1997; Mackey and Sugden 1999; Shire et al. 1999; Ceccarelli and Frappier 2000; 
Wu et al. 2002). Single localized deletions or mutations that disrupt EBNA1 
DNA replication function have not been identified; rather, this function appears 
to involve redundant contributions of at least two EBNA1 regions (amino acids 
8–67 and 325–376; Fig. 2). These N-terminal sequences can tether EBNA1 to cel-
lular chromosomes (see Sect. 2.2), and the finding that they can be functionally 
replaced by a nucleosome interacting sequence suggests that chromosome tether-
ing contributes to the replication function of EBNA1 (Hodin et al. 2013). In addi-
tion, deletion of EBNA1 amino acids 61–83 or 395–450, or point mutation of G81 
or G425 within these regions, has been found to increase replication efficiency 
(Holowaty et al. 2003c; Wu et al. 2002; Deng et al. 2005). These point muta-
tions disrupt EBNA1 binding to tankyrase, suggesting that tankyrase negatively 
regulates replication by EBNA1, possibly through the poly-ADP ribosylation of 
EBNA1 (Deng et al. 2005). In addition, the EBNA1 395–450 region is responsible 
for binding and recruiting to oriP the host ubiquitin-specific protease 7 (USP7), 
suggesting that USP7 may negatively regulate replication (Holowaty et al. 2003c). 
This contention was further supported by a study showing that the latent origin 
binding proteins of other gamma-herpesviruses also recruit USP7 to their ori-
gins and that disruption of this interaction increases DNA replication (Jager et al. 
2012). Therefore, negative regulation of replication by USP7 appears to be a con-
served feature of gamma-herpesvirus replication.

EBNA1 is bound to the oriP elements throughout the cell cycle, indicating that 
EBNA1 binding to the DS is not sufficient to activate DNA replication (Hsieh 
et al. 1993; Niller et al. 1995; Ritzi et al. 2003). While EBNA1 is the only EBV 
protein involved in latent-phase DNA replication, it lacks any enzymatic activities, 
including DNA helicase and origin melting activities present in the origin bind-
ing proteins of some viruses (Frappier and O’Donnell 1991b). Therefore, EBV 
depends heavily on host cellular proteins to replicate its episomes. Several studies 
have shown that the cellular origin recognition complex (ORC) and minichromo-
some maintenance (MCM) complex are associated with the DS element of oriP, 
implicating them in the initiation and licensing of EBV DNA replication (Schepers 
et al. 2001; Chaudhuri et al. 2001; Dhar et al. 2001). A functional role for ORC in 
oriP plasmid replication was shown by the failure of these plasmids to stably rep-
licate in a cell line containing a hypomorphic ORC2 mutation (Dhar et al. 2001). 
EBV replication was also found to be inhibited by geminin, a protein that inhibits 
rereplication from cellular origins by interacting with Cdt1 (Dhar et al. 2001). This 
suggests that Cdt1 loads the MCM complexes on EBV origins, as it does on cel-
lular origins.

EBNA1 has been shown to be important for ORC recruitment to the DS 
(Schepers et al. 2001; Dhar et al. 2001; Julien et al. 2004). In addition, EBNA1 
was found to interact with Cdc6 and this interaction increased ORC recruitment 
to the DS in vitro (Moriyama et al. 2012). Interestingly, ORC is not recruited 
by EBNA1 bound to the FR element, suggesting that the DS DNA sequence or 
arrangement of the EBNA1 binding sites are important for ORC recruitment 
(Schepers et al. 2001; Chaudhuri et al. 2001; Dhar et al. 2001; Moriyama et al. 
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2012). ORC recruitment by EBNA1 was initially reported to involve EBNA1N-
terminal sequences including the Gly–Arg-rich regions, and in vitro studies sug-
gested that this interaction was mediated by RNA molecules (Norseen et al. 
2008; Moriyama et al. 2012). However, a second study found that, in the pres-
ence of Cdc6, EBNA1 could recruit ORC to the DS in an RNA-independent man-
ner (Moriyama et al. 2012). In addition, it was recently reported that the EBNA1 
DNA binding domain is sufficient for ORC recruitment to the DS (Hodin et al. 
2013). EBNA1 may also facilitate the recruitment of telomere repeat binding fac-
tor 2 (TRF2) to site in the DS (Deng et al. 2002, 2003; Moriyama et al. 2012). 
TRF2 then appears to contribute to ORC recruitment to the DS in conjunction 
with EBNA1 (Julien et al. 2004; Atanasiu et al. 2006) and also affects the timing 
of replication in S phase through recruitment of additional proteins (Zhou et al. 
2009, 2010).

EBNA1 has also been found to recruit template activating factor Iβ (TAF-Iβ 
also called SET) to both the DS and FR elements, through a direct interaction with 
the 325–376 Gly–Arg-rich region of EBNA1 (Holowaty et al. 2003b; Wang and 
Frappier 2009). TAF-Iβ appears to negatively regulate replication from oriP as 
TAF-Iβ depletion was found to increase oriP plasmid replication, while TAF-Iβ 
overexpression inhibited it (Wang and Frappier 2009). Since TAF-Iβ is a nucleo-
some-associated protein that can recruit either histone acetylases or deacetylases 
(Seo et al. 2001; Shikama et al. 2000), TAF-Iβ may negatively regulate replication 
from oriP by affecting the chromatin structure of the origin.

2.2  Mitotic Segregation

In latency, EBV episomes are present at low copy numbers that are stably main-
tained in proliferating cells. This stable maintenance requires a mechanism to 
ensure even partitioning of the episomes to the daughter cells during cell division. 
The mitotic segregation or partitioning of the EBV episomes requires two viral 
components, EBNA1 and the oriP FR element (Lupton and Levine 1985; Krysan 
et al. 1989; Lee et al. 1999). EBNA1 and the FR can also confer stability on a 
variety of constructs when combined with heterologous origin sequences (Krysan 
et al. 1989; Kapoor et al. 2001; Simpson et al. 1996). EBNA1 binding to its multi-
ple recognition sites in the FR is crucial for its segregation function, as is the cen-
tral Gly–Arg-rich region of EBNA1 (325–376) (Shire et al. 1999).

EBNA1 functions in segregation by tethering the EBV episomes to the cel-
lular mitotic chromosomes. EBNA1, EBV episomes, and oriP-containing con-
structs have all been found to associate with mitotic chromosomes (Harris et al. 
1985; Delecluse et al. 1993; Simpson et al. 1996; Grogan et al. 1983; Petti et al. 
1990), and the association of oriP plasmids with mitotic chromosomes was shown 
to depend on the EBNA1-chromosome interaction (Kanda et al. 2001; Kapoor 
et al. 2005). In addition, EBNA1 mutants that are nuclear but defective in mitotic 
chromosome attachment fail to partition oriP plasmids (Hung et al. 2001; Shire 
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et al. 1999; Wu et al. 2000). EBNA1 and EBV episomes are not localized to par-
ticular regions of mitotic chromosomes, but rather are widely distributed over the 
chromosomes, leading to the initial suggestion that EBNA1 and EBV episomes 
interact randomly with chromosomes (Harris et al. 1985). However, subsequent 
studies have indicated that initial pairing of EBV episomes on sister chromatids 
may ensure their equal distribution to the daughter cells and that this pairing may 
stem from the catenation of the newly replicated EBV plasmids (Delecluse et al. 
1993; Kanda et al. 2007; Dheekollu et al. 2007; Nanbo et al. 2007). In addition, 
the FR element has been found to direct EBV genomes to chromatin regions with 
histone modifications typical of active chromatin (Deutsch et al. 2010).

Studies with EBNA1 deletion mutants showed that the central Gly–Arg-rich 
region of EBNA1 (amino acids 325–376) was critical for chromosome attach-
ment and that N-terminal sequences (8–67) also contribute to this interaction (Wu 
et al. 2000, 2002; Shire et al. 1999, 2006; Marechal et al. 1999; Hung et al. 2001; 
Kanda et al. 2013). Interestingly, fusion proteins in which these EBNA1 regions 
have been replaced by other chromosome binding sequences are also able to sup-
port oriP plasmid maintenance (Hung et al. 2001; Sears et al. 2003). Both the cen-
tral Gly–Arg repeat of EBNA1 and sequences spanning the smaller Gly–Arg-rich 
N-terminal sequence (amino acids 33–53) can cause proteins to associate with 
mitotic chromosomes when fused to them (Hung et al. 2001; Marechal et al. 1999; 
Sears et al. 2004). However, deletion of the N-terminal Gly–Arg sequence within 
EBNA1 does not affect EBNA1’s ability to maintain oriP plasmids or to associ-
ate with mitotic chromosomes, indicating that it is the central Gly–Arg-rich region 
that is normally used by EBNA1 for chromosome interactions and segregation 
(Nayyar et al. 2009; Wu et al. 2002). This region contains a repeated GGRGRGGS 
sequence that is phosphorylated on the serines and methylated by PRMT1 or 
PRMT5 on the arginine residues (Laine and Frappier 1995; Shire et al. 2006).

The segregation of viral genomes by attachment to cellular chromosomes is not 
unique to EBV but is a strategy also used by Kaposi sarcoma associated herpes-
virus (KSHV) and papillomavirus. In each case, the viral origin binding (LANA 
for KSHV and E2 for papillomavirus) tethers the viral plasmid to the cellular 
chromosome through interactions with one or more cellular proteins (You 2010; 
Krithivas et al. 2002; Barbera et al. 2006; Parish et al. 2006). For EBNA1, inter-
actions with the cellular protein, EBP2, appear to be important for metaphase 
chromosome attachment and segregation function (Wu et al. 2000; Shire et al. 
1999; Kapoor and Frappier 2003, 2005). EBP2 is largely nucleolar in interphase 
but redistributes to the chromosomes in mitosis (Wu et al. 2000). The EBNA1 
325–376 region critical for chromosome attachment mediates EBP2 binding, and 
there is a close correspondence between the effect of EBNA1 mutations on EBP2 
and metaphase chromosome interactions (Shire et al. 1999; Wu et al. 2000, 2002; 
Shire et al. 2006; Nayyar et al. 2009). In addition, EBP2 depletion in various cell 
lines, including the EBV-positive C666-1 nasopharyngeal carcinoma (NPC) cells, 
resulted in redistribution of EBNA1 from the metaphase chromosomes to the solu-
ble cell fraction and a corresponding release of oriP plasmids from the chromo-
somes (Kapoor et al. 2005). EBP2 was also found to enable EBNA1 to segregate 
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plasmids in budding yeast by facilitating EBNA1 attachment to the yeast mitotic 
chromosomes (Kapoor et al. 2001; Kapoor and Frappier 2003).

Detailed studies on the timing of chromosome association in human cells 
showed that EBNA1 associates with the chromosomes earlier in mitosis than 
EBP2 and that EBNA1 and EBP2 only associate on the chromosomes in meta-
phase to telophase (Nayyar et al. 2009). This suggests that EBNA1 initially con-
tacts the chromosomes by an EBP2-independent mechanism and that subsequent 
interactions with EBP2 in mid-to-late mitosis might be important to maintain 
EBNA1 on chromosomes. The initial chromosome contact could involve direct 
DNA binding or interactions with chromosome-associated RNA molecules, 
since the 325–376 and N-terminal arginine-rich regions have been found to 
have some capacity to interact with DNA and RNA in vitro, and drugs that bind 
G-quadruplex RNA have been reported to decrease the mitotic chromosome asso-
ciation of EBNA1 (Sears et al. 2004; Norseen et al. 2008, 2009; Snudden et al. 
1994). In addition, FRET analysis identified an interaction between EBNA1 and 
EBP2 in the nucleoplasm and nucleolus in interphase suggesting additional roles 
for this interaction, including the possibility that the EBNA1-EBP2 interaction in 
interphase is important for EBNA1-chromosome interactions in mitosis (Jourdan 
et al. 2012). This possibility is reminiscent of findings for bovine papillomavirus 
segregation, in which an interphase interaction between the viral E2 protein and 
host ChlR1 protein is required in order for E2 to associate with mitotic chromo-
somes and segregate papillomavirus genomes (Feeney et al. 2011; Parish et al. 
2006).

2.3  EBV Transcriptional Activation

Another function of EBNA1 at EBV episomes is in transcriptional activation. 
EBNA1 can act as a transcriptional activator when bound to the oriP FR element, 
enhancing the expression of reporter genes on FR-containing plasmids in a dis-
tance-independent manner (Lupton and Levine 1985; Reisman and Sugden 1986). 
The EBNA1-bound FR was also shown to activate expression from the viral Cp 
and LMP promoters, suggesting a role for EBNA1 in inducing the expression of 
the EBNA and LMP EBV latency genes in latent infection (Sugden and Warren 
1989; Gahn and Sugden 1995). The EBNA1 residues required for transcriptional 
activation have been mapped to the 65–83 N-terminal sequence (Wu et al. 2002; 
Kennedy and Sugden 2003) as well as to the central Gly–Arg-rich region (resi-
dues 325–376) also required for segregation function (Yates and Camiolo 1988; 
Ceccarelli and Frappier 2000; Wang et al. 1997; Van Scoy et al. 2000). EBNA1 
requires both of these regions to activate transcription, as deletion of either one 
abrogates the transcriptional activation function of EBNA1 (Wu et al. 2002; 
Ceccarelli and Frappier 2000). A Δ61–83 EBNA1 mutant was found to be fully 
active for replication and segregation functions, indicating that transcriptional 
activation is a distinct EBNA1 function (Wu et al. 2002). Similar conclusions 



10 L. Frappier

were reached with a Δ65–89 EBNA1 mutant in the context of an infectious EBV, 
where EBNA1 Δ65–89 was shown to be defective in activating expression of the 
EBNA genes from the Cp promoter, but still supported stable plasmid replication 
(Altmann et al. 2006). EBV containing the Δ65–89 EBNA1 was also shown to 
be severely impaired in the ability to transform cells, indicating the importance 
of EBNA1-mediated transcriptional activation for EBV infection (Altmann et al. 
2006).

Two cysteine residues within the N-terminal transactivation sequence (at posi-
tions 79 and 82) have been shown to be important for transactivation activity and 
to mediate an interaction with zinc (Aras et al. 2009). There is also evidence that 
the transcriptional activity of EBNA1 is zinc-dependent, suggesting that a zinc-
dependent structure formed in the N-terminal transactivation region mediates 
the activity of this sequence (Aras et al. 2009). The 61–83 region also mediates 
an interaction with Brd4 (Lin et al. 2008), a cellular bromodomain protein that 
interacts with acetylated histones to regulate transcription (Wu and Chiang 2007). 
Within the EBV genome, Brd4 was shown to be preferentially localized to the 
EBNA1-bound FR enhancer element (Lin et al. 2008). Furthermore, Brd4 deple-
tion inhibited EBNA1-mediated transcriptional activation, suggesting that EBNA1 
uses Brd4 to activate transcription (Lin et al. 2008). Interestingly, an interac-
tion between Brd4 and papillomavirus E2 proteins (the functional equivalent 
to EBNA1) has been shown to be important for transcriptional activation by E2 
(Schweiger et al. 2006; McPhillips et al. 2006; Ilves et al. 2006), suggesting that 
EBNA1 and E2 may use common mechanisms to activate transcription. Whether 
or not the EBNA1–Brd4 interaction is zinc-dependent remains to be determined.

The EBNA1 325–376 region mediates interactions with several cellular pro-
teins, some of which have been implicated in the transcriptional activity of 
EBNA1. For example, P32/TAP, which interacts with Arg-rich sequences, has 
been detected at oriP by chromatin immunoprecipitation, and its C-terminal 
region has some ability to activate a reporter gene when fused to the GAL4 DNA 
binding domain (Van Scoy et al. 2000; Wang et al. 1997). However, it is not clear 
whether P32/TAP is important for EBNA1-mediated transcriptional activation. 
The related nucleosome assembly proteins, NAP1, TAF-Iβ (also called SET), and 
nucleophosmin, also interact with the EBNA1 325–376 sequence and are known 
to affect transcription in multiple ways (Holowaty et al. 2003c; Wang and Frappier 
2009; Park and Luger 2006; Malik-Soni and Frappier 2012, 2013). A role for 
NAP1, TAF-Iβ, and nucleophosmin in EBNA1-mediated transcriptional activa-
tion is supported by the finding that each protein is recruited to the FR element 
by EBNA1 and that EBNA1 transactivation activity is decreased upon depleting 
any of these proteins (Wang and Frappier 2009; Malik-Soni and Frappier 2013). 
Depletion of nucleophosmin had the biggest effect on EBNA1-mediated transcrip-
tional activation, suggesting, either that the EBNA1-nucleophosmin interaction is 
the most important for transcription function, or that nucleophosmin is more limit-
ing in the cell than NAP1 or TAF-Iβ (Malik-Soni and Frappier 2013). Note that 
another histone chaperone protein, nucleolin, was also recently reported to con-
tribute to EBNA1 functions including transactivation, but this appears to be due to 
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an effect on EBNA1 binding to oriP (Chen et al. 2014). As a whole, the data sug-
gest that recruitment of both nucleosome assembly proteins and Brd4 are impor-
tant for transcriptional activation by EBNA1, reflecting the requirement for the 
two transcriptional activation sequences.

It is expected that transcriptional activation by EBNA1 will involve changes to 
histone modifications and this may include ubiquitylation of histone H2B. This is 
suggested by the finding that EBNA1 binds to a complex of USP7 and GMP syn-
thetase that functions to deubiquitylate H2B and recruits it to the FR (Sarkari et al. 
2009). USP7 depletion results in increased levels of monoubiquitylated H2B at the 
FR and decreased transcriptional activation, suggesting that monoubiquitylation 
of H2B inhibits EBNA1-mediated transcriptional activation. In keeping with this 
result, an EBNA1 mutant defective in USP7 binding has decreased ability to acti-
vate transcription (Holowaty et al. 2003c).

2.4  Autoregulation

In addition to interactions with the oriP FR and DS elements, EBNA1 was found 
to bind a third region of the EBV genome near the Qp promoter that is used to 
express EBNA1 in the absence of other EBNAs (Jones et al. 1989; Sample et al. 
1992; Nonkwelo et al. 1996). EBNA1 binding to two recognition sites located 
downstream of Qp was reported to repress EBNA1 expression from Qp (Sample 
et al. 1992). Since EBNA1 has lower affinity for these sites than either the DS 
or FR elements, EBNA1 would only bind the Qp sites when its levels are high 
enough to saturate the FR and DS elements, providing a feedback mechanism 
to shut off EBNA1 expression when EBNA1 levels are high (Jones et al. 1989; 
Ambinder et al. 1990). While EBNA1 was initially thought to inhibit expres-
sion from Qp by repressing transcription, a more recent study found that EBNA1 
acts post- or co-transcriptionally to inhibit the processing of primary transcripts 
(Yoshioka et al. 2008).

3  EBNA1–DNA Interactions

3.1  Interactions with the EBV Genome

EBNA1 specifically recognizes an 18-bp palindromic sequence present in multiple 
copies in the oriP DS and FR elements as well as in the BamHI-Q fragment con-
taining the Qp promoter (Rawlins et al. 1985; Jones et al. 1989; Ambinder et al. 
1990, 1991; Frappier and O’Donnell 1991b; Shah et al. 1992). Sequence varia-
tion within the multiple copies of this palindrome results in different affinities 
of EBNA1 for the FR, DS, and BamHI-Q regions and for individual sites within 
these regions (Ambinder et al. 1990; Summers et al. 1996). EBNA1 has highest 
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affinity for the FR and DS regions and remains bound to these sites throughout the 
cell cycle (Hsieh et al. 1993; Niller et al. 1995; Ritzi et al. 2003).

EBNA1 interacts with its recognition sites through its C-terminal domain 
(amino acids 459 and 607; Fig. 2), which also mediates the dimerization of 
EBNA1 (Ambinder et al. 1991; Chen et al. 1993; Summers et al. 1996; Shah et al. 
1992). EBNA1 forms very stable homodimers both in solution and when bound to 
its recognition sites (Frappier and O’Donnell 1991b; Ambinder et al. 1991; Shah 
et al. 1992). The crystal structure of the DNA binding and dimerization domain 
was determined both in solution and bound to the EBNA1 consensus binding site 
(Bochkarev et al. 1995, 1996). The structure showed that dimerization was medi-
ated by residues 504–604 (referred to as the core domain), which form an eight-
stranded antiparallel β-barrel, comprised of four strands from each monomer and 
two α-helices per monomer (Fig. 3). This core domain is strikingly similar to the 
structure of the DNA binding domain of the E2 protein of papillomavirus, despite 
a complete lack of sequence homology (Edwards et al. 1998; Hegde et al. 1992). 
Residues 461–503 flank the core domain (flanking domain) and are comprised of 
an α-helix oriented perpendicular to the DNA and an extended chain that tunnels 
along the base of the minor groove of the DNA (Fig. 3). Both the helix and the 
extended chain make sequence-specific DNA contacts. In addition, a direct role 
of the core domain in DNA recognition was suggested by analogy to the E2 DNA 
binding domain and later confirmed by mutational analyses (Cruickshank et al. 
2000). Combined, the structural and biochemical studies indicate that the core and 
flanking domains of EBNA1 work together to load EBNA1 on its recognition site, 
likely through a two-step DNA binding mechanism. In keeping with this model, 
thermodynamic and kinetic analyses of the EBNA1 DNA binding domain–DNA 
interaction revealed two DNA association and dissociation events (Oddo et al. 
2006). In addition, the ability of EBNA1 to bind its recognition sites, both in vitro 
and in vivo, was found to be greatly stimulated by USP7 through its interaction 

Fig. 3  Crystal structure of the EBNA1 DNA binding and dimerization domain bound to DNA. 
The core and flanking components of the DNA binding and dimerization domain are shown in 
green and yellow, respectively. EBNA1 amino acid numbers are indicated. Reprinted with per-
mission from Bochkarev et al. (1996)
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with EBNA1 amino acids close to the flanking domain (442–448; Fig. 2) (Sarkari 
et al. 2009), suggesting that this USP7 interaction may facilitate the DNA loading 
of the flanking domain.

The interaction of the EBNA1 DNA binding and dimerization domain with 
a single recognition site causes the DNA to be smoothly bent and causes local-
ized regions of helical overwinding and underwinding (Bochkarev et al. 1996). 
The overwinding is caused by the EBNA1 flanking domain residues that traverse 
along the minor groove (amino acids 463–468) (Bochkarev et al. 1998; Summers 
et al. 1997) and this results in the increased sensitivity of one T residue within the 
DS sites to permanganate oxidation (Frappier and O’Donnell 1992; Hearing et al. 
1992; Hsieh et al. 1993; Summers et al. 1997). EBNA1 dimers assemble coop-
eratively on adjacent sites in the DS (Summers et al. 1996; Harrison et al. 1994), 
and this is predicted to induce additional changes in the DNA structure (such as 
unwinding), in order to accommodate the closely packed dimers (Bochkarev et al. 
1996). The strict requirement for the 3-bp spacing that separates neighboring sites 
in the DS for origin function suggests that the proper interaction between the 
EBNA1 dimers bound to these sites is crucial for the initiation of DNA replication, 
possibly because of the DNA structural changes that it imparts (Bashaw and Yates 
2001; Harrison et al. 1994). Interactions of EBNA1 dimers on the multiple sites 
within the DS and FR elements likely also contribute to the pronounced bending 
of these elements that have been observed and to the appearance of EBNA1 as a 
large single complex on each element (Frappier and O’Donnell 1991a; Goldsmith 
et al. 1993; Bashaw and Yates 2001).

EBNA1 complexes bound to the DS and FR elements of oriP can also inter-
act with each other cause the looping out of the intervening DNA (when interac-
tion occur within an oriP molecule) and the linking of multiple oriP molecules 
(when interactions occur between oriP molecules) (Frappier and O’Donnell 
1991a; Goldsmith et al. 1993; Su et al. 1991; Middleton and Sugden 1992). The 
DNA looping and linking interactions stabilize EBNA1 binding to the DS and 
involve homotypic interactions mediated by two different regions of EBNA1; 
a stable interaction mediated by amino acids 327–377 and a less stable interac-
tion mediated by residues 40–89 (Frappier et al. 1994; Laine and Frappier 1995; 
Mackey et al. 1995; Mackey and Sugden 1999; Avolio-Hunter and Frappier 1998). 
The looping/linking interactions of EBNA1 are not restricted to EBNA1 com-
plexes formed on the DS or FR elements but also occur between single EBNA1 
dimers bound to distant recognition sites (Goldsmith et al. 1993). The contribution 
of DNA looping and linking to EBNA1 functions remains unclear but the amino 
acids required for these interactions overlap with those required for EBNA1 repli-
cation, segregation, and transcriptional activation functions (Mackey and Sugden 
1999; Wu et al. 2002; Shire et al. 1999).

In vivo EBV genomes are assembled into nucleosomes with a spacing similar 
to that in cellular chromatin (Shaw et al. 1979; Dyson and Farrell 1985). Since 
nucleosomes tend to inhibit sequence-specific DNA interactions, the ability 
of EBNA1 to bind its site in the DS in the context of a nucleosome was exam-
ined. Surprisingly, EBNA1 was able to access its recognition sites within the 
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nucleosome and destabilized the nucleosome structure such that the histones could 
be displaced from the DNA (Avolio-Hunter et al. 2001). Efficient assembly of 
EBNA1 on the FR and DS elements was also observed on larger oriP templates 
containing physiologically spaced nucleosomes (Avolio-Hunter and Frappier 
2003). The disruption of the DS-nucleosome by EBNA1 required all four recogni-
tion sites in the DS and was intrinsic to the DNA binding and dimerization domain 
of EBNA1 (Avolio-Hunter et al. 2001). The ability of EBNA1 to destabilize nucle-
osomes might be important for initiating DNA replication, a process known to be 
sensitive to nucleosome positioning. In addition, the ability of EBNA1 to access 
its sites within a nucleosome is likely to be important at times when chromatin is 
established prior to EBNA1 expression, for example, when latently infected rest-
ing cells (which do not express EBNA1) switch to proliferating forms of latency in 
which EBNA1 is expressed.

3.2  Interactions with Cellular DNA Sequences

The fact that EBNA1 can activate transcription, when bound to the EBV FR ele-
ment, has prompted several studies to determine whether EBNA1 might also 
interact with specific sequences in cellular DNA to affect cellular gene expres-
sion. Chromatin IP (ChIP) experiments performed for EBNA1 from EBV-positive 
lymphoblastoid cell lines, followed by promoter array analysis, identified several 
EBNA1-associated DNA fragments, some of which were confirmed to be directly 
bound by EBNA1 in vitro (Dresang et al. 2009). While this approach identified 
a new EBNA1 recognition sequence (distinct from those in oriP), EBNA1 bind-
ing to this sequence did not activate reporter gene expression, so the significance 
of these EBNA1-cellular DNA interactions is not clear. ChIP combined with deep 
sequencing was also used to determine EBNA1 binding sites in B cells, identify-
ing many EBNA1-associated sites, several of which were close to transcriptional 
start sites for cellular genes (Lu et al. 2010). The expression of some of these 
cellular genes was decreased upon EBNA1 depletion and induced by EBNA1 
expression, suggesting that EBNA1 may affect their transcription. Like the previ-
ous study, these EBNA1 sites differed from those in oriP, but some were similar 
in sequence to those identified by Dresang et al. (2009). In addition, a cluster of 
high-affinity EBNA1 binding sites was identified on chromosome 11 between the 
divergent FAM55D and FAM55B genes, although the expression of these genes 
was not affected by EBNA1 (Lu et al. 2010). Canaan et al. (2009) conducted 
microarray experiments to compare cellular transcripts in B cells and 293 cells 
with and without EBNA1 and identified a small percentage of transcripts that 
were affected by EBNA1. In addition, EBNA1 was found to ChIP to most of these 
gene promoters, suggesting that it directly regulated them. However, whether or 
not EBNA1 bound directly to these promoters or was recruited through protein 
 interactions was not determined.
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The transcriptional activation function of EBNA1 on the EBV genome requires 
EBNA1 binding to multiple tandem recognition sites in the FR (Wysokenski and 
Yates 1989), and therefore, it seems unlikely that EBNA1 binding to any single 
recognition site would be sufficient to activate cellular transcription. To increase 
the probability of identifying functionally relevant EBNA1 interactions with cel-
lular DNA, D’Herouel et al. (2010) used nearest neighbor position weight matrices 
to identify repeated EBNA1 binding sites in the human genome. The sites they 
identified had considerable overlap with those found by Dresang et al. (2009). 
Although the significance of the repeated EBNA1 sites that they identified remains 
to be determined, it is interesting that they include weak binding sites near the 
c-Jun and ATF promoters, which were previously shown to be activated by and 
associated with EBNA1 in NPC cells (O’Neil et al. 2008).

By comparing cell cycle-specific transcripts from EBV-negative B cells with 
and without EBNA1 expression, Lu et al. (2011) identified survivin (an inhibitor 
of apoptosis) as an EBNA1 target gene. EBNA1 increased the levels of survivin 
transcripts and protein and was shown to associate with the survivin promoter. 
Induction of survivin protein and transcripts required the EBNA1 residues 65–89 
containing the N-terminal transcriptional activation sequence (Wu et al. 2002; 
Kennedy and Sugden 2003), suggesting that EBNA1 was activating the tran-
scription of the survivin gene. However, since activation of the survivin promoter 
by EBNA1 involves the Sp1 binding sites, EBNA1 may be recruited to the pro-
moter through the Sp1 host protein, as opposed to binding directly to the DNA. 
Similarly, Owen et al. (2010) found that EBNA1 increased the level of TFIIIC 
and ATF-2 transcripts and was associated with their promoter regions, consist-
ent with a direct role in transcriptional activation. Finally, EBNA1 was recently 
reported to induce the expression of cellular let-7a microRNAs (miRNA) in 
nasopharyngeal and gastric carcinoma cells (Mansouri et al. 2014). EBNA1 
increased the level of let-7a primary transcripts in a manner dependent on its 
N-terminal transactivation sequence, suggesting that EBNA1 directly induces 
their transcription. However, whether or not this involves a direct interaction of 
EBNA1 with DNA sequences regulating these primary transcripts remains to be 
determined.

Presumably any of the above direct interactions of EBNA1 with specific 
DNA sites would be mediated by the EBNA1 DNA binding domain. However, 
there have also been reports of less specific interactions of EBNA1 with DNA 
or chromatin through its Gly–Arg-rich regions, which resemble AT hooks (Sears 
et al. 2004; Coppotelli et al. 2013). In addition, EBNA1 has been reported to 
decondense heterochromatin through its Gly–Arg-rich sequences (Coppotelli 
et al. 2013). However, it is unclear whether this effect involves the association 
of the Gly–Arg sequences with DNA, chromatin-associated proteins (includ-
ing the nucleosome assembly proteins known to bind to them), or another 
mechanism.
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4  Cellular Effects of EBNA1

In addition to the roles of EBNA1 at the EBV genome, numerous reports suggest 
that EBNA1 directly contributes to cell proliferation and survival typical of latent 
EBV infection. The first implications came from the observations that EBNA1 
is the only EBV protein expressed in all EBV-positive tumors and latency types 
in proliferating cells and is sometimes the only EBV protein expressed. EBNA1 
was subsequently shown to be important for efficient B-cell immortalization by 
EBV (Hume et al. 2003; Altmann et al. 2006) and for the continued proliferation 
of some EBV-positive tumor cells (Kennedy et al. 2003; Hong et al. 2006; Yin and 
Flemington 2006). EBNA1 expression in various EBV-negative cancer cells has 
also been found to increase tumorigenicity (Sheu et al. 1996; Cheng et al. 2010; 
Kube et al. 1999; Kaul et al. 2007). In addition, EBNA1 expression in the B-cell 
compartment of a transgenic mouse has been reported to be sufficient to induce 
B-cell lymphomas (Wilson et al. 1996; Tsimbouri et al. 2002). However, these 
results were not reiterated in a second independent transgenic mouse study, sug-
gesting that secondary events might contribute to the development of EBNA1-
induced lymphomas (Kang et al. 2005, 2008). Nonetheless, the body of evidence 
indicates that EBNA1 contributes to oncogenesis, likely due to multiple effects on 
cellular proteins as discussed below and summarized in Fig. 4.

4.1  USP7 Interaction

Proteomics methods identified several cellular proteins that are bound by EBNA1, 
including an interaction with the cellular ubiquitin-specific protease USP7 [also 
called HAUSP (Holowaty et al. 2003c; Malik-Soni and Frappier 2012)]. USP7 

Fig. 4  Summary of EBNA1 cellular effects. The cellular proteins whose functions or levels are 
affected by EBNA1 are shown, where arrows represent positive regulation and blunted lines rep-
resent negative regulation. Associated cellular processes are also indicated
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was originally discovered as a binding partner of the ICP0 protein from herpes 
simplex virus type 1 and has since been shown to be targeted by proteins from 
several different herpesviruses (Everett et al. 1997; Salsman et al. 2012; Lee 
et al. 2011; Jager et al. 2012). USP7 has been reported to bind and regulate sev-
eral cellular proteins including p53 and Mdm2 (an E3 ubiquitin ligase for p53), 
which USP7 stabilizes by removing the polyubiquitin chains that normally signal 
degradation (Li et al. 2002, 2004; Cummins et al. 2004; Nicholson and Suresh 
Kumar 2011; Frappier and Verrijzer 2011). EBNA1, p53, and Mdm2 compete 
for the same binding pocket in the N-terminal TRAF domain of USP7; however, 
EBNA1 was found to outcompete p53 or Mdm2 due to its higher affinity for USP7 
(Holowaty et al. 2003a; Saridakis et al. 2005; Sheng et al. 2006). The EBNA1 
region just N-terminal to the DNA binding domain was identified as the USP7 
binding site, and a subsequent crystal structure of this EBNA1 peptide bound to 
the USP7 TRAF domain showed that EBNA1 amino acids 442–448 contact USP7 
(Fig. 2) (Holowaty et al. 2003a; Saridakis et al. 2005; Sheng et al. 2006; Hu et al. 
2006).

In theory, EBNA1 could destabilize either p53 or Mdm2 by blocking their 
interaction with USP7, resulting in opposite effects on p53 levels. In vivo EBNA1 
has not been reported to lower Mdm2 levels, but has been confirmed to lower 
p53 levels at least in some cell backgrounds. For example, expression of EBNA1 
but not a USP7-binding mutant of EBNA1 in U2OS cells was shown to reduce 
the accumulation of p53 in response to DNA damage and subsequent apopto-
sis (Saridakis et al. 2005). Similarly, EBNA1 expression in CNE2 NPC cells 
decreased the accumulation of p53 in response to DNA damage (Sivachandran 
et al. 2008), and the presence of EBNA1 or EBV in AGS or SCM1 gastric car-
cinoma cells decreased the steady-state levels of p53 (Sivachandran et al. 2012a; 
Cheng et al. 2010). This suggests that EBNA1 could promote cell survival by 
modulating p53 in EBV-infected epithelial cells.

4.2  Effects on PML Nuclear Bodies

Promyelocytic leukemia (PML) nuclear bodies (also called ND10s) are nuclear 
foci for which PML tumor suppressor proteins form the structural basis. PML bod-
ies are important for several cellular processes, including apoptosis, DNA repair, 
senescence, and p53 activation by acetylation (Salomoni et al. 2008; Bernardi and 
Pandolfi 2007; Takahashi et al. 2004; Guo et al. 2000; Wang et al. 1998; Pearson 
et al. 2000), and their loss has been associated with the development and/or pro-
gression of several tumors (Gurrieri et al. 2004; Salomoni et al. 2008). In addition, 
PML nuclear bodies suppress lytic viral infection as part of the innate antiviral 
response (Geoffroy and Chelbi-Alix 2011; Everett and Chelbi-Alix 2007; Reichelt 
et al. 2011). To counter this defense, many viruses encode proteins that disrupt 
PML nuclear bodies either by interfering with PML protein interactions need to 
form the bodies or by inducing the degradation of the PML proteins (Everett 2001).
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EBNA1 was found to induce the loss of PML nuclear bodies in both NPC 
and gastric carcinoma cells, by inducing the degradation of the PML proteins 
(Sivachandran et al. 2008, 2012a). Consistent with known PML functions, EBNA1 
expression in these cells was also found to decrease DNA repair efficiency, p53 
acetylation, and apoptosis in response to DNA damaging agents (Sivachandran 
et al. 2008, 2012a). The results suggest that, as a result of EBNA1-induced PML 
loss, cells expressing EBNA1 are more likely to survive with DNA damage, which 
would be expected to contribute to the development of carcinomas. Importantly, 
these observations in cell lines appear to hold true in vivo, as a comparison of 
EBV-positive and EBV-negative gastric carcinoma tumor biopsies showed that 
PML levels were greatly reduced by the presence of EBV, presumably due to the 
action of EBNA1 (Sivachandran et al. 2012a).

The mechanism by which EBNA1 induces the degradation of PML proteins 
involves EBNA1 binding to both USP7 and the host casein kinase 2 (CK2) and 
recruitment of these proteins to the PML nuclear bodies (Sivachandran et al. 2008, 
2010). EBNA1 was found to preferentially interact with PML isoform IV over 
the other five nuclear PML isoforms, and therefore, EBNA1 may localize to PML 
nuclear bodies through interactions with PML IV (Sivachandran et al. 2008, 2012b). 
EBNA1 mutants that fail to bind either USP7 or CK2 can still associate with PML 
bodies but do not induce their loss (Sivachandran et al. 2008, 2010). Similarly, wild-
type EBNA1 does not affect PML nuclear bodies when USP7 or CK2 is depleted. In 
keeping with these observations, USP7 was subsequently shown to negatively regu-
late PML proteins (even in the absence of EBV or EBNA1), by a mechanism that is 
independent of its ubiquitin cleavage activity (Sarkari et al. 2011).

The interaction of EBNA1 with CK2 involves a direct interaction of EBNA1 
amino acids 387–394 with the binding pocket in the β-regulatory subunit of CK2 
and this interaction requires EBNA1 to be phosphorylated at S393 (Sivachandran 
et al. 2010; Cao et al. 2014). CK2 was previously identified as a negative regulator 
of PML and was shown to phosphorylate PML proteins at a particular serine resi-
due that triggers polyubiquitylation and subsequent degradation (Scaglioni et al. 
2006, 2008). Through its interaction with CK2, EBNA1 was shown to increase 
CK2-mediated phosphorylation of PML, which is expected to increase PML poly-
ubiquitylation (Sivachandran et al. 2010). Since CK2 is involved in many cellular 
processes, it is possible that the interaction of EBNA1 with CK2 also affects addi-
tional pathways.

4.3  Modulation of Signaling Pathways

EBNA1 has been reported to affect several signaling pathways. First, EBNA1 
expression in three different carcinoma cell lines was found to increase the expres-
sion of STAT1 (Wood et al. 2007; Kim and Lee 2007). EBNA1 was subsequently 
shown to enhance STAT1 phosphorylation and nuclear localization in response to 
IFNγ (Wood et al. 2007). Second, EBNA1 expression was found to decrease the 
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expression of TGF-β1-responsive genes suggesting that EBNA1 interferes with 
TGF-β signaling (Wood et al. 2007). This effect may be due to increased turno-
ver of SMAD2 in the presence of EBNA1, resulting in decreased levels of SMAD 
complexes needed for TGF-β1-induced transcription (Wood et al. 2007; Flavell 
et al. 2008). Third, using NF-κB reporter plasmids in carcinoma cell lines, EBNA1 
was found to inhibit NF-κB activity and DNA binding (Valentine et al. 2010). 
Additional experiments showed that the levels, nuclear localization, and phospho-
rylation of the p65 NF-κB subunit were all reduced in the presence of EBNA1 as 
was the phosphorylation of the p65 kinase, IKKα/β (Valentine et al. 2010). How 
EBNA1 elicits any of the above effects is presently unclear as no physical interac-
tion has been detected between EBNA1 and STAT1, SMAD2, p65, or IKKα/β.

4.4  Induction of Oxidative Stress

EBV infection is associated with increased oxidative stress (Lassoued et al. 2008; 
Cerimele et al. 2005) and this may be at least partly due to EBNA1 expression. 
Stable or transient EBNA1 expression in B-cell lines was found to increase levels 
of reactive oxygen species (ROS), DNA damage foci and dysfunctional, uncapped 
telomeres, and these EBNA1 effects were decreased by ROS scavengers (Gruhne 
et al. 2009; Kamranvar and Masucci 2011). In addition, EBNA1 was found to 
increase the expression of the NOX2 NADPH oxidase which might account for 
the ROS induction (Gruhne et al. 2009). Similarly, a comparison of the nuclear 
proteome in NPC cells with and without EBNA expression showed that EBNA1 
increased the levels of several oxidative stress response proteins including the anti-
oxidants superoxide dismutase 1 and peroxiredoxin 1, known to be induced by 
ROS (Cao et al. 2011). Further studies confirmed that, in the presence of EBNA1, 
ROS levels were elevated and that NOX1 and NOX2 transcripts were increased 
(Cao et al. 2011). Therefore, EBNA1 appears to have multiple effects on the oxi-
dative stress response, although the mechanisms of these effects are not yet known.

4.5  Effects on Noncoding RNA

EBNA1 expression has been reported to increase the transcript and protein levels of 
the RNA polymerase III transcription factor TFIIIC and, in keeping with this find-
ing, increased the expression of several cellular pol III-transcribed genes (Owen 
et al. 2010). In the same study, EBNA1 was also found to induce the expression of 
ATF-2, a pol II transcription factor known to contribute to the expression of EBV 
EBER noncoding RNAs. The result prompted examination of the effect of EBNA1 
on EBER levels and confirmed that EBNA1 induces EBER expression.

The effects of EBNA1 on cellular miRNAs have also been examined, 
using high-throughput sequencing to compare miRNA levels in two different 
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EBV-negative NPC cell lines with and without transient EBNA1 expression 
(Mansouri et al. 2014). A small percentage of miRNAs were found to be con-
sistently affected by EBNA1 expression in the two cell lines; in particular, let-7 
family miRNAs were increased by EBNA1. Further studies on let-7a miRNA in 
both EBV-positive and EBV-negative carcinoma cell lines confirmed that EBNA1 
upregulates let-7a as well as its primary transcripts and that this required the 
EBNA1 61–83 transcriptional activation sequence (Mansouri et al. 2014). This 
induction of let-7a was shown to result in a corresponding decrease in the let-7a 
target, Dicer. The decreased Dicer levels did not result in global impairment of 
miRNA biogenesis, but rather the decreased Dicer and increased let-7a levels pro-
moted EBV latency by inhibiting EBV reactivation. In addition, in another study 
EBNA1 overexpression was reported to decrease levels of miR-200a and miR-
200b and this was suggested to contribute to induction of the epithelial–mesenchy-
mal transition (EMT) (Wang et al. 2014).

4.6  Effects on Metastatic Potential

A comparison of the nuclear proteomes of NPC cells with and without EBNA1 
expression found that EBNA1 increased the nuclear levels of Nm23-H1, stath-
min 1, and maspin, all of which have been found to be contribute to metastases 
(Cao et al. 2011). This effect on Nm23-H1 corroborated a previous study that 
showed that EBNA1 co-immunoprecipitated with Nm23-H1 from lymphoid cells 
and cause it to relocalize to the nucleus (Murakami et al. 2005). This interaction 
required EBNA1 amino acids 65–89, which are also important for transcriptional 
activation (Murakami et al. 2005). Nm23-H1 is a known suppressor of metastasis 
and cell migration, and EBNA1 was shown to counteract the ability of Nm23-H1 
to suppress cell migration both in vitro and in a nude mouse model (Murakami 
et al. 2005; Kaul et al. 2007). The results suggest that EBNA1 contributes to the 
metastatic potential of EBV tumors. This contention is supported by a report 
by Sheu et al. (1996) that EBNA1 expression in HONE-1 NPC cells increased 
tumor metastases in nude mice. In addition, a recent study showed that EBNA1 
expression in CNE NPC cell lines decreased expression of epithelial cell mark-
ers and increased expression of mesenchymal cell markers, consistent with induc-
tion of EMT (Wang et al. 2014). In keeping with this finding, EBNA1 expression 
increased the migration and colony formation of CNE1 cells, providing further 
support for a role of EBNA1 in metastasis.

5  Immune Evasion

While most of the EBV latency proteins elicit a strong immune response, cells that 
only express EBNA1 (referred to as latency I or EBNA1-only program) largely 
avoid immune detection (Babcock et al. 2000; Munz 2004; Khanna et al. 1995). 
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This is due to inefficient presentation of EBNA1 peptides on MHC class I mol-
ecules (Blake et al. 1997). Reduced EBNA1 presentation has been attributed to 
the central Gly–Ala repeat of EBNA1 which varies in size in different EBV iso-
lates (~230 amino acid long in the B95-8 strain; Fig. 2). Removal of this repeat 
has been shown to restore EBNA1 presentation, while the addition of the Gly–Ala 
repeat to EBNA4 inhibits its recognition by cytotoxic T lymphocytes (Blake et al. 
1997; Levitskaya et al. 1995).

Initially, it was thought that the Gly–Ala repeat inhibited EBNA1 presentation 
by interfering with its proteasomal processing. This was based on the studies in 
which insertion of the Gly–Ala repeat in other proteins inhibited their degrada-
tion (Levitskaya et al. 1997; Sharipo et al. 1998; Heessen et al. 2002; Dantuma 
et al. 2000; Zhang and Coffino 2004). However, the deletion of the Gly–Ala repeat 
from EBNA1 was not found to affect EBNA1 turnover, as EBNA1 is extremely 
stable with or without the Gly–Ala repeat (Daskalogianni et al. 2008). In addi-
tion, Tellam et al. (2004) found that EBNA1 turnover varied considerably in dif-
ferent cell backgrounds but that these rates did not correspond to the level of MHC 
I-restricted presentation of EBNA1 peptides. Moreover, EBNA1 presentation was 
shown to derive from newly synthesized protein, and the primary contribution 
of the Gly–Ala repeat on the presentation of EBNA1 peptides was found to be 
due to inhibition of its own translation (Tellam et al. 2004; Yin et al. 2003). This 
supported a model where the MHC I-restricted presentation of EBNA1 occurs 
through the generation of defective ribosomal products (DRiPs) which are reduced 
by the presence of the Gly–Ala repeat (Fahraeus 2005).

Further studies confirmed that MHC class I presentation and CTL recognition 
corresponded to the rate of EBNA1 translation and the levels of DRiPs and that 
all were inhibited by the Gly–Ala repeat (Tellam et al. 2007; Apcher et al. 2009, 
2010; Tellam et al. 2008). The Gly–Ala repeat was also reported to interfere with 
the initiation of translation (Apcher et al. 2010). The importance of the transla-
tion elongation rate was further supported by the recent finding that the RNA 
encoding the Gly–Ala repeats forms clusters of G-quadruplexes that affect both 
translation and antigen presentation (Murat et al. 2014). Specifically, antisense 
oligonucleotides that destabilize these G-quadruplexes were shown to increase 
translation, ribosome association, and antigen presentation, while stabilization of 
G-quadruplexes by pyridostatin treatment inhibited translation. Since the EBNA1 
protein has been reported to bind G-quadruplex RNA (Norseen et al. 2009), it is 
possible that EBNA1 may autoregulate its translation by binding to its own mRNA 
during translation, but this remains to be determined. It has also been reported that 
Hsp90 inhibitors decrease EBNA translation suggesting a role for Hsp90 in this 
process; however, the mechanism of this effect is unclear (Sun et al. 2010).

Unlike MHC class I presentation, EBNA1 elicits a strong CD4 response due 
to efficient MHC class II processing (Munz et al. 2000; Leen et al. 2001). The 
MHC class II-mediated presentation of EBNA1 results, at least in part, from the 
ability of endogenous EBNA1 to undergo lysosomal processing after entering the 
autophagy pathway (Paludan et al. 2005). In keeping with this conclusion, inhi-
bition of autophagy decreased recognition of EBNA1 by CD4+ T cells (Paludan 
et al. 2005). Subsequently, the range of EBNA1 CD4 epitopes generated was 
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shown to be affected by the cellular localization of EBNA1, with nuclear locali-
zation limiting the displayed epitopes due to decreased accessibility to the mac-
roautophagy pathway relative to cytoplasmic EBNA1 (Leung et al. 2010). How 
EBNA1-expressing cells are able to persist in the body despite recognition by 
CD4+ T cells is unclear.

6  EBNA1 in Lytic EBV Infection

The above roles of EBNA1 all pertain to latent EBV infection. However, EBNA1 
is also expressed in lytic infection from a lytic cycle-specific promoter (Fp), sug-
gesting that it also contributes to productive infection (Brink et al. 2001; Lear 
et al. 1992; Schaefer et al. 1995). The contributions of EBNA1 to viral reactiva-
tion to the lytic cycle were examined in EBV-positive AGS gastric carcinoma 
cells (Sivachandran et al. 2012b). EBNA1 silencing was found to increase the 
frequency with which EBV spontaneously entered the lytic cycle, suggesting that 
EBNA1 can suppress reactivation. This may be due to ability of EBNA1 to induce 
let7 family miRNAs (including let-7a), which results in downregulation of Dicer, 
as both upregulation of let-7a and downregulation of Dicer have been shown to 
inhibit EBV reactivation (Iizasa et al. 2010; Mansouri et al. 2014).

EBNA1 has also been found to play a role in EBV lytic infection. When the 
lytic cycle is chemically induced, EBNA1 silencing decreases lytic gene expres-
sion and viral genome amplification indicating that EBNA1 can promote lytic 
infection. However, EBNA1 does not positively contribute to lytic infection in 
cells depleted in PML proteins, suggesting that the role of EBNA1 in lytic infec-
tion is in overcoming suppression by PML proteins. In keeping with this interpre-
tation, PML proteins and nuclear bodies were found to suppress lytic infection by 
EBV (Sivachandran et al. 2012b; Sides et al. 2011).

7  Conclusion

In summary, EBNA1 makes multiple contributions to EBV infection due to its 
ability to interact with specific DNA sequences and multiple cellular proteins. 
Latency contributions include the replication and mitotic segregation of EBV epi-
somes, contributions to viral transcription, and multiple effects on cellular proteins 
and pathways that promote cell survival and proliferation. In addition, EBNA1 
impacts the reactivation of EBV and contributes to EBV lytic infection by over-
coming suppression by PML nuclear bodies. This combination of diverse func-
tions makes EBNA1 a key protein for EBV infection.
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Abstract While all herpesviruses can switch between lytic and latent life cycle, 
which are both driven by specific transcription programs, a unique feature of 
latent EBV infection is the expression of several distinct and well-defined viral 
latent transcription programs called latency I, II, and III. Growth transforma-
tion of B-cells by EBV in vitro is based on the concerted action of Epstein-Barr 
virus nuclear antigens (EBNAs) and latent membrane proteins(LMPs). EBV 
growth-transformed B-cells express a viral transcriptional program, termed latency 
III, which is characterized by the coexpression of EBNA2 and EBNA-LP with 
EBNA1, EBNA3A, -3B, and -3C as well as LMP1, LMP2A, and LMP2B. The 
focus of this review will be to discuss the current understanding of how two of 
these proteins, EBNA2 and EBNA-LP, contribute to EBV-mediated B-cell growth 
transformation.
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Abbreviation

CBF1  C-promoter binding factor
EBNA  Epstein-Barr virus nuclear antigen
EBNA-LP  Epstein-Barr virus leader protein
LMP  Latent membrane protein
LCL  Lymphoblastoid cell line
LCV  Lymphocryptovirus
TAD  Transactivation domain
PML-NB  Promyelocytic leukemia nuclear body

1  EBNA2 and EBNA-LP Expression

In vivo, the latency III transcription program is expressed during a short-time 
window immediately after the infection of tonsillar B-cells of healthy individuals 
as well as in tonsillar EBV-infected B-cells in patients suffering from infectious 
mononucleosis (Kurth et al. 2003; Thorley-Lawson 2001). Expression of EBNA2 
and EBNA-LP in EBV-related malignant diseases is confined to  immunodeficient 
patients, who lack efficient T-cell immunosurveillance, a state that may be caused 
by immunosuppressive drug treatment after transplantation. Since the viral expres-
sion program in immunodeficient patients closely resembles the pattern seen in 
immortalized B-cells in vitro, EBNA2 and EBNA-LP are likely to drive the prolif-
eration of these highly malignant cells. EBNA2 and EBNA-LP are not expressed 
in latently infected memory B-cells of healthy individuals or in EBV-associated 
malignancies of immunocompetent people as exemplified by patients suffer-
ing from Burkitt’s lymphoma or Hodgkin’s disease (for review see: Bornkamm 
and Hammerschmidt 2001; Macsween and Crawford 2003). Both EBNA2 and 
EBNA-LP are expressed from transcripts initiating from either of two promot-
ers, Wp or Cp (Alfieri et al. 1991; Bodescot et al. 1987; Woisetschlaeger et al. 
1990, 1991). While the EBNA2 protein is encoded by a single exon, transcription 
of EBNA-LP is more complex. For transcripts initiating from Wp, the first exon, 
W0, is joined to either the W1 exon, which does not contain an initiation codon for 
EBNA-LP, or via an alternate splice acceptor site to W1′ that does (Fig. 1) (Sample 
et al. 1986; Speck et al. 1986). W1 is then joined with the W2 exon and additional 

6   EBNA2 Binds to Cellular Promoter and Enhancer Regions and Can Promote  
the Formation of Chromatin Loops Within the Cellular Genome ..................................... 43
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(a)

(b)

Fig. 1  Exon organization of EBNA-LP and EBNA2 gene transcripts. a Transcription of the EBNA-
LP gene initiates from either the W promoter (Wp) or C promoter (Cp). The different noncoding 
(C1, C2, W0) and coding exons for EBNA-LP (W1, W2, Y1, and Y2 in blue) and EBNA2 (Y3 in 
red) are indicated. During early stages of infection, transcription initiates from available Wp residing 
in each IR1 repeat, which results in the production of multiple EBNA-LP protein isoforms. During 
later stages of infection or in established LCLs, transcription from Cp is stimulated and there is a 
bias toward the OriP-proximal Wp. The level of Cp versus Wp-initiated transcription varies depend-
ing on several circumstances. The viral latent origin of replication (OriP), polyadenylation site (pA) 
for EBNA-LP/EBNA2 transcripts, and location of other EBNA genes and latent membrane proteins 
(LMP) are shown. b Alternative splicing generates an initiation codon for EBNA-LP. Splicing from 
W0 or C2 to a slightly shorter W1′ exon generates an AUG initiation codon for EBNA-LP, while 
splicing to the longer W1 exon does not. Splice donor and acceptor sites are underlined, and the 
resulting transcripts are shown below. The first three amino acid residues for EBNA-LP are shown 
below the transcripts that can translate EBNA-LP (adapted from Dr. S. Speck, with permission)
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W1/W2 exons from each downstream repeat within major internal repeats (IR1). 
A complete transcript encoding EBNA-LP also joins unique exons Y1 and Y2 
and the exon coding for EBNA2 (Bodescot et al. 1984; Sample et al. 1986; Speck 
et al. 1986). The final transcripts are bicistronic, encoding both EBNA-LP and 
EBNA2, or monocistronic for EBNA2 and containing a long 5′ untranslated leader 
sequence. Following initial infection of primary B-cells, transcription initiates first 
from Wp, but generally switches to Cp during later stages of infection or in estab-
lished lymphoblastoid cell lines (LCLs), correlating with the detectable expression 
of EBNA2, which is also known to positively regulate Cp (see section on EBNA2 
genetic and biochemical analysis). For transcripts initiating from Cp, the first two 
exons C1 and C2 can join either with W1 or W1′ to produce mRNAs encoding 
EBNA-LP or EBNA2 only, like those expressed from Wp (Rogers et al. 1990). 
EBNA-LP and EBNA2 are the first two latent proteins detectable following infec-
tion of primary B-cells (Alfieri et al. 1991; Allday et al. 1989).

The number of IR1 repeats determines the size of EBNA-LP, although during 
early stages of infection, multiple isoforms of EBNA-LP are detectable (Allan and 
Rowe 1989; Dillner et al. 1986; Finke et al. 1987). This phenomenon has not yet 
been explained, but one hypothesis is that because each IR1 repeat contains a Wp, 
there may be multiple sites for transcription initiation from different Wps. On the 
other hand, alternative splicing may occur across the IR1 repeats, generating tran-
scripts encoding EBNA-LP proteins with varying repeat sequences. A methodi-
cal study of the number of IR1 repeats needed for optimal EBV-mediated B-cell 
immortalization has shown that at least two repeats are needed, but that 5 or more 
are associated with viruses that have optimal transforming activities (Tierney et al. 
2011). This effect is apparently due to greater transcriptional activity from Wp 
rather than the size of EBNA-LP isoforms that are made. Sequencing of nonhu-
man primate lymphocryptoviruses (LCVs) confirms that these viruses encode the 
predicted EBNA2 and EBNA-LP proteins, and at least one study has shown that 
the complex transcriptional unit encoding EBNA-LP is well conserved (Peng et al. 
2000a).

2  The EBNA2 Protein

EBNA2 forms granules (also called speckles) and localizes to the nucleoplasm, 
the chromatin fraction, and the nuclear matrix but excludes the nucleoli (Petti et al. 
1990). Most studies on EBNA2 used the laboratory EBV strain B95-8 which 
encodes a 487 amino acid EBNA2 protein1 (Baer et al. 1984; Skare et al. 1982) 
(Fig. 2). EBNA2, isolated from total cellular extracts, has an apparent molecular 
weight of approximately 84 kDa as judged by SDS-PAGE. Phosphorylation of 

1In this review, we will refer to the primary structure of EBNA2 using the Swiss-Prot data entry 
of EBV laboratory strain 95-8:P12978.
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EBNA2 may partially account for the discrepancy between the expected molecular 
weight and the electrophoretic mobility of the protein (Grasser et al. 1991). 
Notably, EBNA2 proteins from distinct nuclear compartments exhibit differential 
phosphorylation patterns, and these phosphorylation patterns vary during the cell 
cycle (Petti et al. 1990; Yue et al. 2004). A further modification of EBNA2 is the 
arginine methylation of the RG repeat (Barth et al. 2003), which is considered to 
be a modulator of EBNA2 activity. The RG repeat binds to poly G and histone H1 
in vitro (Tong et al. 1994) and also serves as a substrate for arginine methyltrans-
ferase 5 (Liu et al. 2013). A poly-proline stretch (poly-P) separates two N-terminal 
dimerization domains, Dim1 (1–58) and Dim2 (96–210), which both mediate 
homotypic adhesion. In addition, Dim1 serves as an N-terminal transactivation 
domain (N-TAD) that may interact with EBNA-LP (Gordadze et al. 2004; Harada 
et al. 2001; Peng et al. 2004b). A second transactivation domain (C-TAD) resides 
in the C-terminus of EBNA2 (448–479) (Cohen and Kieff 1991). The core frag-
ment of the transactivation domain (AA: 453–466) can be replaced by an acidic 
fragment of the herpesviral VP16 transactivation domain indicating that EBNA2 
and VP16 share functional similarities (Cohen 1992; Cohen and Kieff 1991). In 
fact, both transactivation domains bind to TFIIB and TAF40, components of the 
transcription initiation complex, and TFIIH, a factor involved in promoter clear-
ance. In addition, both bind to RPA70, the replication protein A (Tong et al. 1995a, 
b). In contrast to VP16, EBNA2 does not bind to TBP (Tong et al. 1995c). Both 
transactivation domains also recruit histone acetyltransferase activity by interact-
ing with CBP, p300, and PCAF (Wang et al. 2000). The structure of C-TAD in 
complex with CBP/p300 or the TFB1/p62 subunit of the TFIIH complex has 
recently been solved by nuclear magnetic resonance (NMR) spectroscopy. C-TAD 
is an intrinsically unstructured region which folds into a 9-residue alpha helix 
upon complexation (Chabot et al. 2014). The structure of the entire EBNA2 pro-
tein has not been solved. The high proline content, the poly-P regions, and the RG 
repeats most likely prevent globular folding of the entire protein in the absence of 
cognate binding partners.

Fig. 2  Schematic illustration showing the primary structure of EBNA2. Characteristic features 
of EBNA2 are a poly-proline (polyP) and a poly-arginine-glycine (RG) stretch and conserved 
regions (CR1–9), which have been defined by comparison of EBV strain types 1 and 2, baboon, 
and rhesus macaque lymphocryptoviruses. Regions of EBNA2, which mediate self-association, 
are labeled Dim1 and Dim2. CR5 and CR6 lie within the region, which mediates promoter 
targeting (adapter) by association with CBF1. Two transactivation domains (TAD) map to the 
amino (N-TAD) and carboxyl termini C-TAD, while the two nuclear localization signals (NLS) 
reside at the carboxyl terminus. Amino acid numbering refers to the B95-8 primary structure of 
EBNA2



40 B. Kempkes and P.D. Ling

Mainly based on the sequence diversity of the EBNA2 alleles, EBV can be cat-
egorized into two individual strains called type 1 and 2 (or type A and B respec-
tively). Type 1 and 2 EBV strains differ in their capacity to immortalize primary 
B-cells (Adldinger et al. 1985; Dambaugh et al. 1984) a feature that is predom-
inantly determined by sequence variation in the C-terminus of EBNA2 (Tzellos 
et al. 2014; Tzellos and Farrell 2012). Lymphocryptoviruses have also been iso-
lated from baboon and macaque. While the EBNA2 orthologs of baboon and 
macaque LCV show significant sequence similarity with EBNA2 protein encoded 
by the B95-8 strain (Cho et al. 1999; Peng et al. 2000a), sequence similarity with 
the positional EBNA2 homologue of marmoset LCV is below 20 % (reviewed in 
Wang 2013).

3  The EBNA-LP Protein

The EBNA-LP protein is composed of several 22 and 44 amino acid segments 
encoded by the W1 and W2 exons, which are joined with unique 11 and 34 amino 
acid segments at the carboxyl-terminal end that are encoded by the Y1 and Y2 exons. 
Once expressed, EBNA-LP localizes predominantly in the nucleus, which is facili-
tated by a bipartite nuclear localization signal (Peng et al. 2000b). Nuclear staining 
is diffuse early on after infection but then localizes in punctate structures known as 
promyelocytic leukemia nuclear bodies (PML NBs) (Bandobashi et al. 2001; Dillner 
et al. 1986; Ling et al. 2005; Nitsche et al. 1997; Szekely et al. 1996; Wang et al. 
1987b). Transient expression of EBNA-LP from eukaryotic expression vectors tends 
to mimic the diffuse nuclear localization observed at early points following virus 
infection. Consistent with its association with PML NBs, biochemical fractionation 
studies on LCLs indicate that EBNA-LP is associated with the nuclear matrix (Petti 
et al. 1990; Yokoyama et al. 2001a). PML NBs are organized by the PML protein, 
which contains SUMO interaction motifs (SIMS) and is also posttranslationally 
modified by sumoylation. Many proteins associated with PML NBs also are SUMO-
modified and have SIM domains, which presumably help mediate PML NB assem-
bly or localization. Curiously, EBNA-LP is devoid of any obvious SIM motifs or 
lysine residues that are needed for SUMO conjugation, but as discussed later, locali-
zation of EBNA-LP to PML NBs may be mediated by a cellular factor. Other studies 
have also reported that a proportion of EBNA-LP can localize in the cytoplasm and 
this can be influenced by the number of W repeats (Garibal et al. 2007). Consistent 
with these studies, Ling et al. (2009) used heterokaryon assays to evaluate whether 
EBNA-LP shuttles between cytoplasmic and nuclear compartments. Only smaller 
isoforms with 2W repeats were found to shuttle in these assays, while larger iso-
forms did not, leading to speculations that the observed shuttling of the smaller 
isoforms was due to diffusion rather than through an active process. In contrast, 
EBNA-LP proteins with only a single W repeat (W1 and W2 exons) localized exclu-
sively in the cytoplasm. Whether shuttling or cytoplasmic localization contributes 
significantly to EBNA-LP-mediated coactivation remains unknown.
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EBNA-LP is a phosphoprotein (Petti et al. 1990). Phosphorylation appears to 
occur predominantly on serine residues, and while this can be detected through-
out the cell cycle, it is hyperphosphorylated during G2/M and hypophosphoryl-
ated during G1/S (Kitay and Rowe 1996). There are three serine residues that are 
well conserved among human and nonhuman primate lymphocryptovirus (LCV) 
EBNA-LP homologs, and one of them is within a cyclin-dependent p34cdc2 site 
(Peng et al. 2000a, b). This serine is located within the 44 amino acid segment 
encoded by W2 and is critical for EBNA-LP-mediated coactivation (McCann et al. 
2001; Peng et al. 2000b; Yokoyama et al. 2001b).

4  EBNA2-Associated Cellular Proteins,  
Which Mediate Chromatin Targeting

Like all transcription factors, EBNA2 carries a transactivation domain and a region 
that mediates DNA contact. Since EBNA2 cannot bind to DNA directly, it uses 
adaptor proteins to bind to cis-regulatory regions of its target genes and indirectly 
confers sequence-specific DNA contact.

So far, the best studied cellular DNA adaptor protein of EBNA2 is the DNA 
binding protein CBF1, which was first identified as a downstream effector mole-
cule of EBNA2 in the context of viral promoter activation. CBF1 is a ubiquitously 
expressed protein and belongs to the group of CSL proteins (CBF1 for C-promoter 
binding protein, Su(H) in Drosophila melanogaster, Lag1 in Caenorhabditis ele-
gans) also known as recombination binding protein-J (RBPJ, RBP, or RBPJκ). The 
minimal domain of EBNA2 that mediates CBF1 binding has been mapped to the 
EBNA2 fragment aa 318–327 (Ling and Hayward 1995). CBF1 is a sequence-spe-
cific DNA binding protein, which in the absence of EBNA2 recruits a corepressor 
complex to the promoter or enhancer of target genes. Constituents of this corepres-
sor complex are SMRT/N-CoR, CIR, SKIP, Sin3A, SAP30, and HDAC1, which 
either directly or indirectly interfere with histone acetylation of target gene chro-
matin, thereby repressing transcription (reviewed in Lai 2002). Binding of EBNA2 
relieves this repression by competition with corepressor binding as well as the 
recruitment of coactivators by virtue of its intrinsic transactivation domains (Hsieh 
and Hayward 1995).

Since CBF1 is also an important downstream element of the cellular Notch 
signal transduction pathway, the discovery of CBF1 in the context of the 
viral protein EBNA2 has provoked an intense search for potential parallels of 
Notch and EBNA2 signaling (Hayward et al. 2006). The crystal structure of the 
Notch/MAM/CBF1/DNA complex has been solved (Kovall 2007; Nam et al. 
2006; Wilson and Kovall 2006). Although the structure of the EB viral proteins 
associated with CBF1 has not been published yet, there is a compelling biochemi-
cal and genetic evidence that EBNA2 and Notch contact the same hydrophobic 
pocket within the CSL protein, but in addition appear to bind to distinct amino 
acids in the vicinity of this hydrophobic pocket (Fuchs et al. 2001; Kovall and 
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Hendrickson 2004). Thus, EBNA2 or Notch binding to CBF-1 is mutually exclu-
sive (Hsieh and Hayward 1995).

The second but less well characterized EBNA2 DNA adaptor is the PU.1 pro-
tein. Several laboratories have shown that PU.1 promoter binding is critical for 
activation of the viral LMP1 promoter (Johannsen et al. 1995; Laux et al. 1994a, 
b). However, complex formation of EBNA2 with endogenous PU.1 has only been 
reported once (Yue et al. 2004). The potential contact points of the interaction 
partners have not been mapped, and the interaction has been demonstrated in vitro 
using purified proteins.

5  The Genetic and Biochemical Analysis of Viral  
EBNA2-Responsive Promoter Elements Has Provided 
Major Insights into the Molecular Mechanisms  
of EBNA2 Action

Most of our knowledge on EBNA2 functions is based on the detailed genetic 
analysis of EBNA2-responsive cis-active elements within viral promoters, and 
the subsequent use of these insights was used to characterize the proteins that are 
involved biochemically.

In EBV-infected B-cells, the viral C promoter (Cp) as well as the promoters 
of the viral LMP1 (LMP1p), LMP2A (LMP2Ap), and LMP2B (LMP2Bp) genes 
is strongly activated by EBNA2 (Abbot et al. 1990; Fahraeus et al. 1990; Ghosh 
and Kieff 1990; Jin and Speck 1992; Sung et al. 1991; Wang et al. 1990). By dele-
tion analysis of promoter reporter constructs or gel retardation assays, EBNA2-
responsive elements (EBNA2-RE) have been identified. All these promoters carry 
at least one CBF1 binding site (Allday et al. 1993; Henkel et al. 1994; Laux et al. 
1994b; Ling et al. 1994; Meitinger et al. 1994; Waltzer et al. 1994; Zimber-Strobl 
et al. 1991, 1993, 1994). The high-affinity CBF1 binding sites within the EBNA2-
REs of Cp and LMP2Ap were used to identify CBF1 by four independent groups 
in 1994 (Grossman et al. 1994; Henkel et al. 1994; Waltzer et al. 1994; Zimber-
Strobl et al. 1994).

All these CBF1 binding motifs are flanked by additional distinct transcription 
factor binding sites, which contribute to promoter activation but might not bind to 
EBNA2 directly.

Within the EBNA2-RE of Cp, a single CBF1 binding site is flanked by a 
binding site for the cyclic AMP-responsive AUF1/hnRNP D protein, also called 
CBF2. The binding sites for both factors are evolutionary conserved as shown by 
sequence comparison of EBV such as lymphocryptoviruses found in baboon and 
rhesus macaques (Fuentes-Panana and Ling 1998; Fuentes-Panana et al. 1999, 
2000). Regions distal to the EBNA2-RE, both upstream and downstream, which 
bind additional cellular factors such as SP1, Egr-1, NF-Y, or the viral EBNA1/oriP 
complex modulate the basal activity of the C promoter in an EBNA2-independent 
fashion (Borestrom et al. 2003; Puglielli et al. 1996).
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Analysis of LMP1p has revealed a complex pattern of transcription factor bind-
ing sites. PU.1/Spi-1 and CBF1 binding sites are both critical for EBNA2 trans-
activation (Johannsen et al. 1995; Laux et al. 1994a). In addition, ATF-2/c-Jun 
heterodimers enhance EBNA2 effects (Sjoblom et al. 1998). Further transcrip-
tion factor binding sites such as an interferon-stimulated response element, a Sp1 
binding site, and a yet undefined POU-Box protein contribute to LMP1p activity 
(Sjoblom et al. 1995a, b).

6  EBNA2 Binds to Cellular Promoter and Enhancer 
Regions and Can Promote the Formation of Chromatin 
Loops Within the Cellular Genome

In order to study the impact of EBNA2 on cellular target gene expression, 
genome-wide array-based screens or candidate approaches using either EBV-
infected B-cells or EBNA2-expressing B-cell lines (Burgstahler et al. 1995; 
Calender et al. 1990; Johansen et al. 2003; Knutson 1990; Lucchesi et al. 2008; 
Maier et al. 2005; 2006; Mohan et al. 2006; Pegman et al. 2006; Sakai et al. 1998; 
Wang et al. 1987a; Zhao et al. 2006). These studies identified CD23, CD21, CCR7 
(BLR2/EBI1), Hes-1, BATF, bfl-1, FcRH5, ABHD6, CCL3, CCL4, CDK5R1, 
DNASE1L3, MFN1, RAPGEF2, RHOH, SAMSN1, SLAMF1, and CXCR7 as 
EBNA2 target genes in EBV-negative B-cells. In EBV-infected B-cells, the proto-
oncogene MYC, the p55α subunit of PIK3R1, CD21, CD23, AML-2, and FcRH5 
were defined as a direct target gene, since their RNA can be induced by EBNA2 
in the absence of de novo protein synthesis. In contrast, induction of cyclin D, 
cdk4 or tumor necrosis factor alpha (TNF-α), granulocyte colony-stimulating 
factor (G-CSF), and lymphotoxin (LT) requires additional cellular or viral func-
tions (Kaiser et al. 1999; Mohan et al. 2006; Spender et al. 2001, 2002). Based 
on shRNA experiments, a small panel of selected EBNA2 target genes (CXCR7, 
Runx3 and p55α) has been identified that promote viability and proliferation of 
EBV-transformed B-cells (Lucchesi et al. 2008; Spender et al. 2005, 2006). For 
the majority of EBNA2 target genes, functional assays have not been performed. 
High-level expression of the EBNA2 target gene MYC in EBV-infected B-cells 
depleted for functional EBNA2 can promote cellular proliferation but leads to a 
switch of the viral and cellular transcription program from latency III to latency I 
(Pajic et al. 2000; Polack et al. 1996). Thus, it remains to be determined which of 
the EBNA2 target genes reflect the activated blast-like phenotype (latency III) but 
may not contribute to the success of immortalization process in vitro or the estab-
lishment of latency in vivo.

Since transcription factor binding sites in genomic regions can be mapped by 
chromatin immunoprecipitation combined with next-generation sequencing tech-
niques, CBF1, EBNA2, and EBNA-LP binding to the cellular chromatin have 
been studied in B-cells (McClellan et al. 2012, 2013; Portal et al. 2013; Zhao et al. 
2011). These studies mapped approximately 10 000 CBF1 binding site (Zhao et al. 
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2011) and 5000–20,000 EBNA2 binding sites (McClellan et al. 2013; Portal et al. 
2013; Zhao et al. 2011). Obviously, the cellular background and alternative bioin-
formatics peak calling strategies can influence the results to a certain extent. 72 % 
of EBNA2 and CBF1 binding sites overlapped with each other confirming that 
CBF1 is the major DNA adaptor for EBNA2 (Zhao et al. 2011). All these stud-
ies benefitted from the comprehensive data sets provided by the ENCyclopedia 
Of DNA Elements (ENCODE) project on functional DNA elements obtained 
by the analysis of EBV-immortalized B-cells or primary B-cells. The compara-
tive analysis of CBF1 and EBNA2 binding sites with regions annotated by the 
ENCODE project revealed that the majority of EBNA2/CBF1 binding sites were 
also enriched for B-cell transcription factors including ETS, RUNX, EBF, PU.1, 
and NκFB. Frequently, these cooccupied regions carried a characteristic enhancer 
chromatin signature that was also established in primary B-cells prior to infec-
tion indicating that EBNA2 is recruited to B-cell-specific open chromatin regions 
(Zhao et al. 2011).

A physical and functional link between an enhancer bound by EBNA2 to the 
promoter of the MYC target gene was recently established by chromatin confor-
mation capture technologies. A chromatin loop links an EBNA2-bound enhancer 
more than 400 kb upstream of the MYC transcription start site in the presence of 
EBNA2 (Zhao et al. 2011). Novel technologies that integrate the analysis of the 
nuclear architecture with biochemical binding studies will be required for the cor-
rect assignment of cellular transcription initiation sites of target genes to remote 
EBNA2 binding enhancers.

Most recently binding sites of the coactivator of EBNA2, the EBNA-LP pro-
tein, in the chromatin of EBV-infected B-cells have been identified and mapped 
in a genome-wide ChIP-seq approach (Portal et al. 2013). These studies identi-
fied genomic binding sites shared by both viral factors, EBNA2 and EBNA-LP, 
but also identified sites bound by either factor, EBNA2 or EBNA-LP. According 
to ENCODE data sets, these binding sites colocalize to clusters of B-cell-specific 
transcription factor binding sites and exhibit chromatin signatures which char-
acterize promoter and enhancer regions in the cellular genome of EBV-infected 
B-cells. In contrast to EBNA2, EBNA-LP binding sites preferentially occupied 
promoter rather than enhancer regions. Since EBNA-LP is not known to bind 
to DNA, the molecular mechanism by which EBNA-LP is targeted to DNA still 
needs to be explored.

7  Target Genes Which Are Down-Regulated  
in the Presence of EBNA2

EBNA2 not only induces but also actively down-regulates expression of target 
genes. Notably, EBNA2 interferes with the B-cell and germinal center phenotype 
by down-regulating IgM- or BCR-associated signal transduction moieties such 
as CD79A and CD79B, BCL6, TCL1A, and AID (Boccellato et al. 2007; Maier 
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et al. 2005, 2006; Tobollik et al. 2006). Down regulation of IgM by EBNA2 
appears to be at least partially independent of CBF1 signaling (Maier et al. 2005). 
In the context of Burkitt’s lymphoma cell lines, which carry a chromosomal 
translocation that juxtaposes the IgM and the MYC gene locus on chromosome 
8, repression of IgM coincides with MYC repression and a potent growth-inhib-
itory activity of EBNA2 (Jochner et al. 1996; Kempkes et al. 1996). This func-
tion of EBNA2 is mimicked by activated Notch (Strobl et al. 2000), which is 
somewhat surprising given that this EBNA2 function appeared to be partially 
CBF1-dependent.

Apparently, EBNA2- and MYC-driven proliferation programs are incompat-
ible with each other (Pajic et al. 2001). In fact, EBNA2 downregulation is posi-
tively selected in Burkitt’s lymphoma cells in vivo for at least two reasons: Firstly, 
it down-regulates a translocated MYC gene (Jochner et al. 1996), and secondly, 
it drives expression of LMP1 which promotes antigen presentation and T-helper-
specific chemokines thus rendering the cells strongly immunogenic (Kelly et al. 
2002).

8  EBNA-LP, the Coactivator of EBNA2

The most widely confirmed EBNA-LP function has been its ability to cooperate 
with EBNA2 and will be the focus in this review. However, EBNA-LP has been 
reported to mediate apoptosis and other cellular pathways through associations 
with a variety of cellular proteins. We refer the reader to another previous com-
prehensive review for details about these potential functions (Ling, P.D. EBNA-LP 
function. Epstein-Barr virus Latency 2010).

One of the first clues that EBNA-LP might have a role in gene regulation came 
from a study showing that expression of EBNA2 together with EBNA-LP in pri-
mary B-cells induced the expression of the cellular cyclin D2 gene (Sinclair et al. 
1994). Subsequent studies by other investigators confirmed that EBNA-LP was a 
strong coactivator of EBNA2 (Harada and Kieff 1997; Nitsche et al. 1997; Peng 
et al. 2000a, b; Yokoyama et al. 2001a). These studies utilized two types of assays: 
(1) transient reporter gene assays with EBNA2-responsive reporter plasmids and 
(2) induction of endogenous EBNA2-responsive genes in Burkitt’s lymphoma cell 
lines. Further validation of EBNA-LP coactivator function came from experiments 
showing that EBNA-LP from the rhesus LCV also coactivated EBNA2, demon-
strating that this function was evolutionarily conserved (Peng et al. 2000a).

A major question is whether or not EBNA-LP is a global transcriptional coac-
tivator. While independent studies from several groups have confirmed that 
EBNA-LP coactivates EBNA2-responsive genes LMP-1, LMP2B, and the Cp, 
other known EBNA2 target genes such as LMP2A, CD21, CD23, and Hes-1 
appear not to be affected by EBNA-LP (Peng et al. 2005). There have been 
some reports that EBNA-LP can coactivate GAL4-EBNA2 fusion proteins or 
GAL4 acidic activation domain fusions in transient mammalian 2-hybrid systems 
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(Han et al. 2002; Harada and Kieff 1997), but subsequent studies have found 
that EBNA-LP acts as a repressor in some of these assays (Peng et al. 2004a). 
EBNA-LP was also unable to coactivate GAL4 fusions with other transcrip-
tional activating proteins (Inman and Farrell 1995). A single report suggested that 
EBNA2 stimulation of endogenous Hes-1 in EBV-negative Burkitt lymphoma 
was enhanced twofold by EBNA-LP (Portal et al. 2011). Unlike a previous study, 
however, where the effects of EBNA2 and EBNA-LP were determined from mul-
tiple experiments in the same cells (Peng et al. 2005), the latter study was done by 
comparing cell lines constitutively expressing EBNA2 and EBNA-LP to cell lines 
expressing only one of these proteins and did not take into account clonal variation 
in these lines (Portal et al. 2011). Collectively, the available evidence suggests that 
EBNA-LP only coactivates EBNA2 on a subset of EBNA2-responsive genes.

The mechanism(s) by which EBNA-LP coactivates EBNA2 have not been fully 
elucidated. However, a methodical approach to understanding this process was to 
identify important functional domains within EBNA-LP that mediated this func-
tion. One helpful tool was the availability of known EBNA-LP protein sequences 
from human and nonhuman primate LCVs (McCann et al. 2001; Peng et al. 2000a, 
b). Comparison of these proteins revealed the presence of 5 conserved regions 
(CR1–5) (Fig. 3; McCann et al. 2001; Peng et al. 2000b). Deletion or alanine-
scanning mutations introduced into these conserved regions showed that CR3 and 
a single serine residue within the W2 repeat were important for EBNA2 coactiva-
tion (McCann et al. 2001; Peng et al. 2000b). The mutational analyses also identi-
fied a nuclear localization signal (CR1 and CR2) (Peng et al. 2000b). The Y1- and 
Y2-encoded segments of EBNA-LP are not required for coactivation function, 
although it has been hypothesized that they might impose both negative and posi-
tive regulatory effects under certain conditions (Peng et al. 2007).

Fig. 3  Sequence comparison of LCV EBNA-LP proteins. Conserved or similar amino acid res-
idues are indicated by asterisks or dotted lines, respectively. The corresponding exons encod-
ing EBNA-LP sequences and regions of conservation between the EBV and nonhuman primate 
LCVs are shown. Below, the black and gray bars indicate residues conferring nuclear localiza-
tion (NLS), EBNA2 coactivation, and coactivation dispensable domains. For simplicity, amino 
acid numbering is for an EBNA-LP protein with only a single W1/W2 repeat. However, as indi-
cated, the residues encoded by the W1/W2 repeats are present in multiple copies in wild-type 
EBNA-LP proteins
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Further insight into the pathways utilized by EBNA-LP to mediate EBNA2 
coactivation has come from the identification of associated cellular cofactors. At 
the current time, only a single cofactor has been identified that interacts with an 
EBNA-LP domain required for transcriptional coactivation. Ling et al. (2005) first 
identified a strong association between EBNA-LP CR3 and the cellular protein 
Sp100A, which is predominantly localized in PML NBs. EBNA-LP can displace 
Sp100A from PML NBs, and this correlates with its ability to coactivate EBNA2, 
while the noncoactivating EBNA-LP with a mutation in CR3 neither interacts with 
Sp100A nor displaces it from PML NBs. Furthermore, expression of an amino-
terminal deletion mutant of Sp100A, which prevents it from entering PML NBs 
(i.e., it localizes as if EBNA-LPs were coexpressed), was sufficient to coactivate 
EBNA2 in the absence of EBNA-LP. Additionally, Sp100A is known to associate 
with the transcriptional repressor heterochromatin protein 1 (HP1). Deletion of the 
HP1 interaction domain ablates Sp100A coactivation function. The data are con-
sistent with a model in which EBNA-LP-Sp100A interactions facilitate coactiva-
tion by a mechanism involving chromatin modification.

A second potential mechanism by which EBNA-LP might work to cooper-
ate with EBNA2 is through direct interactions with EBNA2, which have been 
detected in vitro using small fragments of EBNA2 and EBNA-LP (Peng et al. 
2004b). However, several investigators have been unable to detect EBNA2-
EBNA-LP interactions in mammalian or yeast two-hybrid systems or using tra-
ditional coimmunoprecipitation assays (Kashuba et al. 2003; Peng et al. 2004a, 
2005). In addition, it is unclear what EBNA-LP-associated cofactors or intrinsic 
property of EBNA-LP might be providing coactivation function in this context.

A third mechanism for EBNA-LP coactivation might involve displacement 
of NCoR-repressive complexes from enhancers (Portal et al. 2011). In addition, 
Chip-seq identified several thousand sites in which EBNA-LP was associated 
although interestingly, less than a third of these were also associated with EBNA2, 
consistent with the idea that EBNA-LP might not be a global EBNA2 coactivator 
(Portal et al. 2013). A limitation to these studies, as discussed previously, is that 
the DNA and transcription factor associations measured were done in an cellular 
environment where it is unclear whether EBNA-LP is functioning as an active 
coactivator or if this function is being masked because of pleotropic effects on 
transcription from other viral (e.g., LMP1) or cellular factors.

9  EBNA3A, B and C Proteins Can Counteract  
or Enhance EBNA2 Activity

The EBNA3 proteins, EBNA3A, 3B, and 3C, are all coexpressed with EBNA2 
and EBNA-LP in latency III. The EBNA3 proteins score as transcriptional repres-
sors when tethered to DNA by heterologous DNA adaptors like the GAL4 DNA 
binding domain (Bain et al. 1996; Cludts and Farrell 1998). All EBNA3 proteins 
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bind to CBF1 and can interfere with EBNA2-mediated transactivation of the 
CBF1-dependent Cp, LMP2A, and LMP1 promoters in transient reporter assays 
(Le Roux et al. 1994). Further, it was reported that EBNA3C can cooperate with 
EBNA2 to activate PU.1-dependent transcription from LMP1p (Marshall and 
Sample 1995; Zhao and Sample 2000). However, expression of EBNA3C in EBV-
positive Raji cells does not impair Cp-driven EBNA2 expression but significantly 
induces endogenous LMP1 levels indicating that the viral genome embedded in 
the context of the cellular chromatin reacts differently (Allday and Farrell 1994; 
Jimenez-Ramirez et al. 2006). The retrospect analysis of EBNA2 and EBNA3 tar-
get genes published by different laboratories showed a significant overlap indicat-
ing that EBNA2 and EBNA3 might indeed regulate similar target gene populations 
(Hertle et al. 2009; McClellan et al. 2013). In addition, EBNA2, EBNA3, and 
CBF1 binding sites in the cellular genome show a significant overlap (McClellan 
et al. 2013), and EBNA2 and EBNA3A can directly compete for CBF1 binding as 
shown for the CXCL9 and CXCL10 gene locus (Harth-Hertle et al. 2013).

An EBV–EBV interactome based on binary interactions identified by yeast 
two-hybrid high-throughput screening has been published (Calderwood et al. 
2007). The study confirmed binding of EBNA2 to EBNA-LP and described 
EBNA2 binding of EBNA3A, BZLF1, the inducer of the lytic viral life cycle, and 
BDLF2, a tegument protein. To which extent the biological activity of EBNA2 is 
modulated by the viral context remains to be analyzed further using specific viral 
mutants during all stages of the growth transformation process and the lytic viral 
life cycle.

10  EBNA2-Associated Cellular Proteins, Which Highlight 
Additional Functions of EBNA2

Chromatin immunoprecipitation assays using EBNA2 and histones H3- and 
H4-specific antibodies proved that the LMP1p- and Cp-associated chromatin is 
differentially acetylated in the presence of EBNA2 (Alazard et al. 2003). A fur-
ther histone acetylation-independent mechanism of Cp activation by EBNA2 is 
dependent on cdk9 activity, which phosphorylates Ser-5 of the C-terminal tail of 
polymerase II (Bark-Jones et al. 2006). In addition, EBNA2 forms a complex with 
a novel cellular coactivator, p100, which can bind to the general transcription fac-
tor TFIIE and thereby bridges STAT6/RNA polymerase II interactions (Tong et al. 
1995b; Yang et al. 2002) (Table 1).

Apart from recruiting HAT activity and general transcription factors, phos-
phorylated EBNA2 also interacts with hSNF5/Ini, a component of the hSWI/SNF 
chromatin remodeling complex and potential tumor suppressor gene. EBNA2 
recruits this protein to target promoters. This interaction is conferred by less con-
served regions of EBNA2 and depends on the integrity of IPP285 and DQQ111 
as well as phosphorylation of SS469 adjacent to the transactivation domain of 
EBNA2 (Kwiatkowski et al. 2004; Wu et al. 1996, 2000). The EBNA2 interaction 
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with hSNF5/Ini1 could potentially serve a second function. It might interfere with 
the growth-suppressing activities of hSNF5/Ini1 in heterotrimeric complexes with 
GADD34 and PP-1 (Wu et al. 2002). A potential chromatin association of EBNA2 
has been further suggested by the interaction of FOE (friend of EBNA), the human 
homologue of the Drosophila homologue of wap1, with EBNA2 (Kwiatkowski 
et al. 2004).

The carboxyl terminus, CR7 and CR8, can be further targeted by the Mynd 
domain protein and corepressor BS69, a cellular protein which was first described 
as one that binds to the adenovirus E1A protein (Hateboer et al. 1995). A potential 
function of EBNA2 in RNA processing has been suggested by the identification of 
the DEAD box protein DP103 (Gemin3/DDX20) which binds to (AA:121–213) 
(Grundhoff et al. 1999). The RG repeat region of EBNA2 is methylated at arginine 
residues and recruits the survival motor neuron (SMN) (Barth et al. 2003). SMN, a 
protein involved in RNA splicing, directly interacts with DP103 and can enhance 
LMP1 promoter activation by EBNA2 (Voss et al. 2001). The Ski-interacting pro-
tein (SKIP) is a multifunctional protein, which is a component of the spliceosome, 
a coactivator or corepressor of transcription and a pRB and E7 binding protein 
(reviewed in (Folk et al. 2004). SKIP binds to CBF1 and either facilitates bind-
ing of the SMRT, CIR, Sin3A, and HDAC2 corepressor complex or potentiates 
binding of EBNA2 to CBF1 by interacting with CR5 (Zhou et al. 2000). The chap-
erone nucleophosmin directly binds to EBNA2 and supports complex formation 
with CBF1 and promoter recruitment (Liu et al. 2012). Recently, a novel anti-
apoptotic function of EBNA2, based on the finding that EBNA2 binds to Nur77, 

Table 1  EBNA2-associated cellular proteins associated cellular proteins

Protein References

CBF1/RBP-J/
RBP-Jκ

Grossman et al. (1994), Henkel et al. (1994), Waltzer et al. (1994), 
Zimber-Strobl et al. (1994)

PU.1/Spi-1 Yue et al. (2004)

TFIIB Tong et al. (1995c)

TAF40 Tong et al. (1995c)

CBP/p300 Wang et al. (2000)

PCAF/GCN5 Wang et al. (2000)

P100 Tong et al. (1995b)

Nur77 Lee et al. (2002)

SKIP Zhou et al. (2000)

DP103 Grundhoff et al. (1999)

SMN Barth et al. (2003)

hSNF5/Ini1 Wu et al. (1996)

BS69 Ansieau and Leutz (2002)

p34cdc2 Yue et al. (2004)

ATF-2/c-Jun Sjoblom et al. (1998)

FOE Kwiatkowski et al. (2004)

Nucleophosmin Liu et al. (2012)
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has been described (TR3, NGFI-B) (Lee et al. 2002). Nur77 is an orphan mem-
ber of the nuclear hormone receptor superfamily and a bifunctional molecule. 
Nur77, a nuclear protein, either acts as a transcription factor or can be translocated 
from the nucleus into the cytoplasm and trigger cytochrome c release in response 
to apoptotic stimuli (Li et al. 2000; Philips et al. 1997). EBNA2 can protect cells 
from apoptotic cell death by retaining Nur77 in the nucleus upon apoptotic stimuli 
(Lee et al. 2002). Whether EBNA2 also modulates functions of Nur77 related to 
its role as a transcription factor has not been analyzed to date.

11  Final Conclusions and Open Questions

In summary, EBNA2 acts as a key determinant of the activated phenotype of 
EBV-infected B-cells. The systematic and in-depth analysis of EBNA2 viral tar-
get genes has provided important clues to the molecular mechanism by which 
EBNA2 exerts its function as a transcriptional activator and has shown that CBF1 
is the central effector of EBNA2 function. Within the cellular genome, EBNA2 
preferentially binds to enhancers of cellular target genes which also preferentially 
recruit multiple B-cell-specific transcription factors. Since promoter and enhancers 
can reside in distant parts of a chromosome, the assignment of functional pairs of 
promoters and enhancers that are activated by EBNA2 and EBNA-LP will require 
intensive further investigations that combine studies on transcription factor bind-
ing, chromatin state, and nuclear architecture. Activation of MYC by EBNA2 is the 
major rate-limiting step for initiation and maintenance of the proliferation of EBV-
infected B-cell cultures. The potential contribution of further cellular EBNA2 
target genes to the growth transformation process in vitro will need to be rigor-
ously tested in large-scale RNAi-based screens. It is also to be expected that sev-
eral EBNA2 target genes are critical for the establishment of viral latency in vivo. 
With regard to EBNA-LP, it appears that one of its principal functions is to coacti-
vate a subset of EBNA2-regulated viral latency genes. Thus, EBNA-LP might be 
required to activate EBNA2 target genes, which exhibit a specific chromatin con-
figuration in naïve B-cells. The exact mechanism remains to be elucidated, but the 
observed interactions with Sp100 and cellular repressors or repressor complexes 
suggest that it facilitates EBNA2 coactivation through the modulation of repres-
sors or facultative heterochromatin. Through its interaction with Sp100, EBNA-LP 
shares features with other herpesvirus immediate early proteins that modulate 
PML NBs or PML NB-associated proteins. One hypothesis is that PML NBs exert 
a repressive effect on viral gene expression, referred to as an intrinsic antiviral 
defense mechanism, which is counteracted by viral immediate early or tegument 
proteins (Everett 2013; Everett and Chelbi-Alix 2007). An intriguing notion is 
that EBNA-LP provides similar function(s) to help jump start viral latency gene 
expression immediately following infection. Due to the complex nature of the IR1 
repeats for both Wp and EBNA-LP functions, it has been technically challeng-
ing to generate EBNA-LP null EBV recombinants or recombinants that express 



51EBNA2 and Its Coactivator EBNA-LP

EBNA-LP coactivation mutants to interrogate its role in EBV-induced B-cell 
immortalization. Such reagents will be needed to confirm and extend the previ-
ous observations concerning cellular cofactor interactions under the physiologi-
cal conditions of EBV infection in primary B-cells. Moreover, the emergence of 
CRISPR/Cas9 technology should enable investigators to generate targeted knock-
out of cellular genes to assess their importance for EBNA2 and EBNA-LP func-
tion in the near future. However, a serious limitation of all the results discussed in 
this review is the fact that there is no small animal model available, which allows 
assessing the specific contribution of a target gene to the pathogenesis of EBV-
associated diseases.
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Abstract Epstein-Barr virus nuclear antigens EBNA3A, EBNA3B and EBNA3C 
are a family of three large latency-associated proteins expressed in B cells induced 
to proliferate by the virus. Together with the other nuclear antigens (EBNA-LP, 
EBNA2 and EBNA1), they are expressed from a polycistronic transcription unit 
that is probably unique to B cells. However, compared with the other EBNAs, 
hitherto the EBNA3 proteins were relatively neglected and their roles in EBV biol-
ogy rather poorly understood. In recent years, powerful new technologies have 
been used to show that these proteins are central to the latency of EBV in B cells, 
playing major roles in reprogramming the expression of host genes affecting cell 
proliferation, survival, differentiation and immune surveillance. This indicates that 
the EBNA3s are critical in EBV persistence in the B cell system and in modulat-
ing B cell lymphomagenesis. EBNA3A and EBNA3C are necessary for the effi-
cient proliferation of EBV-infected B cells because they target important tumour 
suppressor pathways—so operationally they are considered oncoproteins. In con-
trast, it is emerging that EBNA3B restrains the oncogenic capacity of EBV, so it 
can be considered a tumour suppressor—to our knowledge the first to be described 
in a tumour virus. Here, we provide a general overview of the EBNA3 genes and 
proteins. In particular, we describe recent research that has highlighted the com-
plexity of their functional interactions with each other, with specific sites on the 
human genome and with the molecular machinery that controls transcription and 
epigenetic states of diverse host genes.
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1  The Biology of EBV in B Cells

EBV has co-evolved with its hominid and prehominid hosts for millions of years 
and is now a uniquely successful intracellular parasite that persists asympto-
matically after childhood infection in >90 % of the human population. Despite 
this benign relationship with most humans, EBV is classified as a tumour virus 
because of its firmly established association with several cancers of B, NK/T 
and epithelial cell origin, its ability to induce B cell tumours in non-human pri-
mates and its capacity to growth transform primary human B cells in culture. 
This capacity of EBV to ‘transform’ resting B cells into continuously proliferat-
ing lymphoblastoid cell lines (LCLs) was discovered about 3 years after the virus 
was identified in samples of Burkitt’s lymphoma (BL) 50 years ago (reviewed 
in Crawford 2001; Epstein 2001; Thorley-Lawson and Allday 2008; Young and 
Rickinson 2004). This remarkably efficient process has subsequently been used 
countless times to establish ‘normal’ human B cell lines for genetic, epigenetic 
and immunological studies (see, for example, ENCODE, the 1000 genomes pro-
ject and the HapMap project). It has also been the focus of intensive research 
because the process produces limitless amounts of material for study and because 
of the general belief that the molecular mechanisms involved in the transformation 
of explanted B cells might explain aspects of EBV-associated cancer in humans. 
Today, after several decades of study, the general strategies utilised by EBV to 
drive mature B cells from quiescence into the cell cycle and maintain cell pro-
liferation and survival (while preventing the activation of lytic virus replication) 
are largely understood—however, many of the biochemical details are poorly 
characterised.

When EBV induces the activation of resting B cells, it exploits the cellular 
transcription and translation machineries to express nine viral latency-associated 
proteins. There are six nuclear proteins (Epstein-Barr nuclear antigens (EBNAs) 
1, 2, 3A, 3B, 3C and LP) and three membrane proteins (latent membrane pro-
teins (LMPs) 1, 2A and 2B). In addition, two types of untranslated RNAs are 
expressed (EBV-encoded RNAs (EBERs) and the microRNAs (miRs) derived 
from the BamHI-A rightward transcripts (BARTs) and the BHRF1 transcript). The 
BART and BHRF1 RNAs can be processed into many miR species that probably 
target multiple host and viral mRNAs (comprehensively reviewed in the chapter 
authored by Skalsky and Cullen). This pattern of viral gene expression in B cells 
is known as latency III (sometimes referred to as the growth or proliferation pro-
gramme) and is necessary to drive quiescent B cells into the cell cycle and sustain 
proliferation, while maintaining the EBV genome as extra-chromosomal 172 kb 
episomes (reviewed in Cai et al. 2006; Young and Rickinson 2004). The proliferat-
ing cells resemble, at least superficially, antigen-activated B cells (B blasts). As a 
consequence, it was a widely held view that when EBV transforms normal B cells 
into LCLs, the small number of viral latency-associated gene products exploits the 
physiological process of activation normally achieved by the interaction of a B cell 
with its specific antigen together with cognate T cell help. While in principle, this 
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might be correct, it has gradually become apparent that LCLs are trapped at a B 
blast-like stage of differentiation, but they have a distinctive EBV-specific pheno-
type. In addition, the process of EBV-induced proliferation is ‘sensed’ by B cells 
as abnormal and so activates various innate responses that cells have evolved to 
prevent non-physiological DNA replication and proliferation and which have 
to be circumvented in order to establish latent infection. Several of the latency-
associated viral factors, including EBNA3C—a major focus of this review—have 
evolved functions that overcome cellular checkpoints and pathways that trigger 
anti-proliferative or suicidal responses.

During lifelong persistence in healthy seropositive individuals, extra-chromo-
somal EBV episomes are largely found in non-dividing (Ki67−ve), long-lived, 
class-switched (IgD−ve), CD27+ve memory B cells (MBCs) in the peripheral cir-
culation—and they do not appear to express the latency III proteins. However, in 
tonsils, naïve (IgD+ve) B cells can be found that express the latency III programme 
and proliferate as LCL-like B blasts; so it seems that, in vivo as in vitro, EBV-
infected naïve B cells undergo multiple divisions—at least transiently—as part of 
the normal viral life cycle. A compelling explanation of how some of the prolifer-
ating B blasts end up as memory cells was provided by Thorley-Lawson and col-
leagues and is reviewed elsewhere in this volume. Briefly, cells in the expanding B 
blast population are thought to enter a germinal centre in lymphoid tissue such as 
tonsil. In this microenvironment, these cells differentiate to become centroblasts, 
then centrocytes and finally resting memory B cells that enter the peripheral cir-
culation (Babcock et al. 2000; Roughan and Thorley-Lawson 2009 and reviewed 
in Thorley-Lawson and Gross 2004; Thorley-Lawson et al. 2013). While the pre-
cise series of events that the EBV-positive B cells undergo to reach the memory 
compartment remains unknown, the consensus view is that it involves regulated 
shutdown of EBV latency-associated gene expression from the initial latency III 
state to latency II (in which EBNA2, EBNA-LP, and the EBNA3 family have 
been switched off by promoter switching from Cp to Qp—Fig. 1). In quiescent 
MBCs, Qp also becomes silenced and no EBV proteins can be detected—a state 
called latency 0. If MBCs periodically divide, then EBNA1 is switched back on 
to facilitate episome maintenance (this state is known as latency I). However, it is 
still unclear whether or not the differentiation of EBV-infected B blasts to mem-
ory B cells is absolutely dependent on the microenvironment of a germinal centre, 
although a role for T cells is indicated. T cell-derived cytokines provide signals 
that trigger the repression of the EBNA promoter, Cp, and reduce the expression 
of EBNA2 in LCLs and a mouse model (Kis et al. 2006, 2010; Nagy et al. 2012; 
Salamon et al. 2012)—however, it has yet to be proven that this occurs during per-
sistence. In normal healthy individuals, the EBV-infected B blasts are targets for 
EBV-specific cytotoxic lymphocytes (CTLs) that can recognise and destroy these 
latently infected cells. Stable persistence depends, therefore, on the equilibrium 
established between the proliferation of B blasts—on the one hand—and immune 
elimination or differentiation to the resting memory compartment on the other 
(Babcock et al. 1999; Hawkins et al. 2013).
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Primary infection with EBV during adolescence can sometimes result in the rel-
atively benign illness infectious mononucleosis (IM), but disruption of components 
of the immune system by co-infections, genetic/epigenetic aberrations or iatro-
genic causes can result in EBV-associated B cell neoplasia including post-trans-
plant lymphoproliferative disease (PTLD), Burkitt’s lymphoma (BL), Hodgkin’s 
lymphoma (HL) and some diffuse large B cell lymphoma (DLBCL) (reviewed 
in Crawford 2001). Details of the pathogenesis of IM and these tumours are dis-
cussed elsewhere in the volume. Because, as far as we know, the EBNA3 family 
of proteins (along with EBNA2 and EBNA-LP) is only expressed in B cells from 

Fig. 1  The B cell transcription unit. Top is an overview of the EBV genome (B95-8 strain), indi-
cating major repeats and the nuclear antigens, with the Bam HI digest map (which defines the 
names of exons, promoters and most EBV ORFs) above. Below the map is a transcript summary, 
indicating the overall nature of the B cell transcription unit. Numbers (i)–(iii) indicate the major 
splicing ‘decisions’ that define the alternative transcripts that can be generated from the B cell 
transcription unit that are defined in detail in the boxes below. No coordination between these 
splicing events has been reported. i Early after infection, transcription begins from promoter Wp 
(exon W0), but promoter Cp is activated by EBNA2 (Exons C1C2). Exon W0 (and exon C2—not 
shown) can splice to either splice acceptor W1 or W1’. Splice acceptor W1’ completes a start 
codon across the splice junction, allowing EBNA-LP translation from an array of exons W1W2 
followed by Y1Y2. Splice acceptor Exon W1 does not generate an AUG codon, enabling transla-
tion from the next AUG codon that initiates EBNA2. ii Within exon YH (encoding EBNA2) is a 
splice donor (generating exon Y3) that can splice to the internal ribosome entry site within exon 
U. Exon Y2 can splice to either YH/Y3 or directly to exon U. Alternatively, the transcript is poly-
adenylated at the end of EBNA2 as shown. iii The IRES within the downstream U exon allows 
the translation of the EBNA3s and EBNA1 as shown. Polyadenylation has been observed after 
EBNA3A, EBNA3C and EBNA1. Curiously, EBNA3B transcripts also contain the EBNA3C 
open reading frame. Not only can the splice junction from exon U to the EBNA3s define the tran-
scribed protein, but also failure to splice the internal introns within the EBNA3s has also been 
reported. Switching from the Cp/Wp to using Qp (not shown) results in the loss of expression 
of all EBNAs except the EBNA1 transcript. Theoretically, it would be possible to also generate 
EBNA3 transcripts from Qp, but this has not been reported
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the unique B cell-specific transcription unit (Fig. 1 and below), here we have only 
described the biology of EBV latency in B cells. The biology and pathology of 
EBV in epithelial cells and NK/T cells are also described elsewhere in the volume.

2  The EBNA3 Family of Genes and Proteins

The EBV latency-associated genes EBNA3A, EBNA3B and EBNA3C (histori-
cally also called EBNA3, EBNA4 and EBNA6, respectively) are a family that 
probably arose during primate gamma-herpesvirus evolution by a series of gene 
duplication events since they have a similar gene structure, are arranged in tan-
dem in the EBV genome and share partial sequence homology. EBNA3 transcripts 
are alternatively spliced from very long primary transcripts generally initiated at 
a single latency promoter and LCLs have only a few copies of these transcripts 
per cell, suggesting that their expression is tightly regulated. Although it is related 
to one another, there is nothing to suggest that the large nuclear proteins encoded 
by these genes have redundant functions; moreover, they possess no obvious sim-
ilarities to any known cell or viral proteins—other than their localisation to the 
nucleus—that provide clues to their biological roles. Genetic studies using recom-
binant viruses originally indicated that EBNA3A and EBNA3C are essential for 
efficient in vitro transformation and immortalisation of B cells, whereas EBNA3B 
is dispensable. However, under the appropriate conditions with feeder cells in the 
culture, it has more recently been possible to establish EBNA3A-negative LCLs 
with relative ease (Hertle et al. 2009; Skalska et al. 2010). From an increasing 
number of studies that have made use of bacterial artificial chromosome (BAC)-
derived EBV recombinants carrying deletions, fusions or mutations in the EBNA3 
locus, the molecular details underlying these roles in B cell transformation are 
gradually emerging and will be reviewed herein.

2.1  Genomic Organisation, the B Cell Transcription Unit 
and Regulation of Expression

The EBNA3 coding exons share a common structure, with a short 5′ exon, of 
approximately 360 nucleotides, and a longer 3′ exon of around 2.5 kb, sep-
arated by an intron of under 100 bp (Fig. 1). The coding regions of the longer 
exons are partially repetitive—with EBNA3B and EBNA3C containing variable 
length imperfect repeat regions (60 bp repeats for EBNA3B, and 45 bp repeats 
for EBNA3C). The C-terminal half of the EBNA3A gene comprises sequences 
that show evidence of historic duplication events followed by diversification, 
leaving regions with partial homology to each other (Baer et al. 1984; Hennessy 
et al. 1986). Expansions and contractions of these repetitive regions lead to EBV 
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isolate-specific differences in the size, hence electrophoretic mobility, of each 
EBNA3 protein, allowing EBV clinical isolates to be distinguished by the apparent 
size of their EBNAs (EBNA-type—Yao et al. 1991).

All of the EBNAs are transcribed from extended transcripts originating at 
a common promoter. Initially after infection, the multiple copies of the B cell-
specific promoter located in the BamH1W repeats (Wp) are used, but this soon 
switches to a single promoter just upstream of these repeats (Cp), which remains 
the dominant promoter during latency type III. Cp can be epigenetically silenced 
in the transition to latency states type II, type I and type 0 (reviewed in Tempera 
and Lieberman 2014 and Lieberman in this volume). Synthesis of the various 
EBNA proteins from this promoter is dependent in the first instance on a com-
plex array of alternative splicing events. For clarity, these are labelled i, ii and iii 
in Fig. 1. Our current understanding is that the splicing event between the pro-
moter exon (generated by either Cp or Wp) and the W1 exon (i in Fig. 1) can 
select either of two splice acceptors, 5 bases apart. The most downstream of these 
splice acceptors (W1′) creates the start codon of EBNA-LP across the splice site, 
facilitating the translation of EBNA-LP. The upstream splice acceptor (W1) does 
not generate an AUG, and as a result, the first start codon in the transcript is that 
of EBNA2. Regulation of this splice is thus believed to define the balance of 
EBNA-LP and EBNA2 translation in the cell.

A second alternative splicing event (ii in Fig. 1) links the upstream exons to the 
U exon. Both the Y2 and Y3 exons splice to the U exon with similar frequencies. In 
so doing, the splice to the U exon necessarily excises the EBNA2 ORF. Upstream 
of an open reading frame, the U exon is thought to function as an internal ribosome 
entry site (IRES) (Isaksson et al. 2003). Thus, its splicing to downstream exons (iii 
in Fig. 1) allows the translation of one of the EBNA3s or EBNA1 from a second 
cistron of the transcript (i.e. after EBNA-LP) with the EBNA1 splice site being 
favoured (Arvey et al. 2012). It has further been suggested that the internal intron 
of each EBNA3 may not splice with perfect efficiency in LCLs, which may consti-
tute another mechanism to modulate EBNA3 protein levels (Kienzle et al. 1999). 
In addition to this already complex transcriptional profile, other splice variants 
have been observed at lower frequency (Arvey et al. 2012), but there is no indica-
tion that these are functionally relevant to the biology of the virus.

This cascade of alternative splicing results in the ORFs located more 3′ being 
transcribed less frequently than EBNA2 and EBNA-LP. This probably contrib-
utes to the low levels of EBNA3 mRNAs and proteins, such that their detection 
in infected B cells by immunofluorescence or immunocytochemistry has proven 
extremely difficult. However, the use of Western blotting has shown that a constant 
level of EBNA3 proteins is maintained across many LCLs, suggesting that there 
is tight control of EBNA3 protein levels in these cells. The mechanisms that bal-
ance the expression of the EBNAs are not fully understood, but EBNA3 homoe-
ostasis may involve modulation of splicing, IRES function and protein turnover. 
Our experience of engineering EBNA3 recombinants has shown that this bal-
ance of expression is easily disrupted. Specifically, we find that introducing addi-
tional sequences onto the C-terminus of EBNA3B in the virus genome disrupts 
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EBNA3C splicing, while N-terminal fusions of EBNA3B can either increase or 
decrease EBNA3B protein levels (our unpublished results). Fortunately for genetic 
analysis of both EBNA3A and EBNA3C, C-terminal fusions are well tolerated and 
have produced no unpredictable or undesirable expression patterns in LCLs. As 
is described in the following sections, there appears to be considerable functional 
and perhaps physical interaction between the EBNA3 proteins and so maintaining 
balanced stoichiometry is probably vitally important for LCL fitness. However, 
mechanisms by which RNA splicing, translation and turnover of the EBNA3s 
mediate this careful regulation of protein levels remain largely uncharacterised.

2.2  Sequence Variation of the EBNA3 Proteins

There are two major clades of EBV—type 1 (aka type A) and type 2 (aka type 
B)—defined by the sequences of their EBNA2 and EBNA3 genes. Type 1 EBV is 
widespread worldwide, while type 2 EBV is largely confined to sub-Saharan Africa 
(Young et al. 1987). EBNA2 and EBNA3 represent the major sites of genome diver-
sity of EBV, with approximately 80 % nucleotide identity between the prototype 
type 1 and type 2 EBNA3B and EBNA3C gene sequences, and 90 % for EBNA3A. 
It is not yet clear how precisely type 2 EBNA3s are functionally equivalent to their 
type 1 counterparts or—as with EBNA2—they have distinct capabilities in B cell 
transformation. The clearest differences between type 1 and 2 EBNA3s lie in the 
sizes of their repetitive regions, with distinct insertions/deletions permitting PCR-
based identification of type 1 versus type 2 EBNA3s (Sample et al. 1990).

The diversity of EBNA3 sequences is further complicated by recombination 
between distinct virus strains. Examples of EBV from both Chinese and Korean 
samples have been identified with a type 1 EBNA2 and type 2 EBNA3s, or type 
1 EBNA2 and EBNA3A with type 2 EBNA3B and EBNA3C (Kim et al. 2006; 
Midgley et al. 2000, 2003). An even more complex combination was found in the 
DNA isolated from the blood of an Austrian post-transplant lymphoproliferative 
disorder (PTLD) patient, identifying a crossover incorporating almost 1 kb of type 
2 sequence encoding the last 200 amino acids of EBNA3A and the first exon of 
EBNA3B (Gorzer et al. 2006). We also observed a recombination between distinct 
type 1 genotypes in the EBNA3B of a Hodgkin’s lymphoma sample, although 
in this case, it results in a small deletion within EBNA3B (White et al. 2012). It 
may be that this event is unique to this tumour, but it underlines the likelihood that 
interstrain recombination is a driver of EBV, and EBNA3, diversity.

Overall, it is clear that the EBNA3s are (with EBNA2) the most diverse of the 
EBV proteins and that, although it appears to be uncommon, linkage between 
EBNA3 and EBNA2 subtypes can be disrupted by recombination between diverse 
strains. Despite the significant amino acid sequence variation, the biological and 
immunological consequences of this diversity remain largely unexplored—for a 
more detailed consideration of EBV DNA and protein sequence variation, see the 
chapter authored by Paul Farrell.
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2.3  The EBNA3 Counterparts in EBV-Like Primate Viruses 
and Their Evolution

The lymphocryptovirus (LCV) genus—to which Epstein-Barr virus belongs—
appears to be restricted to primates. Evolutionary studies on LCV genes for the 
DNA-binding protein BALF2 and the fusion-mediating glycoprotein gB support 
the hypothesis that the viruses have evolved mainly through co-speciation with 
their hosts, with occasional horizontal transmission events, such as the appar-
ent crossing of an ancestral LCV from macaques to hominoid apes (Orangutans; 
Gibbons) in Indonesia (Ehlers et al. 2003, 2010). Of the primate LCVs, only 
two—the Macacine herpesvirus 4 (better known as the rhesus lymphocrypto-
virus (RhLCV) as it was isolated from immunosuppressed rhesus macaques) 
and Callitrichine herpesvirus 3 (CaHV3, isolated from a common marmoset)—
have been sequenced in full. EBNA3A and EBNA3C have also been cloned and 
sequenced from Papiine herpesvirus 1 (paHV1, host: Baboon). The EBNA3 gene 
sequences of these herpesviruses are among the most divergent of all the LCV 
genes. The EBNA3s of paHV1 and RhLCV have only 30–50 % amino acid 
sequence conservation with their EBV homologues, and this is predominantly in 
the N-terminal half of the protein that includes the so-called homology domain 
(see Sect. 2.4 and Fig. 2) and—for EBNA3C—the terminal 100 amino acids 
(Jiang et al. 2000; Zhao et al. 2003). Initial analysis of the more distantly related 
CaHV3 genome—originating from a new world primate—failed to identify any 
EBNA3 homologues. Only by determining the DNA sequence corresponding to 
the latency-associated transcripts of CaHV3 was the EBNA3 paralogue identi-
fied, through the conserved transcript structure—an exon pair downstream of the 
EBNA-LP-like repeats. However, CaHV3 has only a single EBNA3 homologue, 
supporting the long-held supposition that the EBNA3s of EBV arose through gene 
duplication events in an ancestral virus with a single EBNA3 gene (Rivailler et al. 
2002). Functionally, the LCV EBNA3s share many properties of human EBV, 
such as the ability to compete with EBNA2 to suppress gene activation, and to 
bind RBP-JK/CBF1 (Jiang et al. 2000; Zhao et al. 2003; see Sects. 2.5 and 2.7.1). 
However, they are sufficiently distinct that the RhLCV EBNA3s could not support 
sustained transformation of human B cells when genetically substituted within the 
P3HR1 strain of EBV (Jiang et al. 2000).

2.4  Limited Homology but Shared Structural Features 
Between the EBNA3 Proteins

Immunofluorescence staining of cells ectopically expressing each of the EBNA3s 
revealed an exclusively nuclear distribution that at low expression levels can be 
speckled or punctate (particularly EBNA3C) and may spare the nucleolus (Allday 
et al. 1988; Hennessy et al. 1985; Krauer et al. 2004b; Petti et al. 1988, 1990; 
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Ricksten et al. 1988; Young et al. 2008 and our unpublished results). This is of 
no great surprise since it has been demonstrated that each of these large proteins 
(all are >900 aa) includes multiple nuclear localisation signals [NLS, (Fig. 2a)]: 
EBNA3A contains six NLSs (Buck et al. 2006; Le Roux et al. 1993), EBNA3B at 
least two (Burgess et al. 2006) and EBNA3C includes three (Allday et al. 1988; 
Krauer et al. 2004a). As well as having an exclusively nuclear distribution, the 
EBNA3s also associate tightly with chromatin and/or the nuclear matrix, even 
under high salt extraction conditions, but appear not to bind directly to DNA (Petti 
et al. 1990; Sample and Parker 1994 and our unpublished results). In LCLs, the 
proteins are remarkably stable, with a half-life of at least 24 h, and although it has 
been suggested that they are probably subject to ubiquitin-mediated proteosomal 
degradation in the production of peptides recognised by cytotoxic T cells (CTL) 
(Hislop et al. 2007), there is also evidence that the EBNA3s can directly bind to 
components of the 20S proteasome prior to degradation (Touitou et al. 2005).

(a) 

(b) 

Fig. 2  The EBNA3 family of proteins. a Schematic representation of the EBNA3 domains. The 
secondary structures of the EBNA3 proteins have been predicted using the phyre2 protein fold 
recognition server. Domains and structural motifs are shown by the filled green and blue rec-
tangles as indicated. The locations of nuclear localisation signals (NLS) that have been demon-
strated in each protein are represented by stars. Similar coloured arrows represent similar amino 
acid repeats, and regions rich in proline are also indicated. The position of the putative leucine 
zipper (LZ) in EBNA3C is shown. These schematics are not drawn accurately to scale. b The 
central homology domain of the EBNA3s. Homologous amino acids are shown in red. The red 
rectangle highlights the WΦP motif of EBNA3C
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Although the primary amino acid sequence of the EBNA3 proteins has 
diverged considerably during the course of their evolution from a common ances-
tor, the three proteins include an ‘homology domain’ near their N-terminus 
(Fig. 2). Within this region, EBNA3A and 3B share 28 % amino acid identity, 
EBNA3A and 3C share 23 %, and EBNA3B and 3C share 27 % identity (Le Roux 
et al. 1994). Comparative informatics analyses of the three proteins suggest that 
despite the very modest overall homology, there are similarities in their predicted 
secondary structures. Indeed, the predicted percentage similarity in secondary 
structure is 88 % between EBNA3A and EBNA3B, 72 % between EBNA3A and 
EBNAC and 72 % between EBNA3B and EBNA3C (Yenamandra et al. 2009). 
Predicted structural motifs are mainly alpha-helices, with few beta-strands, and are 
distributed primarily towards the N-terminus in the homology domain (Fig. 2a). 
Large regions of all three proteins have no obvious secondary structure. Other 
similarities between all three proteins include a proline-rich region (Fig. 2a) and 
repeat sequences as discussed in Sect. 2.2. A predicted structural feature that 
appears to be unique to EBNA3C, but for which no function has been established, 
is a leucine zipper (LZ (aa244-291) embedded within the homology domain (West 
2006; West et al. 2004; Fig. 2a). Because of their large size and the prediction that 
much of each protein is disordered or flexible, structural analysis of the EBNA3s 
is going to be difficult. It is unlikely to be possible until functional domains can be 
precisely delineated, expressed and purified.

2.5  Relationship to EBNA2 and RBP-JK/CBF1—Initial 
Clues that the EBNA3s Are Regulators of Transcription

When EBNAs 3A, 3B and 3C were identified as nuclear proteins and mapped 
to the BamHI-E region of the EBV genome (Allday et al. 1988; Hennessy 
et al. 1985, 1986; Petti and Kieff 1988; Petti et al. 1988; Ricksten et al. 1988), 
the EBNA2 protein was already characterised as an essential transactivator of 
viral and cellular genes during B cell transformation. It was soon established 
that although EBNA2 does not bind DNA directly, it can be targeted to genomic 
response elements by binding to cellular DNA sequence-specific transcription fac-
tors including RBP-JK [also called C promoter binding factor (CBF1)]; EBNA2 
then recruits multiple co-activators of transcription to these binding sites (Zimber-
Strobl and Strobl 2001). Subsequently, all three EBNA3 proteins were shown to 
bind to the same site on RBP-JK/CBF1 as EBNA2 (Robertson et al. 1995, 1996) 
and that EBNA3C can probably bind PU.1/SPI1 (Jimenez-Ramirez et al. 2006; 
Zhao and Sample 2000). When it was shown that, in transient reporter assays, 
each of the EBNA3s could inhibit EBNA2-mediated activation of viral promot-
ers (LMP2A (aka TP-1) and Cp), it was proposed that all the EBNA3s might 
act in a regulatory loop as functional antagonists negatively regulating all genes 
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activated by EBNA2 (Johannsen et al. 1996; Le Roux et al. 1994; Radkov et al. 
1997; Robertson et al. 1995). For example, in the case of the EBV latency III pro-
moter Cp, this would be a mechanism to prevent uncontrolled transactivation of 
the EBNA transcription unit and perhaps be involved in promoter switching during 
differentiation of B blasts to germinal centre B cells in vivo (Kis et al. 2010; Nagy 
et al. 2012; Thorley-Lawson and Allday 2008). Consistent with EBNA3s acting as 
repressive antagonists of EBNA2-mediated transactivation, it was discovered that 
when EBNA3A or EBNA3C was targeted directly to a reporter gene—by fusion 
to a GAL4 DNA-binding domain—both proteins exerted very robust repressor 
activity (Bain et al. 1996; Bourillot et al. 1998; Cludts and Farrell 1998). We have 
subsequently found that a Gal4-EBNA3B fusion has similar repressor activity 
(P. Young, PhD thesis, 2007, Imperial College London). Further support for the 
model came when it was shown that EBNA3A and EBNA3C interact with vari-
ous repressive transcription co-factors including histone deacetylases (HDACs) 
HDAC-1 and HDAC-2, C-terminal binding protein (CtBP), Sin3A and NCoR 
(Hickabottom et al. 2002; Knight et al. 2003; Radkov et al. 1999; Touitou et al. 
2001). However, the picture of EBNA3-mediated gene regulation became more 
complicated when it was shown in transient reporter assays that—in some cir-
cumstances—rather than exhibiting repressor activity, EBNA3C can activate tran-
scription from viral (e.g. LMP1 Jimenez-Ramirez et al. 2006; Zhao and Sample 
2000) and cellular gene promoters (e.g. COX-2 Kaul et al. 2006). This might be 
associated with its reported capacity to form complexes with transcriptional co-
activators such as the histone acetyltransferase p300 (Cotter and Robertson 2000). 
Subsequent microarray studies have revealed the activation, as well as repression, 
of host genes by EBNA3A, EBNA3B and EBNA3C; so these proteins might all 
act as transactivators in some circumstances (see Sects. 3.2 and 4). However, in 
general, the molecular mechanisms of EBNA3-mediated transactivation are poorly 
understood.

Although there appear to be many sites across the human genome where 
EBNA2 and EBNA3s can apparently co-localise (see Sects. 3 and 4), it is still 
not known how widely EBNA2 and the EBNA3s have antagonistic roles in the 
regulation of host genes. Furthermore, no formal proof has been produced that 
the EBNA3s are involved in the negative regulation or silencing of the latency-
associated EBNA promoter Cp, via RBP-JK/CBF1 response elements during 
viral infection and persistence. It is probable that the interaction of EBNA3s with 
RBP-JK/CBF1 plays an important role in the regulation of multiple genes, but 
until recently, no bona fide cellular targets that depend on this interaction had been 
identified (see Sects. 2.7.1 and 4.5). Even now, although genetic studies strongly 
indicate that the EBNA3A and EBNA3C binding to RBP-JK/CBF1 are impor-
tant for B cell transformation (Lee et al. 2009; Maruo et al. 2005, 2009), the crit-
ical targets remain elusive and the molecular details of both protein:protein and 
protein:DNA interactions at regulatory loci are only now being explored (for more 
details, see Sects. 2.7.1 and 4).
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2.6  Roles of EBNA3A and EBNA3C in Cell Cycle 
Regulation and as Potential Oncogenes

The initial indication that EBNA3C has activities associated with the cell cycle 
came from a study of its ectopic expression in Raji BL-derived cells that carry a 
virus with a deletion of EBNA3C. Complementation of the deleted gene by sta-
ble, constitutive expression from a transfected plasmid revealed that EBNA3C 
influences LMP1 expression only in G1 of the cell cycle (Allday and Farrell 
1994). Although the basis of this phenotype was never established, it suggested 
that EBNA3C might have a G1-related activity. Shortly, thereafter EBNA3C was 
shown to ‘cooperate’ with oncogenic mutant Ras (Ha-Ras) in the immortalisation 
and transformation of primary rat embryo fibroblasts (REFs, Parker et al. 1996). In 
this type of assay, Ha-Ras alone induces exit from the cell cycle to a state called 
‘premature senescence’ (Serrano et al. 1997) and other oncogenes that cooperate 
with Ha-Ras (e.g. adenovirus E1A; papillomavirus E7; SV40 TAg; cMyc) all sub-
vert components of the G1 checkpoint modulated by the RB/p53 axis (reviewed 
in Lowe et al. 2004; Sherr 2012). This, therefore, indicated that EBNA3C might 
possess a similar anti-senescence activity in REFs, and perhaps also in B cells. 
The demonstration several years later that this activity depends on EBNA3C bind-
ing the transcriptional co-repressor CtBP (see Sect. 2.7.2) was consistent with the 
anti-senescence phenotype—at least in part—being linked to EBNA3C-mediated 
repression of transcription. The most direct and compelling evidence that EBNA3C 
modulates a G1 arrest checkpoint in B cells was to come from a study using an 
LCL established with a recombinant Akata EBV encoding a conditional EBNA3C 
(Maruo et al. 2006). Here, removing the inducer of EBNA3C activity from the cells 
resulted in the accumulation of p16INK4a mRNA and protein, accompanied by a sub-
stantial reduction in proliferation and considerable cell death. The molecular details 
and significance of these observations are discussed in detail in Sects. 4.2 and 5.

Additional evidence that EBNA3C can disrupt the regulation of the cell cycle 
came when it was shown that, in both rodent and human cells, constitutive over-
expression of EBNA3C could induce aberrant cell division resulting in multi-nucle-
ation, polyploidy and eventually cell death. EBNA3C also appeared to suppress the 
pro-metaphase arrest induced by drugs such as nocodazole that activate the mitotic 
spindle checkpoint (Parker et al. 2000). Together, these results suggested that unreg-
ulated expression of EBNA3C might disrupt cell cycle checkpoints occurring after 
DNA synthesis (S), perhaps in both G2 and mitosis. While these results raised inter-
esting questions about the normal physiological role of EBNA3C in B cell prolifera-
tion, to date there have been no convincing genetic studies that have confirmed roles 
for EBNA3C in G2 or mitosis nor biochemical studies that have identified robust 
molecular interactions explaining these over-expression of phenotypes. A reported 
down-regulation of CHK2 by EBNA3C and interaction between the two pro-
teins could have a role in facilitating the transition from G2 to mitosis (Choudhuri 
et al. 2007), but this has not been confirmed and it does not explain why, in LCLs, 
CHK2 is expressed at the same level as in mitogen-activated B cells and appears to 
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function normally following DNA damage (O’Nions et al. 2006). Although it has 
been reported that EBNA3C might repress the transcription of the mitotic regula-
tor BUBR1 in BJAB cells, this has not been extended to LCLs nor confirmed with 
EBV recombinants (Gruhne et al. 2009; Skalska et al. 2013 and our unpublished 
data). Several reports during the past decade indicate that EBNA3C can physically 
associate with a variety of other factors involved in the regulation of cell cycle pro-
gression and/or the G1/S checkpoint—most of these appear to be via amino acids 
located at the N-terminus of EBNA3C (aa100–200). The factors include the ubiq-
uitin ligase SCFSKP2, the tumour suppressor retinoblastoma (RB), the oncoprotein 
MYC, MDM2, p53, cyclin A, cyclin D1, E2F1, CHK2 and Aurora kinase B (Bajaj 
et al. 2008; Choudhuri et al. 2007; Jha et al. 2013; Kashuba et al. 2008; Knight and 
Robertson 2004; Knight et al. 2004, 2005a, b; Saha et al. 2009, 2011, 2012; Yi et al. 
2009). It remains to be established, by reverse genetic studies of mutants that spe-
cifically and independently disrupt these binding sites, which of these interactions 
are functionally important in vitro during B cell transformation or in vivo during the 
establishment of persistence and/or in B cell lymphomagenesis.

EBNA3A was also shown to cooperate with Ha-Ras in the transformation and 
immortalisation of REFs, and again, there was a remarkably good correlation 
between EBNA3A binding to CtBP and rescue from Ha-Ras-induced senescence 
(Hickabottom et al. 2002). The earliest evidence that EBNA3A might affect cell 
cycle regulation in B cells came from two related studies in which EBNA3A was 
either over-expressed (by twofold–fivefold) in an LCL from an inducible plasmid 
(Cooper et al. 2003) or—as with EBNA3C—using a recombinant virus condi-
tional for EBNA3A to establish an LCL (Maruo et al. 2003). The take-home mes-
sage from these experiments was that a precisely controlled level of EBNA3A was 
critical for optimum LCL proliferation. An excess of EBNA3A appeared to pro-
duce the down-regulation of MYC and cyclin D2 leading to a prolonged G0/G1 
cell cycle arrest, but when EBNA3A was inactivated in the conditional LCL, the 
outcome was a gradual decline in proliferation; however, the underlying molecu-
lar mechanisms were not identified (Cooper et al. 2003; Maruo et al. 2003). Also, 
consistent with EBNA3A having a role in cell cycle regulation, was the recent 
report of an interaction between EBNA3A and MYC-interacting zinc-finger pro-
tein-1 (MIZ1) being necessary for the down-regulation of the cyclin-dependent 
kinase inhibitor p15INK4b in LCLs. Because p15INK4b has the potential to inhibit 
cell cycle progression, this could contribute to the maintenance of EBV-infected B 
cell proliferation. However, currently—since the role of p15INK4b in human B cells 
is unknown—the biological significance in EBV biology is still subject to specula-
tion (Bazot et al. 2014; also see Sect. 4.2 for further discussion).

2.7  Proteins that Can Interact with the EBNA3C

EBNA3C is by far the most studied member of the EBNA3 family and has been 
reported to interact with many cellular proteins. In most cases, this refers to the 
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ability of a protein to co-immunoprecipitate with EBNA3C from EBV-infected 
B cells (or after co-transfection) using standard immunoprecipitation lysis buffer 
extraction and/or the ability to associate with EBNA3C in pull-down assays using 
polypeptides fused to glutathione-s-transferase (GST). To our knowledge, there is 
no case of a direct biochemical interaction being confirmed using proteins puri-
fied to homogeneity. Some proteins reported to associate with EBNA3C by one or 
both of the above criteria are listed in Table 1; however, due to constraints on the 
length of the review, only the interactions between EBNA3C and RBP-JK/CBF1 
and CtBP will be considered in more detail. This is because (a) these two proteins 
associate with more than one EBNA3 (RBP-JK/CBF1 with all three; CtBP with 
EBNA3A and EBNA3C), (b) these are the only interactions for which essential 
EBNA3C amino acids have been precisely identified and—most importantly—(c) 
have binding mutants been analysed by reverse genetics or complementation to 
show a change in phenotype in EBV-infected B cells. It is perhaps no coincidence 
that these two proteins have also consistently been detected as ‘interactors’ in 
various EBNA3 yeast two-hybrid screens (e.g. Bazot et al. 2014; Lin et al. 2002; 
our unpublished results). It should be noted that EBNA3C can be co-immuno-
precipitated with both EBNA3A and EBNA3B (Paschos et al. 2012; our unpub-
lished results); however—although there is good evidence for functional crosstalk 
between these proteins (see Sects. 3.2 and 4)—the critical domains/residues have 
not yet been mapped; therefore, genetic analyses to test the significance of these 
potential biochemical associations have not yet been possible.

2.7.1  RBP-JK/CBF1

As indicated previously, EBNA2 and all three EBNA3 proteins can bind the 
conserved DNA-binding factor RBP-JK/CBF1, which is also an effector com-
ponent of the Notch signalling pathway and is equivalent to Drosophila mela-
nogaster Suppressor of Hairless, Su(H). In Drosophila, Notch pathways regulate 
cell fate determination, cell differentiation and developmental pattern forma-
tion. The pathways are highly conserved and are thought to play similar roles in 
human cells (Guruharsha et al. 2012; Zimber-Strobl and Strobl 2001). Once lib-
erated from cellular membranes by proteolytic cleavage, the cleaved domains of 
Notch (Notch-IC, for intracellular) can bind to Su(H) to activate gene transcrip-
tion. This process can be antagonised in Drosophila by competitive binding of 
Su(H). Hairless protein then itself recruits conserved co-repressors Groucho 
and dCtBP (Barolo et al. 2002; Morel et al. 2001). In EBV-transformed B cells, 
EBNA2 can mimic aspects of activated Notch signalling by binding—like 
Notch-IC—to RBP-JK/CBF1, recruiting co-activators and enhancing tran-
scription of both viral and cellular genes that include RBP-JK/CBF1-binding 
sequences. In Drosophila, Notch signalling is antagonised by Hairless, so it has 
been proposed that EBNA3A, EBNA3B and EBNA3C could function in a simi-
lar manner to Hairless and repress activation of transcription mediated by EBNA2 
bound to RBP-JK/CBF1 (Thorley-Lawson and Allday 2008; Zimber-Strobl and 
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Table 1  Factors reported to interact with EBNA3C

Interacting cellular 
proteinsa

Proposed outcome Genetic confirmation 
using recombinant 
EBV in B cells

References

RBP-JK (CBF1) Directing EBNA3C 
to a subset of target 
genes

Yes Robertson et al. 
(1996); Maruo et al. 
(2009); Lee et al. 
(2009); Calderwood 
et al. (2011); Harth-
Hertle et al. (2013)

SPI1/PU1 Directing EBNA3C 
to a subset of target 
genes

Indirect evidence Zhao and Sample 
(2000); Jiang et al. 
(2014); McClellan 
et al. (2013)

CtBP Repression of some 
target genes (e.g. 
p16INK4a)

Yes Touitou et al. (2001); 
Skalska et al. (2010)

HDACs 1/2 Repression of target 
genes

Indirect evidence Radkov et al. (1999); 
Knight et al. (2003); 
Paschos et al. (2009)

Sin3A Repression of target 
genes

Indirect evidence Knight et al. (2003); 
Jiang et al. (2014)

NCoR Repression of target 
genes

No Knight et al. (2003)

SUMO-1/3 Sumoylation of 
EBNA3C?

No Rosendorff et al. 
(2004); Touitou et al. 
(2005)

Cyclin A Increased cdk activity No Knight et al. (2004); 
Knight and Robertson 
(2004)

Cyclin D1 Cyclin D1 stabilisedb No Saha et al. (2011)

SCFSKP2 Recruited to RB No Knight et al. (2005b)

RB RB degraded and 
release of E2F1

No Knight et al. (2005a)

MYC MYC stabilised No Bajaj et al. (2008)

p300 Recruited in a tran-
scription complex

No Cotter and Robertson 
(2000)

Prothymosin-α Recruited in a tran-
scription complex

No Cotter and Robertson 
(2000)

MRS18-2 Releases E2F1 from 
RB

No Kashuba et al. (2008)

NM23-H1 Recruited to nucleus No Subramanian et al. 
(2001)

MDM2 MDM2 stabilised No Saha et al. (2009)

ING4/5 Blocks interaction of 
ING4/5 with p53

No Saha et al. (2011)

p53 Inhibits p53-mediated 
transcription

No Yi et al. (2009)

(continued)
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Strobl 2001). Furthermore, since EBNA3A and EBNA3C can recruit mammalian 
CtBP (discussed in the next section), EBV might mimic several components of 
the Notch effector pathway to precisely control the expression of host genes in an 
analogous manner to Notch in Drosophila. However, despite the functional simi-
larities between Notch-IC/Hairless and EBNA2/3s, it has been shown that EBNA2 
and Notch-IC are not interchangeable in regulating human genes (Kohlhof et al. 
2009)—this is discussed further in the chapter authored by Kempkes and Ling.

Although there is not complete agreement on the precise details, there is an 
emerging consensus that the most important region of each EBNA3 in the inter-
action with RBP-JK/CBF1 is located in the middle of the homology domain 

aIn some cases, this is probably direct, but for others, the interaction might involve a multi-pro-
tein complex—none of these interactions has been confirmed with purified proteins
bIt should be noted that Cyclin D1 is not generally expressed in EBV-transformed B cells 
Palmero et al. (1993) and Pokrovskaja et al. (1996)

Table 1  (continued)

Interacting cellular 
proteinsa

Proposed outcome Genetic confirmation 
using recombinant 
EBV in B cells

References

CHK2 Blocks CHK2 kinase 
activity, might restrict 
DDR

Indirect evidence Choudhuri et al. 
(2007)
Nikitin et al. (2010)

GADD34 Counteracts unfolded 
protein response

No Garrido et al. (2009)

DP103 (Gemin3) DP103 degraded No Cai et al. (2011)

Aurora Kinase B Aurora B stabilised No Jha et al. (2013)

E2F1 Inhibits E2F1 binding 
to DNA

No Saha et al. (2012)

IRF4 IRF4 stabilised, 
perhaps recruits 
EBNA3C to DNA

Indirect evidence Banerjee et al. (2013); 
Jiang et al. (2014); 
McClellan et al. 
(2013)

H2AX Relocalisation of 
H2AX, might restrict 
DDR

Indirect evidence Jha et al. (2014), 
Nikitin et al. (2010)

EBNA3A Collaboration with 
EBNA3C in gene 
regulation

Indirect evidence Calderwood et al. 
(2007); Anderton et al. 
(2008); Skalska et al. 
(2010); White et al. 
(2010); Paschos et al. 
(2012); McClellan 
et al. (2013)

EBNA3B Collaboration with 
or antagonism of 
EBNA3C in gene 
regulation

Indirect evidence White et al. (2010); 
White et al. (2012); 
McClellan et al. 
(2013); our unpub-
lished data
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(central homology domain) between amino acid 170-221 for EBNA3A, 176-227 
for EBNA3B and 180-231 for EBNA3C (Fig. 2; Bourillot et al. 1998; Calderwood 
et al. 2011; Dalbies-Tran et al. 2001; Lee et al. 2009; Maruo et al. 2005, 2009; 
Robertson et al. 1996). EBNA3A and EBNA3C mutants deleted for those regions 
no longer interact with RBP-JK/CBF1 and fail to repress EBNA2-mediated tran-
scriptional activation of reporter genes (Maruo et al. 2005, 2009). It should be 
noted, however, that mutations near, but not within, the central homology region 
might also affect the interaction between the EBNA3s and RBP-JK/CBF1 (Maruo 
et al. 2005; West et al. 2004). Sequence alignment of the EBNA3 central homol-
ogy regions identified three amino acid clusters conserved between the EBNA3s 
(Fig. 2). A refined analysis of RBP-JK/CBF1 binding to EBNA3C performed by 
Calderwood and colleagues revealed that residues 211–233 of EBNA3C include 
an amino acid sequence (WTP) that resembles the WΦP motif of Notch-IC (WFP) 
and EBNA2 (WWP) that interacts with RBP-JK/CBF1 (Calderwood et al. 2011). 
They showed using EBNA3C mutated at ATFGC and/or WΦP that both regions 
are involved in the interaction with RBP-JK/CBF1 (Fig. 2).

An important observation that linked EBNA3:RBP-JK/CBF1 complexes to 
EBV biology was the demonstration that the interaction between RBP-JK/CBF1 
and EBNA3A or EBNA3C is not only necessary for the regulation of EBNA2-
mediated activation in reporter assays, but also essential for maintaining LCL 
proliferation. The ectopic expression of wild-type EBNA3A can maintain prolif-
eration in an LCL conditional for EBNA3A when it is cultured in non-permis-
sive conditions, whereas an EBNA3A mutant deleted for RBP-JK/CBF1 binding 
cannot (Maruo et al. 2005). In comparable complementation experiments using 
an EBNA3C-conditional LCL, the results were similar: no interaction with RBP-
JK/CBF1 and no rescue of proliferation (Lee et al. 2009; Maruo et al. 2009). So 
it appears that EBNA3A and EBNA3C mutants that are deficient in their capac-
ity to repress EBNA2-mediated activation of reporters are also unable to sustain 
LCL proliferation. However, it is not known whether these two functions are 
directly linked or precisely how EBNA3A and EBNA3C (and possibly EBNA3B) 
antagonise gene activation by EBNA2. Two mechanisms have been proposed, 
but neither confirmed: either the EBNA3s might destabilise the interaction of 
EBNA2:RBP-JK/CBF1 complexes with DNA (Robertson et al. 1995, 1996; 
Waltzer et al. 1996) or alternatively the EBNA3s could replace EBNA2 on DNA-
bound RBP-JK/CBF1 and recruit co-repressors (see next section and Sect. 4). It is 
possible that both of these mechanisms could operate, but perhaps at different tar-
gets. These issues will only be resolved when the details of molecular complexes 
at the regulatory elements of fully validated target genes have been determined. 
Remarkably, it appears that only a few (about 16 %) of the many thousands of 
sites across the human genome that bind EBNA3s have been shown to coincide 
with reported RBP-JK/CBF1 sites. However, many coincide with sites where 
EBNA2 can bind (Jiang et al. 2014; McClellan et al. 2013; see Sect. 4 for more 
detailed discussion).
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2.7.2  CtBP

EBNA3A and EBNA3C, but not EBNA3B, interact with the co-repressor CtBP 
(Hickabottom et al. 2002; Touitou et al. 2001), a protein initially discovered as 
a cellular factor interacting with the C-terminal region of the adenovirus E1A 
oncoprotein and subsequently identified as one of a highly conserved family of 
co-repressors of transcription (reviewed in Chinnadurai 2007). CtBP is now 
a generic term used to refer to two proteins, CtBP1 and CtBP2. These closely 
related regulators of transcription are encoded in vertebrates by separate genes 
(located on human chromosomes 4p16.3 and 10q23.13, respectively). While 
CtBP1 and CtBP2 share significant amino acid homology overall, CtBP2 includes 
a unique N-terminal domain that probably contributes to its nuclear localisation 
(Chinnadurai 2007; Zhao et al. 2014). It remains largely unexplored to what extent 
these proteins are functionally redundant, but there is evidence that at some devel-
opmental stages, they might play unique roles (Chinnadurai 2007). Both appear to 
act primarily as transcriptional co-repressors in the process of gene silencing and 
both interact with factors that have the conserved, prototypical CtBP-binding Pro-
Leu-Asp-Leu-Ser (‘PLDLS’) motif. Proteomic analysis of mammalian CtBP1 and 
CtBP2 complexes has shown each can interact with a similar array of transcrip-
tional co-repressors including HDAC-1 and HDAC-2, CoREST, G9a/GLP and 
LSD1; they have also been implicated in polycomb group (PcG) protein-mediated 
repression (Sewalt et al. 1999; Shi et al. 2003, 2004; Sundqvist et al. 1998; Zhao 
et al. 2014). Genetic evidence indicates that CtBP2 might also activate transcrip-
tion in a context-dependent manner—this could account for some of its unique 
properties (Chinnadurai 2007). Since both CtBP1 and CtBP2 bind NAD+ and 
NADH, it has been proposed that their transcriptional regulatory capacity is modu-
lated by the ratio of nuclear NAD+:NADH and that they play a role in monitoring 
the redox status of a cell (Zhang et al. 2006).

Touitou and colleagues identified a perfect PLDLS motif in the C-terminal 
region of EBNA3C and demonstrated that this motif (aa 728-732) was essen-
tial and sufficient for EBNA3C to interact with CtBP1 (Touitou et al. 2001). 
Subsequently, EBNA3A was shown to interact with CtBP1 through two non-con-
sensus motifs, ALDLS (aa 857-861) and VLDLS (aas 891-895), also located at the 
carboxyl terminus. In vitro studies suggested that EBNA3A binds with a higher 
affinity than EBNA3C—perhaps because it includes the bipartite site—but this has 
not been confirmed (Hickabottom et al. 2002). Because EBNA3C and EBNA3A 
interact with CtBP1 via PLDLS (or a variant), it has been assumed that they can 
interact with both CtBP proteins, but—to our knowledge—this has not been for-
mally tested. Although both CtBPs could be present simultaneously in human B 
cells, most available data suggest that CtBP2 is not expressed in EBV-infected B 
cells and this silencing is probably related to the expression of EBNA3A (Hertle 
et al. 2009; McClellan et al. 2012; White et al. 2010) (see Sect. 4.5 for a more 
detailed discussion).

The ability of EBNA3C to bind CtBP correlates only partially with the ability 
of EBNA3C to repress transcription when targeted to DNA in transient reporter 
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assays, but correlates extremely well with EBNA3C’s ability to behave as a coop-
erating nuclear oncoprotein when expressed in primary REFs with oncogenic 
Ha-ras (Touitou et al. 2001). Binding of CtBP to EBNA3A correlates well with 
both reporter repression and oncogenic cooperation (Hickabottom et al. 2002). 
Furthermore, since Marek’s disease virus—a herpesvirus that induces T cell lym-
phoma in poultry—requires its nuclear oncoprotein MEQ to bind chicken CtBP 
for tumorigenesis (Brown et al. 2006), it seems likely that the interactions with 
EBNA3A and EBNA3C might be involved in human B cell transformation and 
lymphomagenesis. The importance of these EBNA3:CtBP interactions in B cell 
transformation became apparent when analysis of p16INK4a expression in LCLs 
established by using each of three different CtBP-binding mutant viruses (3ACtBP; 
3CCtBP and a 3A/3C double CtBP-binding mutant called E3CtBP) showed that 
CtBP is involved in the EBNA3A/3C-mediated epigenetic repression of the 
p16INK4a-encoding gene locus (Skalska et al. 2010 and discussed in more detail in 
Sect. 4.2). Taken together, the data suggest that binding of EBNA3A and EBNA3C 
to CtBP augments transformation efficiency and LCL outgrowth at least in part 
by aiding the establishment or maintenance of repressive chromatin around the 
p16INK4a transcription start site (TSS). Both EBNA3A and EBNA3C can be read-
ily immunoprecipitated from LCLs with CtBP (Hickabottom et al. 2002; Touitou 
et al. 2001); however, no EBNA3A/3C-CtBP complexes have been demonstrated 
on the p16INK4a promoter (Skalska et al. 2010). It is unclear whether this is 
because of technical limitations of the available reagents or whether the promoter 
is not actually a direct target of such complexes. Although we do not yet under-
stand this requirement for CtBP binding, the data are consistent with reports that 
the C-terminus of EBNA3C—and specifically the PLDLS CtBP-binding site—is 
necessary to completely rescue proliferation in EBNA3C-conditional LCLs cul-
tured without the appropriate activator (Lee et al. 2009; Maruo et al. 2009).

3  New Technologies and the Analysis of EBNA3 Function

3.1  BAC-Derived EBV Recombinants Facilitate Robust 
Genetic Analysis

The earliest strategy for the genetic analysis of EBV functions entailed recombi-
nation between the non-transforming P3HR1 strain, which lacks EBNA2, and 
fragments of B95-8 virus. This system relied on selecting recombinants that had 
incorporated B95-8 EBNA2 that enabled the virus to transform B cells. Inclusion 
of second site targeting constructs induced a remarkably high proportion (around 
10–15 %) of selected virus clones that also incorporated this second change, thereby 
allowing the modification of other EBV genes under selection of EBNA2 inclu-
sion. Using this strategy, it was found that incorporating a type 1 region including 
the EBNA3s in place of the type 2 EBNA3s of P3HR1 had no significant effect 
on the virus’s ability to transform B cells (Tomkinson and Kieff 1992b). Parallel 
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attempts to generate EBNA3 knockouts—by incorporating stop codons into each 
EBNA3 independently within the type 1 EBNA3 cassette—found that EBNA3B 
knockouts could be generated with the same frequency as incorporation of the intact 
type 1 cassette (Tomkinson and Kieff 1992a). In contrast, recombinants containing 
either EBNA3A- or EBNA3C-knockout DNA grew out in <2 % of transformants, 
and then only where cells were co-infected with the non-transforming P3HR1 virus. 
In addition, these dually infected cells were prone to spontaneous reversion of the 
mutation through recombination with the complementing P3HR1 virus (Tomkinson 
et al. 1993). These data were interpreted to mean that EBNA3A and EBNA3C are 
essential for B cell transformation, whereas EBNA3B is dispensable.

The requirement for transformation- and replication-competent recombi-
nant viruses, and the technical challenges of the first-generation recombina-
tion system, limited its use as a tool for the genetic analysis of EBV. However, 
cloning the genome of the B95-8 strain of EBV into an F factor-derived plasmid 
(Delecluse et al. 1998)—more commonly known as a bacterial artificial chromo-
some (BAC)—facilitated the generation and characterisation of EBV recom-
binants that lacked the ability to transform B cells (reviewed in detail in Feederle 
et al. 2010 and the chapter authored by H-J. Delecluse). Subsequently, the Akata 
strain of EBV was also cloned as a BAC, and both strains have now been used to 
analyse the functions of the EBNA3s. Two main modification strategies have been 
used to reveal functional contributions of the EBNA3s to the biology of EBV in 
B cells: first, introducing truncating mutations into the EBNA3s to create EBNA3 
knockouts (KO) and second, creating proteins conditional for function by fusing 
EBNA3s to a modified oestrogen receptor (ER) in the viral genome. The resulting 
fusion protein is then functional only in the presence of oestrogen or its related 
analogue, 4-hydroxytamoxifen (4HT) that prevents the sequestration and degrada-
tion of the protein that would otherwise be mediated by the inactive ER (Maruo 
et al. 2006; Skalska et al. 2010). More recently, fusions of EBNA3s with epitope 
tags have proved to be very useful in locating sites to which individual EBNA3s 
are targeted on host chromatin using chromatin immunoprecipitation (ChIP) strat-
egies (Jiang et al. 2014; Paschos et al. 2012; see below).

In the past, we and others have attempted to determine the roles of the EBNA3s 
in gene regulation and EBV biology by expressing single EBNA3 genes or cDNAs 
transiently, constitutively or from inducible vectors in B and non-B cells (for 
example Gruhne et al. 2009; Knight et al. 2005a; Parker et al. 2000; Yi et al. 2009; 
Young et al. 2008). However, while this approach provided some clues to EBNA3 
functions, it was sometimes unhelpful and could potentially produce mislead-
ing data because the protein is generally over-expressed, often not in B cells and 
always in the absence of other EBV latency factors—that is out of its physiologi-
cal context. Constructing recombinant viruses with mutations or deletions of the 
EBNA3 locus using EBV-BAC technology and using the resultant viruses to infect 
B cells has allowed the investigation of host phenotypes and transcriptomes asso-
ciated with each EBNA3, in the context of latency-associated EBV gene expres-
sion in B cells. This strategy has already produced many surprising results and 
provided a wealth of information for future research.
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3.2  Microarrays Reveal the Extent and Complexity  
of EBNA3-Mediated Regulation of Host Genes

A second strategic advance in the study of EBNA3 function was the determination of 
genome-wide gene expression patterns using microarray technology in conjunction 
with the knockout, conditional or mutant EBNA3 viruses. To date, around 100 or more 
independent B cell lines have been analysed to produce unbiased views of how the 
host transcriptome is modified by EBNA3 expression (Chen et al. 2006; Hertle et al. 
2009; Kelly et al. 2013; McClellan et al. 2012; Skalska et al. 2010; White et al. 2010; 
Zhao et al. 2011). Several of these data sets (derived from BL lines and LCLs in our 
and the Kempkes’ laboratories) describing the expression of genes that are regulated 
by EBV in an EBNA3-dependent manner are available in a searchable format at the 
Website http://www.epstein-barrvirus.org.uk. Together, these analyses have revealed 
the extent and complexity of EBNA3-mediated host gene control. It is now well estab-
lished that the regulation of well over a 1000 host genes by EBV requires EBNA3 
expression, and a considerable number of these genes appear to be regulated by com-
binations of EBNA3s. Confirming this original observation, many genomic loci are 
bound by multiple EBNA3s, and also EBNA2, but surprisingly, relatively few of these 
locations are also bound by RBP-JK/CBF1 (see Sect. 3.3 for further discussion).

Using the EBV-BAC system and microarrays to analyse the regulation of host 
genes by EBNA3s has highlighted a number of underlying principles that should be 
considered when interpreting the gene expression analyses undertaken to explore 
the function of EBV proteins. First, using the same recombinant viruses in different 
cell backgrounds can give very different results. For instance, only a quarter of the 
genes identified as regulated by EBNA3B in LCLs were also EBNA3B regulated in 
the Burkitt’s lymphoma cell line BL31 (White et al. 2010). There are many possible 
reasons for such differences. They may be due to the different differentiation states 
of the cell or changes associated with the mutations or other transformation events 
that produced the BL31 cell line. Since these analyses have been carried out on cell 
lines that have been established with mutant viruses, selection pressures during out-
growth can also distort the transcriptome. For instance, a loss/reduction of retino-
blastoma protein (RB) expression appears to assist the outgrowth of EBNA3A-KO 
and CtBP-binding mutant LCLs (Hertle et al. 2009; Skalska et al. 2010). Also, dif-
ferences in regulation of target genes due to host genetic background have also been 
observed. We, and others, have found that the regulation of CXCR4 by EBNA3B 
occurs only in a subset of donors (Chen et al. 2006; White et al. 2010). These 
issues are discussed in greater depth in the relevant reports, including Hertle et al. 
2009; Kelly et al. 2013; McClellan et al. 2012; Skalska et al. 2010, 2013; White 
et al. 2010; and Zhao et al. 2011. Nevertheless, using microarray data as an indi-
cator of potential EBNA3 targets—that are then rigorously validated—has proven 
to be remarkably fruitful, and existing data sets probably still have more to offer. 
Examples of some host genes that reveal different features of EBNA3-mediated 
gene regulation and provide novel insights into viral regulation of host transcription 
are considered in detail in Sect. 4 and are summarised in Table 2.

http://www.epstein-barrvirus.org.uk
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3.3  ChIP and ChIP-Seq Analyses and Mechanisms of Gene 
Regulation

The biological significance of interactions of nuclear proteins, such as the 
EBNA3s, with specific DNA fragments of defined sequence has been immensely 
enhanced by the advent of chromatin immunoprecipitation (ChIP) techniques. 
ChIP is a method by which proteins are selectively immunoprecipitated and the 
associated DNA sequences are determined—usually by methods involving quan-
titative PCR (QPCR) and/or high-throughput sequencing (ChIP-seq). This tech-
nique has been used to map the binding of transcription factors, co-factors and 
chromatin-modifying enzymes at particular loci and across the genome. It has also 
proven to be a very powerful tool for identifying the distribution of post-transla-
tionally modified histones and their spatial and functional relationship to individ-
ual genes.

Coupled with the use of EBV recombinants and transcriptome data, ChIP and 
ChIP-seq technologies have revolutionised the way we consider EBNA3 function. 
It has been possible to identify many thousands of specific genomic loci where the 
EBNA3s can be detected and, we assume, recruit cellular factors that exert effects 
on chromatin organisation. This has heralded some paradigm-shifting observa-
tions, including the EBNA3 manipulation of histone-modifying complexes to 
reprogram the epigenetic landscape and the modulation by EBNA3s of the three-
dimensional architecture of chromatin during the regulation of gene expression 
(Harth-Hertle et al. 2013; Jiang et al. 2014; McClellan et al. 2012, 2013; Paschos 
et al. 2012; Skalska et al. 2013). Some of these studies will be considered in the 
next section.

4  Host Gene Regulation by the EBNA3s Involves 
Polycomb Proteins, Epigenetic Modifications  
and Chromatin Looping

Five host genes (or gene clusters) whose regulation by EBNA3s is particularly 
well characterised are described here in detail. Each reveals novel aspects of 
EBNA3 cooperation and/or mode of action in the regulation of transcription, and 
in some cases, how the identification of targets has provided remarkable insights 
into aspects of EBV biology and the virus’s oncogenic potential.

4.1  BIM (BCL2L11)

The first evidence that EBNA3A and EBNA3C can cooperate to regulate spe-
cific host cell genes came using a panel of EBNA3-knockout recombinant 
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B95.8-derived EBVs to infect EBV-negative BL31 BL-derived cells. This 
revealed, among other things, that expression of both EBNA3A and EBNA3C is 
necessary to repress transcription of BIM/BCL2L11 (Anderton et al. 2008).

BIM (Bcl2-interacting mediator) is a pro-apoptotic member of the BH3-only 
family of BCL2-like proteins and is encoded by the BCL2L11 gene on human 
chromosome 2q13. BIM acts as a potent, direct initiator of apoptosis because it 
binds with high affinity to BCL2 and all the other pro-survival family members 
to inactivate them. BIM is particularly important in the immune system, acting 
as a major regulator of life-and-death decisions during lymphocyte development 
(Fischer et al. 2007; Strasser 2005). Bim-null mice accumulate excess lymphoid 
and myeloid cells, and loss of Bim accelerates B cell lymphomagenesis induced by 
an Eμ-Myc transgene in mice (Egle et al. 2004). The connection between dereg-
ulated MYC expression and the activity of BIM in human B cells was revealed 
by Hemann and colleagues (Hemann et al. 2005). They showed that MYC acti-
vates BIM/BCL2L11 in EBV-negative BL, and this led to the proposal that MYC-
induced apoptosis can be overridden by inactivation of any one of several MYC 
effectors—including p53, p14ARF or BIM (reviewed in Dang et al. 2005). MYC 
is induced and becomes constitutively expressed early after the infection of pri-
mary human B cells with EBV (Fig. 4 and Sect. 5); therefore, suppression of BIM 
expression by EBV is likely to be a contributory factor in B cell transformation 
and the development of any EBV-associated B cell lymphomas.

In cultured B cells, a reduction in BIM expression occurs very soon after infec-
tion with EBV (Anderton et al. 2008; Skalska et al. 2013). This did not involve 
detectable CpG methylation, but correlated with loss of histone acetylation and the 
deposition of the polycomb group (PcG) protein signature H3K27me3 on chro-
matin proximal to the transcription start site (TSS) for BIM (Paschos et al. 2009, 
2012). Detailed chromatin immunoprecipitation (ChIP) analyses of the chromatin 
around the BIM/BCL2L11 promoter revealed that latent EBV triggers the recruit-
ment of polycomb repressive complex (PRC)2 core subunits and the trimethyla-
tion of histone H3 lysine 27 (H3K27me3) at this locus and represses transcription. 
In uninfected BL cells, PRC2 ancillary factors RbAp48 and JARID2 already 
associate with the chromatin proximal to the TSS, so the data suggest that at the 
BIM/BCL2L11 locus, EBV infection is necessary to recruit core components 
SUZ12 and EZH2 (the histone methyl transferase) to establish functional PRC2. 
Assembly of PRC2 at the locus was absolutely dependent on both EBNA3A and 
EBNA3C being expressed, and, using a recombinant EBV expressing an epitope-
tagged EBNA3C, ChIP showed that EBNA3C associates with chromatin near the 
TSS (Paschos et al. 2012). Subsequently, a broad EBNA3C-binding peak around 
the TSS was confirmed by ChIP-seq analyses (Jiang et al. 2014; McClellan et al. 
2013; our unpublished results; Fig. 3a). It is therefore possible that EBNA3C (and/
or EBNA3A) physically interacts with PRC2 and the transcription preinitiation 
complex, but this has not been formally demonstrated.

Since the activation mark H3K4me3 is largely unaltered at this locus irrespec-
tive of H3K27me3 or EBNA3 status, this indicates the establishment of a ‘biva-
lent’ chromatin domain. When the repressive histone modification H3K27me3 and 
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(a)

(b)

(c)

(d)

(e)

Fig. 3  Examples of EBNA3 repressed gene loci. Schematic representations of several gene loci 
to which EBNA3 binding has been mapped by ChIP-seq and ChIP-QPCR (not drawn accurately 
to scale). In each case, the result of binding is repression of transcription—for details see text. 
a Repression of BIM/BCL2L11 results from EBNA3A/EBNA3C binding proximal to the TSS. 
b Repression of p15INK4b (CDKN2B), p14ARF and p16INK4a (CDKN2A) probably involves a yet 
to be determined pattern of chromatin looping between the three TSSs, initiated by EBNA3C 
binding. c The ADAM28/ADAMDEC1 locus is repressed by EBNA3A/EBNA3C binding to an 
intergenic site between the two genes and initiating chromatin looping to the TSSs. d At CtBP2, 
EBNA3A binding to an intragenic site (an intronic enhancer) is thought to displace bound trans-
activator EBNA2 and disrupt chromatin looping between the enhancer and TSS, resulting in 
repression of transcription. e At the CXCL9/10 locus, binding of EBNA3A to three intergenic 
enhancers is thought to displace the transactivator EBNA2 and initiate repression of transcrip-
tion; this probably involves chromatin looping, but it has not been formally demonstrated
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the permissive modification H3K4me3 occur at the same promoter, the gene is 
said to be in a bivalent state that can be either activated or silenced. This is associ-
ated with low-level transcription poised to increase or decrease (Bernstein et al. 
2006; Stock et al. 2007). Consistent with the ‘poised’ nature of such domains, 
RNA polymerase II (Pol II) occupancy at the BIM/BCL2L11 TSS was not dimin-
ished by EBV. However, analysis of phosphorylation of serine 5 on Pol II indi-
cated that when EBNA3A and EBNA3C are both expressed, this phosphorylation 
step is inhibited and BIM transcripts are not initiated. It was not determined 
whether this involves the direct action of an EBV protein on the kinase CDK7 or 
is a consequence of the recruitment of PRC2 and/or PRC1 (the second PcG com-
plex) to this particular locus. Conditional expression of EBNA3C revealed that 
this epigenetic repression of BIM expression was reversible, but took more than 
30 days from when EBNA3C was inactivated to fully return to its active state, 
emphasising the stability of these chromatin modifications through rounds of cell 
division. Lentiviral delivery of shRNAs against polycomb complex subunits dis-
rupted EBV repression of BIM/BCL2L11, thus confirming the requirement for the 
PcG system in maintaining the repression of BIM by EBV (Paschos et al. 2012). 
The mechanisms by which the PcG complexes are recruited to this locus are 
still unknown and the factor(s) responsible for the targeting of EBNA3C and/or 
EBNA3A to this specific site are also unidentified. The biological significance of 
BIM/BCL2L11 repression is considered in more detail in Sect. 5.

4.2  P16INK4a and the INK4a-ARF-INK4b Locus

Maruo and colleagues, using a recombinant Akata EBV encoding a condi-
tional EBNA3C fused to a modified oestrogen receptor, revealed that functional 
EBNA3C is essential to repress expression of the CDK inhibitor p16INK4a—but 
not the CIP/KIP family inhibitors p21WAF1 or p27KIP1—in LCLs. Within the 
INK4a-ARF-INK4b locus at human chromosome 9p21, CDKN2A encodes two 
potent tumour suppressors, p16INK4a and p14ARF (p19ARF in mice); these proteins 
are crucial negative regulators of cell proliferation (Fig. 3b). Although exons 2 and 
3 of CDKN2A are shared by INK4a and ARF, the proteins result from differential 
splicing but have no amino acid similarity because they are encoded in alterna-
tive reading frames (reviewed in Gil and Peters 2006; Sherr 2012). Adjacent to 
CDKN2A is the gene CDKN2B that encodes a protein closely related to p16INK4a 
called p15INK4b. The cyclin-dependent kinase (CDK) inhibitor p16INK4a acts on 
the cyclin D-dependent kinases (CDK4 and CDK6) abrogating their binding to 
D-type cyclins and so inhibiting CDK4/6-mediated phosphorylation of the retin-
oblastoma protein (RB). By binding CDKs and blocking RB hyperphosphoryla-
tion, increased p16INK4a expression causes a G1 cell cycle arrest and senescence 
(Gil and Peters 2006; Sherr 2012). The CDK inhibitor p15INK4b has about 85 % 
amino acid similarity to p16INK4a and biochemically behaves in much the same 
way, but in mammalian hematopoietic cells—for reasons unknown—it has 
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differentiation-associated functions that are distinct from those of p16INK4a and 
the two CDK inhibitors are not generally interchangeable (Humeniuk et al. 2013). 
In contrast to these CDK inhibitors, the p14 and p19 ARF proteins regulate p53 
by inactivating MDM2, thus stabilising and activating of p53. This leads to cell 
cycle arrest by inducing the p53-dependent CDK regulator p21WAF1 or apoptosis 
by inducing p53-dependent pro-apoptotic factors such as BAX and NOXA (Sherr 
2012; Vousden and Prives 2009).

Inactivating the conditional EBNA3C resulted in an accumulation of both 
p16INK4A mRNA and protein, dephosphorylation of RB and concomitant cell 
cycle arrest (Maruo et al. 2006, 2011; Skalska et al. 2010, 2013). The CDKN2A 
locus encoding p16INK4a had been identified as a target of polycomb-mediated 
repression in proliferating fibroblasts and epithelial cells (Gil and Peters 2006), 
so it was not a surprise to discover that the EBNA3C-mediated repression of 
CDKN2A in cycling B cells was accompanied by the deposition of the repressive 
H3K27me3 epigenetic mark across the locus—primarily around the p16INK4a TSS 
(Maruo et al. 2011; Skalska et al. 2010, 2013). Analysis of LCLs established with 
EBNA3A knockout and conditional viruses revealed that EBNA3A also plays a 
role in creating the H3K27me3 modification and the repressed state of CDKN2A 
(Maruo et al. 2011; Skalska et al. 2010). In the absence of EBNA3A, cells con-
sistently expressed higher levels of p16INK4a concomitant with lower levels 
of H3K27me3. These data were consistent with the earlier report of a microar-
ray analysis that showed CDKN2A to be a target of EBNA3A-mediated repres-
sion (Hertle et al. 2009). Furthermore, establishing LCLs with recombinant EBV 
encoding CtBP-binding mutants of EBNA3C and/or EBNA3A showed that their 
interaction with this co-repressor was also necessary for the efficient deposi-
tion of H3K27me3 and repression of p16INK4a expression (Skalska et al. 2010). 
As with BIM/BLC2L11, B cell lines carrying EBV encoding the conditional 
EBNA3C modified oestrogen receptor fusion revealed that this epigenetic repres-
sion of CDKN2A was reversible by adding or removing 4HT from the medium 
(Skalska et al. 2010). The repression of CDKN2A by EBNA3C is likely to be 
direct because ChIP analysis of epitope-tagged EBNA3C expressed in LCLs iden-
tified binding peaks localised proximal to not only the TSS of p16INK4A and ARF, 
but also the CDKN2B gene encoding p15INK4b (Skalska et al. 2013). Subsequent 
ChIP-seq studies using tagged EBNA3C suggested that the major EBNA3C peak 
is adjacent to ARF (Jiang et al. 2014; our unpublished results; Fig. 3b). Taken 
together, all the various results indicate that EBV via EBNA3C (cooperating 
with EBNA3A) co-ordinately regulates the whole INK4b-ARF-INK4a locus by 
binding, repressing and directing the recruitment of PRC2 to sites near the three 
transcriptional start sites. Although this coordinated regulation might involve inter-
actions between EBNA3C and IRF4/BATF-containing complexes (Jiang et al. 
2014), the precise mechanism of targeting to the locus has not yet been identi-
fied. The role CtBP plays is also unknown. Consistent with all these data indi-
cating that the whole 40 kb locus is co-regulated, we have found that p15INK4b 
mRNA is co-ordinately expressed with p16INK4a mRNA in EBNA3C-conditional 
and EBNA3A-conditional LCLs (our unpublished data) and it has recently been 
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shown that EBNA3A can repress CDKN2B transcription via an interaction with 
MIZ1 and deposition of the H3K27me3 repressive histone modification around its 
TSS (Bazot et al. 2014).

Our current understanding of the CDKN2A/CDKN2B locus in EBV-infected 
B cells is far from complete. For instance, CDKN2A/CDKN2B regulation by 
the ‘looping’ of chromatin has been reported at the locus in various non-B cells 
(Kheradmand Kia et al. 2009), but this remains to be assessed after EBV infection 
or generally in B cells. Similarly, the roles of non-coding RNAs, such as ANRIL, 
that can regulate CDKN2A (Yap et al. 2010) require exploration in EBV-infected 
B cells. What determines the requirement for EBNA3A in addition to EBNA3C 
and what defines their relative contributions are recurring, unanswered questions. 
Regulation of the locus by EBNA3C in an RB-null LCL (Skalska et al. 2010) for-
mally established that EBNA3C-mediated epigenetic control is quite independ-
ent of the degree of cell proliferation. The specific role of p16INK4a (rather than 
p14ARF or p15INK4b) as a target for EBNA3C and as the major barrier to B cell 
transformation was further explored by making use of an ‘experiment of nature’ 
in the form of ‘Leiden’ B cells carrying a homozygous genomic deletion that spe-
cifically ablates production of functional p16INK4a (Brookes et al. 2002). A com-
parison of p16INK4a-null LCLs with LCLs established from normal B cells showed 
that if p16INK4a is not functional, then active EBNA3C is unnecessary to sustain 
proliferation (Skalska et al. 2013). Consistent with these observations—and pro-
viding formal proof that p16INK4a is the main target of EBNA3C that enables the 
establishment of LCLs in vitro—it was possible to transform p16INK4a-null pri-
mary B cells into stable LCLs with EBV lacking functional EBNA3C. Although 
EBV (via EBNA3A and EBNA3C) appears to epigenetically regulate expression 
of both p15INK4a and p14ARF together with 16INK4a, it is unclear precisely what 
role p15INK4b and p14ARF play in the inhibition of B cell transformation, in prolif-
erating LCLs, or more generally in human B cell biology.

4.3  ADAM28/ADAMDEC1 Locus

ADAM28 and ADAMDEC1 form part of a metalloproteinase gene cluster on chro-
mosome 8p12 (McClellan et al. 2012, 2013; Fig. 3c). ADAM28 is a disintegrin/
metalloproteinase expressed by lymphoid cells and in its cleaved, soluble form 
is thought to be a regulator of B cell adhesion and migration through endothelial 
cells. ADAMDEC1 (also known as Decysin-1) is also a metalloproteinase, but of 
unknown function. The available gene expression data derived from several micro-
array studies are largely consistent with both EBNA3A and EBNA3C playing a 
role in repressing these genes in EBV-infected B cells—probably by regulation of 
the whole locus (Hertle et al. 2009; McClellan et al. 2012; Skalska et al. 2013; 
White et al. 2010; http://www.epstein-barrvirus.org.uk). Furthermore, although in 
B cells infected with EBV, both EBNA3A and EBNA3C appear to be necessary 
for repression, when they are ectopically over-expressed, either can independently 

http://www.epstein-barrvirus.org.uk
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repress the expression of ADAM28 and ADAMDEC1 in EBV-negative B cells 
(McClellan et al. 2012). Since ADAM28 and ADAMDEC1 probably modulate 
cell:cell and cell:stroma interactions, their regulation is likely to be of greatest bio-
logical significance in vivo during viral persistence or possibly EBV-associated 
disease.

ChIP-seq analysis and confirmatory ChIP-QPCR, using both a latency III 
BL-derived cell line and LCLs, showed robust EBNA3C and EBNA3A (but 
not EBNA3B) binding peaks at the same site in an intergenic regulatory ele-
ment located between the ADAM28 and ADAMDEC1 genes, approximately 
70 kb downstream of the ADAM28 promoter and about 16 kb upstream of the 
ADAMDEC1 promoter (McClellan et al. 2012, 2013; our unpublished results; 
Fig. 3c). As with BIM/BCL2L11 and CDKN2A, repression of this complete locus 
by EBNA3A and EBNA3C is associated with the distribution of H3K27me3 
around the ADAMDEC1 transcription start site and within ADAM28. Chromatin 
conformation capture (CCC—a method that reveals contact between two defined 
regions on a genome Naumova et al. 2012) was used to show that chromatin loop-
ing to bring the intergenic element that binds EBNA3s into close proximity with 
the ADAM28 and ADAMDEC1 promoters requires the presence of EBNA3C 
(McClellan et al. 2013). This coincides with the deposition of H3K27me3 that 
is presumably mediated by PcG repressor complexes and sustained repression 
of both genes. It is not known how or why EBNA3C and EBNA3A are both 
involved in EBV-infected cells, nor what cell factors are responsible for targeting 
the EBNA3s to the intergenic binding site, nor what facilitates enhancer ‘looping’ 
to specific promoters. Also, in common with the regulation of BIM/BCL2L11 and 
CDKN2A/CDKN2B, we do not know what triggers recruitment of PcG complexes 
or the repression of transcription—or which comes first. Nevertheless, although 
the molecular details are still awaited, these important experiments have provided 
some of the first examples (along with genes described below) of host gene repro-
gramming via viral modulation of long-range interactions requiring chromatin 
looping between promoters and distal regulatory elements.

4.4  CtBP2

As described in Sect. 2.7.2, ‘CtBP’ consists of two proteins encoded by two sepa-
rate genes—CtBP1 and CtBP2—and therefore in theory, any vertebrate cell could 
express either protein or both proteins. Microarray expression studies of EBV-
infected cells indicate that in human B cells expressing the complete latency III 
pattern of viral proteins (e.g. BL31-B95.8 and various LCLs), CtBP2 mRNA 
is transcribed at very low levels or the gene is silent. The exception to this was 
identified by Hertle and colleagues by analysing EBNA3A-deficient LCLs. 
Consistently, LCLs established with EBV recombinants carrying a deletion of the 
whole EBNA3A open reading frame expressed relatively high levels of CtBP2 
mRNA (Hertle et al. 2009). In contrast, studies of LCLs deficient in EBNA3B 
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or lacking functional EBNA3C did not produce this apparent derepression phe-
notype (Skalska et al. 2013; White et al. 2010; http://www.epstein-barrvirus.org.
uk). Similar analyses of CtBP1 expression showed that in all EBV-infected cells 
investigated (irrespective of EBNA3 expression), the levels of CtBP1 transcrip-
tion are relatively high and consistent with the level of protein detected by Western 
blotting.

Subsequently, McClellan and colleagues produced intriguing ChIP-seq and 
ChIP-QPCR data that partially explain this differential regulation of CtBP1 and 
CtBP2. Specifically, they reported that while no EBNA3-enriched sites were seen 
at or anywhere near the CtBP1 locus, EBNA3A, EBNA3B and EBNA3C could all 
be found at an intronic site (predicted by histone marks to be an enhancer) located 
in CtBP2 (McClellan et al. 2013; Fig. 3d). Consistent with EBNA3A playing a 
central role in the repression of this locus, they were able to show by CCC that 
only in the absence of EBNA3A expression was there chromatin looping that jux-
taposed the enhancer adjacent to the CtBP2 promoter, thus facilitating transcrip-
tion. That is, at this locus, EBNA3A prevents enhancer–promoter looping. Since 
not only EBNA3A, but also EBNA3B, EBNA3C and EBNA2 could be found 
binding to the intronic enhancer, a model was proposed in which the transactivator 
EBNA2 binding to the intragenic site would facilitate enhancer–promoter loop for-
mation (although the role of EBNA2 was not experimentally assessed) and CtBP2 
activation, only when an EBNA3 was absent. These observations provide another 
convincing example of EBNA3A (it was only demonstrated for EBNA3A) modu-
lating the looping of chromatin between a distal site and a gene promoter—in this 
case inhibiting loop formation (McClellan et al. 2013). However, in the current 
model, it remains to be determined why EBNA3A acts negatively in the modula-
tion of looping, while EBNA3B and 3C appear uninvolved despite their apparent 
binding to the locus. Because so little is known about the functional difference(s) 
between CtBP1 and CtBP2, the biological significance of this EBV-mediated pat-
tern of expression cannot currently be assessed.

4.5  CXCL9/10 Locus

CXCL9, CXCL10 and CXCL11 are a family of CXC chemokine genes tandemly 
located on chromosome 4q21.1 (Fig. 3e). The chemokines they encode are gen-
erally interferon-inducible and upon secretion attract leucocytes to sites of infec-
tion and inflammation and probably attract anti-tumour cytotoxic T cells to cancer 
tissue—which correlates with improved clinical outcome (Dufour et al. 2002; 
Mlecnik et al. 2010). Therefore, regulation of this locus is likely to be important 
in vivo, in EBV persistence and disease pathogenesis (see for example Sect. 6.3). 
The consensus of various microarray expression studies of this gene cluster has 
indicated that in LCLs carrying EBV that is wild type for EBNA3s, the locus is 
generally repressed, but in EBNA3A-deficient LCLs, CXCL9/10 is strikingly 
derepressed; in EBNA3C-deficient conditional LCLs, it is slightly derepressed; 
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and in EBNA3B-deficient LCLs, it is more profoundly repressed. In all the 
LCLs, CXCL11 transcripts are barely detectable and not regulated by EBNA3s 
(Hertle et al. 2009; Skalska et al. 2013; White et al. 2010; http://www.epstein-
barrvirus.org.uk). These data are largely consistent with those derived from the 
tumour-derived B cell line, BJAB ectopically expressing individual EBNA3 
genes—that is EBNA3A and EBNA3C both repress CXCL10, whereas EBNA3B 
induces modest activation (McClellan et al. 2012).

Studying in detail the regulation of CXCL9 and CXCL10 expression by 
EBNA3A, Kempkes and colleagues developed a model wherein EBNA3A binds 
three intergenic enhancers located between CXCL9 and CXCL10 that can be occu-
pied by RBP-JK/CBF1 and the transactivator EBNA2 (Harth-Hertle et al. 2013; 
Fig. 3e). The binding of EBNA3A to RBP-JK/CBF1 displaces EBNA2 and by 
impairing enhancer activity rapidly inhibits recruitment of Pol II and transcription 
from both the CXCL9 and CXCL10 promoters. Studying the kinetics of repression 
and chromatin modifications indicated that here silencing by EBNA3A precedes 
the deposition of H3K27me3, which subsequently sustains the genes in an inactive 
configuration; this is the steady state in LCLs unless EBNA3A is absent in which 
case EBNA2 binds and substantially activates the locus (Harth-Hertle et al. 2013).

Summarising what is known about the action of the EBNA3s at this gene clus-
ter, EBNA3A clearly plays a major role in silencing intergenic enhancers between 
CXCL9 and CXCL10. EBNA3C can probably bind at the same locations and con-
tribute to the repression (McClellan et al. 2012), although a binding peak has not 
yet been reported. As with most of the target genes we have considered here, it is 
not clear why EBNA3A and EBNA3C are not equivalent and interchangeable. In 
the absence of EBNA3A or EBNA3C, this enhancer can be bound by EBNA2, 
resulting in transactivation. EBNA3B appears to potentiate the activation of the 
locus, but whether to do this it binds at the same enhancer sites or acts by a novel 
mechanism is currently unknown. Since regulation could not be recapitulated 
in RBP-JK/CBF1-negative DG75 BL cells, the binding of EBNA3A (probably 
EBNA3C) and EBNA2 is likely to be mediated by RBP-JK/CBF1 binding to mul-
tiple response elements within the enhancers (Harth-Hertle et al. 2013). Although 
it has not been proven, the data strongly suggest that EBNA3A (and EBNA3C?) 
simultaneously inhibits chromatin looping between distal intergenic enhancers and 
the promoter of two genes. When the level of EBNA3A (or EBNA3C) is reduced, 
EBNA2 gains access to these regulatory elements and promotes enhancer–pro-
moter looping and transcription—but this remains to be formally tested.

4.6  Overview of Gene Regulatory Mechanisms Mediated  
by the EBNA3s

The gene loci with specific EBNA binding sites described above are illustrated 
schematically in Fig. 3. They show how EBNA3-mediated repression can be 
achieved by a variety of topologically different mechanisms. Furthermore, putting 
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these data on specific gene loci into perspective, analyses of genome-wide distri-
butions have revealed >20,000 EBNA2 binding sites and (by using in ChIP-seq 
an antibody that recognises all three EBNA3 proteins) >7000 EBNA3 binding 
sites. Only a small proportion of all these binding sites are proximal to the TSS 
of genes, with the closest EBNA3 binding sites typically 10–50 kb from the near-
est TSS—suggesting the modification of long-range interactions is common (Jiang 
et al. 2014; McClellan et al. 2013). Comparing EBNA2 and EBNA3 binding sites 
revealed that there was considerable overlap. At gene-proximal sites (<2 kb from 
TSS), about 60 % of EBNA3 binding peaks were overlapping with sites bound 
by EBNA2 and overall—including distal sites—about 80 % of genes closest to an 
EBNA3 binding peak were also closest genes to an EBNA2 binding peak. This is 
a strong indication that many genes targeted by EBNA3 proteins are co-regulated 
by EBNA2. It is interesting that (as indicated above in Sect. 2.7.1) probably only a 
small percentage of these overlapping sites correspond to RBP-JK/CBF1 response 
elements; however, many of the sites are enriched for multiple transcription fac-
tors, including PU1, SP1, EBF1, BATF, IRF4, PAX5 and p300. For detailed analy-
ses of the available EBNA3/EBNA2 ChIP-seq data, the reader is referred to (Jiang 
et al. 2014; McClellan et al. 2012, 2013).

A comparison of EBNA3 binding sites with the genome-wide chromatin land-
scape (in LCL GM12878) available from the ENCODE database showed EBNA3s 
associated with active enhancers (defined as H3K4me1+ve; H3K27Ac+ve) or 
in many cases ‘poised’ enhancers (H3K4me1+ve; H3K27Ac-ve) consistent with 
EBNA3 functioning as both repressors and activators of transcription (McClellan 
et al. 2013). As we have seen above, specific repression mechanisms are starting 
to be understood; however, activation by EBNA3s remains largely unexplored. 
Adding to the global picture, Kempkes and colleagues performed a comprehensive 
data-mining analysis of genes regulated by EBNA3A (Harth-Hertle et al. 2013; 
Hertle et al. 2009). By comparing the data on EBNA3A-repressed genes with data 
from the ENCODE studies of genome-wide histone modifications, they made the 
following observations: (a) about 70 % of genes repressed by EBNA3A carried 
the PcG-associated signature H3K27me3; (b) 90 % of these genes were associated 
with PcG-mediated silencing in multiple cell types and contexts—that is, they may 
have an inherent capacity to undergo PcG-mediated silencing when repressed by a 
variety of mechanisms—and (c) about 20 % of genes repressed by EBNA3A were 
grouped in clusters of up to 4 genes and often H3K27me3 was enriched across 
the whole locus after repression by EBNA3A. It was concluded that EBNA3A-
repressed genes were commonly associated with PcG modification of chromatin 
and that the target genes are often arranged in gene clusters (Harth-Hertle et al. 
2013). As a result of these observations, the group performed the detailed study 
on the CXCL9, CXCL10 and CXCL11 gene cluster and its regulation by EBNA3A 
described above and in Fig. 3e.

These studies have highlighted the unexpected complexity of EBNA-mediated 
gene regulation, since CXCL9 and CXCL10 appear to be genes co-ordinately 
regulated by the functional interaction of at least four EBNA proteins—EBNA2, 
EBNA3A, EBNA3B and EBNA3C. It is also possible that EBNA-LP might 
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be involved, as it can in some circumstances cooperate with EBNA2 to activate 
transcription (Peng et al. 2005). The study of this locus has also raised the impor-
tant question of whether polycomb-mediated chromatin modifications such as 
H3K27me3 are a cause of the gene repression induced by EBNA3s or a conse-
quence. At the CXCL9/10 locus, analysis of the kinetics and sequence of events 
made a strong case for the latter, with displacement of EBNA2 probably being the 
primary cause of repression (or strictly speaking deactivation). However, not all 
genes repressed by EBNA3 activity are transactivated by EBNA2. For example, at 
BIM/BCL2L11, there is no indication that EBNA2 is involved and—because this 
has all the characteristics of a poised ‘bivalent’ gene, where Pol II is always pre-
sent—PcG complexes may play a much more direct role in repression by block-
ing transcription initiation (Bernstein et al. 2006; Stock et al. 2007). Consistent 
with this, at BIM/BCL2L11, the recruitment of core PRC2 factors is unambigu-
ously dependent on the expression of both EBNA3A and EBNA3C. Nevertheless, 
because repression of BIM/BCL2L11 also involves removal of histone H3 and H4 
acetylation (Paschos et al. 2009, 2012), the association of EBNA3A and EBNA3C 
with HDACs is also likely to be important. So, although some of the details are 
emerging, the overall picture of EBNA3-mediated gene regulation gets even more 
complicated. It will be exciting to see what general principles emerge as we dis-
cover more about the interactions between EBNA3s and components of the 
multi-factor complexes that regulate epigenetic modifications of chromatin and 
programmes of transcription.

5  EBNA3C and EBNA3A as Modifiers of Oncogenic Stress 
Responses and the DDR

Viruses that establish a persistent latent infection commonly stimulate cellular 
DNA synthesis and sometimes cell division early after infection. However, cells of 
many metazoans have evolved responses that normally monitor unscheduled DNA 
synthesis and prevent cell proliferation when, for instance, cell proto-oncogenes 
are ‘activated’ by mutation and/or deregulated expression. These defence strate-
gies that reduce the risk of neoplasia and cancer are collectively called oncogenic 
stress responses (OSR). Mechanisms include the activation of tumour suppres-
sor genes that together trigger pathways leading to cell cycle arrest (e.g. onco-
gene-induced senescence, OIS) or complete elimination of cells (e.g. apoptosis). 
Because viruses that can induce cellular DNA synthesis and cell division are capa-
ble of triggering OSR/OIS, they often co-evolve countermeasures for inactivating 
or bypassing OSR/OIS (Bartek et al. 2007; Braig and Schmitt 2006; Nikitin and 
Luftig 2012). As cell proto-oncogenes generally control signalling pathways and/
or gene networks that link proliferative signals to the cell cycle machinery, when 
they are deregulated, this can result in unscheduled and aberrant DNA synthesis 
(sometimes called ‘replicative stress’). Consequently, oncogene activation can 
produce the stalling of DNA replication forks that results in DNA double-strand 
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breaks. Such lesions can trigger, primarily via the ATM/CHK2-kinase signalling 
pathway, the stabilisation and activation of p53 and also the induction of p16INK4a. 
Depending on the physiological and cellular context, this leads to DNA repair, 
cell death or senescence. This complex response is known as the DNA damage 
response (DDR). The links between DDR and OSR/OIS have been extensively 
reviewed (Acosta and Gil 2012; Bartek et al. 2007; Braig and Schmitt 2006; 
Halazonetis et al. 2008).

As detailed above, EBNA3C and EBNA3A appear to cooperate harnessing the 
PcG protein system for the sustained repression of two host tumour suppressor 
genes involved in OSR/OIS—BCL2L11 encoding BIM and CDKN2A encoding 
p16INK4a. An explanation for why EBV has evolved a mechanism for suppressing 
expression of the CDK inhibitor p16INK4a (and probably BIM) expression became 
apparent by comparing infections of normal B cells with EBNA3C-deficient EBV 
with infections by ‘wild-type’ (WT) EBV (Allday 2013; Skalska et al. 2013; 
Fig. 4). These experiments revealed that EBV infection led to a modest increase 
in p16INK4a transcription in the first few days after infection, when EBNA2 trans-
activates regulators of cell cycle progression (e.g. MYC, Cyclins D2 and E) to 
induce a period of hyperproliferation and concomitant activation of DDR path-
ways occurs (Allday et al. 1989; Nikitin et al. 2010; Shannon-Lowe et al. 2005; 
Sinclair et al. 1994; Spender et al. 1999; Thorley-Lawson and Strominger 1978). 
It is likely that entry into S phase, when uncoupled from normal signalling path-
ways, is interpreted as oncogenic or replicative stress and p16INK4a transcription 
is a consequence. When the infecting virus expressed functional EBNA3C (and 
EBNA3A), there was no further increase of p16INK4a transcripts from about day 
7 onwards. In contrast, if functional EBNA3C was absent during infection, tran-
scription from CDKN2A continued unrestrained and the level of mRNA progres-
sively increased until most of the cells stopped proliferating and/or died. In a 
similar way, early after infection, BIM expression is down-regulated and within 
about 5 days reaches a steady state, unless EBNA3C is deleted or inactivated in 
the infecting EBV when the level of BIM mRNA also increases in parallel with 
that of p16INK4a. This increase again continues until the cells arrest or die (Allday 
2013; Skalska et al. 2013).

The EBNA3-mediated, sustained inhibition of p16INK4a and probably BIM 
transcription is therefore critical for EBV to bypass a host cell defence against 
oncogenic transformation triggered by EBNA2, acting through MYC (Nikitin 
et al. 2010). Thus, expression of EBNA3C (and EBNA3A) ensures expan-
sion of the infected B cell population, LCL outgrowth and long-term latency. 
Strictly speaking, in this context, EBNA3C does not actually repress CDKN2A 
and BIM/BCL2L11 transcription, but rather blocks their activation. We assume 
this involves the recruitment of PcG protein complexes to the loci, leading to 
H3K27me3 modifications on chromatin around the transcription start sites, as is 
seen in established LCLs; however, this has not yet been formally demonstrated in 
newly infected cells.

It was reported that EBNA3C might specifically reduce the DDR that is active 
in the first week after EBV infection of naïve B cells in vitro, when the cells are 
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beginning to cycle very rapidly (Nikitin et al. 2010) and during the same period 
that p16INK4a is actively transcribed (Skalska et al. 2013). It may be that this 
increase in p16INK4a is a consequence of DNA damage caused by hyperprolifera-
tion, as has been variously reported in other types of cell (reviewed in Acosta and 
Gil 2012; Gil and Peters 2006). Nevertheless, an increase in p16INK4a should acti-
vate RB, which could then lead to the repression of E2F-regulated genes, while 
MYC is constitutively active. This might enable cells to enter S phase with subop-
timal amounts of DNA precursors and/or replication enzymes and this would lead 
to stalled DNA replication that is ‘read’ as DNA damage, triggering phosphoryla-
tion of histone H2AX—a focal marker of DNA damage. When EBNA3C is func-
tional, the increase in p16INK4a is soon attenuated and the DDR will apparently 
subside. So it could be that the lack of EBNA3C exacerbates the DDR because 
of the accumulating p16INK4a. However, during primary infection, EBNA3C 
might also have a direct effect on the ATM/CHK2 signalling pathway or some 
component(s) of the DDR complex at the site of DNA strand breaks (Nikitin et al. 
2010). Although EBNA3C can apparently associate with CHK2 and/or histone 
H2AX (Choudhuri et al. 2007; Jha et al. 2013), the possibility that these interac-
tions are involved in the attenuation of the DDR early after infection requires fur-
ther investigation. Only a systematic genetic analysis of EBNA3C and its actions 
early after infection will unravel the DDR and the p16INK4a-mediated senescence 
response and establish what relative contributions each make to the inhibition of B 
cell transformation.

Through the action of EBNA3C (and EBNA3A) and interactions with the cel-
lular PcG protein system, EBV appears to have evolved a very effective counter-
measure to OSR/OIS and this is critical in the virus life cycle to establish a latent 
infection and therefore initiate long-term persistence in B cells. In vitro this mech-
anism manifestly overcomes a major early obstacle to B cell growth transforma-
tion, making EBV one of the most potent transforming/immortalising biological 
agents to have been identified. This strategy of utilising the PcG system to specifi-
cally regulate key tumour suppressor genes is—to our knowledge—unique among 
tumour viruses.

6  The EBNA3s In Vivo

6.1  EBNA3s in Asymptomatic Persistence

If in order to establish a persistent infection in vivo, EBV initially comman-
deers resting (naïve) B cells and drives these to proliferate as activated B blasts, 
we assume that—by analogy to what is seen in culture—repression of p16INK4a is 
necessary to permit the transient proliferation of the infected population (Fig. 4). 
Furthermore, since in vitro EBNA3C and EBNA3A expression does not seem to be 
required for the early rounds of rapid cell division (up to about day 10), and these 
proteins have clearly evolved functions that extend the proliferative life of infected 
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cells, one is tempted to speculate that prolonged B blast proliferation in vivo must 
be an important component of the persistence programme. The survivors from this 
expanding population of activated B cells might then migrate into or initiate a ger-
minal centre, where the cells differentiate to centroblasts and centrocytes and finally 
emerge as MBCs after the regulated shutdown of protein-coding EBV latency genes. 

Fig. 4  Events following infection of primary resting B cells by EBV that initiate transformation 
into continuously proliferating LCLs. Immediately after infection, viral anti-apoptotic factors 
normally associated with the EBV lytic cycle (vBCL2 factors: BHRF1 and BALF1) are tran-
siently expressed to aid the survival of newly infected B cells (Altmann and Hammerschmidt 
2005). During the first 2 days post-infection (pi) with EBV, cell genes associated with growth 
and cell cycle are transactivated and their products (e.g. MYC, cyclin D2, cyclin E) drive cells 
from G0 to G1, to become enlarged, activated and start proliferating. The whole process is driven 
by the EBV transactivator protein EBNA2, probably assisted by the co-factor EBNA-LP (Niki-
tin et al. 2010; Sinclair et al. 1994; Spender et al. 1999). Cells then undergo rounds of rapid 
cell division (doubling time 8–10 h) that in some cells results in damage to DNA that can acti-
vate the DNA damage response (DDR, Nikitin et al. 2010). If the full complement of nine EBV 
latency-associated proteins is expressed, the DDR becomes attenuated (in part by EBNA3C) and 
cells continue to proliferate to produce LCLs that have a population doubling time of about 24 h. 
Early after infection, expression of BIM is down-regulated, and although the level of p16INK4a 
expression increases slightly, this soon reaches a steady state. In both cases, EBNA3C and 
EBNA3A cooperate to restrain the transcription of these tumour suppressor genes (Paschos et al. 
2012; Skalska et al. 2013 and described in the text). EBNA3C appears more important in this 
partnership, and for reasons we do not understand. Although transcripts can be detected earlier, 
Micah Luftig and colleagues have shown that LMP1 expression and concomitant NF-κB activ-
ity are not fully evident until 3 weeks after primary B cell infection, and then, they make further 
contributions to cell survival and proliferation (Price et al. 2012). If EBNA3C is deleted or func-
tionally inactivated in the infecting EBV, levels of mRNAs corresponding to p16INK4a and BIM 
progressively increase until cells arrest and/or die (Skalska et al. 2013). In vitro, the sequence of 
events described here is probably similar whether the B cells infected are naïve, memory or ger-
minal centre-derived (Babcock et al. 2000; Siemer et al. 2008), but this is not known for cells in 
vivo. With a B cell-specific transcription unit that encodes oncogenes that collaborate in vitro to 
transform normal B cells into continuously proliferating LCLs, why is EBV not an acutely trans-
forming tumour virus in vivo? We would suggest that linking expression of this transcription unit 
to the state of B cell differentiation, having EBNA proteins that are immunodominant in CTL 
recognition and having one member of EBNA3 family that encourages immune surveillance and 
perhaps differentiation of infected cells, all contribute to a highly evolved state of equilibrium 
that is mutually beneficial to virus and host (see main text for a more detailed discussion)
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Since the repression of p16INK4a (and BIM) expression involves polycomb-mediated 
covalent histone modifications, it is possible the epigenetic memory (i.e. a heritable 
pattern of gene expression: Campos et al. 2014) of this programme will be passed 
to progeny cells and carried through into the MBC population, even if the initia-
tors, EBNA3A and EBNA3C, are no longer expressed. It is well established that 
polycomb-mediated gene repression is also a common precursor to promoter DNA 
methylation in cancer (reviewed in Cedar and Bergman 2009), so it is reasonable 
to hypothesise that the B cells reprogrammed in vivo by EBV will be particularly 
prone to aberrant DNA methylation at the CDKN2A and BIM/BCL2L11 loci during 
tumorigenesis. This is consistent with reports describing promoter methylation of 
these genes in EBV-positive B cell lymphomas and derived cell lines (Klangby et al. 
1998; Nagy et al. 2005; Paschos et al. 2009; Richter-Larrea et al. 2010). The role of 
EBNA3B in persistence and B cell lymphomagenesis is discussed in Sect. 6.3.

6.2  Immune Responses to EBNA3 Proteins

EBV infection in humans is tightly regulated by the immune system. This has 
been extensively reviewed elsewhere (Hislop et al. 2007) and also in several 
chapters of this volume. The role that the EBNA3 family proteins play in T cell-
mediated immunity is very well established and is generally consistent with the 
notion that immune regulation of EBV-infected B blasts is critical in maintain-
ing the virus–host balance in persistence. Indeed, the EBNA3s are the primary 
targets of CD8+ve T cells (cytotoxic T lymphocytes or CTL) in the peripheral 
circulation of healthy EBV carriers (Hislop et al. 2007) and have been shown to 
be, among all the latency-associated viral proteins, the most immunogenic. CTL 
responses against cells latently infected with EBV are primarily targeted against 
EBNA3A/3B/3C-derived epitopes that are recognised by CD8+ve CTL in asso-
ciation with specific HLA molecules (Khanna et al. 1992, 1997; Murray et al. 
1992; Steven et al. 1996), but the EBNA3 proteins are also a source of epitopes 
for CD4+ve T cells, with EBNA3C-derived epitopes being more abundant than 
EBNA3A and 3B. A comprehensive summary of the CD8+ve and CD4+ve T cell 
epitopes derived from the EBNA3 proteins is shown in (Hislop et al. 2007).

The strong CTL-mediated response against the EBNA3 proteins has allowed 
Moss and colleagues to develop a CD8+ve T cell epitope-based EBV vaccine 
strategy—to protect against infectious mononucleosis—using EBNA3A-derived 
epitopes (Elliott et al. 2008). Furthermore, patients with PTLD have also been suc-
cessfully treated with infusions of EBV-specific CTLs primarily directed against 
the EBNA3s (reviewed in Heslop et al. 2010; Nikiforow and Lacasce 2014 and 
the chapter in this volume authored by Gottschalk and Rooney). This focusing of 
CTL-mediated immune surveillance on the EBNA3s ensures that potentially onco-
genic, EBV-driven, proliferating B blasts are removed before they cause morbidity 
or possibly mortality. It has been proposed that evolutionary pressures on the CTL 
epitopes in these proteins (and therefore DNA sequence variation) may be towards 
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their conservation rather than their inactivation, thus helping maintain a stable rela-
tionship between virus and host that favours both (Khanna et al. 1997). Given the 
diversity of HLA molecules in the human population, this may be one explanation of 
the considerable sequence variation seen in the EBNA3 genes. Conservation of some 
CTL epitopes across EBV subtypes and diversification of others may be driven by 
MHC variation in host populations to either enhance presentation or avoid it.

6.3  EBNA3B: Manipulation of Immune Surveillance  
and Role as Tumour Suppressor

Exon microarray analysis of the genes differentially regulated between WT 
(B95.8) and EBNA3B-KO LCLs identified about 200 EBNA3B-regulated genes, 
including many expressed at the cell surface or as secreted chemokines—for 
example CD28, CD305 (LAIR-1), CXCR4, CXCL10, IL10 and IL19 (White 
et al. 2010, 2012; http://www.epstein-barrvirus.org.uk). This led to the speculation 
that although these changes did not have gross effects on EBV-infected B cells 
in vitro, they might alter heterotypic cell:cell interactions and possibly migra-
tion or homing properties of cells in vivo. The observation that EBNA3B has 
not been counter-selected over millions of years of virus–host co-evolution sug-
gested an important role for this gene in vivo during long-term EBV persistence. 
Furthermore, in our hands, EBNA3B-negative LCLs grow particularly robustly in 
vitro, and after long-term culture of LCLs, there appears to be a propensity for 
deletions in EBNA3B to arise. This applies to at least two widely used cord blood-
derived LCLs—IB4 (Chen et al. 2005) and X50-7 (Allday and Farrell 1994)—and 
has been observed to arise spontaneously in adult B cell-derived LCLs established 
using B95.8 EBV by us and others (unpublished observations).

In order to test the hypothesis that deletion of EBNA3B would significantly 
alter the behaviour of EBV-infected B cells in vivo, mice engineered to be sus-
ceptible to EBV infection were used. For this purpose irradiated, newborn NOD-
scid IL2γnull (NSG) immunodeficient mice were engrafted with fetal liver-derived 
CD34 + haematopoietic progenitor cells (reviewed in the chapter by Christian 
Münz). After approximately 3 months, these mice (hu-NSG mice) were validated 
for successful engraftment of human immune cells and infected with similar 
doses of WT, EBNA3B-KO or revertant EBV-BAC-derived viruses (White et al. 
2012). After a month, mice were killed and found to exhibit splenomegaly, with 
large tumour masses in over half of the EBNA3B-KO-infected mice, but not the 
WT or revertant virus-infected animals. Routine histology and immunocytochem-
istry confirmed that the EBNA3B-KO-infected mice had developed monomor-
phic, highly proliferative tumours (>90 % Ki67+ve)—described as DLBCL-like 
activated B cell (ABC) sub-type—that destroyed the architecture of the spleen. 
In contrast, spleens from the WT and revertant groups were not so enlarged and 
had markedly less proliferative (30–60 % Ki-67+ve), polymorphous infiltrates 
with significant numbers of immunoblasts and plasma cells—features similar to 

http://www.epstein-barrvirus.org.uk
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human polymorphic PTLD and to the plasmacytoid lesions described previously 
in both hu-NSG mice (Strowig et al. 2009) and in SCID mice implanted with 
LCLs (Rochford et al. 1993). Furthermore, it was particularly striking that in the 
spleens of WT- and revertant-infected animals, there were substantial T cell infil-
trates, whereas the EBNA3B-KO tumours exhibited very few infiltrating T cells. 
The derepression of CXCL10 by EBNA3B indicated by microarray was confirmed 
in ELISA to facilitate CXCL10 induction by interferon. Restoration of CXCL10 
levels in culture media partially restored a migratory deficit for T cells towards 
EBNA3B-KO LCLs (White et al. 2012; see also Sect. 4.6).

Overall, these remarkable results indicated that failure to express EBNA3B: 
(a) produces aggressive B cell tumours resembling DLBCL, (b) may somehow 
reduce immune cell trafficking and T cell surveillance of the tumour cells, perhaps 
partially through loss of CXCL10 secretion, but likely also involving additional 
migratory signals and (c) could perhaps be inhibiting B cell/plasmacytoid differen-
tiation. It is significant that there were at least two cases of transplant patients with 
PTLD that fail to express EBNA3B because of a genomic deletion in the resident 
EBV, one of which was an aggressive fatal PTLD (Gottschalk et al. 2001), much 
like those seen in the animal model. Furthermore, screening of a further eleven 
EBV+ve ABC-DLBCLs revealed another tumour carrying a truncated EBNA3B 
gene. Additional tumours carried point changes that were unique to that tumour 
sample (across 100 sequences)—including small internal deletions in one of 10 
BL and one of 11 HLs. Without knowing either the original sequence of the virus, 
or having a much clearer picture of EBNA3B sequence diversity, we cannot tell 
whether these also represent mutations, or merely polymorphisms (White et al. 
2012). It is therefore currently impossible to judge how prevalent EBNA3B muta-
tions are in lymphoma development.

Nevertheless, these data identified EBNA3B as a bone fide tumour suppres-
sor that could have evolved to encourage T cell interactions via chemokine secre-
tion. T cell contact is an essential component of the germinal centre reaction and 
B cell differentiation, so EBNA3B may also be paving the way to allow B cell 
differentiation and the switch to latency II. This is supported by the observa-
tion that EBNA3B-regulated genes include several that are repressed upon entry 
to the germinal centre (White et al. 2010). Equally, enhanced T cell surveillance 
clearly helps to limit the morbidity or mortality from lymphoproliferative disease 
caused by the proliferating B blast-like cells induced by the latency III growth pro-
gramme. Coordinating the expression of EBNA3B with the oncoproteins EBNA2, 
EBNA3A and EBNA3C from a single transcription unit would represent an evolu-
tionary adaptation to minimise oncogenic risk to the host (Fig. 4).

6.4  EBNA3s in B Cell Lymphomagenesis

As described in various chapters of this volume, and briefly above, different 
EBV-associated tumours exhibit different viral latency gene expression profiles, 



104 M.J. Allday et al.

according to the type—and differentiation state—of the cell of origin of the 
tumour. Since the viral gene expression profile of diverse tumours in clinical 
samples is typically defined by the immunohistochemical detection of EBNA2 
and LMP1 (and in situ hybridisation of EBERs), the expression of the EBNA3s 
is assumed to correlate with EBNA2 expression. By this logic, to the best of our 
knowledge, it is only the immunoblastic lymphomas (seen in the immunosup-
pressed) and a subset of DLBCLs—that express the full latency III B cell tran-
scription unit (Fig. 1)—in which the EBNA3s are probably contributing to 
pathogenesis. The iatrogenic (i.e. immune-suppressive drug-induced) immunob-
lastic lymphomas can often be treated by removal of immunosuppression, allow-
ing the patient’s immune response to destroy the malignant cells. Where this fails, 
infusions of autologous or partially HLA-matched CTLs raised against EBV 
antigens are also able to establish an immune response that destroys the malig-
nant cells (Heslop et al. 2010; Hislop et al. 2007). Typically, these CTLs are pre-
dominantly responsive to the EBNA3s, due to the apparent immunodominance 
of EBNA3-derived epitopes. The observation that latency III cells are scarce in 
immunocompetent individuals (Babcock et al. 1998, 1999), combined with the 
success of immunotherapy for latency III tumours, suggests that the EBNA3s 
make excellent candidates for immunotherapeutic targets, particularly once the 
diversity of EBNA3 CTL epitopes across viral strains and host HLA types has 
been fully defined (discussed in chapters by Rajiv Khanna and Gottschalk and 
Rooney in this volume).

The role of EBNA3s in lymphomagenesis is complicated by the appar-
ently opposing behaviours of EBNA3A/C and EBNA3B. Where EBNA3A and 
EBNA3C seem to play crucial oncogenic roles in suppressing senescence and 
apoptosis, and perhaps overriding cell cycle checkpoints (discussed above), 
EBNA3B appears to have an opposing, tumour-suppressing role, as indicated by 
its mutation in some immunoblastic lymphomas. Mechanistically, this may be 
mediated by enhancing the expression of factors that promote T cell interaction, 
enhancing their surveillance by the immune system (see Sect. 6.3 and White et al. 
2010) or some other as-yet unidentified function. Thus, inactivating mutation of 
EBNA3B appears to contribute to some lymphomas (White et al. 2012), whereas 
(at least for immunoblastic lymphomas) EBNA3C and EBNA3A seem likely to be 
essential.

The role of the EBNA3s in other malignancies remains much less clearly 
defined. The widely held supposition that the EBNA3s are absent from the latency 
I and latency II tumours—largely based on the assumption that EBNA3s are not 
present where EBNA2 is also absent—is supported by only a few early studies 
looking at virus gene expression in tumours or tissues. For instance, EBNA3s were 
not detected by immunoblotting in 24 nasopharyngeal cancers that had been pas-
saged in nude mice (Young et al. 1988). An analysis of the latency II profile in the 
normal germinal centre failed to detect EBNA3 transcripts (Babcock et al. 2000), 
similarly the whole IgD−ve fraction of tonsils was negative for EBNA3 transcripts 
(Joseph et al. 2000). Attempts to detect EBNA3s in HL are hard to find in the lit-
erature, with the original description of the latency II status of HL not addressing 
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the EBNA3s (Deacon et al. 1993). Certainly, no comprehensive survey exists to 
conclusively exclude the expression in HL of any of the EBNA3s.

Nevertheless, topologically, there is no reason that those latency states that use 
Qp should not express the EBNA3s, although Qp-driven EBNA3 has not been 
reported. Indeed, related transcripts (using the lytic Fp immediately upstream of 
Qp) have been found in latency I BL cell lines induced to enter the lytic cycle 
(Touitou et al. 2003). Additionally, a subset of BLs that carry a deletion of EBNA2 
express the EBNA3s from the Wp promoter (Kelly et al. 2002). Cell lines freshly 
established from these ‘Wp-restricted’ BLs exhibit a generally BL-like gene signa-
ture, but clearly represent a distinct subset, exhibiting a less germinal centre-type 
expression profile, that was more plasmacytoid (Kelly et al. 2013). Central players 
in this profile (reduced BCL6 and raised BLIMP1 and IRF4) are all regulated by 
EBNA3s in a BL background (White et al. 2010; http://www.epstein-barrvirus.org.
uk). Notably, however, the Wp-restricted BLs are considerably more resistant 
to apoptosis in vitro than latency I BLs, through the effects of the BCL2 homo-
logue BHRF1, combined with the EBNA3s and other factors acting on pro-apop-
totic proteins including BIM and NOXA (Anderton et al. 2008; Kelly et al. 2009; 
Vereide and Sugden 2011; Watanabe et al. 2010; Yee et al. 2011). This increased 
robustness of the Wp-restricted BL may have implications for treatment strategies 
and success, but this has not yet been tested. It also remains formally possible that 
a Wp-restricted viral gene expression profile (or something similar) may also be 
found in other cancers. The expression of EBNA3s is only rarely assessed in can-
cers, and their low expression level (both of transcript and protein) and intimate 
association with chromatin make their detection potentially more challenging than 
for other antigens.

A few recent observations lend some credence to the possibility that EBNA3s 
may contribute to the onset of malignancies that do not exhibit typical latency III 
gene transcription. Analysis of the viral gene expression of a number of DLBCLs 
of the elderly identified several showing reverse transcription PCR and/or immu-
nohistochemical evidence of tumours expressing EBNA3A but not EBNA2 
(Nguyen-Van et al. 2011). Banked CTLs, whose specificity was predominantly 
against the EBNA3s, were able to successfully treat transplant-associated EBV 
lymphomas including one BL and five out of six HLs that were negative for 
EBNA2. Unfortunately, the authors were unable to assess EBNA3 expression in 
these lymphomas (McAulay et al. 2009). Furthermore, while potentially onco-
genic EBNA3B truncations were identified in DLBCLs (that can adopt latency 
III), small internal deletions were also seen in EBNA3B genes isolated from an 
HL and a BL, which are not conventionally thought to express EBNA3B (White 
et al. 2012).

As indicated previously, the epigenetic nature of gene regulation mediated by 
the EBNA3s may continue after they are (presumably) no longer expressed. For 
instance, BIM/BCL2L11, repressed by EBNA3A and EBNA3C, is usually methyl-
ated in latency I EBV-positive BL, but often mutated or deleted in EBV-negative 
BL (Paschos et al. 2009; Richter-Larrea et al. 2010). Similar phenomena have 
been observed for p16INK4a (Klangby et al. 1998; Nagy et al. 2005). In the absence 
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of validated reagents for their detection, the expression of EBNA3s in lympho-
mas remains inconclusive, but even the absence of the proteins themselves does 
not preclude essential roles, through epigenetic imprinting, in the development of 
a variety of EBV-associated tumours.

7  Summary and Outlook

Eukaryotic gene regulation is remarkably complicated, involving very large multi-
protein complexes with enzymatic and structural functions, covalent modifica-
tions to histones and DNA, changes in the 3D organisation of chromatin and even 
the distribution of genes within nuclear space (Bickmore 2013; Bickmore and 
van Steensel 2013). Added to this enormous complexity is the problem of trans-
ferring expression patterns to progeny cells after DNA replication and mitosis—
that is, creating some kind of epigenetic memory of gene expression programmes 
(Campos et al. 2014). Our current understanding of how the EBNA3 proteins fit 
into this broad picture of gene regulation has barely scratched the surface—but the 
results so far are interesting and thought provoking. Already, it appears that these 
viral factors manipulate multiple facets of chromatin organisation and function, 
but it is obvious that many issues remain unresolved. For example:

1. What is the explanation for the variety of EBNA3-regulated host genes? Is it 
merely a reflection of the regulatory elements that EBNA3-targeting factors 
bind? Or is it a more coordinated manipulation of a physiological B cell tran-
scription programme(s) determined by differentiation-specific combinations and 
permutations from a group of host transcription factors (that probably includes 
among others RBP-JK/CBF1, PU1, SPI1, RUNX3, ATF2, BATF and IRF4)?

2. What are the features of EBNA3A, EBNA3B and EBNA3C that are responsi-
ble for their unique activities? This is particularly important for EBNA3A and 
EBNA3C that often cooperate, but do not appear to be interchangeable.

3. How do EBNA3s interact with the PcG protein system—is it by direct 
protein:protein contacts or by less direct means involving chromatin modifica-
tions or may be non-coding RNAs?

4. Are all the EBNA3 binding sites identified across the genome functionally sig-
nificant (i.e. does localisation of a particular EBNA3 as revealed by ChIP-seq 
always result in a change in gene expression that is physiologically relevant)?

5. Where multiple EBNAs apparently bind to the same genomic locus, what 
determines which is functionally dominant or are they always mutually exclu-
sive on a single site? What are the molecular interactions responsible for spe-
cific patterns of chromatin looping?

6. Do the EBNA3s bind to and regulate chromatinised EBV episomes? Although 
there are models suggesting this, so far there is little direct evidence.

7. Do the EBNA3s have functions distinct from their ability to regulate gene 
expression? Of particular importance is their suggested role(s) in modulation of 
the DDR.



107The EBNA3 Family: Two Oncoproteins and a Tumour …

8. Do the EBNA3s function in the same way during B cell infection in vivo as 
they do in vitro? For EBNA3B, there are limited data to suggest this is the case, 
but for EBNA3A and EBNA3C so far nothing is known. Further experiments 
with mice reconstituted with components of the human immune system will 
hopefully go some way to answer this question.

Striving for complete biochemical descriptions of EBNA3 function, coupled to 
precise genetic dissection of each protein will undoubtedly answer many of these 
questions and provide unique insights into EBV biology and disease pathogenesis, 
also into fundamental mechanisms of gene regulation. However, there is an impor-
tant caveat that should not be overlooked—most of the studies described here have 
utilised the B95.8 strain of EBV or genes derived from it. This should be consid-
ered a ‘laboratory-adapted’ strain, chosen for its effectiveness in the ex vivo trans-
formation of B cells, so a long-term goal must be to determine whether the EBNA 
network of interactions is conserved in virus strains that could be considered more 
representative of a ‘wild-type’ EBV. One should keep in mind the selection pres-
sures that have created and ‘moulded’ these proteins: EBV did not evolve over 
millions of years to transform B cells into LCLs, nor to create B cell lymphomas. 
We should aim to determine what aspects of the fine virus–host equilibrium the 
EBNA3 proteins have evolved to maintain.
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Abstract Almost exactly twenty years after the discovery of Epstein-Barr virus 
(EBV), the latent membrane protein 1 (LMP1) entered the EBV stage, and soon 
thereafter, it was recognized as the primary transforming gene product of the 
virus. LMP1 is expressed in most EBV-associated lymphoproliferative diseases 
and malignancies, and it critically contributes to pathogenesis and disease pheno-
types. Thirty years of LMP1 research revealed its high potential as a deregulator 
of cellular signal transduction pathways leading to target cell proliferation and 
the simultaneous subversion of cell death programs. However, LMP1 has multi-
ple roles beyond cell transformation and immortalization, ranging from cytokine 
and chemokine induction, immune modulation, the global alteration of gene and 
microRNA expression patterns to the regulation of tumor angiogenesis, cell–cell 
contact, cell migration, and invasive growth of tumor cells. By acting like a con-
stitutively active receptor, LMP1 recruits cellular signaling molecules associated 
with tumor necrosis factor receptors such as tumor necrosis factor receptor-asso-
ciated factor (TRAF) proteins and TRADD to mimic signals of the costimula-
tory CD40 receptor in the EBV-infected B lymphocyte. LMP1 activates NF-κB, 
mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3-K), 
IRF7, and STAT pathways. Here, we review LMP1’s molecular and biological 
functions, highlighting the interface between LMP1 and the cellular signal trans-
duction network as an important factor of virus–host interaction and a potential 
therapeutic target.
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PI3-K  Phosphatidylinositol 3-kinase
PKCδ  Protein kinase C δ
PTLD  Post-transplant lymphoproliferative disease
Rb  Retinoblastoma protein
RIP1  Receptor-interacting protein 1
RING  Really interesting new gene, protein domain with E3 ubiquitin ligase 

activity
STAT  Signal transducers and activators of transcription
SUMO  Small ubiquitin-like modifier
TAK1  Transforming growth factor β-activated kinase 1
TAB  TAK1-binding protein
TES  Transformation effector site
TNF-R  Tumor necrosis factor receptor
TNIK  TRAF2- and Nck-interacting kinase
TM  Transmembrane domain
TRAF  Tumor necrosis factor receptor-associated factor

1  LMP1 Expression

The first hint to latent membrane protein 1 (LMP1)’s existence arose in the year 
1984 when sequencing of an mRNA transcribed in primary lymphocytes, which 
had been latently infected with B95.8 Epstein-Barr virus (EBV), suggested the 
existence of a so far unknown viral transmembrane protein. The protein translated 
from this mRNA was predicted to consist of a short cytoplasmic N-terminus of 
24 amino acids, six transmembrane spanning domains of 162 amino acids, and 
a cytoplasmic C-terminus of 200 amino acids (Fennewald et al. 1984). The first 
available LMP1 antibodies allowed the determination of LMP1’s apparent molec-
ular weight to approximately 63 kDa and confirmed its localization within the cell 
membrane (Hennessy et al. 1984; Mann et al. 1985; Modrow and Wolf 1986). 
Later, it was recognized that the largest fraction of LMP1 actually locates to intra-
cellular membranes where it is biologically active as well (Lam and Sugden 2003). 
LMP1 is a phosphoprotein, although the functional relevance of LMP1 phospho-
rylation at serine and threonine residues remains unclear (Baichwal and Sugden 
1987; Mann and Thorley-Lawson 1987; Moorthy and Thorley-Lawson 1993b). 
LMP1 expression is detectable as early as four days after infection of human B 
lymphocytes with EBV, the viral LMP1 promoter being induced by the transcrip-
tion factor Epstein-Barr virus nuclear antigen 2 (EBNA2) (Allday et al. 1989; 
Fahraeus et al. 1990).

Once expressed, several positive and negative autoregulatory loops balance 
LMP1 protein levels. In cells with low amounts of LMP1, the unfolded protein 
response (UPR) pathway, which is triggered at the transmembrane domains of 
LMP1, induces activation transcription factor 4 (ATF4). ATF4, in turn, promotes 
transcription of the LMP1 promoter (Lee and Sugden 2008b). Furthermore, 
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cellular signal transduction pathways activated at the carboxy-terminal signaling 
domain of LMP1 such as interferon regulatory factor 7 (IRF7), NF-κB, and p38 
mitogen-activated protein kinase (MAPK) contribute to the positive autoregulation 
of LMP1 expression (Ning et al. 2003, 2005; Demetriades and Mosialos 2009; 
Johansson et al. 2009, 2010). At high physiological levels, LMP1 causes cytostasis 
and autophagy, which limits cellular LMP1 amounts (Hammerschmidt et al. 1989; 
Lee and Sugden 2008a). Overexpression of LMP1 is deleterious for the cell. The 
LMP1 transmembrane domains alone have the potential to trigger apoptosis via 
the UPR pathway, which is suppressed at physiological LMP1 levels by signal 
transduction events initiated at LMP1’s signaling domain (Pratt et al. 2012). LMP1 
overexpression also induces high cellular levels of the death receptor Fas, lead-
ing to Fas autoactivity and apoptosis (Le Clorennec et al. 2008). LMP1 remains 
expressed throughout viral latency type III, which is found in EBV-transformed 
B cell lines, so-called lymphoblastoid cell lines (LCLs), post-transplant lym-
phoproliferative disease (PTLD), X-linked proliferative disease, and infectious 
mononucleosis. EBV-associated Hodgkin’s disease, peripheral T cell lymphoma, 
and undifferentiated nasopharyngeal carcinoma (NPC), which display viral type 
II latency, are characterized by the presence of LMP1 protein as well (Niedobitek 
1999; Cohen 2000; Yoshizaki et al. 2013). During type II latency, where EBNA2 is 
absent, cytokine-induced activity of signal transducers and activators of transcrip-
tion (STAT) is responsible for LMP1 expression (Chen et al. 2001, 2003; Kis et al. 
2006, 2010, 2011). Also, transcription factors of the C/EBP family are involved in 
maintaining LMP1 expression in the absence of EBNA2 (Noda et al. 2011). Apart 
from pleiotropic effects on its target cell, which will be discussed in the forth-
coming paragraphs, LMP1 contributes to the stabilization of viral latency by sup-
pressing activation of the EBV-derived transcription factor BZLF1, which controls 
EBV’s entry into the lytic cycle, and by inducing IRF7, which represses the Qp 
promoter of EBV in type III latency (Zhang and Pagano 2000; Adler et al. 2002; 
Prince et al. 2003).

2  Biological Functions

2.1  Transformation of Epithelial Cells and Fibroblasts

The first breakthrough toward LMP1’s biological functions was the discovery of 
its transforming potential in rodent fibroblasts, identifying LMP1 as a genuine 
herpesviral oncogene. Mouse and rat fibroblasts transfected with LMP1 show 
phenotypic changes typical for transformed cells such as anchorage- and serum-
independent cell growth. Moreover, LMP1-transformed rat fibroblasts turned out 
to be tumorigenic in nude mice (Wang et al. 1985; Baichwal and Sugden 1988). 
Also, terminal differentiation of human epithelial cells is inhibited by LMP1, 
a mechanism by which LMP1 might contribute to multistep pathogenesis of 
EBV-associated undifferentiated NPC (Dawson et al. 1990). In nasopharyngeal 
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epithelial cells and rodent fibroblasts, LMP1 upregulates basic helix-loop-helix 
(bHLH) transcription factors of the inhibitor of DNA-binding (Id) family such as 
Id-1, which mediates epithelial cell cycle progression by downregulation of the 
retinoblastoma protein (Rb)/p16INK4a pathway (Everly et al. 2004; Li et al. 2004). 
The tumor necrosis factor receptor-associated factor (TRAF)-binding domain 
located within the signaling domain is required for rat fibroblast transformation 
and upregulates cell cycle markers linked to G1/S-phase transition of the cell 
cycle (Mainou et al. 2005, 2007). Notably, fibroblast transformation by LMP1 is 
dependent on the PI3-K/AKT and c-Jun N-terminal kinase (JNK) pathways, but 
independent of NF-κB (Mainou et al. 2005; Kutz et al. 2008). Cell immortaliza-
tion is fostered by LMP1 through telomerase activation via the p16INK4a/Rb, PI3-
K/AKT, and JNK pathways (Ding et al. 2007; Yang et al. 2014). Moreover, LMP1 
aids NPC cells to evade apoptosis, for instance induced by TNF-related apoptosis-
inducing ligand (TRAIL), a factor with potential therapeutic relevance for cancer 
(Li et al. 2011).

2.2  B cell Transformation

EBV primarily infects and transforms human B lymphocytes (Young and 
Rickinson 2004). Virions lacking functional LMP1 loose the capability of effi-
ciently transforming B cells, underscoring LMP1’s critical role as the primary 
oncogene of EBV (Kaye et al. 1993; Dirmeier et al. 2003). LMP1 is also onco-
genic in the B cell compartment of transgenic mice. Expression of LMP1 from 
the immunoglobulin heavy chain promoter/enhancer results in the sporadic devel-
opment of B cell lymphomas of follicular center cell phenotype (Kulwichit et al. 
1998). The conditional activation of LMP1 from the pro/pre-B cell stage in mice 
causes a rapid and fatal lymphoproliferation with high efficiency, if T lymphocytes 
are depleted at the same time. This result highlights the transforming potential of 
LMP1 in vivo as well as its role in immune surveillance of EBV-positive B cells 
(Zhang et al. 2012).

Activation of naive B cells depends on the stimulation of their B cell recep-
tor by antigen and the costimulatory receptor CD40 by T helper cells. Several in 
vitro and in vivo studies have demonstrated that LMP1 mimics signals that are 
physiologically induced by CD40, a member of the TNF-R family (Zimber-Strobl 
et al. 1996; Hatzivassiliou et al. 1998; Kilger et al. 1998; Busch and Bishop 1999; 
Uchida et al. 1999; Stunz et al. 2004; Rastelli et al. 2008; Zhang et al. 2012). 
Accordingly, primary human B cells infected with LMP1-deficient EBV are only 
able to induce lymphomas in immunodeficient mice if they are supplied with 
CD40-mediated T cell help (Ma et al. 2015). Together with LMP2A, which gen-
erates B cell receptor-like signals, LMP1 drives B cell proliferation and survival, 
rendering the infected B cell independent of B cell receptor and CD40 stimulation 
(Mancao and Hammerschmidt 2007). In particular, activation of the NF-κB path-
way by LMP1 contributes essential survival signals for the transformation of B 
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cells in type III latency (Cahir-McFarland et al. 1999; Feuillard et al. 2000; Cahir-
McFarland et al. 2004). LMP1 even possesses general antiapoptotic potential as it 
protects EBV-negative Burkitt’s lymphoma cells from programmed cell death by 
upregulation of antiapoptotic genes such as bcl-2, mcl-1, and bfl-1, or downregu-
lation of proapoptotic genes such as bax (Henderson et al. 1991; D’Souza et al. 
2004; Grimm et al. 2005). Moreover, LMP1 disrupts expression or function of 
tumor suppressors such as DOK1 in EBV-infected primary B cells (Li et al. 2012; 
Siouda et al. 2014).

Simultaneous promotion of proliferation, cell cycle progression, and cell 
growth of B cells can be attributed to LMP1’s potential of inducing the expres-
sion of c-Myc and the epidermal growth factor receptor (EGF-R) and to upreg-
ulate cell cycle-regulating kinases such as Cdk2 and Cdc2 (Miller et al. 1995; 
Dirmeier et al. 2005; Shair et al. 2007; Kutz et al. 2008). Splenic B cells of LMP1 
transgenic mice display increased levels of Cdk2 and phosphorylated Rb protein, 
a key substrate of Cdk2 and master regulator of G1- to S-phase transition of the 
cell cycle (Shair et al. 2007). Cdc2, which is essential for G2- to M-phase transi-
tion, is upregulated in LCLs by LMP1 via the JNK signaling pathway (Kutz et al. 
2008). Notably, chemical inactivation of JNK by a small molecule inhibitor caused 
a proliferation defect in LCLs in vitro and strongly retarded tumor growth of EBV-
transformed human B cells in a tumor xenograft model in mice (Kutz et al. 2008). 
Recent data point to an additional role of IRF7 in B cell transformation by EBV, 
because the knockdown of this transcription factor in LCLs causes a defect in cell 
growth (Xu et al. 2015).

2.3  Global Effects on Chromatin and Gene Expression

Accumulating evidence suggests that LMP1 also impacts the chromatin of its tar-
get cell. A first hint toward this direction came from studies, revealing that LMP1 
upregulates expression of the DNA methyltransferase DNMT1 via the JNK path-
way. LMP1-induced DNMT1 forms a transcriptional repression complex together 
with histone acetylase at the E-cadherin promoter (Tsai et al. 2006). LMP1 also 
induces recruitment of a DNMT1-containing repression complex to the promoter 
of the tumor suppressor DOK1, resulting in histone H3 trimethylation at lysine 
27 (H3K27me3) and gene silencing (Siouda et al. 2014). Moreover, LMP1 stimu-
lates phosphorylation of histone H3 at serine 10, which is an important factor in 
carcinogenesis of NPC (Li et al. 2013). It is tempting to speculate that additional 
regulatory links between LMP1 and the chromatin will emerge with more studies 
to be conducted.

Considering the diversity of biological processes and signal transduction 
pathways regulated by LMP1, it was not surprising to learn that LMP1 has an 
extensive impact on the gene expression pattern of its target cell. Several studies 
reported global analyses of LMP1-regulated gene expression in different cell types 
ranging from NPC cells to primary B cells infected with EBV. LMP1-regulated 



125The Latent Membrane Protein 1 (LMP1)

genes include for instance transcription factors, cytokines, chemokines, growth 
factors, receptors and signaling mediators, genes involved in apoptosis and sur-
vival regulation, metabolism, and structural proteins as well as genes involved 
in cell motility and immune modulation (Kwok Fung Lo et al. 2001; Cahir-
McFarland et al. 2004; Dirmeier et al. 2005; Morris et al. 2008; Vockerodt et al. 
2008; Faumont et al. 2009; Gewurz et al. 2011; Shair and Raab-Traub 2012; Xiao 
et al. 2014). In primary human germinal center B cells, LMP1 induces a transcrip-
tional pattern characteristic for Hodgkin/Reed–Sternberg tumor cells including 
the downregulation of B cell receptor components (Vockerodt et al. 2008). LMP1 
affects cell metabolism by deregulation of glycolytic genes such as hexokinase 2, 
which results in increased glycolysis (Xiao et al. 2014). Moreover, it has become 
evident recently that not only genes translated into proteins but also genes encod-
ing small non-coding RNA species such as microRNAs or vault RNA are regu-
lated by LMP1 (Motsch et al. 2007; Amort et al. 2015).

2.4  Functions Beyond Cell Transformation

Apart from affecting cell survival and proliferation pathways, LMP1 influences 
many other processes involved, for instance, in immune modulation or the dissem-
ination of tumor cells in the body. Due to space limitations, only some examples 
can be given here. The first transmembrane domain of LMP1 harbors the immu-
nosuppressive peptide LALLFWL, which strongly inhibits T cell proliferation 
and NK T cell cytotoxicity, likely upon LMP1 release from EBV-positive cells via 
exosomes (Dukers et al. 2000; Middeldorp and Pegtel 2008).

Mice expressing LMP1 as a transgene in the skin develop epidermal hyperpla-
sia associated with inflammatory processes, which are mediated by LMP1-induced 
cytokine and chemokine expression (Wilson et al. 1990; Curran et al. 2001; 
Hannigan et al. 2011). Like many other tumors, also NPC is accompanied by 
heavy chronic inflammation that adds to the severity of the disease. Several stud-
ies have shown that upregulation of proinflammatory cytokines such as interleukin 
(IL)-1α/β, IL-6, IL-8, chemokine (C-X-C) motif ligand 1 (CXCL-1), or granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) is related to EBV infection 
and LMP1 expression in undifferentiated NPC (Eliopoulos et al. 1999b; Huang 
et al. 1999; Li et al. 2007; Lai et al. 2010; Hannigan et al. 2011). Moreover, LMP1 
activity is linked to tumor angiogenesis by upregulating angiogenic factors such 
as vascular endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), 
and IL-8 (Yoshizaki et al. 2001; Murono et al. 2001; Wakisaka et al. 2002).

LMP1 promotes cell motility, migration, and tumor metastasis by inducing 
anchorage-independent and invasive growth of human epithelial and nasopharyn-
geal cells (Tsao et al. 2002; Yoshizaki 2002; Chew et al. 2010). Cell motility and 
migration are fostered through activation of the MAPK extracellular-regulated 
kinase (ERK) and PI3-K/AKT pathways and of the Rho-GTPase Cdc42 (Dawson 
et al. 2008; Shair et al. 2008; Liu et al. 2012). LMP1 furthermore interacts 
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with the SUMO-conjugating enzyme Ubc9, which mediates LMP1-induced 
SUMOylation of cellular target proteins. Disruption of the LMP1::Ubc9 interac-
tion affected cell migration (Bentz et al. 2011). In NPC tissues, LMP1 expression 
is directly correlated with ezrin phosphorylation, a linker between the cell mem-
brane and the actin cytoskeleton that mediates cell migration. LMP1 increases 
ezrin phosphorylation and its activation through a protein kinase C (PKC)-
dependent pathway, which is required for LMP1-induced cell motility and inva-
sion of nasopharyngeal cells (Endo et al. 2009). Also, upregulation of alpha(v)
integrins by LMP1 contributes to cell migration (Huang et al. 2000). Recent 
data further showed that LMP1 induces the TNFα-induced protein 2 (TNFAIP2), 
whose expression correlates with metastasis and poor survival of NPC patients, via 
the NF-κB pathway. TNFAIP2 associates with actin and promotes the formation of 
membrane protrusions (Chen et al. 2014).

Tumor cells must be able to degrade and invade the extracellular matrix to 
migrate through surrounding tissue and to penetrate lymphatic or blood vessels, 
a prerequisite for tumor metastasis. LMP1 upregulates a panel of factors that are 
associated with cell invasiveness such as matrix metalloproteinases (Lu et al. 
2003; Yoshizaki et al. 1998; Kondo et al. 2005). Furthermore, LMP1 increases 
invasive properties of tumor cells by downregulation of E-cadherin, a Ca2+-
dependent adhesion molecule at the cell surface responsible for cell–cell contact 
(Tsai et al. 2002). LMP1 also regulates invasive migration of lymphocytes by 
upregulating the tumor marker Fascin, a stabilizer of filamentous actin in filopodia 
of migrating cells, via the NF-κB pathway (Mohr et al. 2014).

2.5  The Role of LMP1 for EBV Infection

The germinal center model (GCM) of EBV infection explains EBV biology as 
well as the pathogenesis of lymphoma (Thorley-Lawson et al. 2013). According 
to this model, EBV exploits normal B cell biology to establish a lifelong latency in 
the body. After infection of naive B cells, EBV pushes the cells into proliferating 
lymphoblasts expressing LMP1, LMP2, and EBNA2, which then transit the ger-
minal center as centroblasts and centrocytes to finally become long-lived resting 
memory B cells (Babcock et al. 2000). From the centroblast stage, EBV-infected 
cells express a restricted pattern of latent genes comprising LMP1, LMP2, and 
EBNA1, but not EBNA2 (Babcock et al. 2000). It has long been assumed that 
LMP1 (together with LMP2) allows the EBV-infected cells to pass the germinal 
center in the absence of antigen, T cell help and CD40 signaling. However, EBV-
positive memory B cells apparently underwent antigen selection as their EBV-
negative counterparts, suggesting that the impact of LMP1 (and LMP2) on the 
cells during their passage through the germinal center may be moderate (Souza 
et al. 2005). LMP1 likely supports the survival of EBV-infected cells in this com-
petitive environment and favors their differentiation into memory B cells rather 
than plasma cells (Thorley-Lawson et al. 2013). So far, this model is largely based 
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upon expression analyses of EBV genes in B cell subsets of infected individuals. 
Due to the lack of appropriate in vivo models for EBV infection, it has been nearly 
impossible to test this model experimentally. This may now change due to the 
availability of infection models in mice carrying a reconstituted human immune 
system (Chatterjee et al. 2014). Recent experiments in highly immunocompetent 
hNSG(thy) mice engrafted with human fetal CD34-positive cells and human thy-
mus showed that EBV lacking LMP1 can still establish long-term viral latency in 
vivo, but is unable to induce lymphomas (Ma et al. 2015). However, long-term 
latency in this model may rather resemble latency III of LCLs than the latency 
program found in resting memory B cells of EBV-positive individuals, because the 
latently infected B cells in the spleens of these animals still expressed EBNA2. 
This finding is in line with in vitro data demonstrating that LMP1-deficient EBV 
supports the establishment of LCLs at a very low frequency if the cells are sup-
plied with a favorable environment such as a fibroblast feeder layer (Dirmeier 
et al. 2003).

3  Structure–Function Relationship

3.1  Amino-terminus and Transmembrane Domain

The LMP1 molecule consists of a short cytoplasmic amino-terminus (amino acids 
1–24), six transmembrane domains (amino acids 25–186), and a carboxy-terminal 
signaling domain (amino acids 187–386), which is located in the cytoplasm (Fig. 1). 
There are no crystal or NMR structures of the LMP1 protein available, which is 

Fig. 1  Structure of the LMP1 molecule. Six transmembrane domains connect a short amino-
terminal domain with a carboxy-terminal signaling domain which is located in the cytoplasm of 
the infected cell. The signaling domain contains the two effector sites CTAR1 and CTAR2, also 
called TES1 and TES2, respectively. CTAR1 harbors the TRAF interaction motif PxQxT and 
CTAR2 the motif PYQLSYY that is critical for JNK and canonical NF-κB signaling
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partly due to its unfavorable chemical properties as a hydrophobic transmembrane 
protein with a signaling domain that seems to be highly unstructured, at least in the 
absence of a binding partner. LMP1 functions like a constitutively active receptor 
that is independent of ligand binding. The transmembrane domain of LMP1 has the 
intrinsic property to form homo-oligomers in the membrane, which replaces cross-
linking by a ligand and leads to the initiation of signal transduction events at the 
signaling domain of the molecule (Gires et al. 1997). Intermolecular interactions 
between transmembrane domains (TM) 3–6 and an FWLY motif in TM1 mediate 
oligomerization and are thus required for LMP1 signaling (Yasui et al. 2004; Soni 
et al. 2006). LMP1 is distributed between lipid rafts and non-raft regions of the 
membrane (Ardila-Osorio et al. 1999; Higuchi et al. 2001). Also, lipid raft localiza-
tion of LMP1 is mediated by the FWLY motif (Coffin et al. 2003; Yasui et al. 2004). 
In addition, a leucine heptad motif located within TM1 contributes to the efficient 
homing of LMP1 to lipid rafts (Lee and Sugden 2007). Lipid rafts are membrane 
subdomains enriched in sphingolipids and cholesterol that are actively involved in 
signal transduction processes. LMP1 specifically recruits cellular signaling mol-
ecules such as TRAF2 and 3, the TNF receptor-associated death domain protein 
(TRADD), or PI3-K into lipid rafts, suggesting a role for these membrane domains 
in LMP1 signaling (Ardila-Osorio et al. 1999; Brown et al. 2001; Schneider et al. 
2008; Meckes et al. 2013).

The amino-terminus is responsible for correct insertion and orientation of 
LMP1 within the membrane, mediates association of LMP1 with the cytoskeleton, 
and is involved in the regulation of LMP1 degradation and turnover (Wang et al. 
1988b; Martin and Sugden 1991; Izumi et al. 1994; Aviel et al. 2000; Coffin et al. 
2001). Ubiquitination and proteasome-dependent degradation of LMP1 is fur-
ther dependent on the TRAF-binding site within the carboxy-terminus of LMP1 
(Rothenberger et al. 2003; Hau et al. 2011). Mutation of the amino-terminus 
showed that this domain does not contribute critical signals for B cell transforma-
tion (Izumi et al. 1994; Dirmeier et al. 2003).

3.2  Carboxy-terminal Signaling Domain

Extensive mutational analysis revealed the central importance of the carboxy-ter-
minal domain and the two functional subdomains it harbors, for cell transforma-
tion and the initiation of signal transduction. The so-called transformation effector 
sites (TES) 1 (amino acids 187–231) and 2 (amino acids 351–386) have been 
defined by their essential functions in initial B cell transformation or long-term 
outgrowth of EBV-infected B cells, respectively (Kaye et al. 1995, 1999; Dirmeier 
et al. 2003). Transformation of rat fibroblasts depends on these effector sites as 
well (Moorthy and Thorley-Lawson 1993a; Mainou et al. 2005). Soon, it has been 
recognized that TES1 and 2 coincide with two regions named C-terminal activat-
ing regions (CTAR) 1 and 2, respectively, that are responsible for interaction of 
LMP1 with cellular signaling molecules of the TRAF family and TRADD, and the 
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activation of NF-κB and JNK/AP1 signaling (Fig. 2) (Huen et al. 1995; Mitchell 
and Sugden 1995; Mosialos et al. 1995; Devergne et al. 1996; Brodeur et al. 1997; 
Izumi et al. 1997; Izumi and Kieff 1997; Kieser et al. 1997; Eliopoulos and Young 
1998).

The TRAF interaction motif P204xQxT is critical for CTAR1 domain function 
and was shown to directly bind TRAF1, 2, and 3, whereas the molecular basis of 
TRAF5 interaction with CTAR1 remains unclear (Devergne et al. 1996; Brodeur 
et al. 1997; Sandberg et al. 1997; Miller et al. 1998). The crystal structure of 
TRAF2 in complex with the CTAR1-derived peptide P204QQATDD revealed a 
conserved binding mode of TRAF2 to LMP1 and its cellular counterpart, CD40 
(Ye et al. 1999).

CTAR2 activity depends on the presence of a minor TRAF-binding motif 
P379VQLSYY in order to induce signaling, although direct binding of TRAF 
proteins to this site has never been demonstrated (Floettmann and Rowe 1997; 
Kieser et al. 1999; Schneider et al. 2008). Instead, it was the death domain pro-
tein TRADD that was first described to interact directly with CTAR2, the motif 
Y384Y of CTAR2 being essential for TRADD recruitment (Izumi and Kieff 1997). 
This interaction, however, is unique and differs from cellular TRADD-interacting 
receptors, as it (i) does not require the death domain of TRADD and (ii) dictates 
an LMP1-specific, transferable, and non-apoptotic type of TRADD signaling 
(Kieser et al. 1999; Kieser 2008; Schneider et al. 2008). LMP1 is thus another 
impressive example of a viral protein that reprograms and thereby exploits cellular 

Fig. 2  NF-κB and JNK 
signaling by LMP1
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proteins and functions for its own purposes, in this case the subversion of cellular 
pathways regulating cell survival. In contrast to CTAR1, CTAR2 relies on TRAF6 
as the essential signaling mediator (Schultheiss et al. 2001; Luftig et al. 2003; Wan 
et al. 2004; Schneider et al. 2008). However, despite its central role in LMP1 sign-
aling, it has been unclear by which mechanism LMP1 is recruiting TRAF6. Our 
own unpublished data now suggest that TRAF6 in fact binds to the P379VQLSYY 
motif of CTAR2 directly. Other factors such as BS69 or TRADD might then fur-
ther stabilize the complex at CTAR2 (Wan et al. 2006; Schneider et al. 2008).

The region between CTAR1 and CTAR2 is dispensable for cell transformation 
(Izumi et al. 1999). The functional relevance of CTAR3 (amino acids 275–330) 
comprising two box 1 and one box 2 Janus kinase 3 (JAK3) interaction and activa-
tion motifs, respectively, for JAK/STAT activation by LMP1 remains controversial 
(Gires et al. 1999; Higuchi et al. 2002). However, LMP1 can induce STAT3 via 
autocrine loops involving cytokines such as IL-6 (Chen et al. 2003). STAT1 activa-
tion has been linked to LMP1-dependent IFNγ secretion in PTLD-derived B cells 
(Vaysberg et al. 2009). Recent studies demonstrated that CTAR3 in fact exists and 
that it regulates Ubc9-mediated SUMO modification of cellular proteins including 
the transcription factor IRF7 (Bentz et al. 2011, 2012).

Most experimental data on molecular biology and the biological functions of 
LMP1 have been generated using the “prototype” LMP1 derived from the B95.8 
strain of EBV (Hudson et al. 1985). In addition to B95.8-LMP1, a large number 
of LMP1 sequence variants have been isolated predominantly from NPC sam-
ples or healthy carriers of different geographical regions of the world (Hu et al. 
1991; Miller et al. 1994; Sandvej et al. 1997; Hatton et al. 2014; Lorenzetti et al. 
2012; Renzette et al. 2014). Due to space limitations, a detailed description of 
such LMP1 variants cannot be given here. Some of these variants, for instance the 
CAO-LMP1 variant derived from a Chinese NPC, exhibit altered signaling proper-
ties as compared to B95.8-LMP1 (Hu et al. 1991; Blake et al. 2001; Fielding et al. 
2001; Stevenson et al. 2005; Mainou and Raab-Traub 2006).

4  Signal Transduction by LMP1

4.1  NF-κB Pathway

The first cellular signaling pathway identified as an LMP1 target was NF-κB 
(Fig. 2) (Laherty et al. 1992). The transcription factor NF-κB is a key regulator of 
lymphocyte development, immunity, inflammation, and cancer. The NF-κB family 
comprises five proteins, p65 (RelA), c-Rel, RelB, p50 (and its precursor p105), 
and p52 (and its precursor p100), which are kept inactive in the cytoplasm either 
by complex formation with inhibitory proteins of the inhibitor of NF-κB (IκB) 
family or as precursors (Vallabhapurapu and Karin 2009). Two major NF-κB path-
ways have been described, the canonical and the non-canonical pathway (Fig. 2). 
The canonical pathway involves phosphorylation of IκB proteins by IκB kinase 2 
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(IKK2) and the subsequent degradation of IκB, which liberates NF-κB dimers usu-
ally including p65. The non-canonical pathway depends on IKK1 and leads to the 
processing of p100 to p52 and the subsequent translocation of p52::RelB dimers 
to the nucleus (Vallabhapurapu and Karin 2009). Early studies revealed that both 
CTAR1 and CTAR2 contribute to the activation of NF-κB (Huen et al. 1995; 
Mitchell and Sugden 1995). However, CTAR1 induces multiple forms of NF-κB 
dimers, whereas CTAR2 activates complexes containing p65 (Paine et al. 1995). 
Later, it became evident that CTAR1 primarily activates the non-canonical NF-κB 
pathway including p100 to p52 processing and p50::p52 and p52::p65 dimers as 
well as atypical p50::p50::Bcl3 complexes, while CTAR2 is responsible for canon-
ical NF-κB activation (Atkinson et al. 2003; Eliopoulos et al. 2003a; Saito et al. 
2003; Thornburg et al. 2003; Luftig et al. 2004; Thornburg and Raab-Traub 2007). 
The canonical NF-κB pathway is essential for most CTAR2-dependent gene regu-
lation (Gewurz et al. 2011). However, the recent global ChIP-seq analysis of the 
NF-κB-binding landscape in LCLs revealed a pattern of NF-κB complexes, which 
does not fully reflect the paradigm of canonical and non-canonical NF-κB path-
ways (Zhao et al. 2014). This result may indicate that our current view of LMP1-
induced NF-κB activity still requires further refinement.

In the uninduced state, TRAF2 and TRAF3 are key inhibitors of the non-
canonical NF-κB pathway leading to permanent degradation of NF-κB-inducing 
kinase (NIK). Upon activation, TRAF3 is cleared from the cytosol in a TRAF2 
and cIAP1/2-dependent mechanism, which leads to NIK stabilization and NIK-
mediated activation of IKK1 (Vallabhapurapu and Karin 2009). Overexpression 
of either TRAF was shown to reduce CTAR1-dependent NF-κB activation as well 
as processing of p100, and dominant-negative TRAF2 inhibited CTAR1 sign-
aling, indicating that both TRAF2 and TRAF3 are involved in the regulation of 
non-canonical NF-κB by LMP1 (Devergne et al. 1996; Kaye et al. 1996; Song and 
Kang 2010). Accordingly, the siRNA-mediated knockdown of TRAF2 caused a 
marked reduction of total NF-κB activity and the concomitant induction of apop-
tosis in LCLs (Guasparri et al. 2008). However, and in contrast to CD40 signaling, 
TRAF3 is eliminated by LMP1 through a mechanism independent of the protea-
some (Brown et al. 2001). Also, a non-essential role for TRAF6 in CTAR1 signal-
ing has been suggested but still requires further validation (Schultheiss et al. 2001; 
Arcipowski et al. 2011).

Although dominant-negative TRAF2 had mild negative effects on CTAR2-
induced NF-κB as well (Kaye et al. 1996), it is nowadays widely accepted that 
CTAR2 signaling does not depend on TRAF2 or its close relative TRAF5. 
Ligation of a CD40-LMP1 chimera in TRAF2-deficient mouse B cells still 
resulted in the degradation of IκBα (Xie and Bishop 2004). The double knock-
out of TRAF2 and TRAF5 in mouse embryonic fibroblasts did not impair CTAR2-
induced IKK2 activation or translocation of canonical p65 NF-κB into the nucleus, 
excluding the possibility that TRAF2 deficiency was rescued by TRAF5 (Luftig 
et al. 2003; Wu et al. 2006). Instead of TRAF2, activation of canonical NF-κB 
by LMP1 requires TRAF6 and its function as an E3 ubiquitin ligase (Schultheiss 
et al. 2001). CTAR2-dependent NF-κB activation is blocked upon expression 
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of dominant-negative TRAF6 lacking its RING domain, and the deficiency of 
TRAF6 significantly reduces p65 translocation and NF-κB-dependent gene tran-
scription induced by CTAR2 (Schultheiss et al. 2001; Luftig et al. 2003; Schneider 
et al. 2008; Boehm et al. 2010). TRADD was one of the first factors found to be 
involved in CTAR2-induced NF-κB signaling, albeit its interaction with LMP1 
does not require the TRADD death domain (Izumi and Kieff 1997; Kieser et al. 
1999; Schneider et al. 2008). Accordingly, a TRADD deletion mutant lacking the 
TRADD death domain, which is required for downstream signaling, acted as a 
dominant-negative allele in NF-κB signaling by LMP1 (Kieser et al. 1999). The 
genetic knockout of TRADD in human B cells delivered the definitive proof for an 
important role of TRADD in canonical NF-κB signaling by LMP1, because LMP1 
was unable to activate IKK2 in the absence of TRADD in these cells (Schneider 
et al. 2008). However, the precise molecular function of TRADD in CTAR2 sign-
aling is still not understood. TRADD might aid to stabilize the holocomplex at 
CTAR2, probably in a cell type-dependent manner depending on the abundance 
of other factors involved in CTAR2 signaling. In human B cells, TRADD seems to 
be required for the recruitment of IKK2 into the LMP1 complex (Schneider et al. 
2008).

Further downstream in the cascade, TRAF6 recruits the germinal center 
kinase family member TRAF2- and Nck-interacting kinase (TNIK) to LMP1, 
which mediates canonical NF-κB and JNK signaling by the viral oncoprotein 
(Fig. 2) (Shkoda et al. 2012). TNIK is involved in the assembly of the TRAF6/
TAB/TAK1/IKK2 complex and the bifurcation of the NF-κB and JNK pathways. 
The amino-terminal kinase domain of TNIK is required for NF-κB but not JNK 
signaling, whereas its carboxy-terminal germinal center kinase homology domain 
mediates JNK but not NF-κB activation (Shkoda et al. 2012). Interestingly, 
CTAR2 alone is able to induce an association between TNIK and TRAF2 as well, 
an interaction whose relevance for CTAR2 function is unclear (Shkoda et al. 
2012). The TAK1 protein, but not its kinase activity, seems to be important for 
canonical NF-κB induction by LMP1, because the knockdown of TAK1, but not 
the chemical inhibition of its kinase activity, interfered with IKK2 activation by 
CTAR2 (Uemura et al. 2006; Wu et al. 2006). The IKK complex consisting of 
IKK1, IKK2, and the regulatory subunit NEMO (IKKγ) is the central mediator of 
the NF-κB pathway (Vallabhapurapu and Karin 2009). This is also true for LMP1 
signaling, although the mode of NEMO utilization seems to differ from cellular 
receptors such as TNF-R1 or CD40 (Boehm et al. 2010). NEMO lacking its Zn-
finger domain or part of the coiled coil region is capable of mediating NF-κB acti-
vation upon LMP1 expression, but not upon CD40 or TNF-R1 ligation in Jurkat T 
cells. However, the complete lack of NEMO blocks LMP1-induced canonical NF-
κB in different cell types, underscoring its critical role in LMP1 signaling (Boehm 
et al. 2010). Likewise, inhibition or lack of IKK2 abolishes LMP1-induced NF-
κB activity, confirming the essential role of this IKK isoform in LMP1 signaling 
(Luftig et al. 2003; Boehm et al. 2010). However, recent knockdown experiments 
suggested that IKK1 and IKK2 have partially redundant roles in this pathway 
(Gewurz et al. 2012).
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Interleukin 1 receptor-associated kinase 1 (IRAK1), a coplayer of TRAF6 in 
Toll-like/IL-1 receptor signaling, is also involved in canonical NF-κB activation by 
LMP1, albeit its kinase activity seems to be dispensable for this pathway (Luftig 
et al. 2003; Song et al. 2006). IRAK1 deficiency does not interfere with IKK2 acti-
vation or p65 translocation induced by LMP1 but rather with p65 phosphoryla-
tion at serine 536, suggesting that IRAK1 plays a different role in LMP1 signaling 
compared to cellular receptors (Song et al. 2006). IRAK1 function in this path-
way requires its association with Ca2+/Calmodulin-dependent kinase II (CaMKII), 
which phosphorylates p65 (Kim et al. 2014).

4.2  MAPK Pathways—JNK, ERK, and P38 MAPK

It was in the year 1997 when JNK/AP1 was identified as the second major path-
way activated by LMP1 in epithelial cells and LCLs (Kieser et al. 1997). AP1 is 
a dimeric transcription factor composed of members of the Jun and Fos proto-
oncoprotein families. AP1 was found induced by LMP1 through the JNK sign-
aling cascade, involving JNK1-mediated phosphorylation and activation of c-Jun 
(Kieser et al. 1997). JNK belongs, together with ERK and p38 MAPK, to the 
MAPK family of kinases. JNK1 activation critically relies on CTAR2 and its 
P379VQLSYY motif (Fig. 2) (Kieser et al. 1997, 1999; Eliopoulos and Young 
1998). It has long been unclear which signaling mediators at CTAR2 are involved 
in JNK activation. The use of dominant-negative TRAF2 alleles yielded conflict-
ing results regarding a potential role of TRAF2 in this pathway (Eliopoulos et al. 
1999a; Kieser et al. 1999). Several years later, experiments in TRAF2-deficient 
fibroblasts and B cells finally excluded a critical function of TRAF2 in JNK 
activation by LMP1, because the pathway was fully functional in cells lacking 
TRAF2 (Wan et al. 2004; Xie et al. 2004). JNK signaling is also intact in mouse 
embryonic fibroblasts devoid of both TRAF2 and TRAF5 (own unpublished data). 
A potential function of TRADD in JNK signaling by LMP1 had been subject of 
discussion for quite some time. Although overexpression of TRADD enhanced 
JNK signaling by LMP1, dominant-negative TRADD did not block the path-
way in HEK293 cells (Eliopoulos et al. 1999a; Kieser et al. 1999). The issue was 
clarified when neither the knockdown of TRADD in HeLa cells nor the genetic 
knockout of TRADD in human B cells impaired JNK signaling by LMP1, demon-
strating that TRADD is not critical for this pathway (Wan et al. 2004; Schneider 
et al. 2008). As with canonical NF-κB signaling, it turned out that TRAF6 is in 
fact the essential mediator of CTAR2-induced JNK activity (Wan et al. 2004). 
The pathway further involves TAB1, TAK1, and TNIK, the latter orchestrating the 
bifurcation of canonical NF-κB and JNK (Wan et al. 2004; Uemura et al. 2006; 
Shkoda et al. 2012).

It seems as if LMP1 is able to eventually make use of different panels of TRAF 
molecules to establish its signaling network, likely depending on the investigated 
cell type. Usually, JNK activation by LMP1 is exclusively triggered at CTAR2. 
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In some cell lines, however, CTAR1 contributes to JNK activity as well. JNK1 
activation in Rat-1 cells was equally mapped to CTAR1 and CTAR2 (Kutz et al. 
2008). Likewise, CTAR1 alone can induce JNK in BJAB cells, which is due to the 
very strong expression of TRAF1 in these cells. Accordingly, JNK1 activation by 
CTAR1 was possible after overexpression of TRAF1 in HEK293 cells (Eliopoulos 
et al. 2003b). Also, TRAF3 can eventually have a role in JNK signaling, as was 
demonstrated in TRAF3-deficient mouse B lymphoblastic leukemia cells (Xie 
et al. 2004). Likely, LMP1 constitutes a versatile viral oncoprotein that is variable 
in establishing its signaling network dependent on the cellular context it comes 
across.

LMP1 induces the ERK pathway (Fig. 3) (Liu et al. 2003). ERK activity in epi-
thelial cells is mainly initiated at CTAR1 via the canonical Raf-MEK-ERK path-
way independent of Ras (Dawson et al. 2008). The mechanism of ERK activation 
at CTAR1 is still unresolved. An involvement of TRAF2 and TRAF3 in ERK acti-
vation has been proposed, because expression of dominant-negative TRAF2 and 
TRAF3 reduced ERK phosphorylation induced by LMP1 (Mainou et al. 2007). 
At the same time, mutation of P204xQxT to A204xAxA abolished ERK activation 
(Mainou et al. 2007). However, mutation of this motif to A204xAxT, which is inca-
pable of binding TRAF2 (Devergne et al. 1998), was not sufficient to reduce path-
way activation, indicating that the mechanism of ERK activation might involve 
other molecules besides of TRAFs. Another component of the pathway is the iso-
form δ of protein kinase C (PKCδ). Inhibition of this kinase by the PKCδ inhibitor 
Rottlerin abolished ERK activation after LMP1-CTAR1 expression in C33A cells 

Fig. 3  PI3-K/AKT, p38 
MAPK, and ERK signaling 
by LMP1
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(Kung et al. 2011). In HEK293 cells, also CTAR2 can activate ERK (Gewurz et al. 
2011). Particularly, the latter result suggests that also the ERK pathway may be 
regulated by different mechanisms in different cell types.

The p38 MAPK pathway is induced by LMP1 as well, mediating upregulation 
of IL-6, IL-8, and IL-10 (Fig. 3) (Eliopoulos et al. 1999b; Vockerodt et al. 2001). 
Both CTAR1 and CTAR2 are involved in the pathway, although the contribution 
of CTAR2 to p38 MAPK activation is more prevalent (Schultheiss et al. 2001). 
TRAF6 is the key component of this pathway as was demonstrated by defec-
tive LMP1 signaling to p38 MAPK in TRAF6-deficient MEFs (Schultheiss et al. 
2001). Also, the lack of IRAK1 causes a defect in p38 MAPK signaling by LMP1 
(Song et al. 2006). Other kinases involved in p38 MAPK signaling by LMP1 
include MKK6, TAK1, and PKR (Schultheiss et al. 2001; Wan et al. 2004; Lin 
et al. 2010).

4.3  PI3-K/AKT Pathway

The PI3-K/AKT pathway is induced by a wide range of cellular receptors and is 
an important mitogenic stimulus in many cell types. Activation of the PI3-K/AKT 
pathway was first linked to LMP1 in the year 2003, when Dawson and colleagues 
immunoprecipitated the p85α regulatory subunit of PI3-K together with LMP1 
from HeLa cells (Fig. 3) (Dawson et al. 2003). Although it is still unclear whether 
this interaction is direct, expression of LMP1-CTAR1 caused (i) an enrichment of 
the PI3-K substrate phosphatidylinositol-3,4,5-trisphosphate (PIP3) in the plasma 
membrane and (ii) the phosphorylation and activation of AKT kinase, also known 
as protein kinase B, at serine 473 (Dawson et al. 2003). Dominant-negative p85 
or the PI3-K inhibitor LY294002 blocked LMP1-induced stress fiber formation 
and actin remodeling as well as transformation of rat fibroblasts (Dawson et al. 
2003; Mainou et al. 2005). It is accepted that CTAR1 and the TRAF-binding site 
P204xQxT are involved in activation of the PI3-K/AKT pathway (Dawson et al. 
2003; Mainou et al. 2007; Lambert and Martinez 2007). However, CTAR2 alone 
was as efficient as CTAR1 in inducing AKT phosphorylation in C666-1 cells, 
indicating the existence of a CTAR2-dependent PI3-K/AKT pathway (Shair et al. 
2008). The precise mechanism of PI3-K/AKT activation by LMP1 has not been 
fully elucidated but may involve the Src family tyrosine kinases Fyn and Syk 
(Hatton et al. 2012).

4.4  IRF7 Pathway

The transcription factor IRF7 is a critical regulator of type I interferon and thus 
adaptive and innate immune responses as well as of EBV latency (Zhang and 
Pagano 2001). LMP1 induces IRF7 expression and facilitates its ubiquitination, 
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phosphorylation, and nuclear translocation (Zhang and Pagano 2000; Ning et al. 
2003; Huye et al. 2007). CTAR2 is involved in recruiting IRF7 to LMP1, which is 
a function of LMP1 that is independent of the TRADD and TRAF6 interaction site 
Y384Y (Song et al. 2008). CTAR2 then mediates IRF7 ubiquitination in a recep-
tor-interacting protein 1 (RIP1)- and TRAF6-dependent mechanism (Huye et al. 
2007; Ning et al. 2008; Song et al. 2008). TRAF6 is involved in IRF7 activation 
by acting as E3 ubiquitin ligase, which mediates linkage of ubiquitin chains at the 
carboxy-terminal lysines 444, 446, and 452 of IRF7 (Ning et al. 2008). Two major 
mechanisms have been identified, aiding the negative regulation of IRF7 activity. 
First, LMP1 induces expression of A20, which acts as a deubiquitinase for IRF7 
and thus negatively regulates its activity as a transcription factor (Ning and Pagano 
2010). Furthermore, SUMOylation of IRF7 at lysine 452 was shown to decrease 
DNA-binding and transcriptional activity of IRF7. Interestingly, this mechanism 
is dependent on CTAR3 and its interaction with the SUMO-conjugating enzyme 
Ubc9 (Bentz et al. 2011, 2012).

5  Future Perspectives

Despite thirty years of research and more than 2000 papers on the molecular and 
biological functions of LMP1, many important questions still remain unanswered. 
The molecular signaling mechanisms at the effector sites CTAR1 and CTAR2 
have not been fully elucidated. Particularly, the composition and precise architec-
ture of the signaling complex at CTAR2 including the intermolecular interactions 
between the components of this complex is still unresolved. The situation is get-
ting more complex by the fact that LMP1 molecules reside within large clusters 
and several LMP1 molecules might be involved in forming functional CTAR1 or 
CTAR2 complexes of higher order. This could mean that not all components of 
the CTAR2 complex must necessarily interact with the same LMP1 molecule to 
form an active signaling complex. Also, molecular interactions between CTAR1 
and CTAR2 have been suggested, although both domains can function indepen-
dently from each other (Floettmann et al. 1998). The elucidation of an LMP1 crys-
tal structure, possibly in complex with LMP1-binding partner(s), will certainly be 
very important to answer these questions.

Other urgent questions concern the functions of LMP1 during EBV infection 
and the establishment of latency in vivo. Usually and due to the lack of appropri-
ate in vivo infection models for EBV, the analysis of LMP1’s functions has largely 
been restricted to its role in cell transformation in cell culture. It is likely that some 
LMP1-induced pathways have so far unrecognized functions in the establishment 
of latent infection in vivo and in immune modulation. The role of LMP1 during 
early infection of B cells is also unclear. LMP1 expression starts four days post-
infection with EBV. Surprisingly, LCL expression levels are reached only three 
weeks after infection, and LMP1-induced NF-κB seems to be dispensable during 
that time (Price et al. 2012).
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LMP1 is present in exosomes that are secreted from EBV-positive B cell and 
NPC lines (Dukers et al. 2000; Meckes et al. 2010). The functions of secreted 
LMP1 in immune modulation, cell–cell communication, tumor microenvironment, 
and potential other processes will also be interesting topics of future research.

Another enigma are the biological and molecular functions of a truncated vari-
ant of LMP1, the so-called lytic LMP1, which is highly expressed during the lytic 
cycle from the ED-L1A promoter located within the first intron of the LMP1 gene 
(Hudson et al. 1985; Modrow and Wolf 1986; Baichwal and Sugden 1987; Erickson 
and Martin 1997). Due to the lack of the first four transmembrane domains, lytic 
LMP1 is incapable of oligomerization and, thus, likely unable to signal (Mitchell 
and Sugden 1995; Gires et al. 1997). Lytic LMP1 rather inhibits the activity of full-
length LMP1 (Erickson and Martin 2000). In contrast to full-length LMP1, the lytic 
variant has no transforming capacity in fibroblasts and is not essential for B cell 
transformation by EBV (Wang et al. 1988a; Dirmeier et al. 2003).

Due to its proven critical importance for cell transformation and pathogenesis, 
LMP1 constitutes an excellent therapeutic target for intervention strategies against 
EBV-associated malignancies. By inhibiting LCL tumor growth with a small mol-
ecule JNK inhibitor, we have already delivered proof of principle that targeting of 
LMP1’s signaling network is a feasible strategy (Kutz et al. 2008). However, to be 
more specific for LMP1, future approaches shall rather target the LMP1 molecule 
itself or exploit the unique interface between LMP1 and its critical cellular sign-
aling molecules such as CTAR1::TRAF2 or CTAR2::TRAF6 as targets for small 
molecule inhibitors. For instance, DNAzymes targeting LMP1 expression have 
antitumor effects and sensitize NPC cells for radiotherapy (Cao et al. 2014). Our 
own laboratory is involved in the screening for inhibitors of CTAR1::TRAF2 inter-
action, which shall block this interaction and uncouple LMP1 from critical parts of 
its transforming signaling network.
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Abstract LMP2A is an EBV-encoded protein with three domains: (a) an 
N-terminal cytoplasmic domain, which has PY motifs that bind to WW domain-
containing E3 ubiquitin ligases and an ITAM that binds to SH2 domain-contain-
ing proteins, (b) a transmembrane domain with 12 transmembrane segments that 
localizes LMP2A in cellular membranes, and (c) a 27-amino acid C-terminal 
domain which mediates homodimerization and heterodimerization of LMP2 pro-
tein isoforms. The most prominent two isoforms of the protein are LMP2A and 
LMP2B. The LMP2B isoform lacks the 19-amino acid N-terminal domain found 
in LMP2A, which modulates cellular signaling resulting in a baseline activation 
of B cells and degradation of cellular kinases leading to the downregulation of 
normal B cell signaling pathways. These two seemingly contradictory processes 
allow EBV to establish and maintain latency. LMP2 is expressed in many EBV-
associated malignancies. While its antigenic properties may be useful in develop-
ing LMP2-specific immunity, the LMP2A N-terminal motifs also provide a basis 
to target LMP2A-modulated cellular kinases for the development of treatment 
strategies.
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Abbreviations

Abl, c-Abl  Abelson murine leukemia viral oncogene homolog 1, a 
proto-oncogene, a prominent non-receptor tyrosine kinase 
within the B cell receptor signaling pathway, whose deregu-
lation is generally associated with myelogenous leukemia

AIP4, ITCH  Atrophin-1-interacting protein-4, also known as ITCH or 
WWP2, is a member of E3 ubiquitin ligases

Akata cells  An EBV-positive Burkitt lymphoma cell line
Akt  Also known as protein kinase B, it is a serine/threonine 

kinase downstream of PI3 K and involves in cellular metabo-
lism such as survival, activation, proliferation, and migration

Bcl-2  B cell lymphoma 2, a defining member of Bcl-2 family of 
proteins that regulate cell survival or cell death. Bcl-2 is an 
anti-apoptotic and a proto-oncogene

Bcl-xL  B cell lymphoma-extra large, another anti-apoptotic pro-sur-
vival member of Bcl-2 family of proteins

BCR  B cell receptor, provides survival and activation cellular 
signaling upon antigen binding

BJAB cell line  An EBV-negative Burkitt lymphoma cell line
BL  Burkitt lymphoma
BLNK  B cell linker protein, an adaptor protein that bridges the 

BCR signaling to downstream signaling pathways
BTK  Bruton’s tyrosine kinase, an important proximal BCR sign-

aling kinase
BZLF1  Transcriptional activator protein of EBV, an immediate early 

gene that regulates the switch from latent to lytic cycle of 
the virus
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CD19  B cell-specific cell surface antigen that cluster with the BCR 

and help decrease threshold for antigen induced cell signal-
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Crk  A signaling adaptor molecule that associates with various 
signaling molecules through its SH2 and SH3 domains lead-
ing to the modulation of involved signaling pathways

Csk  A tyrosine kinase that inhibits activation of Src family tyros-
ine kinases by phosphorylating their conserved C-terminal 
regulatory tyrosine residue

E3 ubiquitin ligases  A class of ubiquitin ligases that transfer the ubiquitin from 
E2 to target proteins leading to their degradation proteasome

EBNA-2  One of the EBV-encoded nuclear viral transactivator that 
involves regulation of viral and host gene expression

EBV  Epstein-Barr virus
EGR1  A zinc-finger domain-containing transcription factor whose 

activity is increased by LMP2A
Erk1/2  Extracellular signal-regulated kinases are members of ser-

ine/threonine kinases in the Raf/Ras/MEK/Erk signaling 
pathway that are activated by mitogen-induced cell survival 
and cell activation signaling

Fyn  A member of Src family tyrosine kinases
Gp350/220  The EBV surface glycoprotein, the viral receptor that medi-

ates B cell infection through binding to cellular CR2 recep-
tor CD21. It is a part of fusion machinery that also involves 
viral gp42 and host MHC II molecules

Grb2  Growth factor receptor-bound 2 is an adaptor molecule that 
binds to membrane proximal signaling molecules through 
its SH2 and SH3 domains to orchestrate cellular signaling 
pathways

Hck  A member of Src family tyrosine kinases prominent in 
hematopoietic cells

HIV  Human Immunodeficiency virus
HRS cells  Malignant Hodgkin/Reed–Sternberg cells, germinal center B 

cell-derived giant cells that are characteristics of Hodgkin’s 
lymphoma. They are also known as lacunar histiocytes, have 
multi- or bi-lobed nuclei, and lack functional BCR

ITAM  Immunoreceptor tyrosine-based activation motif with the 
consensus sequence of YxxL/I-X6-8-YxxL/I

ITCH, Itchy, AIP4  A member of family of HECT domain E3 ubiquitin ligases 
that ubiquitinate associated proteins leading to their proteas-
ome-mediated degradation

ITSN1  Intersectin-1 protein or SH3-interacting protein coordinates 
endocytic membrane traffic with actin assembly machinery

Kit, c-Kit  A proto-oncogene, also known as stem cell growth factor 
receptor

Lck  A T cell-specific member of Src family tyrosine kinases
LCL  Lymphoblastoid cell lines obtained by EBV infection of 

human peripheral blood mononuclear cells
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LMP1  A latent membrane protein 1 of EBV, it mimics TNF-α/
CD40 signaling

LMP2  EBV gene and its encoded latent membrane protein 2, it 
mimics BCR signaling

LPD  Lymphoproliferative diseases
Lyn  A member of Src family tyrosine kinases, it is more specific 

in B cells, granulocytes, and mast cells
MAPK  (Mitogen-activated protein kinases) are serine/threonine 

kinases in the Raf/Ras/MEK/Erk signaling pathway acti-
vated by mitogenic signals

MHC  Major histocompatibility complex molecules that present 
digested and processed antigens to T cells

miR-BART22  An EBV-encoded microRNA, it targets LMP2A
mTOR  Mammalian target of rapamycin, a serine/threonine kinase, 

is a central regulator of cellular metabolism
Myc  A proto-oncogene is a master regulatory transcription fac-

tor, which regulates the expression of many other signaling 
molecules involved in cell cycle, apoptosis, survival, and 
transformation

Nck-1  A signaling adaptor molecule that modulates cell signaling 
pathways through interaction with other signaling molecules 
with its SH2 and SH3 domains

Nedd4  A member of E3 ubiquitin ligase family, they contain HECT 
and WW domain and associate with various signaling mol-
ecules leading to their proteasome-mediated degradation 
through ubiquitination

NFkB  A well-regulated transcription factor complex that was first 
discovered as the transcription regulator of antibody light 
chain gene in B cells. Its disregulation has been associated 
with cancers

NKT  Natural killer T cells, a very small unusual subset of T cells 
that recognizes lipid antigens presented by CD1 molecules

Notch  A family of transmembrane proteins whose interactions on 
the adjacent cells induce Notch signaling network that is 
important in cell differentiation and development

NPC  Nasopharyngeal carcinoma, with high rate of EBV 
association

p27  Cyclin-dependent kinase (Cdk) inhibitor, also know as 
Kip1, controls the cell cycle progression at G1 phase

p53  A member of tumor suppressor proteins, it has been deacti-
vated in various tumors

Pax-5  A member of paired box family of transcription fac-
tors important in regulation of early B cell and neural 
development
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PI3K  Phosphoinositide 3-kinase, a member of lipid kinase family 
that regulates cell growth, proliferation, differentiation, and 
survival of the cells, and its deregulated forms have been 
associated with various cancers

PKC  A large family of serine/threonine kinases that regulate vari-
ous cellular signaling pathways

PLC-γ  A member of Phospholipase C kinases that regulate lipid 
molecules

PTLD  Post-transplant lymphoproliferative disorders which is char-
acterized by abnormally proliferating B cells due to immu-
nosuppression or EBV infection

PU.1  An ETS domain transcription factor that regulates gene 
expression during myeloid and B cell development

PY motif  Proline-rich tyrosine-containing motif with the consensus 
sequence of PPxY that binds to WW domains found in vari-
ous proteins

Raf  A proto-oncogene in the Raf/Ras/MAPK pathway
Rag1  Recombination-activating gene is one of the two genes that 

catalyze the VDJ recombination of antigen receptors in B 
and T cells

RBP-J  (also known as CBF1) Recombination signal binding pro-
tein for immunoglobulin kappa J region is human homolog 
of the Drosophila suppressor of hairless gene

Ras  A superfamily of proteins called GTPases important in regu-
lating activation/inactivation of various kinases by exchang-
ing GTP and GDP molecules

SH2 domain  Src homology 2 domain, protein–protein interaction domain 
of signaling proteins that binds to phosphorylated tyrosine 
(Y) residues within ITAMs

SH3 domain  Src homology 3 domain, protein–protein interaction domain 
of signaling proteins that binds to PxxP motifs found in var-
ious signaling molecules

SH3 motif  Motifs with the general PxxP motif that binds to SH3 
domains of various proteins

Shb  SH2 domain-containing adaptor protein B, it binds to vari-
ous kinases and signaling molecules

Shc-1  SHC transforming protein is a signaling adaptor protein 
with three different isoforms involving in apoptosis and 
survival

Src  The defining member of Src family tyrosine kinases
siRNAs  Small inhibitory RNA molecules that specifically initiates 

degradation of target mRNAs
Syk  A tyrosine kinase important in the B cell signaling B coun-

terpart of ZAP70 in T cells
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TCR  T cell receptor generates antigen-induced T cell signaling 
upon binding to antigens presented by MHC molecules

TGF-b  A member of transforming growth factor family that con-
trols proliferation and differentiation of cells

TNF-a  Tumor necrosis factor alpha is cell secreted signaling mol-
ecule that involves in systemic inflammation

TR  Terminal repeat sequences at the end of the linear genome 
of some viruses, including EBV

Unc119  A signaling adaptor molecule specific in the retinal photore-
ceptors and hematopoietic cells, it involves in activation of 
Src kinases upon receptor stimulation

Vav  A family of adaptor proteins involved in cell signaling
Wnt  A conserved family of lipid-modified transmembrane sign-

aling glycoproteins involved in the initiation of devel-
opmental signal transduction pathways by binding to its 
transmembrane ligands, Frizzled family receptors

WW domain  A modular protein domain with two conserved tryptophan 
amino acids spaced 20-22 amino acid aparts that binds to 
proline-rich PPxY motif

WWP2  WW2 domain-containing protein 2, also known as AIP4 or 
ITCH, is a member of E3 ubiquitin ligases

ZAP70  CD3 Zeta-chain-associated protein kinase 70, it is Syk 
counterpart of T cells that is essential in T cell signaling

1  Introduction

The LMP2 gene of EBV is unique in that it spans both ends of linear genome and 
is expressed only when the EBV genome circularizes as an episome during latent 
infection. It expresses two different predominant transcripts from two separate 
promoters. The LMP2A isoform is the longest transcript, which encodes a pro-
tein of 497 amino acids (Laux et al. 1988, 1989; Rowe et al. 1990; Sample et al. 
1989). The N-terminal cytoplasmic domain of LMP2A has two proline-rich PY 
motifs and several phosphorylated tyrosine residues including a consensus immu-
noreceptor tyrosine-based activation motif (ITAM) that binds to cellular signaling 
molecules and alters the cellular signal transduction pathways. Tyrosine residues 
within the ITAM contained within the N-terminal domain of LMP2A interact 
with BCR signaling components and mimic BCR signaling (Engels et al. 2012; 
Fotheringham and Raab-Traub 2013). The LMP2A PY motifs interact with E3 
ubiquitin ligases such as Nedd4 and initiate ubiquitination-dependent proteaso-
mal degradation of targeted cellular proteins. By doing so, LMP2A helps establish 
and maintain latency. LMP2B, which lacks the LMP2A N-terminal cytoplas-
mic domain, regulates the distribution and function of LMP2A also helping to 
maintain the latency of the virus. LMP2 is expressed in various EBV-associated 
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malignancies and likely contributes to their development by inducing cell survival, 
proliferation, and activation. The LMP2 proteins also induce an immune response, 
which might help the immune system to keep the EBV infection under control. 
Since LMP2A is expressed in malignancies and induces cell proliferation, it is a 
viable target for the development of therapeutics for EBV-associated malignancies.

2  LMP2 Gene Structure

2.1  Gene Structure

The latent membrane protein 2 (LMP2) gene of EBV spans the circularized form 
of the conventional EBV genome (B95-8/Raji strain), covering the terminal 
repeats (TR) at both ends in the linear form. It starts from the nucleotide 166,040, 
crosses the circularized ends at the terminal repeats, and ends at the nucleotide 
5856 of the 172 Kb (171,823 bp) EBV genome of the B95-8 strain (BioProject 
PRJNA14413; NCBI accession no: NC_007605.1; GI: 82503188) (http://www.n
cbi.nlm.nih.gov/nuccore/82503188, retrieved on 08/12/14). It comprises 9 exons 
with the first exon at the end (nucleotides 166040 through 166458), while the 
exons 2–9 are at the beginning of the linear EBV genome (nucleotides 58-5856) 
(Tables 1 and 2; Fig. 1) (Laux et al. 1988, 1989; Rowe et al. 1990; Sample et al. 
1989).

Table 1  The location of LMP2A’s exons on EBV genome B. The LMP2A isoforms

LMP2 gene Genomic location of exons Length (nt) Comments

Exon First nucleotide Last nucleotide

Ex-1 (2A) 166,040* 166,458 419 LMP2A

Ex-1 (2B) 169,294 169,448 155 LMP2B

Ex-1 (2-TR) 171,619 LMP2-TR1

171,791 LMP2-TR2

Ex-2 58 272 215

Ex-3 360 458 99

Ex-4 540 788 249

Ex-5 871 951 81

Ex-6 1026 1196 171

Ex-7 1280 1495 216

Ex-8 1574 1682 109

Ex-9 5408 5856 449

Total: Ex 1–9

http://www.ncbi.nlm.nih.gov/nuccore/82503188
http://www.ncbi.nlm.nih.gov/nuccore/82503188
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2.2  Expressed Transcripts

Several different transcripts have been identified for the LMP2 gene (Fig. 1). 
The two most prominent and well-studied transcripts encode for the LMP2A and 
LMP2B isoforms (Laux et al. 1988, 1989; Rowe et al. 1990; Sample et al. 1989). 
These two transcripts are controlled by two different promoters separated by 3 kb 
(Sample et al. 1989). Both promoters have an EBNA-2-responsive element and 
RBP-Jk and PU.1 binding sites. The LMP2B promoter is also shared with the 
LMP1 promoter but on the complementary strand, which transcribes LMP1 in the 
opposite direction (Laux et al. 1988, 1989; Rowe et al. 1990; Sample et al. 1989). 
The transcripts from each promoter have 9 exons differing only in their first 5’ 
exon (Fig. 1) (Laux et al. 1988, 1989; Rowe et al. 1990; Sample et al. 1989).

The LMP2A open reading frame (ORF) is 1494 nucleotides in length and 
encodes for a protein of 497 amino acids (GI: 82503189; YP_401631; Uniprot 
no: P13285-1). LMP2B ORF (GI: 82503190; YP_401632; Uniprot no: P13285-2)  
encodes for a protein of 378 amino acids. The first 5’ exon of the LMP2B 

Table 2  The LMP2A isoforms

LMP2 isoform Exons Protein length Comments

LMP2A Ex1A-Ex9 497 aa Full length

LMP2B Ex1B-Ex9 378 aa Lacks the initial translation 
initiation codon

LMP2-TR ExTR1-Ex9
ExTR2-Ex9

? Lack the initial translation 
 initiation codon
Induces cytotoxic CD8 T cell 
response

Alternative splice 
isoforms

Ex1, Ex3-Ex9
Ex1, Ex6-Ex9
Ex1, Ex7-Ex9

? Include frameshift mutation due 
to alternative splicing

Fig. 1  The LMP2 gene and its transcripts. The LMP2 gene spans the TR of the circularized 
EBV genome. It has nine exons the first of which is located at the end of linear genome and has 
three alternatives: Exon 1A, 1B, or 1TR, each of which starts from a separate promoter. LMP2A 
isoform starts from Exon 1A and translates the longest protein isoform containing all nine exons. 
The alternatively spliced isoforms starts with exon1 and lack the intervening exons. The nucleo-
tide location of each exon is given in Tables 1 and 2
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transcript lacks the initial translation initiation site leading to the absence of the 
119-amino acid N-terminal domain present in LMP2A (Laux et al. 1988, 1989; 
Rowe et al. 1990; Sample et al. 1989).

Recently, additional novel LMP2 transcripts have been identified (Tables 1 and 
2). These transcripts, like LMP2B, lack the first exon found in LMP2A. Two such 
transcripts were detected in the EBV-positive NK and T cell tumors through func-
tional analysis (Fox et al. 2010). In this study, the LMP2-specific effector CD8-
positive T cells recognized and killed the NK and T cell tumor cell lines despite 
the absence of any LMP2A or LMP2B transcripts or protein using conventional 
PCR primers or LMP2A antibody. These transcripts start at nucleotides 171619 
and 171791 within the TR and may be transcribed from yet another unidentified 
promoter. In addition, three other alternatively spliced transcripts have also been 
identified using the RNA-Seq (Concha et al. 2012). These isoforms are spliced 
from exon 1 of LMP2A to exon 3, exon 6, or exon 7, respectively, and lack the 
intervening exons (Concha et al. 2012). The junction after splicing of these iso-
forms may generate a frameshift in the LMP2 ORF, resulting in truncation of the 
predicted protein products (Concha et al. 2012). However, the protein products of 
these transcripts and their importance have not been studied. In addition, in the 
same study, incompletely spliced polyadenylated transcripts were detected in the 
cytoplasm of Akata cells. The mechanism and physiological importance of these 
transcripts have not been studied. Since these isoforms were abundantly detected 
after induction of lytic phase through B cell receptor stimulation, they might be 
specific to lytic replication.

The generally used consensus PCR primers detect only LMP2A and LMP2B 
isoforms, and therefore, these newly identified isoforms have escaped detec-
tion until only recently. The available antibodies recognize epitopes within the 
N-terminal cytoplasmic domain present only in the LMP2A isoform. Therefore, 
the generally used PCR primers and LMP2 antibodies do not provide an accurate 
detection assay for all LMP2 transcripts and protein isoforms. Therefore, more 
elaborate analyses of these different transcripts require application of various tech-
niques including sequencing, RT-PCR, and functional assays to determine their 
importance in EBV pathogenesis.

3  Regulation and Distribution of LMP2 Proteins  
in the Cell

3.1  Regulation of LMP2A Expression

The expression of LMP2A is regulated through viral and host cell factors. The 
LMP2 promoter has an EBNA-2-responsive element, which leads to LMP2 expres-
sion when EBNA-2 is expressed, such as in type-2 and type-3 latency (Laux et al. 
1994b; Zimber-Strobl et al. 1991, 1993). This site also has binding sites for RBP-
Jk and PU.1 transcription factors (Laux et al. 1994a). LMP2 expression can also 
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be activated by host cell proteins such as the Notch signaling pathway. The Notch 
signaling pathway can be activated by LMP2A-induced signaling, independently 
of EBNA-2. Activation of Notch pathway leads to increased expression of LMP2A 
(Anderson and Longnecker 2008b). This may provide an autoregulatory forward acti-
vation loop for LMP2A expression, in which activation of Notch signaling pathway 
leads to expression of LMP2A, which in turn induces activation of Notch signaling.

Another viral regulator of LMP2A expression is the EBV-encoded miR-
BART22 microRNA. The miR-BART22 downregulates the expression of LMP2A 
as it is highly expressed in NPC (Lung et al. 2009). In these same samples, even 
though the LMP2A transcript is detected, the LMP2A protein level is decreased 
with the increased expression of miR-BART22 indicating a posttranscriptional 
regulation of LMP2A protein expression by the viral miRNA.

The expression of LMP2 gene is also induced by the activation of lytic phase of 
the viral life cycle. B cell receptor activation, which induces lytic viral replication 
in infected cells, increases LMP2 gene expression a few hundred folds in latently 
infected cells (Concha et al. 2012). Such induction also leads to increased exons 
1–6 and 1–7 alternatively spliced transcripts and causes nuclear retention of LMP2 
transcripts (Concha et al. 2012). The importance of this alternative splicing and 
nuclear retention in the EBV pathogenesis requires further investigation.

3.2  Distribution of LMP2A Protein in the Cell

The LMP2 proteins localize to cellular membranes by virtue of the multiple alpha-
helical transmembrane segments and by palmitoylation. LMP2 proteins are also 
palmitoylated on multiple cysteine residues within the C-terminal end, but this 
palmitoylation is not required for its association with the cellular membranes 
(Katzman and Longnecker 2004; Matskova et al. 2001). However, palmitoylation 
of LMP2A has been suggested to be important for the localization and transport 
of LMP2A among membrane structures such as vesicles (Matskova et al. 2001). 
In the membrane, LMP2A is associated with lipid rafts (Higuchi et al. 2001; 
Katzman and Longnecker 2004; Matskova et al. 2001). The association of LMP2A 
with lipids may provide a platform for LMP2A to associate with signaling proteins 
such as the Lyn and Syk kinases and other membrane proximal signaling mole-
cules enriched in lipid rafts.

While LMP2A localizes to the cellular plasma membrane, LMP2B localizes to 
the perinuclear area of the infected cells and can sequester LMP2A (Lynch et al. 
2002). This indicates that LMP2A and LMP2B might form heterodimers through 
which the modification of cellular signaling pathway by LMP2A might be inhib-
ited by LMP2B (Rovedo and Longnecker 2007) which lacks the N-terminal sign-
aling domain and therefore signaling motifs located within. It will be interesting 
to know whether the protein isoforms encoded by the LMP2-TR and alternatively 
spliced transcripts regulate the localization of the LMP2A and whether this alters 
the role of LMP2A in the modification of cellular signaling pathways.
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4  Protein Structure, Domain, and Motifs

The LMP2A is a 497-amino acid membrane protein with the cytoplasmic N- 
and C-terminal ends. Its exact structure is not known, as its crystal structure has 
not yet been solved. It has three distinct functional domains: The cytoplasmic 
N-terminal, the transmembrane, and the cytoplasmic C-terminal domains (Fig. 2).

4.1  N-Terminal Cytoplasmic Domain

The N-terminal cytoplasmic domain has 119 amino acids and is absent in the 
LMP2B (Laux et al. 1988; Rowe et al. 1990; Sample et al. 1989). This domain 
contains functional motifs such as multiple phosphorylated tyrosine residues, 
an ITAM, and multiple proline-rich motifs (PY motifs) (Beaufils et al. 1993). 
Through these motifs, LMP2A associates with and modifies the host cellular sign-
aling molecules.

4.1.1  ITAM

Within the N-terminal end of LMP2A (Fig. 3), there are several tyrosine residues 
that are potential binding and phosphorylation targets of tyrosine kinases. Two 
of these tyrosine residues (Y74 and Y85) constitute the LMP2A ITAM located at 
aa 74-88 (Beaufils et al. 1993; Engels et al. 2012; Fotheringham and Raab-Traub 
2013). ITAMs are found in the cytoplasmic tails of the antigen receptors of the 
immune cells. It consists of a pair of ITAM signatures, each with the YxxL/I 
sequence separated by 6–8 spacer amino acids (YxxL/I-X6–8-YxxL/I) (Harwood 
and Batista 2010; Reth 1989). Generally, both of the conserved tyrosine residues 
within ITAM are phosphorylated by the membrane-juxtaposed tyrosine kinases 
such as Src family kinases (Dal Porto et al. 2004; Harwood and Batista 2010; Reth 
1989). The SH2 domain-containing downstream signaling molecules are then 
recruited to the phosphorylated tyrosine residues within the ITAM leading to the 

Fig. 2  The domains and the motifs of LMP2A. LMP2A protein has three domains: a 119-amino 
acid N-terminal cytoplasmic domain, a transmembrane domain with 12 transmembrane seg-
ments, and a 27-amino acid C-terminal cytoplasmic domain. The N-terminal domain has several 
signaling motifs: ITAM, PY, SH2-binding, and Erk-binding motifs. LMP2A binds to the cellular 
signaling molecules through these motifs
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phosphorylation and activation of recruited molecules. This provides a signaling 
cascade that fulfills the response of immune cells to the signal-generating antigens.

The LMP2A ITAM (aa 74-88) functions like ITAMs in the B and T cell recep-
tors (Dal Porto et al. 2004; Reth 1989). It recruits the SH2 domain-containing 
signaling proteins including tyrosine kinases Lyn, Fyn, Syk, and Csk (Beaufils 
et al. 1993; Burkhardt et al. 1992; Longnecker et al. 1991; Scholle et al. 1999). 
Lyn kinase can bind to LMP2A at the DQSL sequence (aa 81-84) within the 
LMP2A ITAMs and on the Y112 within the membrane proximal ITAM-like SH2-
binding motif (aa 105-119) (Fruehling and Longnecker 1997; Fruehling et al. 
1998; Merchant et al. 2000). This initial recruitment of Lyn might then lead to 
the phosphorylation of LMP2A by Lyn on multiple tyrosine residues, including 
LMP2A ITAM, which forms a docking site for SH2 domain-containing kinases 
and signaling adaptor molecules (Beaufils et al. 1993; Burkhardt et al. 1992; 
Longnecker et al. 1991; Scholle et al. 1999). One such molecule is Syk kinase, 
which is recruited to phosphorylated Y74 and Y85 of the LMP2A. Upon bind-
ing to LMP2A, Syk then phosphorylates the other proteins in the proximity of 
LMP2A (Fotheringham et al. 2012; Hatton et al. 2013; Lu et al. 2006). This asso-
ciation and ensuing phosphorylation events lead to the activation of cells, calcium 
mobilization, and cytokine production (Fruehling et al. 1996, 1998; Rovedo and 

Fig. 3  LMP2A modifies cellular signaling pathways by recruiting their components to it specific 
motifs found in its N-terminal domain. Lyn and Syk kinases are recruited to the phosphorylated 
tyrosine residues where they are activated and then initiate activation of various pathways leading 
to cell proliferation, division, activation, survival, migration, and metastasis. It also recruits E3 
ubiquitin ligases such as Nedd4 to the PY motifs and initiates proteasomal degradation pathway 
to downregulate the levels of some of the recruited signaling molecules to fine-tune the cellular 
milieu to establish and maintain the viral latency
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Longnecker 2007). LMP2A also modifies T cell signaling in a similar way it mod-
ifies B cell signaling. When expressed in T cells, LMP2A also associates with the 
T cell-specific Src kinase Lck on phosphorylated Y112, in a very similar way it 
associates with Lyn in B cells, and initiates recruitment of Syk/ZAP70 to the phos-
phorylated ITAM (Ingham et al. 2005b).

LMP2A has two other ITAM-like motifs that recruit SH2 domain-containing 
signaling proteins (Fig. 2). The tyrosine residues within these motifs are phosphoryl-
ated by Lyn and Syk kinases after being recruited to LMP2A complexes (Beaufils 
et al. 1993). These ITAM-like motifs may also recruit, in addition to Src kinases, 
other kinases such as Btk (Fig. 3) and lead to their phosphorylation and activation 
(Merchant and Longnecker 2001). Another possible target of the activated Src fam-
ily tyrosine kinases is c-Abl, a seminal kinase in the B cell signaling pathway (Meyn 
et al. 2006). Therefore, LMP2A mimics B cell receptor signaling by recruiting 
immediate BCR signaling components Lyn and Syk kinases through which it initi-
ates activation of downstream signaling molecules such as Btk and c-Abl.

4.1.2  Proline-Rich Motifs

The N-terminal domain harbors 5 proline-rich regions, two of which conform to 
WW domain-binding proline-rich PY motifs (Fig. 2 and 3). The PY motifs have 
a consensus sequence of PPxY and strongly interact with WW domain-containing 
proteins, such as E3 ubiquitin ligases Nedd4, Nedd4-2/KIAA0439, AIP4/Itchy, 
Cbl, and WWP2 (Ikeda et al. 2000, 2002, 2003; Ingham et al. 2005a; Longnecker 
et al. 2000; Winberg et al. 2000). The recruited ubiquitin ligases can ubiquitinate 
proteins such as LMP2A and Lyn, initiating proteasomal degradation processes 
(Ikeda et al. 2000, 2003; Winberg et al. 2000).

The other 3 proline-rich regions within the N-terminal domain of LMP2A have 
a PxxP sequence and conform to the minimal SH3 domain-binding motif. The 
SH3 domains mediate protein–protein interaction by binding to the SH3-binding 
motifs with canonical PxxP consensus sequence (Nguyen et al. 1998). This inter-
action is phosphorylation independent and may lead to autophosphorylation of 
Src kinases leading to their activation, the initial event in the activation cascade 
of signaling pathways (Moarefi et al. 1997). Lyn, through its SH3 domain, might 
be initially recruited to one of these PxxP motifs resulting in Lyn activation (Cen 
et al. 2003). However, experimental data with GST-fused SH3 domains of Src, 
Lyn, Hck, Abl, or Grb2 did not firmly confirm a high-affinity association with the 
N-terminal domain of LMP2A (Longnecker et al. 2000). This indicates that the 
PxxP motifs within the N-terminal end of LMP2A may be of weak affinity or not 
interact with the SH3 domain-containing kinases or adaptor molecules. However, 
a weak or transient interaction of SH3 ligands with the SH3 domains of Src 
kinases is enough to induce their phosphorylation and activation (Moarefi et al. 
1997; Nguyen et al. 1998; Sicheri et al. 1997). A detailed analysis of general PxxP 
motifs reveals different binding motifs for the class I and class II SH3 domains 
with the RKxxPxxP and PxxPxR sequences, respectively. In addition to those in 
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the N-terminal domain, the C-terminal domain of LMP2A also has a predicted 
class II SH3-binding sequence (aa 489-494, RPPTPYR). This motif may recruit 
Src kinases including Lyn and Hck as shown for the interaction of Hck with HIV 
Nef protein (Alvarado et al. 2014; Moarefi et al. 1997) and of Lyn with Unc119 
(Cen et al. 2003). However, no experimental data have shown the importance of 
this C-terminal SH3 motif of LMP2A in the activation of Src kinases.

4.2  Transmembrane Domain

The LMP2A transmembrane domain consists of twelve alpha-helical transmem-
brane segments embedded in the membrane. This domain is essential for the mem-
brane localization of LMP2 proteins (Laux et al. 1988; Rowe et al. 1990; Sample 
et al. 1989). The transmembrane segments are located between amino acids 
120–470 with short alternating extracellular and cytoplasmic segments. Although 
these 12 transmembrane segments resemble those found in the membrane trans-
port molecules, no such function has been described for LMP2A. Truncation of 
LMP2A after the third transmembrane domain results in a protein that is diffusely 
located in the membrane (Lynch et al. 2002; Tomaszewski-Flick and Rowe 2007). 
Truncation after the sixth transmembrane domain results in LMP2A that has some 
characteristic staining as seen with wild-type LMP2A but also has some diffuse 
staining similar to the larger LMP2A truncation. The smaller truncation is still able 
to block BCR signaling (Lynch et al. 2002; Tomaszewski-Flick and Rowe 2007).

4.3  C-Terminal Cytoplasmic Domain

The C-terminal cytoplasmic domain has 27 amino acids, is palmitoylated, and 
mediates the self-association of LMP2 proteins (Laux et al. 1988; Rechsteiner 
et al. 2008a; Rovedo and Longnecker 2007; Rowe et al. 1990; Sample et al. 1989; 
Tomaszewski-Flick and Rowe 2007). The aggregation may occur as homodimers 
(LMP2A/LMP2A and LMP2B/LMP2B) or heterodimers of LMP2A and LMP2B 
(LMP2A/LMP2B). The aggregation of LMP2A with LMP2B may inhibit cellular 
signaling by the N-terminal domain of LMP2A. The expression of LMP2A with 
LMP2B can restore the calcium mobilization prevented by LMP2A and reverse 
the reduced Lyn level when only LMP2A is expressed (Matskova et al. 2001; 
Rovedo and Longnecker 2007). LMP2B was shown to negatively regulate LMP2A 
activity when these genes were expressed in the EBV-negative Burkitt lymphoma 
(BL) cell line BJAB. The inhibitory effect of LMP2A on signaling may require 
LMP2A aggregation, which may be modulated by the presence of LMP2A by 
limiting the formation of LMP2A homodimers. LMP2B colocalizes with LMP2A 
in the membrane, where the C termini of both variants can interact and regulate 
the activity of each other (Matskova et al. 2001; Rovedo and Longnecker 2007; 
Tomaszewski-Flick and Rowe 2007).
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5  Modification of Cellular Signaling Pathways

Expression of LMP2A in the cell alters developmental, survival, and apoptotic 
pathways through modification of cellular signaling cascades. LMP2A modifies 
cellular signaling through recruiting components of signaling pathways to the 
LMP2A ITAM and PY motifs within the LMP2A N-terminal domain (Fig. 3). 
This modification culminates in two differing outcomes:

1. Dominant-positive effect: By acting as a BCR mimic, LMP2A provides a con-
stitutive activation of a BCR-like signaling through the recruited Lyn and Syk 
kinases.

2. Dominant-negative effect: It deprives the BCR signaling complex of its compo-
nents, which it can accomplish in two different ways:

(a) Appropriation of the B cell signaling components, such as Lyn and Syk, 
from the BCR complex.

(b) Proteasomal degradation of the associated BCR signaling molecules 
through the ubiquitination and degradation by recruited E3 ubiquitin 
ligases.

These two differing functional outcomes of LMP2A interference are reflective of 
how LMP2A behaves when expressed in a relevant cell type. The LMP2A recruit-
ment of cellular kinases involved in the BCR signaling pathway can both provide 
an activating signal (the LMP2A complexes themselves) (Burkhardt et al. 1992; 
Caldwell et al. 1998; Lu et al. 2006; Merchant et al. 2000; Swanson-Mungerson 
et al. 2006) and inhibiting signal (Dykstra et al. 2001; Engels et al. 2001; Schaadt 
et al. 2005). When Lyn and Syk kinases are recruited to LMP2A, the kinases 
are phosphorylated and activated resulting in a signal that mimics a BCR signal 
(Fruehling et al. 1998; Ikeda et al. 2001; Merchant et al. 2000; Swart et al. 2000). 
While this leads to the activation of a BCR-like downstream signaling pathways, it 
is not physiologically needed for the cell since it is not a response to the environ-
mental stimuli such as antigens and as such LMP2A is acting as a constitutively 
active BCR.

By recruiting proteins that are normally activated by the BCR signaling path-
way, LMP2A deprives the BCR from its signaling components needed for func-
tional signaling. This deprivation leads to the absence or downregulation of 
antigen-induced cellular signaling (Fruehling et al. 1996) and the development of 
BCR-negative B cells in the periphery (Caldwell et al. 2000; Winberg et al. 2000). 
This is consistent with the notion that the LMP2A is a negative regulator of BCR 
signaling (Ikeda and Longnecker 2009). Similarly, when ectopically expressed in 
T cells, LMP2A recruits and downregulates the activity of Lck in T cells (Ingham 
et al. 2005b). In this sense, LMP2A functions as a “sponge” attracting signaling 
proteins resulting in the lack or inadequate signaling events that would otherwise 
be initiated through antigen binding. In this respect, LMP2A acts like a dominant-
negative BCR by scavenging the main BCR signaling components, such as Lyn 
and Syk kinases. This blocking effect of the LMP2A might provide the virus an 



166 O. Cen and R. Longnecker

opportunity to isolate the cells from its milieu and to secure viral persistence since 
cellular activation is usually associated with a shift from EBV latent infection to 
lytic infection.

The recruitment of E3 ubiquitin ligases via interaction with LMP2A PY 
motifs similarly modifies cellular signaling. The recruitment of ubiquitin ligases 
to LMP2A results in the ubiquitination of signaling components resulting in their 
degradation (Ikeda et al. 2003; Ikeda and Longnecker 2009). This degradation 
may be important in modulating LMP2A-mediated signaling as well as modifying 
normal signal transduction. From this perspective, recruitment of kinases, adaptor 
molecules, and ubiquitin ligases provides complementary checkpoints for continu-
ation of the viral latency: to prevent the induction of lytic phase to evade activation 
of the immune system and to provide the cell with a baseline survival signal that 
will enable the virus to continue its existence within the surviving cell.

The functional outcome of the LMP2A is accomplished through the recruited 
signal-activating kinases and protease-activating ubiquitin ligases. Another level 
of regulation is accomplished through C-terminal Src kinase (Csk), which is also 
recruited to LMP2A (Scholle et al. 1999). Csk is a negative regulator of Src family 
tyrosine kinase (Nada et al. 1993; Okada 2012; Young et al. 2001). The association 
of Csk with LMP2A results in Csk phosphorylation in the epithelial cells (Scholle 
et al. 1999). Normally, Csk phosphorylates the C-terminal regulatory tyrosine resi-
due of the Src family tyrosine kinases, which inhibits their activation. This trio 
interaction of LMP2A-Src-Csk provides another layer of regulation of LMP2A in 
modifying cellular signaling pathways.

Another important cellular signaling molecule activated through LMP2A 
expression is Ras likely by the colocalization of Ras with LMP2A in membrane 
microdomains (Portis and Longnecker 2004b). Ras is prenylated and palmi-
toylated, which localizes it to the membrane (Booden et al. 1999; Cuiffo and Ren 
2010; Porfiri et al. 1994). Increased Ras activity, either through mutations or by 
posttranslational modification, is observed in many human cancers. Its association 
with the membrane microdomains that also contain LMP2A in EBV-infected cells 
provides an environment similar to the antigen receptor activation (Booden et al. 
1999; Cadwallader et al. 1994; Cuiffo and Ren 2010; Nomura et al. 2004). The 
presence of kinases recruited to the LMP2A-containing microdomains may then 
activate Ras.

LMP2A signaling complexes culminate in activation of downstream signaling 
pathways such as Ras/Raf/MAP, PI3 K/Akt/mTOR, and NFkB pathways (Allen 
et al. 2005; Caldwell et al. 1998; Portis and Longnecker 2004b; Swart et al. 
2000). Furthermore, the activity of PI3 K/Akt/mTOR, PLCγ2, Abl, Crk, and Nck 
is increased with the LMP2A expression (Cheng et al. 2011; Engels et al. 2001; 
Shishido et al. 2001; Stewart et al. 2004). In transgenic mice expressing LMP2A 
in B cells, the increased activation of Ras, PI3 K, and Akt correlates with the 
increased expression of Bcl-xL (Portis and Longnecker 2004b). Pharmacological 
inhibition of these kinases increased apoptosis in these cells, indicating that 
the induction of cell survival by LMP2A is mediated through increased Ras, 
PI3 K/Atk, and Bcl-xL activity (Pan et al. 2008; Portis and Longnecker 2004b). 
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The full phosphorylation and activation of PI3 K/Akt by LMP2A is mediated at 
least in part by the scaffolding protein Shb, which is recruited to the phosphoryl-
ated LMP2A (Matskova et al. 2007). The endocytic adaptor protein ITSN1 is also 
recruited to the LMP2A complex probably through Shb. Shb binds to phosphoryl-
ated tyrosine residues of LMP2A and binds to SH3 domain of ITSN1 making at 
least a triple complex (Dergai et al. 2013). Syk kinase is recruited to the complex, 
which then phosphorylates both Sbh and ITSN1. Shb requires, in addition to Syk, 
Lyn for full phosphorylation (Dergai et al. 2013).

The LMP2A N-terminal domain is predicted to have motifs targeted for the 
phosphorylation by serine/threonine kinases (Anderson and Longnecker 2008a; 
Panousis and Rowe 1997). LMP2A is phosphorylated on S15 and S102 by Erk1 
(Panousis and Rowe 1997). In addition, LMP2A upregulates UDP glucose dehy-
drogenase activation through PI3 K/Akt and Erk pathways in EBV-positive naso-
pharyngeal carcinoma (NPC) (Pan et al. 2008). LMP2A expression also leads 
to phosphorylation, activation, and stability of c-Jun transcription factor possi-
bly through Erk activation (Chen et al. 2002). The activation of Erk by LMP2A 
also leads to increased invasiveness of these cells (Chen et al. 2002). Another 
downstream target gene regulated by LMP2A is EGR1, which is activated by 
LMP2A- and BCR-induced viral replication (Vockerodt et al. 2013). Suppression 
of EGR1 prevents BCR-induced LMP2A-driven viral replication in malignant 
Hodgkin/Reed–Sternberg (HRS) cells (Vockerodt et al. 2013). In Myc-induced 
lymphoma, EGR1 expression is upregulated by LMP2A, but it is not required for 
maintenance of the tumor growth or survival (Bieging et al. 2011).

In gene expression analysis, LMP2A has shown to alter a vast array of host 
genes in non-tumor cells. The B cell-specific genes such as E2A, EBF, and Pax-5 
genes as well as c-Kit, Notch, Wnt, NFkB, TNF-a, TGF-b, apoptosis, and inte-
grin pathways have been significantly altered (Anderson and Longnecker 2008b, 
2009; Portis and Longnecker 2003, 2004a; Shair and Raab-Traub 2012; Stewart 
et al. 2004; Strobl et al. 2000). Interestingly, in a tumor model dependent on the 
expression of Myc and LMP2A, there is not a dramatic difference in cellular gene 
expression which may indicate that the contribution of LMP2A in tumorigenesis 
may be transient and may not be needed for tumor maintenance (Bieging et al. 
2009, 2011).

6  Functions of LMP2 Proteins

The modulation of cellular signaling pathways exerts various functional outcomes 
such as increased cell survival, activation, proliferation, migration, and trans-
formation. For example, the recruitment of Syk kinase is essential in LMP2A-
induced epithelial cell transformation (Fotheringham et al. 2012; Lu et al. 2006). 
LMP2A ITAM mutants or inhibition of Syk abrogated the transforming feature 
of the LMP2A in these cells (Fukuda and Kawaguchi 2014). In non-transformed 
epithelial cells, expression of LMP2A increases the stem-like cell population with 
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high transformation ability (Nakaya et al. 2013). The activation of Syk kinase 
through LMP2A expression induces epithelial cell migration, which is inhibited 
with Syk-specific inhibitors or Syk-specific siRNA (Lu et al. 2006). Expression 
of LMP2A and LMP2B in epithelial cells also promotes cell spreading through 
activation of integrin. LMP2A enhances the global tyrosine phosphorylation in 
response to adhesion in epithelial cells (Allen et al. 2005).

In lymphoblastoid cell lines, LMP2A interferes with the EBV activation of 
lytic replication by blocking the activation of protein tyrosine kinases (Miller 
et al. 1994b, 1995). This may allow persistence of EBV in latently infected B 
cells (Portis et al. 2002). Indeed, LMP2A is expressed in EBV-infected tonsil-
lar memory B cells (Babcock et al. 2000; Babcock and Thorley-Lawson 2000). 
LMP2B as well as LMP2A expression promotes spread and motility of epithelial 
cells (Allen et al. 2005). These observations suggest a central role for LMP2A to 
maintain EBV latency within the infected cell and that LMP2B, despite lacking 
the N-terminal domain, still can modify functional cellular signaling pathways.

LMP2A expression in BL cells prevents BCR-induced lytic viral replication 
by downregulating the expression of immediate early lytic viral gene BZLF1 and 
late lytic viral gene gp350/220. In EBV-positive BL Akata cells, silencing LMP2A 
increased the lytic replication of the virus (Rechsteiner et al. 2007). However, the 
coexpression of LMP2A and LMP2B abrogated this effect of LMP2A and result-
ing in increased lytic viral replication (Rechsteiner et al. 2008a). This indicates 
that the LMP2B counteracts the role of LMP2A in establishing and maintaining 
viral latency (Rechsteiner et al. 2008b). This notion is further supported by the 
recent data showing sequestration of LMP2 transcripts in the nucleus after induc-
tion of lytic EBV replication (Concha et al. 2012). Similarly, the expression of 
LMP2B along with the LMP2A in BJAB cells restored the LMP2A-inhibited cal-
cium mobilization and phosphorylation of Lyn kinase (Rovedo and Longnecker 
2007).

The activation of the cellular kinases is therefore a mechanism by which EBV 
LMP2A plays a role in tumor development. LMP2A transgenic mice, in which 
LMP2A expression is directed to B cells, do not have increased tumor incidence, 
but when crossed with Myc transgenic mice, splenomegaly at early age and an 
acceleration of Myc-induced lymphoma development are observed (Bultema et al. 
2009; Caldwell et al. 1998). LMP2A expression in B cells leads to the bypass of 
the B cell developmental checkpoints and the escape of immature B cells into 
periphery (Caldwell et al. 1998, 2000). With these seemingly opposing effects, 
providing constitutive baseline activation for survival but prevention of viral acti-
vation, LMP2A prevents activation of anti-EBV immunity and provides an envi-
ronment for viral persistence.

Constitutive ectopic expression of LMP2A in BL lymphoblasts blocks the sig-
nal transduction events initiated through cross-linking of surface receptors such 
as BCR, CD19, or class II MHC (Miller et al. 1993, 1994a, b). This blockade is 
similar to the desensitization that occurs after BCR signal transduction (Buhl and 
Cambier 1997; Cambier et al. 1993). Mutant LMP2A unable to associate with Lyn 
and Syk does not block signal transduction (Fruehling et al. 1996; Fruehling and 
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Longnecker 1997; Fruehling et al. 1998). This inhibition/desensitization may be 
due to three or combination of three different mechanisms:

(a) Degradation of signaling proteins through ubiquitination.
(b) Receptor endocytosis after ligand–receptor interaction.
(c) Relocalization of signaling molecules after initiation of signaling cascades 

and rearrangement of these molecules within the lipid rafts (Longnecker et al. 
2013).

LMP2A may deplete the cell of essential signaling kinases such as Lyn and Syk by 
their degradation through ubiquitination, induction of desensitization, or depletion 
of kinases in the lipid rafts. All of these three mechanisms will lead to the absence 
or decreased amount of Lyn and Syk recruited to the BCR (Dykstra et al. 2001). In 
addition, the baseline phosphorylation of B cell signaling molecules, including Lyn, 
Syk, and the p85 subunit of PI3 K, is higher in lymphoblastoid cell lines (LCLs) 
transformed by recombinant EBV expressing wild-type LMP2A compared to the 
LCLs transformed with the recombinant EBV lacking LMP2A (Miller et al. 1994a, 
1995). Furthermore, cross-linking of B cell receptor on LCLs transformed with the 
wild-type EBV abrogated phosphorylation of Src family and Syk kinases phospho-
rylation, while cross-linking B cell receptor on LCLs transfected with EBV with 
null-mutant LMP2A induced phosphorylation of Lyn, Fyn, Syk, p85, Vav, PLC-
γ, Shc, and Grb2 (Miller et al. 1995). Consistent with the desensitization model, 
the N-terminal domain of LMP2A fused to CD8 results in a transiently increased 
intracellular Ca2+ (Beaufils et al. 1993). Cross-linking of BCR on primary B 
lymphocytes transformed by LMP2 null-mutant recombinants results in normal 
BCR-mediated signal transduction and activation of EBV replication (Miller et al. 
1994b). Furthermore, activating protein kinase C (PKC) and raising intracellular 
free calcium with phorbol ester and calcium ionophore treatment can break the 
LMP2A block on the lytic replication (Miller et al. 1994b; Schaadt et al. 2005).

Another role for LMP2A is to provide survival and differentiation signals to B 
cells. LMP2A expression in transgenic mice under the control of the IgH promoter 
and enhancer (Eμ) leads to the presence of BCR-negative B cells in the periphery 
indicating the bypass of important B cell developmental checkpoints (Anderson and 
Longnecker 2008a; Caldwell et al. 1998, 2000; Rovedo and Longnecker 2008). Thus, 
LMP2A can mediate sufficient constitutive forward signaling to alter normal B cell 
survival. This forward activating signaling through LMP2A is also observed in RAG 
1(–/–) mice, and it depends on the activation of Syk, Btk, and BLNK through ITAM 
in the N-terminal end of LMP2A (Engels et al. 2001; Merchant et al. 2000; Merchant 
and Longnecker 2001). Thus, LMP2A expression could have a role in latency type 
2-infected lymphocytes in enhancing B cell survival through activation of Ras, PI3K, 
and Akt (Fukuda and Longnecker 2005; Portis and Longnecker 2004b). LMP2A can 
block LMP1 expression and indirectly inhibit the expression of IL-6 through inhibit-
ing the JAK–STAT pathway (Stewart et al. 2004), indicating LMP2A’s ability to alter 
cytokine signaling by interfering with the JAK–STAT pathway.

A recent finding indicates that LMP2A can also alter cell cycle by interfering 
with the function of p27. The level of p27 is decreased in Myc-induced lymphoma 
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cells expressing LMP2A (Fish et al. 2014). The precise mechanism LMP2A uti-
lizes to decrease p27 is not known, but it is possible that the p27 is degraded 
through the activation of proteasomal pathway through recruited ubiquitin ligases.

The levels of LMP2A protein can also alter BCR signaling resulting in differ-
ent developmental outcomes for B cells. Transgenic mice with high-level LMP2A 
expression have B-1 cells in bone marrow, spleen, and periphery, whereas low-
level LMP2A expression results in spontaneous germinal centers (Casola et al. 
2004; Ikeda et al. 2004). Also, the level of LMP2A expression is partially regu-
lated by N-terminal monoubiquitination (Ikeda et al. 2002). In murine models of 
BL, LMP2A has been shown to dramatically accelerate disease, and this is in part 
due to bypassing the requirement of mutation of the p53 pathway (Bieging et al. 
2009; Bultema et al. 2009). Remarkably, tumors derived from LMP2A/Myc mice 
share a similar pattern of gene expression with Myc tumors derived from trans-
genic mice despite the absence of p53 pathway mutations in the LMP2A/Myc 
mice (Bieging et al. 2009).

LMP2A’s constitutive forward signaling can also be important in the pathogen-
esis of cancers such as Hodgkin’s lymphoma and NPC. LMP2A expression during 
B cell development in mice results in decreased expression transcription factors 
important for B cell development, such as E2A, EBF, and Pax-5 (Portis et al. 
2003; Portis and Longnecker 2003, 2004a, b). In addition, LMP2A, by activat-
ing Notch signaling, may alter B cell identity (Anderson and Longnecker 2009). 
LMP2A expression in epithelial cell lines results in hyperproliferation in raft cul-
tures, alterations in differentiation, and increased cloning efficiency in soft agar 
and promotes epithelial cell spreading and migration (Kong et al. 2010; Lu et al. 
2006; Scholle et al. 1999, 2000, 2001). AKT activation increases beta-catenin 
and cell growth through the LMP2A ITAM and PY motifs (Morrison et al. 2003; 
Morrison and Raab-Traub 2005; Pegtel et al. 2004, 2005). LMP2A has also been 
shown to activate the human endogenous retrovirus HERV-K18 in infected B cells, 
which encodes a superantigen that strongly stimulates T cells (Hsiao et al. 2006, 
2009).

It is worth to notice that LMP2A has an important role in the development of 
malignant BCR-negative B cells such as HRS cells in Hodgkin’s lymphoma by 
providing a survival signal and preventing the default apoptotic pathway in cells 
with faulty somatic hypermutation that would otherwise undergo apoptosis. The 
LMP2A-provided survival and proliferation will rescue the “crippled” germinal 
center B cells (Mancao et al. 2005) and may lead to the accumulation of secondary 
mutations that will provide a ground for the development of malignancy.

7  Expression in Malignancies

LMP2 isoforms are expressed in various types of EBV infection. In particu-
lar, type-2 and type-3 latent infections show a high-expression level of LMP2A 
(Longnecker et al. 2013; Ocheni and Oyekunle 2010). LMP2A is expressed in 
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EBV-immortalized LCLs and is also expressed in Hodgkin’s and non-Hodgkin’s 
lymphomas as well as in various lymphoproliferative malignancies (Longnecker 
et al. 2013). LMP2A is expressed in BL samples (Bell et al. 2006; Tao et al. 1998; 
Xue et al. 2002). However, the expression of LMP2 may be underappreciated as 
exemplified by recent discovery of novel LMP2 transcripts, such as LMP2-TR and 
alternatively spliced isoforms (Concha et al. 2012; Fox et al. 2010). The stand-
ard detection probes (primers and antibodies) are directed to detect only LMP2A 
or LMP2B but not other possible isoforms. LMP2A is also expressed in a high 
percent of lymphoproliferative disorders (LPDs) (Qu et al. 2000; Yoshioka et al. 
2001). Furthermore, LMP2A is expressed in non-lymphoid EBV-associated car-
cinoma such as in NPCs and gastric carcinoma (Han et al. 2012; Luo et al. 2005; 
Tanaka et al. 1999). The LMP2A gene in these cancers has various polymor-
phisms, but the ITAM and PY motifs are well conserved indicating their func-
tional importance in the biology of EBV infections (Han et al. 2012). Another type 
of malignancies that have been shown to express LMP2 transcripts is the EBV-
positive T/NKT tumors, even though the T cells and NKT cells are not traditional 
host cells for EBV infection (Fox et al. 2010).

8  Targeting for Therapeutic Purposes

With its role in the modification of cellular signaling pathways, LMP2A may 
provide an attractive therapeutic target for the treatment of EBV-associated can-
cers. Three different approaches may be applied to target LMP2A for therapeutic 
purposes:

1. Harnessing the LMP2-specific immune response
2. Targeting the expression of LMP2
3. Targeting the cellular signaling pathways activated by LMP2A

LMP2A has antigenic properties, which may be harnessed for induction of spe-
cific immune response. It may be used to load dendritic cells for induction of 
LMP2A-specific CD8 T cell-dependent immunity. LMP2-TR but not LMP2A or 
LMP2B has been shown to be expressed in EBV-positive NK and NKT cell lym-
phoma. Interestingly, there was a strong LMP2-specific CD8 T response to these 
tumors in the absence of apparent LMP2A or LMP2B expression, indicating that 
LMP2 has immune eliciting antigenic properties in parts other than its N-terminal 
domain (Fox et al. 2010). Even though not predicted to be highly antigenic, the 
transmembrane segments of LMP2A have been found to be recognized by CD8 
T cells (Hislop et al. 2007). These indicate that LMP2A expression can be used to 
develop strategies aiming to boost specific cytotoxic CD8 T cell response.

Targeting the expression of LMP2 may provide another alternative approach 
for therapeutic strategies. For example, it can be targeted for knockdown through 
miRNAs. However, this approach may or may not be effective enough as knocking 
out the LMP2A completely may not be feasible through miRNAs.
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Targeting LMP2A-modified cellular signaling molecules has been shown to be 
effective in prevention of LMP2A-expressing murine lymphoma development in 
preclinical in vivo models (Cen and Longnecker 2011; Dargart et al. 2012; Moody 
et al. 2005). For example, dasatinib, a specific inhibitor of BCR-Abl, c-Kit, and 
Lyn kinases, and rapamycin, an mTOR inhibitor, are very effective in inhibit-
ing LMP2A-associated lymphoma development and splenomegaly (Cen and 
Longnecker 2011; Dargart et al. 2012; Moody et al. 2005). Similarly, the specific 
Syk kinase inhibitors fostamatinib and TAK-659 have shown superior therapeutic 
effect in PTLD cells and LMP2A positive lymphoma tumors (Hatton et al. 2013)

9  Summary, Conclusion, and Outlook

EBV is a ubiquitous human pathogen that has been well adapted to the human 
host. This successful adaption requires viral strategies that neither kill the host 
cells nor induce a robust immune response that may clear the virus. One of the 
genes that help the virus to accomplish this viral strategy is LMP2A, a virally 
encoded membrane protein. On the one hand, LMP2A induces a cellular signaling 
pathway similar to that of B cells, driving B cells into proliferation and activa-
tion state providing a milieu for viral replication. On the other hand, it activates 
ubiquitination-dependent proteasomal degradation of cellular proteins. These two 
counterbalancing activities help the virus stay latent without inducing an effective 
immune response. This is the success of the virus to stay in the host without being 
cleared by the immune system. Therefore, developing strategies to either target 
cellular kinases/proteins modulated by LMP2A (Table 3) or boost immune system 
against LMP2 proteins will be viable approaches for the development of therapeu-
tic strategies for EBV-positive malignancies. Yet, antigenic properties of LMP2 
may also be exploited for the development of LMP2-specific vaccines.

Table 3  Cellular proteins/
kinases modulated by 
LMP2A

Group Kinase/protein

Tyrosine kinases Lyn, Fyn, Lck, Syk, Btk, Csk

Lipid kinases PI3K, PLCγ

S/T kinases Akt, mTOR, Erk1/2

Adaptors BLNK, Shb

Transcription factors NFkB, Notch

GTPase Ras

Ubiquitin ligases Nedd4, Cbl

Cell cycle regulators P27

Apoptosis Bcl-2, Bcl-xL
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Abstract EBV expresses a number of viral noncoding RNAs (ncRNAs) during  
latent infection, many of which have known regulatory functions and can post-
transcriptionally regulate viral and/or cellular gene expression. With recent 
advances in RNA sequencing technologies, the list of identified EBV ncRNAs 
continues to grow. EBV-encoded RNAs (EBERs), the BamHI-A rightward tran-
scripts (BARTs), a small nucleolar RNA (snoRNA), and viral microRNAs (miR-
NAs) are all expressed during EBV infection in a variety of cell types and tumors. 
Recently, additional novel EBV ncRNAs have been identified. Viral miRNAs, in 
particular, have been under extensive investigation since their initial identifica-
tion over ten years ago. High-throughput studies to capture miRNA targets have 
revealed a number of miRNA-regulated viral and cellular transcripts that tie 
into important biological networks. Functions for many EBV ncRNAs are still 
unknown; however, roles for many EBV miRNAs in latency and in tumorigenesis 
have begun to emerge. Ongoing mechanistic studies to elucidate the functions of 
EBV ncRNAs should unravel additional roles for ncRNAs in the viral life cycle. 
In this chapter, we will discuss our current knowledge of the types of ncRNAs 
expressed by EBV, their potential roles in viral latency, and their potential involve-
ment in viral pathogenesis.
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1  Introduction

Latent EBV infection is causally linked to a variety of lymphoid and epi-
thelial malignancies in vivo including Burkitt’s lymphoma (BL), Hodgkin’s 
lymphoma(HL) and non-Hodgkin’s lymphoma (NHL), rare NK and T cell lym-
phomas, nasopharyngeal carcinoma (NPC), and a subset of gastric carcinomas 
(GC). Over 80 protein-coding open reading frames (ORFs) have been identi-
fied within the EBV genome as well as ~30 different ncRNAs (Fig. 1). The EBV 
transcriptome is complex and consists of many alternatively spliced transcripts 
which yield various gene products. During latency, only a subset of viral genes 
is expressed. At least three distinct latency programs have been described for 
EBV, which are characterized by different patterns of coding and noncoding viral 
gene expression. During latency III, which occurs in vivo predominantly in the 
context of immunosuppression, such as in AIDS-associated NHL and in post-
transplant lymphoproliferative disease (PTLD), as well as in B cells infected in 
vitro, nine latent viral genes and all EBV ncRNAs described to date are expressed. 
Interestingly, the majority of EBV ncRNAs are also expressed in the other latency 
stages, while EBV protein expression is more limited, suggesting that ongo-
ing EBV ncRNA expression contributes to the maintenance of viral latency. In 
latency II, commonly observed in EBV+ NPCs, in EBV+ HL, and in EBV+ pri-
mary effusion lymphoma (PEL) cells that are co-infected with another herpesvi-
rus, Kaposi’s sarcoma-associated herpesvirus (KSHV), the episomal maintenance 
protein EBV nuclear antigen 1 (EBNA-1), three latent membrane proteins (LMP1, 
LMP2A, and LMP2B), and abundant levels of Epstein-Barr virus-encoded RNAs 
(EBERs), BamHI-A rightward transcripts (BARTs), and BART microRNAs (miR-
NAs) are expressed. In the most restricted stage of latency, latency I, which is the 
characteristic of BL, only the EBNA-1 protein is expressed, while low levels of 
BART miRNAs are also detectable.

Exact functions for many EBV ncRNAs remain unknown; however, many stud-
ies suggest that a number of EBV ncRNAs—particularly viral miRNAs—may 
contribute to the establishment and persistence of viral latency, EBV-driven B cell 
immortalization in vitro, and potentially, the development of cancer in vivo. Here, 
we discuss the types of ncRNAs expressed by EBV and their known functions.

> >>
P1P2

BHRF1
> > >

Cp Wp Qp

EBERs
EBNA-LP,  2

1-1 1-2 1-3
BHRF1 miRs

v-snoRNA1
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Fig. 1  Genomic origin of latent EBV transcripts, including EBV noncoding RNAs (shaded). 
The noncoding RNAs include the EBERs, miRNAs, BART transcripts, and an EBV snoRNA. 
The 25 EBV precursor miRNAs are clustered in the BHRF1 and BART regions of the genome
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2  Epstein-Barr Virus-Encoded RNAs (EBERs)

The EBERs (EBER1 and EBER2), separated by ~160 nt in the EBV genome, are 
expressed individually as non-polyadenylated RNA polymerase III transcripts that 
remain stable within the nucleus of EBV-infected cells. Both EBER1 and EBER2 
contain intragenic A and B box transcriptional control elements that are charac-
teristic of many RNA pol-III transcripts; upstream Sp1 and ATF binding sites as 
well as TATA-like sequences are necessary for efficient transcription (Howe and 
Shu 1989). The EBER transcripts are highly abundant and expressed between one 
to five million copies per cell (Lerner et al. 1981), making them the most abun-
dant viral RNA species present in presumably all EBV-infected cell types. Due to 
their high expression levels, the EBERs are often utilized as in situ biomarkers for 
EBV infection in clinical samples. Their presence in virtually all EBV-associated 
tumors makes the EBERs potential therapeutic targets for EBV-associated cancers.

Exact function(s) of the EBERs remain both controversial and obscure. Despite 
their prevalence in all EBV-infected cells, tumors, and other clinical samples, their 
biological roles, particularly in vivo, are poorly understood. Since the initial iden-
tification of EBERs nearly thirty-five years ago, studies from a number of groups 
have provided conflicting results as to their activities in B cells and epithelial cells 
during EBV infection. Recombinant Akata-derived viruses in which the EBERs 
are mutationally inactivated exhibit an ~100-fold decrease in their ability to induce 
LCL outgrowth compared to wild-type virus, a phenotype which may or may not 
be specific to EBER2 (Yajima et al. 2005; Wu et al. 2007; Gregorovic et al. 2011). 
The role of the EBERs in lymphomagenesis has also been tested in vivo. EBER1-
expressing transgenic mice develop lymphoid hyperplasia, some of which progress 
to B cell lymphomas (Repellin et al. 2010). Contradicting these results, deletion 
of the EBERs in the B95-8 background had no measurable effect on human B cell 
transformation efficiency or LCL growth rates in vitro (Swaminathan et al. 1991). 
The inconsistencies in reported EBER-associated phenotypes are possibly due 
to the differences in EBV strains utilized; EBER-related phenotypic effects have 
been observed for Akata-derived viruses, which contain additional viral transcripts 
and miRNAs that are absent from the EBV B95-8 (utilized by Gregorovic et al. 
2011) and P3HR1 strains (utilized by Swaminathan et al. 1991). Regardless, all of 
these results have suggested that EBERs are not essential for, but likely contribute 
to, B cell transformation and the establishment and maintenance of latency.

The EBERs were also shown to be dispensable for lytic replication 
(Swaminathan et al. 1991), suggesting that they exert their functions primar-
ily during latency. Furthermore, deletion of EBER1 or EBER2 individually in 
EBV B95-8 correlates with specific gene expression changes in LCLs. Among 
EBER dependent, differentially expressed genes were genes with functional roles 
in membrane signaling, the regulation of apoptosis, and interferon responses 
(Gregorovic et al. 2011). Consistent with these data, the EBERs can protect EBV-
infected BL cells from interferon alpha-induced apoptosis (Ruf et al. 2005; Nanbo 
et al. 2002).
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Further insight into EBER function may come from the unique secondary 
structures adopted by these two RNAs, which can facilitate interactions with host 
proteins. EBER1 (167 nt) and EBER2 (172 nt) adopt well-defined, evolutionar-
ily conserved RNA secondary structures consisting of multiple stem-loop domains 
and have an uncapped 5′ tri-phosphate and a 3′ polyuridylate region that are char-
acteristics of RNA pol-III transcripts (Fig. 2a). The 3′ stretch of U nucleotides is 
thought to facilitate interactions with cellular factors. A number of cellular pro-
teins are known to interact with the EBERs to form ribonucleoprotein complexes. 
Both EBERs have been shown to bind the auto-antigen La (Lerner et al. 1981), a 
nuclear phosphoprotein that is known to bind many RNA pol-III transcripts, and 
the retinoic acid-inducible gene I (RIG-I) protein (Samanta et al. 2006), a detector 
of double-stranded RNAs and activator of type I interferon signaling. EBER2 may 
provide additional structured RNA elements for binding to other as yet undefined 
host factors. Indeed, new studies demonstrate interactions between EBER2, the 
EBV terminal repeats, and the B cell transcription factor PAX5 which can mediate 
LMP expression (Lee et al. 2015).

EBER1 can bind human ribosomal protein L22, which results in the relocaliza-
tion of L22 from the cytoplasm to the nucleoplasm (Fok et al. 2006b; Toczyski 
et al. 1994). EBER1 also binds host hnRNPs (A1, A2/B1, and AUF1/D) (Lee et al. 
2012). AUF1 (AU-rich element (ARE) binding factor 1) interactions with ARE-
containing mRNAs usually result in enhanced mRNA destabilization and decay 
(reviewed in White et al. 2013). High levels of EBER1 can interfere with AUF1 
binding to ARE-rich mRNAs, and ~15 % of the transcripts that are down-regulated 

v-snoRNA1
5’-UCCCG  AUGAUGA  UGACAACCGCGGCUGU  CUGA  AGCGG  CUGACGA  AAUCGGUUGAGAUU  CUGA  UGA-3’
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Fig. 2  Structural features of select EBV ncRNAs. a EBER1 structure. SL indicates the four 
major “stem-loops.” b Predicted folding structure of the precursor miRNA for miR-BHRF1-2; 
highlighted are the mature miRNAs derived from the 5p and 3p arms of the pre-miRNA with 
their underlined seed sequences that mediate initial interactions between RISC and target 
mRNAs. C v-snoRNA1 sequence with outlined canonical C/D boxes
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upon deletion of EBER1 contain AREs, suggesting that EBER1 may contribute to 
the stability of these mRNAs (Lee et al. 2012; Gregorovic et al. 2011).

The EBERs are similar in size and structure to two well-characterized adenovi-
ral small ncRNAs, termed VAI and VAII, which are essential for adenovirus rep-
lication and have been shown to inhibit PKR-mediated shutdown of translation. 
Intriguingly, the EBERs can functionally substitute for VAI/II and partly rescue 
replication of adenoviruses lacking VAI/II (Bhat and Thimmappaya 1983). EBERs 
have been reported to interact with the normally cytoplasmic PKR protein in vitro 
(Clarke et al. 1991); however, given their nuclear localization and the lack of an 
effect on PKR phosphorylation in EBV-infected BL cells (Ruf et al. 2005), such 
interactions seem unlikely to occur in vivo.

Both VAI and VAII are processed by Dicer into functional miRNAs (Furuse et al. 
2013; Andersson et al. 2005; Aparicio et al. 2006; Lu and Cullen 2004), which has 
raised the question of whether the EBERs might also undergo miRNA process-
ing. Small RNAs mapping to the EBERs have been reported in a number of small 
RNA sequencing experiments (Lung et al. 2009; Skalsky et al. 2012, 2014; Riley 
et al. 2012). Some of these EBER-derived RNA fragments are associated with RISC 
(Riley et al. 2012; Skalsky et al. 2012, 2014); however, current evidence argues 
against these EBER-derived RNA fragments as bona fide miRNAs. EBER fragments 
lack the precise 5′ end and specific length that is characteristic of miRNAs (Skalsky 
et al. 2014). Both EBERs are confined to the nucleus (Fok et al. 2006a) and therefore 
lack access to miRNA biogenesis machinery, namely Dicer, in the cytoplasm. Lastly, 
in vitro experiments have revealed that EBER1 is resistant to Dicer cleavage (Sano 
et al. 2006). A more likely explanation for the observed RISC-associated EBER frag-
ments is that these small RNAs arise from EBER RNA breakdown products.

3  BamHI-A Rightward Transcripts (BARTs)

The BARTs represent another abundant, stable viral RNA species present in all 
infected cell types. The BARTs were originally identified in the C15 NPC xen-
ograft tumor that is serially propagated in nude mice (Gilligan et al. 1990; Hitt 
et al. 1989). The transcripts were readily detectable by Northern blot in a number 
of NPC cell lines and patient biopsies (Gilligan et al. 1991) and found to arise 
from regions antisense to several lytic genes, including BALF5 (Karran et al. 
1992). Additional studies have revealed that the BARTs are detectable during lytic 
infection and latent infection, in the peripheral blood of EBV-infected individu-
als, in B and T cell lymphomas, in B cell lines infected in vitro, and in epithelial 
carcinomas, especially NPCs (Edwards et al. 2008; Al-Mozaini et al. 2009; Chen 
et al. 2005). Interestingly, the B95-8 laboratory strain of EBV bears a deletion that 
removes almost the entire BART region in EBV yet B95-8 fully retains the ability 
to immortalize primary B cells in culture, arguing that the BARTs are dispensa-
ble for B cell transformation (Robertson et al. 1994). While the level of BART 
transcripts can vary dramatically between cell types, BARTs are consistently 
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highly abundant in latency II NPCs (Marquitz and Raab-Traub 2012) and thus are 
thought to play a contributing role in NPC pathogenesis.

The BARTs are a complex family of alternatively spliced, polyadenylated 
RNAs that remain stable in the nucleus following processing of longer pri-
mary transcript(s). The entire BART locus is ~20 kbp and includes seven exons; 
all BARTs contain exon VII and therefore share the same 3′ end (reviewed in 
Marquitz and Raab-Traub 2012). Two TATA-less promoters, P1 and P2 (Fig. 1), 
located ~400 nt upstream of BART exon 1 are responsible for BART mRNA tran-
scription (Chen et al. 2005). These promoters can be regulated by a number of 
transcription factors. P1 is upregulated by Jun family members, which can bind 
to a consensus AP-1 site directly upstream of P1, and is suppressed by IRF-5 
and IRF-7, which bind an IRF site following their induction by type I interferon 
(Chen et al. 2005). P2 contains putative binding sites for c-Myc and C/EBP family 
members, and it has been suggested that high levels of C/EBP proteins in NPCs 
may contribute to the high levels of BARTs detectable in these tumors (Chen 
et al. 2005). Epigenetic mechanisms, including methylation of the P2 region, 
further regulate BART transcription, and levels of the BART miRNAs that arise 
from the first four BART introns (see Sect. 6) have been shown to correlate with 
the level of promoter methylation. BL cell lines express comparatively low lev-
els of BART miRNAs and exhibit high BART promoter methylation, while LCLs 
express higher levels of BART miRNAs and lower promoter methylation (Kim do 
et al. 2011). Consistent with these observations, treatment of EBV-infected B cells 
with a DNA methyltransferase inhibitor leads to the induction of BART miRNA 
expression (Kim do et al. 2011). The BART promoter region in NPC tumors and 
cell lines is reportedly hypomethylated (Al-Mozaini et al. 2009; de Jesus et al. 
2003), which may further explain the abundance of BARTs in NPCs.

The protein-coding potential of the BARTs remains controversial. Several 
ORFs have been suggested for the BARTs including BARF0, RK-BARF0, 
RPMS1, and A73 (Gilligan et al. 1990; Smith et al. 2000). Exon VII contains a 
small, putative ORF predicted to encode a 174 amino acid protein called BARF0 
(BamH1 A rightward frame 0). An alternatively spliced transcript encompass-
ing exon V and exon VII was predicted to encode a larger, 279 aa protein termed 
RK-BARF0 (Kienzle et al. 1999). BARF0, generated via in vitro translation, 
could be detected by Western blot using serum from NPC patients, which ini-
tially suggested that NPC patients might produce antibodies to BARF0 (Gilligan 
et al. 1991). Contradicting these results, BL cells expressing a BARF0 recombi-
nant protein failed to elicit a cytotoxic T cell (CTL) response when using CTLs 
from EBV-seropositive patients (Kienzle et al. 1998). Additional experiments 
have been inconsistent in providing firm evidence for the existence of BARF0 
and RK-BARF0 protein products. Antibodies raised against BARF0 peptides can 
detect in vitro generated BARF0 and RK-BARF0; however, these antibodies also 
cross-react with cellular HLA-DR in EBV-negative cells (reviewed in Marquitz 
and Raab-Traub 2012). Recombinant proteins RPMS1 and A73, and 103 aa and 
126 aa, respectively, can be artificially expressed in Escherichia coli from spliced 
BART exons (Smith et al. 2000). Binding assays and yeast two-hybrid screens 
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with these recombinant proteins indicate interactions with cellular proteins such as 
RBP-Jk/CBF1 for RPMS1 and the calcium-regulator RACK1 for A73 (Smith et al. 
2000; Zhang et al. 2001); such interactions have not been confirmed in the context 
of infection.

Despite the ability to experimentally generate recombinant BART-origin pro-
teins in vitro as well as observe phenotypes associated with their expression in 
tissue culture (reviewed in Marquitz and Raab-Traub 2012), no BART protein 
products have been detected in naturally infected cells in vivo to date (Smith et al. 
2000; Al-Mozaini et al. 2009) and it remains unclear whether any of the predicted 
BART ORFs are indeed translated. Given the predominant nuclear localization of 
the BARTs and lack of clear evidence for BART protein products, it is possible 
that the BARTs represent noncoding regulatory RNAs that function similar to cel-
lular long ncRNAs (lncRNAs) to regulate viral and/or cellular gene expression. A 
major role for the intronic regions of these transcripts may also be to produce the 
viral BART miRNAs (Sect. 6). While the function of BART transcripts therefore 
remains undefined, they are indisputably abundant in EBV epithelial tumors and 
therefore thought to be a contributing factor in NPC pathogenesis.

4  Viral snoRNA1

Small nucleolar RNAs (snoRNAs) are ~60–200-nt stable, noncoding RNAs that 
localize to the nucleolus, a sub-nuclear compartment, and form snoRNA:protein 
complexes (snoRNPs) that guide the chemical modifications of other RNAs. 
EBV encodes a single, ~65-nt canonical box C/D snoRNA (Fig. 2c), termed 
v-snoRNA1, that is located within the BART region, ~100 bp downstream of 
miR-BART2 (Fig. 1), and is detectable by Northern blot in latently infected B cell 
lines (Hutzinger et al. 2009). V-snoRNA1 binds canonical core ribonucleoproteins 
including fibrillarin, Nop65, and Nop58 and is thus thought to assemble with these 
proteins into a functional snoRNP to guide RNA modifications (Hutzinger et al. 
2009). A 24-nt viral RNA with miRNA-like activity has been proposed to be pro-
cessed from v-snoRNA (Hutzinger et al. 2009) and is detectable by Northern blot 
at varying levels in EBV-infected B cells and epithelial cells (Lung et al. 2013). 
Contrary to these studies, RISC immunoprecipitation/deep sequencing experi-
ments in LCLs and EBV+ BLs and deep sequencing experiments in NPCs have 
failed to capture a v-snoRNA-derived RNA species with miRNA-like features 
(Riley et al. 2012; Skalsky et al. 2012, 2014; Chen et al. 2010). Nucleotide differ-
ences in the v-snoRNA1 region have been noted in different EBV strains (Lung 
et al. 2013) which may account for differences in these studies. Additionally, the 
24-nt v-snoRNA-derived RNA may be present only in epithelial cells during lytic 
infection (Lung et al. 2013).
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5  EBV-sisRNA-1 and Other Viral ncRNAs  
with Potential Regulatory Activities

RNA sequencing analysis of nuclear RNAs from latently infected B cells recently 
uncovered several novel EBV ncRNAs including a stable intronic-sequence RNA 
(ebv-sisRNA-1) that arises from the W repeat region in the genome and is pre-
dicted to form a conserved loop structure with two small hairpins (Moss and Steitz 
2013). Spliced introns are normally degraded in the nucleus; however, the unu-
sually stable 81-nt ebv-sisRNA-1 is abundantly detectable in latently infected 
cells by Northern blot at levels comparable to EBER2. Functions for the newly 
described ebv-sisRNA-1 have yet to be determined. Studies on cellular sisRNAs 
in Xenopus oocytes have revealed that many sisRNAs are stable for at least 48 h 
post-transcription (Gardner et al. 2012; Talhouarne and Gall 2014). Interestingly, 
injection of Xenopus oocytes with SV40 polyomavirus DNA yields a similar, 
unusually stable nuclear, non-capped, non-polyadenylated, and intronic viral 
RNA (Michaeli et al. 1988), raising the possibility that other DNA tumor viruses 
might encode sisRNAs. In fact, lariat-derived, stable intronic RNAs have been 
described for other herpesviruses, such as the ~2-kb latency-associated transcript 
(LAT) expressed by herpes simplex virus (Bloom 2004), a conserved ~5-kb intron 
expressed by human cytomegalovirus (hCMV) (Kulesza and Shenk 2004), and a 
7.2-kb ortholog, RNA7.2, expressed by mouse CMV, which facilitates persistent 
viral replication in vivo (Kulesza and Shenk 2006).

Recent RNA sequencing analysis of poly(A)-selected or rRNA-depleted RNA 
from Mutu I BL cells and lytically reactivated Akata BL cells revealed bidirectional 
transcription in many regions of the EBV genome (Concha et al. 2012; O’Grady 
et al. 2014). Hundreds of novel viral transcripts and stable introns arising from com-
plex, alternative splicing events were detectable during lytic infection. Most of these 
RNAs lack predicted protein-coding potential. While many of these RNAs may 
result from RNA degradation, some of the transcripts may represent authentic viral 
ncRNAs and play a role in the viral transcriptional program or epigenetic regulation 
similar to what has been reported for cellular long ncRNAs. Additional studies are 
needed to characterize and define roles for these RNAs during EBV infection.

6  EBV microRNAs

One of the most recently identified and now widely studied forms of EBV ncRNA 
are the viral miRNAs. miRNAs are an important class of small, ~22-nt regulatory 
ncRNAs that post-transcriptionally regulate gene expression by guiding the RNA-
induced silencing complex (RISC) to partially complementary sequences on tar-
get mRNAs. Depending on the degree of complementarity between the miRNA 
and the target mRNA sequence, miRNA-loaded RISC binding can induce the 
immediate degradation of a target mRNA or result in translational inhibition often 
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followed by mRNA destabilization (Ambros 2004). miRNAs are expressed by all 
metazoans and more recently have been identified in many viruses—in particu-
lar, the herpesviruses (reviewed in Skalsky and Cullen 2010). miRNAs require 
only limited sequence complementarity in order to interact with a target mRNA. 
Predominantly, complementarity to nt 2–7 or 8 of the mature miRNA, termed 
the miRNA “seed” sequence, is required for target interactions (Bartel 2009). As 
such, individual miRNAs are able to regulate upward of 200 different transcripts 
(Friedman et al. 2009) and collectively regulate >30 % of protein-coding tran-
scripts (Carthew and Sontheimer 2009), and thus have a wide impact on gene 
expression. Cellular miRNAs are implicated in a number of critical cell signal-
ing networks and biological processes including homeostasis, hematopoiesis, and 
the development of immunological responses. Furthermore, deregulated miRNA 
expression has been causatively linked to a number of cancers and disease states 
(Adams et al. 2014).

EBV was the first virus shown to encode viral miRNAs (Pfeffer et al. 2004). 
Five viral miRNAs were originally identified during cloning of small RNAs 
from EBV B95-8-infected Burkitt’s lymphoma (BL) cells (Pfeffer et al. 2004). 
The EBV B95-8 strain has a 12-kb deletion within the BART region and thus 
lacks many EBV miRNAs. Additional sequencing efforts to examine miR-
NAs in EBV/KSHV-infected BC-1 cells (Cai et al. 2006; Gottwein et al. 2011), 
EBV B95-8 and wild-type EBV LCLs (Skalsky et al. 2012, 2014), and NPC 
samples infected with wild-type EBV strains, supplemented with bioinformat-
ics analysis (Zhu et al. 2009; Chen et al. 2010; Grundhoff et al. 2006; Edwards 
et al. 2008), have revealed a total of 25 EBV precursor miRNAs (pre-miRNAs) 
from which ~40 mature miRNAs are processed. Three BHRF1 pre-miRNAs are 
encoded adjacent to the BHRF1 ORF, which encodes a viral Bcl2 homolog. The 
remaining pre-miRNAs are in introns located in the BART region; these consist of 
two large clusters together encompassing 21 BART miRNAs, as well as the more 
isolated pre-miRNA for miR-BART2, which lies antisense to the EBV BALF5 
gene that encodes the viral DNA polymerase (Fig. 1).

Notably, the EBV miRNAs are highly conserved in other lymphocryptoviruses 
(LCVs) of the gamma-herpesvirus family (Riley et al. 2010; Walz et al. 2009; 
Cai et al. 2006; Skalsky et al. 2014). The closely related rhesus LCV, which is 
separated from EBV by ~13 million years of evolution, encodes 34 pre-miRNAs, 
twenty one of which share extensive sequence identity with EBV miRNAs and 
are located in homologous regions of the viral genome (Cai et al. 2006; Walz 
et al. 2009). Three additional LCVs that infect Old World non-human primates, 
Herpesvirus pan, H. papio, and Pan paniscus LCV1, encode homologs of the 
BHRF1 and BART cluster I miRNAs (Skalsky et al. 2014; Aswad and Katzourakis 
2014; R.L. Skalsky, unpublished). Additional LCV sequences are currently lack-
ing; however, other LCVs are also predicted to encode BART cluster II miRNA 
homologs based on the analysis of LCV LMP1 3′UTRs, which contain evolu-
tionarily conserved binding sites for multiple BART miRNA homologs (Skalsky 
et al. 2012, 2014; Riley et al. 2012; Lo et al. 2007). With the exception of several 
miRNA seed-sequence mimics (see below and Fig. 4), none of the EBV miRNAs 
exhibit homology otherwise to known cellular miRNAs.
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6.1  miRNA Biogenesis

EBV miRNAs are dependent entirely on the cellular miRNA processing machin-
ery for their biogenesis. To date, no viral factors are known to be involved in EBV 
miRNA processing. Comparable to their cellular counterparts, EBV miRNAs arise 
from long, nuclear RNA polymerase II primary miRNA (pri-miRNA) transcripts, 
which form stem-loop structures that are cleaved by the microprocessor complex, 
a heterodimer consisting of the RNAse III-like enzyme Drosha and its cofactor 
DGCR8 (Fig. 3). This cleavage results in a ~60-nt pre-miRNA, which contains an 
imperfect ~22 bp RNA stem with a 2 nt 3′ overhang and a terminal loop of at least 
10 nt (Figs. 2b and 3). Pre-miRNA export from the nucleus into the cytoplasm is 
mediated by Exportin-5. Subsequent cleavage of the pre-miRNA by cytoplasmic 
Dicer yields a ~22-bp duplex intermediate, with 2 nt 3′ overhangs, consisting of 
the mature miRNA and the miRNA passenger strand. One strand of the duplex 
is incorporated into RISC, which minimally consists of an Argonaute (Ago) fam-
ily protein, such as Ago2, and a mature miRNA (miRNA processing is reviewed 
in Ambros 2004; Bartel 2004; Skalsky and Cullen 2010). Ago proteins have two 
RNA-binding domains: a PIWI domain that binds the miRNA 5′ end and a PAZ 
domain that binds the 3′ end of the miRNA (Yang and Yuan 2009). Mature, func-
tional miRNAs can be derived from either the 5′ or 3′ arm of a pre-miRNA and 
are denoted 5p or 3p based on their origin (Ambros et al. 2003) (Fig. 2b). miRNA-
loaded RISC subsequently binds to sites on target mRNAs, preferentially in 
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Fig. 3  Canonical miRNA biogenesis. EBV miRNAs utilize the cellular miRNA biogenesis 
machinery and arise from long primary miRNA (pri-miRNA) transcripts in the nucleus that are 
cleaved into precursor miRNAs (pre-miRNAs) and exported into the cytoplasm. Subsequent 
cleavage by Dicer yields a miRNA duplex, one strand of which is incorporated into the RNA-
induced silencing complex (RISC) to guide RISC to sites in 3′UTRs of target mRNAs. miR-
RISC binding results in translational silencing of the target mRNA
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3′UTRs, and attenuates mRNA translation and/or stability. Ago2 has endonuclease 
activity and is able to cleave target transcripts directly, depending on the level of 
miRNA complementarity (Pillai et al. 2007).

6.2  Expression of EBV miRNAs

High-throughput sequencing and PCR-based miRNA arrays have significantly 
advanced our understanding of the types of EBV miRNAs expressed in virally 
infected tissues and tumors. The BHRF1 and BART miRNA clusters are tran-
scribed by different promoters: the major latency promoters, Cp and Wp, for the 
BHRF1 miRNAs and the BART P1 and P2 promoters for the BART miRNAs 
(Fig. 1), and thus, the miRNAs are differentially expressed depending on the par-
ticular viral latency program within the infected cell type.

Latency III occurs in LCLs in vitro and in many EBV+ B cell tumors, includ-
ing a subset of NHL and EBV+ AIDS diffuse large B cell lymphomas. High levels 
of BHRF1 miRNAs are detectable by qRT-PCR and by next-generation sequenc-
ing in all latency III EBV+ B cells where the Cp and Wp promoters are active 
(Amoroso et al. 2011; Xia et al. 2008; Skalsky et al. 2012; Pratt et al. 2009). 
Additionally, BHRF1 miRNAs are detectable in Wp-restricted BL cell lines, 
which may contribute to the observed resistance of Wp-restricted BL to cell death 
stimuli compared to latency I BL cells (Amoroso et al. 2011). Unlike in latency 
II DLBCLs, the BHRF1 miRNAs constitute a substantial portion of the miRNA 
population in latency III AIDS-DLBCLs, suggesting they may contribute to ongo-
ing pathogenesis in a subset of lymphomas (Imig et al. 2011; Barth et al. 2011; 
R.L. Skalsky et al., unpublished observations).

Northern blot assays indicate that the BHRF1 miRNAs are most likely derived 
from introns following splicing of latent Cp and/or Wp transcripts that also gen-
erate LTIII BHRF1 mRNAs during latent infection (Xing and Kieff 2007, 2011). 
During lytic replication, an alternative promoter (BHRF1p) drives BHRF1 mRNA 
expression. Kinetic studies show that miR-BHRF1-2 and miR-BHRF1-3 levels, in 
particular, increase during lytic reactivation and correlate with expression of the 
lytic BHRF1 transcript, suggesting that these two BHRF1 miRNAs can addition-
ally be generated from Drosha cleavage of the lytic BHRF1 transcript (Xing and 
Kieff 2007, 2011; Amoroso et al. 2011). miR-BHRF1-1, on the other hand, over-
laps the BHRF1 promoter region, and thus, expression of miR-BHRF1-1 appears 
to be entirely dependent on Cp/Wp activity (Amoroso et al. 2011). Coordination 
between Drosha processing and the splicing machinery that processes LTIII 
BHRF1 RNAs is further required for miR-BHRF1-1 expression (Xing and Kieff 
2011).

BART miRNAs are detectable during all forms of latency; however, their 
expression levels vary dramatically depending on the infected cell type (Qiu et al. 
2011). As the BART miRNAs derive from introns of the longer BART ncRNAs 
(Edwards et al. 2008), they are thought to share the BART ncRNA expression 
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pattern, being found at especially high levels in latency II that occurs in trans-
formed epithelial cells, including NPCs and GCs, as well as in EBV+/KSHV+ 
PELs (Cai et al. 2006; Gottwein et al. 2011; Chen et al. 2010; Lung et al. 2009; 
Zhu et al. 2009; Marquitz et al. 2014). EBV-associated B cell tumors in vivo 
undergoing latency I and II programs express the BART but not the BHRF1 miR-
NAs, and low levels of BART miRNAs are detectable in latency I BL cell lines in 
vitro (Vereide et al. 2014; Pratt et al. 2009; Amoroso et al. 2011; Qiu et al. 2011). 
Intriguingly, even though BART miRNAs are expressed as clusters, the relative 
abundance of individual BART miRNAs within each cluster can vary dramatically 
(reviewed in Marquitz and Raab-Traub 2012). Some BART miRNAs are reported 
to be present at thousands of copies per cell, while others are present at less than 
one hundred copies per cell. There are inconsistencies in the specific abundance 
of a given BART miRNA in different studies, which is likely due to the different 
EBV strains and cell types examined as well as methods utilized to detect miRNA 
expression (Edwards et al. 2008; Marquitz et al. 2014; Skalsky et al. 2012, 2014; 
Amoroso et al. 2011; Cai et al. 2006; Zhu et al. 2009; Chen et al. 2010; Pratt et al. 
2009; Gottwein et al. 2011; Qiu et al. 2011). Nevertheless, BART miRNAs are 
consistently abundant in EBV-infected epithelial cells, and similar to BHRF1 miR-
NAs, the BART miRNAs can be upregulated in response to lytic reactivation (Cai 
et al. 2006; Amoroso et al. 2011).

6.3  Sequence Polymorphisms in EBV miRNAs

RNA secondary structure plays an important role in miRNA expression. 
Nucleotide changes that disrupt stem pairing in the pre-miRNA can abrogate 
Drosha or Dicer cleavage and thereby miRNA expression (Gottwein et al. 2006). 
Many EBV pre-miRNAs are able to tolerate nucleotide changes within their ter-
minal loops, and cell line-dependent sequence differences for BHRF1 miRNAs, 
in particular, have been noted (Amoroso et al. 2011); however, these sequence 
changes do not affect the overall pre-miRNA stem-loop structure that acts as a 
substrate for Dicer; thus, expression of the mature miRNA is unaffected. miR-
BHRF1-3, for example, exhibits sequence variations in the seed sequence (notably 
a C to U change that affects seed pairing) in several BL cell lines (Ava, Kem, Glor, 
Sal, and Sav) that are compensated by changes in the opposite passenger strand 
(Amoroso et al. 2011). Interestingly, miR-BHRF1-3 is not as well conserved at 
the miRNA sequence level as the other lymphocryptovirus BHRF1 miRNAs 
(Skalsky et al. 2014), although the flanking regions surrounding all three BHRF1 
pre-miRNAs are highly conserved, suggesting that additional sequence require-
ments may contribute to viral miRNA processing. Nucleotide polymorphisms 
have also been reported in the regions flanking miR-BART21 and miR-BART22, 
which may affect the expression levels of these miRNAs in certain cell types  
(Lung et al. 2009).
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Post-transcriptional editing events can also have an effect on miRNA expres-
sion. The primary transcripts for four viral miRNAs, miR-BHRF1-1, miR-
BART6, miR-BART8, and miR-BART16, were reported to undergo editing at 
specific nucleotide sites, none of which are located in the miRNA seed regions 
(Iizasa et al. 2010). Pri-miR-BART6, in particular, undergoes A-to-I editing—
most likely by the ADAR1 enzyme—at specific adenosine residues that affect 
Drosha cleavage and miRNA processing when accompanied by uridine nucleo-
tide deletions in the pre-miRNA terminal loop (Iizasa et al. 2010). Such uridine 
deletions are observed in the primary BART6 transcripts for Daudi and C666-1 
viral strains compared to other wild-type EBV strains and may regulate the abil-
ity of miR-BART6 to target host mRNAs encoding Dicer (Iizasa et al. 2010). 
Notably, the miR-BART6 editing events are also detectable in the Akata and 
MutuI BL cell lines (Lin et al. 2013b). A second EBV miRNA, miR-BART3-5p, 
has recently been reported to undergo A-to-I editing in epithelial carcinoma cells, 
which may alter its ability to target the DICE1 mRNA (Lei et al. 2013); how-
ever, deep sequencing experiments have not detected significant levels of edited 
miR-BART3-5p in EBV-infected AGS epithelial carcinoma cells, NPCs, or LCLs 
(Skalsky et al. 2012; Chen et al. 2010; Marquitz et al. 2014). Further studies are 
needed to understand how these editing events, which appear to occur at quite low 
levels, might contribute to miRNA phenotypes in vivo.

6.4  Viral miRNAs as Biomarkers and in Exosomes

Multiple studies have shown that miRNAs have tremendous potential as biomark-
ers for disease states and for monitoring responses to therapies. qRT-PCR anal-
ysis of the level of miR-BART2-5p, miR-BART6-5p, and miR-BART17-5p in 
serum from NPC patients and healthy control individuals demonstrated that EBV 
miRNA expression correlates with NPC status, strongly indicating that the pres-
ence of circulating viral miRNAs could be used as a non-invasive diagnostic or 
prognostic biomarker for EBV-associated tumors (Wong et al. 2012). miRNAs are 
highly stable in serum and plasma samples, perhaps due in part to their associa-
tion with membrane-bound exosomes, which can protect miRNAs from nuclease 
degradation.

Exosomes are small, extracellular membrane vesicles that contain mRNAs, 
miRNAs, and proteins, arise through endosome and vesicular trafficking path-
ways, and are secreted by many different cell types (Valadi et al. 2007). Pegtel 
et al. first demonstrated that EBV miRNAs were present in CD63+ exosomes 
purified from the supernatant of EBV-infected cell cultures (Pegtel et al. 2010); the 
secreted, exosome-associated viral miRNAs were reported to be internalized by 
recipient cells and present at physiological levels high enough to inhibit a 3′UTR 
reporter in these cells. Although studies are still in their early stages, exosome-
mediated delivery of miRNAs and other virus products, including the EBERs, has 
been proposed as a method for intercellular communication during infection, and 
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exosomal transfer of viral miRNAs, in particular, could dampen signals in neigh-
boring cells related to immune activation (Pegtel et al. 2010; Gourzones et al. 
2010; Meckes et al. 2010; Valadi et al. 2007). However, given that an expression 
level of at least 0.1 % of the total miRNA pool in a given cell is needed to exert a 
detectable effect on target mRNA expression (Mullokandov et al. 2012), exosome-
delivered viral miRNAs may only be present at limiting levels in recipient cells. 
Notably, contact-dependent intercellular transfer of EBV miRNAs from latency III 
Raji BL cells to CD3+ T cells has also been observed, which may introduce a 
greater amount of viral miRNAs into recipient cells and potentially result in the 
downregulation of EBV miRNA-targeted transcripts (Rechavi et al. 2009). Thus, 
it seems that EBV has hijacked or exploited multiple intercellular communication 
systems in order to alter external signals from neighboring, non-infected cells.

6.5  Functions for EBV miRNAs

Functions for EBV miRNAs have begun to slowly emerge, and it is now apparent 
that many viral miRNAs may contribute to and/or promote viral latency by tar-
geting viral and cellular factors involved in host cell growth, survival, and signal-
ing pathways as well as cellular factors involved in anti-viral immune responses. 
Some of the viral miRNA targets involved in these processes are now known (see 
next sections).

A number of studies point to a role for EBV miRNAs during the initial stages 
of infection. Unlike KSHV miRNA mutant viruses (Lei et al. 2010), EBV mutants 
lacking miRNAs do not spontaneously reactivate (Seto et al. 2010; Feederle et al. 
2011a, b), arguing that EBV miRNAs, at least in B cells, exert some of their regu-
lation during events leading to latent infection. BHRF1 and BART miRNAs can be 
detected by two days post-infection of primary B cells in vitro, and EBV miRNA 
levels continue to increase during the first week of infection as B cells progress to 
LCLs (Pratt et al. 2009; Amoroso et al. 2011). miR-BHRF1-1 and miR-BHRF1-2, 
in particular, peak by 3 dpi (Amoroso et al. 2011). Loss-of-function studies show 
that the EBV BHRF1 miRNAs contribute to LCL outgrowth, B cell immortaliza-
tion, and cell cycle progression in vitro (Feederle et al. 2011a, b; Seto et al. 2010; 
Wahl et al. 2013). In line with a role for BHRF1 miRNAs early after infection, 
a 20-fold to 30-fold reduction in LCL outgrowth was observed for EBV miR-
BHRF1 mutants (Feederle et al. 2011a, b; Seto et al. 2010). Established LCLs 
lacking all three BHRF1 miRNAs continue to exhibit a reduced growth rate when 
compared to “wild-type” LCLs and exhibit a significant reduction in their ability 
to enter S-phase (Feederle et al. 2011b). After four weeks in culture, LCLs lack-
ing BHRF1 miRNAs also exhibit an increase in Cp/Wp promoter activity and 
higher levels of EBNA-LP (Feederle et al. 2011a, b). Since BHRF1 miRNAs do 
not target EBNA-LP mRNAs, the higher EBNA-LP levels must be an indirect 
consequence of miR-BHRF1 inactivation. Humanized mouse model studies using 
CD34+ human fetal liver cell transplants to reconstitute the immune system in 
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NSG mice show that the BHRF1 miRNAs play a role in acute, systemic infec-
tion in vivo; mutational inactivation of the BHRF1 miRNAs results in significant 
delays in viremia (Wahl et al. 2013), further supporting an important role for the 
BHRF1 miRNAs early after infection.

Recently, phenotypic studies with miRNA mutant recombinant viruses have impli-
cated EBV miRNAs in cell growth and survival, which is relevant for cancer. BART 
miRNAs downregulate pro-apoptotic and tumor suppressor gene products, enhance 
the growth transforming properties of EBV-infected epithelial cells, and can enhance 
metastatic potential in epithelial carcinomas (Marquitz et al. 2011, 2012; Hsu et al. 
2014; Choy et al. 2008; Skalsky et al. 2012; Kang et al. 2015; Cai et al. 2015). 
Expression of BART miRNAs in early-stage LCLs or BL cell lines protects cells 
from apoptosis (Vereide et al. 2014; Seto et al. 2010). Additionally, individual BART 
miRNAs can influence NF-kB signaling through the regulation of LMP1 and cellular 
transcripts that control IkBa stability (Skalsky et al. 2012, 2014; Lo et al. 2007). Thus, 
EBV-encoded miRNAs can influence multiple signaling pathways in infected cells.

EBV laboratory strains lacking the BART region (i.e., B95-8) and BHRF1 
miRNA knockout viruses remain able to effectively immortalize B cell in vitro, 
demonstrating that EBV miRNAs are not essential for B cell transformation. 
Furthermore, absence of the BHRF1 miRNAs and the majority of BART miR-
NAs had little effect on the oncogenic potential of EBV in humanized immuno-
deficient mice (Walsh et al. 2010). In immunocompetent human patients in vivo, 
however, EBV miRNAs may promote viral latency or oncogenesis by modulating 
cellular mRNAs, especially in cell types and tumors where the viral miRNAs are 
expressed at high levels, and play a key role in the persistence of latently infected 
cells by attenuating host immune responses (see Sect. 6.8.1).

Studies on related oncogenic herpesviruses have linked viral miRNAs to can-
cer formation in vivo. KSHV, a human g-herpesvirus linked to KS and PEL, 
encodes 12 viral pre-miRNAs, eight of which enhance tumor incidence in nude 
mouse models (presumably, the viral miRNAs are targeting conserved cellular 
genes within this context) (Moody et al. 2013). MDV-1, a chicken herpesvirus that 
causes T cell lymphomas, encodes a viral mimic of miR-155 (Yao et al. 2008). 
Deletion of the viral miR-155 mimic within the context of the viral genome fully 
abrogates tumor formation in chickens (Zhao et al. 2011), demonstrating that viral 
miRNAs can exert robust phenotypes within the context of their natural hosts.

6.6  Identifying Viral miRNA Targets

miRNA target identification continues to be a major hurdle for the field. Methods 
to first bioinformatically predict miRNA targets based on seed pairing (Lewis 
et al. 2005), combined with assays to examine transcriptional or translational 
changes in response to miRNA gain or loss of function, have been successful in 
determining a handful of viral miRNA targets (Skalsky et al. 2007b; Gottwein 
et al. 2007; Xia et al. 2008; Lo et al. 2007, 2012; Marquitz et al. 2011; Choy 
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et al. 2008). Transcriptome-wide studies, such as RISC immunoprecipitation fol-
lowed by microarray-based transcriptome profiling (RIP-Chip), have significantly 
increased the list of potential viral miRNA targets (Dolken et al. 2010). While 
techniques such as RIP-Chip have been instrumental in identifying the mRNAs 
that are RISC-associated during viral infection, these techniques are still unable to 
distinguish mRNAs targeted by viral miRNAs from those mRNAs that are targeted 
by cellular miRNAs.

More recently, high-throughput approaches to experimentally isolate and 
sequence RNAs that are cross-linked to RISC have been highly successful in cap-
turing hundreds of direct viral miRNA targets. Two such methods, PAR-CLIP 
(photoactivatable ribonucleoside-enhanced cross-linking and immunoprecipita-
tion) and HITS-CLIP (high-throughput sequencing of RNA isolated by cross-
linking and immunoprecipitation), have been applied to EBV-infected B cells 
including LCLs (Skalsky et al. 2012, 2014), latency II BC-1 PEL cells co-infected 
with EBV and KSHV (Gottwein et al. 2011), and the latency III BL cell line Jijoye 
(Riley et al. 2012). The HITS-CLIP method utilizes a cross-linking wavelength of 
UV 245 nm and has an advantage in that it can be applied to both cell lines in vitro 
as well as tissue samples obtained in vivo (Chi et al. 2009; Haecker et al. 2012; 
Riley et al. 2012). The PAR-CLIP method relies on growing cells in the presence 
of a photoactivatable nucleoside analog, such as 4-thiouridine (4SU), that is incor-
porated into nascent RNAs and allows for efficient cross-linking at a UV wave-
length of 365 nm (Hafner et al. 2010; Skalsky et al. 2012; Gottwein et al. 2011). 
For both methods, following UV cross-linking, RISC-associated RNAs are immu-
nopurified using antibodies to an Ago protein and the complexes are digested with 
an RNase to leave only RISC-protected RNAs, representing miRNA-interaction 
sites. These RNAs are subsequently ligated to adapters and PCR-amplified prior to 
high-throughput sequencing. Computational algorithms are then applied to recon-
struct miRNA-interaction sites from the CLIP data.

Key to PAR-CLIP is the addition of the 4SU; not only does this enhance cross-
linking, but it also marks the cross-linked site, giving the method an advantage in 
defining a miRNA-interaction site. During PCR amplification of the sequencing 
library, 4SU pairs with a “G” instead of an “A” which causes a T-to-C conversion 
in the sequencing read at the cross-linked site (Hafner et al. 2010). Thus, PAR-
CLIP, combined with the PARalyzer algorithm designed specifically to extract 
RNA-binding protein sites from PAR-CLIP sequencing datasets (Corcoran et al. 
2011), has a high success rate in defining miRNA binding sites. In fact, over 80 % 
of miRNA targets captured via PAR-CLIP represent bona fide targets and can be 
experimentally confirmed (Skalsky et al. 2012; Gottwein et al. 2011).

While both PAR-CLIP and HITS-CLIP techniques are technically and com-
putationally challenging, they have clearly yielded novel insights into the types 
of miRNA regulation occurring during EBV infection. Consistent with stud-
ies examining cellular miRNA function (Lewis et al. 2005; Bartel 2009; Hafner 
et al. 2010), the majority of EBV miRNA binding sites occur in 3′UTRs, and to 
a lesser extent, in coding regions, and occur predominantly in cellular mRNAs 
(Skalsky et al. 2012, 2014; Riley et al. 2012; Gottwein et al. 2011). HITS-CLIP 



198 R.L. Skalsky and B.R. Cullen

experiments in Jijoye cells indicate that approximately half of the EBV miRNA 
targets are co-targeted by members of the miR-17/92 cluster (Riley et al. 2012), 
which is abundantly expressed in BL cells and has a well-established role in 
BL pathogenesis. Notably, over 75 % of viral targets captured by PAR-CLIP in 
LCLs are also targeted by B cell miRNAs, and the majority of these co-targeted 
mRNAs are evolutionarily conserved (Skalsky et al. 2012, 2014), suggesting that 
viral miRNAs are tying into existing miRNA regulatory networks, such as those 
involved in B cell activation.

PAR-CLIP experiments with miRNA mutant viruses have further revealed 
unique features of viral miRNA targeting. For example, analysis of high-confi-
dence cellular target sites for BHRF1 miRNAs revealed that miR-BHRF1-1 uti-
lizes canonical seed-based targeting (pairing with nt 1–8 of the mature miRNA), 
while other viral miRNAs may tolerate bulge pairing in the seed regions and bind 
non-canonical sites in addition to seed-match sites (Skalsky et al. 2012; Majoros 
et al. 2013). While additional experiments are required to confirm these observa-
tions, these studies demonstrate that hundreds of both canonical and non-canonical 
sites on cellular transcripts are bound by EBV miRNAs during infection.

6.7  EBV Transcripts Targeted by miRNAs

EBV miRNAs have described roles during the viral life cycle and can target the 
3′UTRs of multiple viral protein-coding mRNAs (Table 1). miR-BART2-5p 
is perfectly complementary to the BALF5 3′UTR and inhibits expression of the 
viral DNA polymerase by inducing cleavage of the BALF5 mRNA during lytic 
reactivation (Pfeffer et al. 2004; Barth et al. 2008). BZLF1 and BRLF1, two lytic 
gene products that share 3′UTR sequences, were recently reported to be targeted 
by miR-BART20-5p (Jung et al. 2014). PAR-CLIP experiments captured sites 
for BART miRNAs in the 3′UTRs of BNRF1 and BALF2 (Skalsky et al. 2014). 

Table 1  EBV transcripts targeted by miRNAs

EBV target miRNA(s) References

LMP1 Multiple BART miRNAs,  
miR-17/106/20/93 family

Lo et al. (2007); Skalsky et al. (2012); 
Riley et al. (2012); Skalsky et al. 
(2014)

BHRF1 miR-BART10-3p,  
miR-17/106/20/93 family

Skalsky et al. (2012); Riley et al. 
(2012); Skalsky et al. (2014)

BALF5 miR-BART2-5p Pfeffer et al. (2004); Barth et al. (2008)

BZLF1/BRLF1 miR-BART20-5p Jung et al. (2014)

LMP2A miR-BART22 Lung et al. (2009)

EBNA2 ? Skalsky et al. (2012); Riley et al. 
(2012)

BNRF1 miR-BART5-5p, miR-BART17-3p Skalsky et al. (2014)

BALF2 miR-BART1-5p Skalsky et al. (2014)
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Analysis of miRNA targets for the closely related rLCV revealed that homologs of 
BZLF1, BALF2, and other lytic gene products are targeted by multiple LCV miR-
NAs (Skalsky et al. 2014), and notably, many of the viral miRNA binding sites 
are conserved. A number of other herpesvirus miRNAs have been shown to target 
and inhibit expression of immediate early genes involved in lytic viral replication 
(reviewed in Skalsky and Cullen 2010). It has been proposed that viral miRNA 
regulation of lytic mRNAs is a mechanism for stabilizing, maintaining, and/or 
establishing latency.

Latency-associated viral gene products are also regulated by viral miRNAs. 
The BHRF1 3′UTR is targeted by miR-BART10-3p (Skalsky et al. 2014; Riley 
et al. 2012). Multiple BART miRNAs target the 3′UTRs of LMP1 and LMP2A, 
which are two highly immunogenic viral proteins that contribute to the prolifera-
tion and transformation of EBV-infected cells by activating specific cell signaling 
pathways (see other Chapters). LMP2A protein levels were reported to be reduced 
in response to miR-BART22 expression in epithelial cells (Lung et al. 2009). 
Likewise, BART cluster I miRNAs can downregulate LMP1 protein levels follow-
ing ectopic expression (Lo et al. 2007; Skalsky et al. 2014). Stringent analysis of 
the LMP1 3′UTR recently revealed that miR-BART3 and miR-BART5, in particu-
lar, directly target the LMP1 3′UTR (Skalsky et al. 2014). Intriguingly, these miR-
NAs are conserved in rLCV, and their homologs target the rLCV LMP1 3′UTR in 
rLCV-infected B cells (Skalsky et al. 2014). PAR-CLIP analysis of rLCV LCLs 
further revealed that additional viral miRNAs, including a miR-BART20 homolog, 
interact with the LMP1 3′UTR (Skalsky et al. 2014). The consequences of these 
interactions have partly been examined; modulation of LMP1 by EBV miRNAs 
reduces epithelial cell sensitivity to apoptotic stimuli (Lo et al. 2007) and modu-
lates LMP1-mediated NF-kB activation (Skalsky et al. 2014; Lo et al. 2007).

6.7.1  Viral Transcripts Are Targeted by Cellular miRNAs  
at Conserved Sites

LMP1 has pleiotropic activities to activate multiple cell signaling pathways, 
such as NF-kB (Young and Rickinson 2004), that promote B cell activation and 
LMP1 can also induce apoptosis when expressed at high levels (Pratt et al. 2012). 
In fact, many EBV-induced cellular gene expression changes can be attributed to 
LMP1 (Cahir-McFarland et al. 2004; Luftig et al. 2003; Soni et al. 2007). Given 
these activities, is it therefore not surprising that the LMP1 mRNA is subject to 
intensive regulation by not only viral BART miRNAs, but also conserved cellu-
lar miRNAs, namely members of the miR-17 seed family, which includes miR-17, 
miR-20a/b, miR-106a/b, and miR-93 (Skalsky 2012, 2014; Riley 2012). Inhibition 
of endogenous miR-17/20/106 activity in LCLs leads to an increase in LMP1 pro-
tein levels, demonstrating canonical miRNA-mediated regulation of LMP1 by 
miR-17 family members (Skalsky et al. 2012). The miR-17/20/106/93 miRNAs 
arise from three Myc-regulated miRNA clusters (miR-17/92, miR-106b/25, miR-
106a/363) and are upregulated in response to transient Myc induction, attributed to 
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EBNA2 expression, shortly following de novo B cell infection (Nikitin et al. 2010; 
Price et al. 2012). Studies examining LMP1 mRNA and protein levels following 
de novo infection show a delay in LMP1 protein expression as well as a delay in 
expression of downstream NF-kB target genes despite the LMP1 transcript being 
present (Price et al. 2012). This delay may be explained in part due to the activi-
ties of miR-17, which may play an important role in transitioning infected B cells 
between an early Myc-dependent growth program and a later NF-kB-dependent 
growth program (Faumont et al. 2009; Price et al. 2012).

Regulation of LMP1 by Myc-regulated miRNAs is likely important to lym-
phocryptovirus biology since the miR-17/20/106/93 binding site is evolutionar-
ily conserved in the LMP1 3′UTRs of several other LCVs (Skalsky et al. 2014). 
Intriguingly, another conserved binding site for the miR-17 seed family is present 
in the 3′UTR of BHRF1, a viral Bcl2 homolog with a role in inhibiting apopto-
sis (Skalsky et al. 2012, 2014; Riley et al. 2012). BHRF1 is also reported to be 
regulated by cellular miR-142 (Riley et al. 2012), a miRNA highly expressed in B 
cells, although this target site is not conserved in other LCVs (Skalsky et al. 2014). 
The evolutionary conservation of the miR-17 family target sites in LMP1 and 
BHRF1 indicates that the activities of these two viral gene products are intricately 
linked to the cellular regulatory pathways controlled by this miRNA family. PAR-
CLIP and HITS-CLIP studies of miR-17 family targets as well as studies with 
transgenic miR-17/92-expressing mice demonstrate that these miRNAs negatively 
regulate canonical NF-kB activation and inhibit pro-apoptotic genes (Skalsky et al. 
2012, 2014; Jin et al. 2013; Riley et al. 2012). Thus, in EBV-infected cells, LMP1, 
BHRF1, and miR-17 family members have both antagonistic and synergistic roles 
in relation to one another, which may be resolved through miR-17 control of the 
viral gene products.

6.8  Cellular Targets of Viral miRNAs

6.8.1  miRNA Targets Involved in Immune Evasion

EBV has evolved multiple strategies to escape recognition by host immune 
defenses, thereby permitting the virus to latently persist in cells throughout the 
life of the host. Recently, viral miRNAs have been shown to contribute to EBV-
mediated immune evasion strategies by targeting a number of cellular factors 
involved in immune responses (Table 2). One of the first reported EBV miRNA 
cellular targets, CXCL11/I-TAC, is an interferon-inducible T cell-attracting 
chemokine that selectively binds to a T cell chemokine receptor, CXCR3, 
expressed on NK and Th1 cells. Three non-canonical binding sites in the CXCL11 
3′UTR were bioinformatically predicted for miR-BHRF1-3 (Pfeffer et al. 2004), 
and inhibition of miR-BHRF1-3 in EBV-infected BL cells enhanced CXCL11 
mRNA levels (Xia et al. 2008), indicating that miR-BHRF1-3, either directly 
or perhaps indirectly, regulates CXCL11 expression. TBX21/T-bet, a direct 
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transcriptional activator of IFN-gamma and regulator of IL-2 and Th2 cytokine 
production, was reported as a target of miR-BART20-5p in invasive EBV+ 
nasal NK/T cell lymphomas; inhibition of T-bet expression by miR-BART20-5p 
may contribute to tumor development or allow for EBV replication by inhibiting 
cytokine production (Lin et al. 2013a). In a similar manner, NLRP3 inflammas-
ome activation and pro-inflammatory cytokine production (IL-1beta) were shown 
to be inhibited in the presence of miR-BART15-3p (Haneklaus et al. 2012). miR-
BART15-3p can target the NLRP3 3′UTR directly, and interestingly, this binding 
occurs at the miR-223 binding site due to part sequence homology between these 
two miRNAs (Fig. 4a). MICB, a stress-induced NK cell ligand that is recognized 
by the NKG2D receptor on NK cells and CD8+ T cells, was reported to be a tar-
get of miR-BART2-5p (Nachmani et al. 2009); however, PAR-CLIP and HITS-
CLIP studies indicate binding sites for other BART miRNAs in the MICB 3′UTR 
(Skalsky et al. 2012; Riley et al. 2012). The MICB 3′UTR also contains binding 
sites for KSHV and HCMV miRNAs; viral miRNA expression leads to a decrease 
in cell surface expression of MICB and subsequently a reduced cytolytic response 
following NKG2D activation (Nachmani et al. 2009).

PAR-CLIP experiments in LCLs have also revealed several EBV miRNA 
targets related to immune evasion, including SP100, ZNF451, LY75/CD205, 
PDE7A, and CLEC2D. Both SP100 and ZNF451 are involved in promyelocytic 
leukemia-nuclear (PML) body formation that occurs in the nucleus during anti-
viral innate immune responses. A number of herpesviruses use multiple strategies 
to target PML body formation (Tavalai and Stamminger 2009). LY75 (lymphocyte 
antigen 75) is a transmembrane receptor that is involved in antigen transport from 
the cell surface to late endosomes containing MHC class I and II receptors (Gurer 

miR-BART15-3p
miR-223-3p

miR-BART1-3p
miR-29b-1-3p
miR-29a
miR-BART3-3p

miR-BART5-5p
miR-18a-5p
miR-18b-5p

miR-BART9-3p
miR-200a-3p
miR-141-3p

miR-BART18-5p
miR-26a

Viral Seed Mimic: Target same site as host miRNA

Convergent Evolution: Target alternate RISC-accessible sites

ORFAAA

ORFAAA

GUCAGUGGUUUUGUUUCCUUGA

UAGCACCGCUAUCCACUAUGUC

CGCACCACUAGUCACCAGGUGU

CAAGGUGAAUAUAGCUGCCCAUCG

UAACACUUCAUGGGUCCCGUAGU

UGUCAGUUUGUCAAAUACCCCA

UAGCACCAUUUGAAAUCAGUGUU
UAGCACCAUCUGAAAUCGGUUA

UAAGGUGCAUCUAGUGCAGAUAG
UAAGGUGCAUCUAGUGCAGUUAG

UAACACUGUCUGGUAACGAUGU
UAACACUGUCUGGUAAAGAUGG

UCAAGUUCGCACUUCCUAUACA
UUCAAGUAAUCCAGGAUAGGCU

(a) (b)

Fig. 4  a EBV miRNAs exhibit full as well as offset seed-sequence homology to human miR-
NAs. The seed (nt 2–7) of each mature miRNA is underlined. b EBV can usurp existing miRNA 
regulatory networks by (i) encoding mimics of cellular miRNAs (see a), (ii) perturbing cellular 
miRNA expression patterns, and (iii) targeting RISC-accessible sites on cellular RNAs involved 
in conserved biological pathways (convergent evolution)
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et al. 2008). PDE7A is involved in cytokine production and the proliferation of 
NK cells (Goto et al. 2009). Finally, CLEC2D is another NK ligand expressed on 
B cell surfaces following B cell receptor signaling or activation of toll-like recep-
tor signaling. CD161, present on NK cells and T cells, recognizes CLEC2D, 
resulting in the production of IFN-gamma (Germain et al. 2011). EBV miRNA tar-
geting of these transcripts has been confirmed by luciferase reporter assays; how-
ever, functional studies are required to understand the biological significance of 
these interactions—in particular, how inhibition of these transcripts by viral miR-
NAs might attenuate host immunological responses to EBV infection.

6.8.2  miRNA Targets Involved in Apoptosis

Many of the identified and confirmed targets for BART miRNAs are pro-apoptotic 
(Table 2) which supports the observed role of BART miRNAs in protection from 
apoptotic stimuli (Vereide et al. 2014; Marquitz et al. 2011; Kang et al. 2015). The 
mRNA of the BH3-only protein, Bim (BCL2L11), was confirmed as a target for 
multiple BART miRNAs (Marquitz et al. 2011), and subsequent PAR-CLIP exper-
iments in LCLs revealed binding sites for miR-BART-4 and miR-BART15 in the 
BCL2L11 3′UTR (Skalsky et al. 2012). Bim inhibits the anti-apoptotic function 
of Bcl-2; consequently, inhibition of Bim expression by BART miRNAs should 
confer enhanced cell survival (Marquitz et al. 2011). PUMA (BBC3), another 
BH-3 only protein that facilitates release of cytochrome C from the mitochondria 
in response to apoptotic stimuli, has been reported as a target of miR-BART5-5p 
(Choy et al. 2008); however, recent experiments examining miR-BART5 functions 
in epithelial carcinoma cells have failed to confirm these findings (Kang et al. 
2015), and BBC3 transcripts are not enriched in RISC in BART-expressing EBV-
negative cells (Vereide et al. 2014).

PAR-CLIP screens identified CASP3 as a potential target of multiple BART 
miRNAs (Gottwein et al. 2011; Skalsky et al. 2012). Caspase 3, a member of 
the cysteine-aspartic acid protease family, has an extensively documented role 
in apoptosis and functions as the executioner caspase. The CASP3 mRNA is 
decreased in response to BART miRNA expression in epithelial cells (Marquitz 
et al. 2012). Recent studies using RISC-IP experiments and luciferase reporter 
assays indicate that CASP3 is a target of miR-BART16 and miR-BART1-3p in 
BL cells (Vereide et al. 2014) although this could not be confirmed in epithelial 
cells (Kang et al. 2015). PAR-CLIP and HITS-CLIP studies have identified multi-
ple other cellular factors involved in apoptotic pathways, such as APAF1 (a com-
ponent of the apoptosome), BCLAF1 (pro-apoptotic), and CAPRIN2 [also related 
to Wnt signaling (see below)], as well as CASZ1, DICE1, OCT1, CREBBP, 
SH2B3, PAK2 and TP53INP1 that are targets of EBV miRNAs, further support-
ing an anti-apoptotic role for EBV miRNAs (Skalsky et al. 2012; Riley et al. 2012;  
Kang et al. 2015).
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6.8.3  miRNA Targets Involved in Multiple Signal  
Transduction Pathways

As noted above, BART miRNAs can alter NF-kB signaling pathways by directly 
inhibiting LMP1 expression. Ectopic expression of miR-BART3 or miR-BART1 
in the absence of LMP1 disrupts NF-kB activation and stabilizes IkBa (Skalsky 
et al. 2014), indicating that these miRNAs also target cellular gene products 
involved in these pathways. Targets potentially involved in IkBa stability include 
CAND1, an exchange factor for the Skip/Cullin/F-box ubiquitin ligase com-
plex that regulates IkBa, and FBXW9, an evolutionarily conserved F-box pro-
tein (Skalsky et al. 2014). Additional targets related to NF-kB signaling include 
PELI1, a confirmed target of miR-BART2-5p, and E3 ligases cIAP1/XIAP and 
cIAP2/BIRC3, the deubiquitinase CYLD, A20/TNFAIP3, IKKa/CHUK, and 
NFKBIZ, all of which are targeted by multiple EBV miRNAs in LCLs (Skalsky 
et al. 2012, 2014). Notably, these targets are both activators and repressors of 
NF-kB signaling. An attractive hypothesis is that EBV miRNAs direct and main-
tain the level of NF-kB activation within a threshold suitable for viral persistence 
(Skalsky et al. 2014). PELI1 is an E3 ubiquitin ligase that is activated follow-
ing IL-1beta signaling through IL-1R or through MyD88 (reviewed in Moynagh 
2009). PELI1 activity leads to NF-kB activation and the induction of pro-inflam-
matory cytokines. Thus, knockdown of PELI1 by miR-BART2-5p may also impair 
innate immune responses (Table 2).

Similar to what is observed for EBV miRNA targets involved in NF-kB signal-
ing, both inhibitors and enhancers of Wnt signaling are regulated by EBV miR-
NAs. CAPRIN2, targeted by miR-BART13-3p (Riley et al. 2012), promotes 
activation of canonical Wnt signaling by stabilizing beta-catenin (Ding et al. 
2008). siRNA knockdown of CAPRIN2 decreased Wnt3a-induced LEF1/TCF pro-
moter activity and expression of Wnt target genes (Ding et al. 2008). PAR-CLIP 
studies in LCLs and microarray experiments in BART-expressing epithelial cell 
lines identified DAZAP2 as a target of miR-BART3 (Skalsky et al. 2012; Gottwein 
et al. 2011; Marquitz et al. 2012). DAZAP2 can interact with Tcf/Lef family mem-
bers, including TCF-4, which transcriptionally activates Wnt-responsive genes. 
Knockdown of Dazap2 expression reduced Tcf-mediated transcription and respon-
siveness to Wnt stimulation (Lukas et al. 2009), similar to what has been reported 
for CAPRIN2 knockdown.

Inhibitors of Wnt signaling are regulated by several BART miRNAs and 
may play an important role in the proliferation of EBV-infected epithelial cells. 
Three Wnt antagonists were identified as EBV miRNA targets following profil-
ing of EBV+ NPC tumors (Wong et al. 2012). WIF1 (targeted by miR-BART19-
3p), APC (targeted by miR-BART7, miR-BART19-3p, and miR-BART17-5p), 
and NLK (targeted by miR-BART19-3p, miR-BART14, and miR-BART18-
5p) protein and transcript levels were reduced following transient expression of 
BART miRNA mimics in EBV-negative epithelial cell lines (Wong et al. 2012). 
Presumably, downregulation of these Wnt antagonists by BART miRNAs would 
activate Wnt signaling. NLK, activated via MAPK signaling, can block Tcf/Lef 



204 R.L. Skalsky and B.R. Cullen

Table 2  Cellular transcripts targeted by EBV miRNAs

Cellular target Function miRNA(s) References

BACH1 Oxidative stress miR-BHRF1-2 Skalsky et al. (2012)

KDM4B Histone demethylase miR-BHRF1-2 Skalsky et al. (2012)

OTUD1 NF-kB signaling miR-BART2-5p Skalsky et al. (2012)

PELI1 NF-kB signaling miR-BART2-5p Skalsky et al. (2012); Kang 
et al. (2015)

PDE7A Cytokine production Two BART miRNAs Skalsky et al. (2012)

CLEC2D Immune responses Two BART miRNAs Skalsky et al. (2012)

LY75 Immune responses miR-BART1-5p Skalsky et al. (2012)

SP100 PML bodies miR-BART1-5p Skalsky et al. (2012)

ZNF451 PML bodies miR-BHRF1-2 Skalsky et al. (2012)

CLIP1 Immune responses miR-BART1-5p Skalsky et al. (2012)

GUF1 GTPase miR-BHRF1-1 Skalsky et al. (2012)

SCRN1 Exocytosis miR-BHRF1-1 Skalsky et al. (2012)

NAT12 acetyltransferase miR-BHRF1-1 Skalsky et al. (2012)

DAZAP2 Wnt signaling miR-BART3-3p Skalsky et al. (2012); Kang 
et al. (2015)

CAPRIN2 Wnt signaling miR-BART13-3p Riley et al. (2012)

CAND1 NF-kB signaling miR-BART3 Skalsky et al. (2014)

FBXW9 Adaptor protein miR-BART3 Skalsky et al. (2014)

DICE1 Tumor suppressor miR-BART3-5p Lei et al. (2013); Kang et al. 
(2015)

MAP3K2 MAPK signaling miR-BART18-5p Qiu and Thorley-Lawson (2014)

CXCL11 Immune responses miR-BHRF1-3 Xia et al. (2008)

DICER  miRNA biogenesis miR-BART6-5p Iizasa et al. (2010); Kang et al. 
(2015)

BBC3/PUMA Apoptosis miR-BART5? Choy et al. (2008)

BCL2L11/Bim Apoptosis Multiple BART miRs Marquitz et al. (2011)

TBX21/T-bet Immune responses miR-BART20-5p Lin et al. (2013a, b)

IPO7 Transport Two BART miRNAs Dolken et al. (2010); Skalsky 
et al. (2012); Riley et al. (2012); 
Vereide et al. (2014); Kang 
et al. (2015)

TOMM22 Transport miR-BART16 Dolken et al. (2010)

MICB Immune responses miR-BART2-5p Nachmani et al. (2009)

CASP3 Apoptosis Two BART miRNAs Vereide et al. (2014)

WIF1 Wnt signaling miR-BART19-3p Wong et al. (2012)

APC Wnt signaling Multiple BART miRs Wong et al. (2012)

NLK Wnt signaling Multiple BART miRs Wong et al. (2012)

YWHAZ Protein modifier miR-BART14 Grosswendt et al. (2014)

NLRP3 Inflammasome miR-BART15-3p Haneklaus et al. (2012)

BRUCE Apoptosis miR-BART15-3p Choi et al. (2013)

CDH1 Cell migration miR-BART9 Hsu et al. (2014)

PTEN Tumor suppressor Multiple BART miRs Cai et al. (2015)
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transcriptional activation, APC is a direct inhibitor of beta-catenin, and WIF1 can 
block the induction of the Wnt pathway (Wong et al. 2012). Interestingly, WIF1 is 
also a positive regulator of miR-200 family members (Ramachandran et al. 2014), 
which inhibit ZEB1 and ZEB2 expression (Ellis-Connell et al. 2010); both cellu-
lar proteins control the switch between latency and lytic reactivation by repressing 
the BZLF1 promoter. Thus, BART miRNAs may also indirectly regulate lytic viral 
gene expression through WIF1 targeting.

More recent studies show that targeting of MAP3K2 by miR-BART18-5p 
plays a role in repressing lytic viral reactivation (Qiu and Thorley-Lawson 2014). 
MAP3K2 is a central player in multiple signal transduction pathways. Activation 
of the BZLF1 promoter and initiation of the lytic cascade, at least following B cell 
receptor cross-linking, occur through several different pathways, including PI3K, 
Ras, Rac1, and phospholipase C (PLC). Both Rac1 and PLC pathways converge 
on MAP3K2 to activate p38 and JNK transcriptional regulators. Overexpression 
of miR-BART18-5p in EBV-infected BL cells inhibited viral reactivation and con-
versely expression of MAP3K2 in B95-8 LCLs upregulated lytic gene expression 
(Qiu and Thorley-Lawson 2014), thereby demonstrating a role for miR-BART18-
5p in promoting latency by targeting a key signaling molecule.

Several mRNAs are now known to be targeted by multiple, different EBV miR-
NAs, indicating that EBV miRNAs can synergistically downregulate the expres-
sion of specific gene products. In addition to targeting by miR-BART18-5p, 
the 3′UTR of MAP3K2, for example, is targeted by miR-BART2-5p, BART4, 
BART5, and BART19-3p (Gottwein et al. 2011; Skalsky et al. 2012). Wnt-
inhibitory transcripts as well as pro-apoptotic transcripts, in particular, appear to 
be co-targeted by multiple EBV miRNAs. Furthermore, multiple components with 
both activating and repressing potential within a given signal transduction pathway 
can be collectively targeted by multiple viral miRNAs (Skalsky et al. 2012; Riley 
et al. 2012; Gottwein et al. 2011). These observations indicate that viral miRNAs 
cooperatively facilitate a complex, yet finely tuned and directed outcome for sign-
aling events and the transcriptional environment in an infected cell. Future func-
tional studies must therefore consider the combinatorial effects of EBV miRNAs 
on the full spectrum of targets related to a given pathway.

6.9  EBV Exploits Intrinsic Cellular miRNA  
Regulatory Networks

Target identification studies have shown that multiple biological processes and 
cell signaling pathways can be regulated by viral miRNAs, most of which are also 
intrinsically regulated by cellular miRNAs. EBV is able to tie into these intrinsic 
miRNA regulatory networks via several means, including (i) by mimicking cel-
lular miRNA sequences (Fig. 4a), (ii) by occupying RISC-accessible sites that are 
not otherwise occupied by cellular miRNAs (Fig. 4b), and (iii) by altering cellular 
miRNA expression patterns.
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Seed mimicking by a viral miRNA, which presumably enables the viral 
miRNA to compete for identical seed-match sites on cellular transcripts, was first 
noted for KSHV miR-K11 and the cellular oncomiR, miR-155 (Skalsky et al. 
2007b; Gottwein et al. 2007). miR-155 is upregulated in many B cell lymphomas 
and critically required for B cell activation and the formation of germinal center 
reactions (Thai et al. 2007; Rodriguez et al. 2007). The first ten nucleotides of 
KSHV miR-K11 and miR-155 are identical, and as a result, these miRNAs share a 
highly overlapping mRNA target repertoire (Skalsky et al. 2007b; Gottwein et al. 
2007). To demonstrate that miR-K11 can indeed function as a mimic of miR-155 
in vivo, NOD/SCID IL2Rgamma-null mice were injected with CD34+ human 
cord blood progenitor cells transduced with miR-K11 or miR-155 expression vec-
tors (Boss et al. 2011). Expression of either miR-155 or KSHV miR-K11 led to 
downregulation of C/EBPbeta, increased production of IL-6, and enhanced B cell 
proliferation in the spleen, demonstrating that seed mimicking by a viral miRNA 
can translate into significant consequences in vivo (Boss et al. 2011). Notably, 
MDV-1, a virus linked to T cell lymphomas in chickens, also encodes a mimic 
of miR-155, miR-M4, which is involved in tumorigenesis (Zhao et al. 2011) and 
targets of miR-M4 overlap with targets of miR-155 (Parnas et al. 2014). EBV does 
not encode a miR-155 seed mimic, but instead strongly induces miR-155 expres-
sion directly, which is critically required for the survival and proliferation of EBV-
infected cells (Linnstaedt et al. 2010).

Several EBV miRNAs mimic the seed sequences of cellular miRNAs with 
described tumor suppressor and/or oncomiR activities (Skalsky et al. 2007a; 
Skalsky and Cullen 2010) (Fig. 4a) and are thus thought to bind cognate sites, 
although the extent to which these mimics might compete with the cellular miR-
NAs for miRNA binding sites is not yet known. The list includes miR-BART9-3p 
and the miR-200a family, which regulates cell migration and invasion (Bracken 
et al. 2014; Burk et al. 2008), miR-BART1-3p and the miR-29 family, which is 
linked to B cell tumors (Pekarsky and Croce 2010), miR-BART5-5p and miR-
18-5p, which is a member of the miR-17/92 oncomiR cluster, and lastly, two 
BART miRNAs which exhibit offset seed homology to cellular miRNAs (miR-
BART15-3p and miR-223-3p; miR-BART18-5p and miR-26a-5p) (Haneklaus 
et al. 2012; Qiu and Thorley-Lawson 2014). MiR-223 is a hematopoietic miRNA 
with roles in myeloid lineage development and can also inhibit the inflammasome-
induced production of IL-1beta. Both miR-223 and miR-BART15-3p reportedly 
target the NLRP3 3′UTR at the same site, which consequently attenuates inflam-
masome-mediated activation of IL-1beta production and subsequently reduces 
inflammation (Haneklaus et al. 2012). miR-BART18-5p reportedly targets a 
characterized miR-26a binding site in the 3′UTR of MAP3K2 (Qiu and Thorley-
Lawson 2014), although this site does not appear to be bound by miR-26a in EBV-
infected B cells (Skalsky et al. 2012; Gottwein et al. 2011). miR-BART5 binds 
a site within the LMP1 3′UTR and can inhibit LMP1 expression (Skalsky et al. 
2014; Riley et al. 2012). Experiments with miR-18-5p suggest that only miR-
BART5 and not miR-18-5p can bind this site in the LMP1 3′UTR, despite having 
the same seed sequence (Riley et al. 2012). The lack of LMP1 3′UTR targeting by 
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the miR-18-5p mimic may be attributed to requirements for additional base pair-
ing between the miRNA and the mRNA target outside of the seed region (Riley 
et al. 2012). Interestingly, a RISC-associated site overlapping this region was iden-
tified in LCLs that completely lack miR-BART5, suggesting that miR-18-5p might 
bind this site in the absence of miR-BART5 (Skalsky et al. 2012).

Common targets for miR-BART9-3p/miR-200a and miR-BART1-3p/miR-29 
have not yet been investigated. The miR-200 family is considered to have tumor 
suppressor activity since miR-200a maintains the epithelial phenotype by sup-
pressing epithelial to mesenchymal transition (EMT) and can regulate a spectrum 
of targets related to actin cytoskeleton dynamics, focal adhesion, Rho GTPase 
signaling, and metalloprotease activity (Burk et al. 2008; Bracken et al. 2014). In 
EBV-infected epithelial cells and carcinomas, miR-200 family members are down-
regulated (Lin et al. 2010; Marquitz et al. 2014; Shinozaki et al. 2010) and have 
been shown to play a role in the EBV latent/lytic switch via the targeting of ZEB1 
and ZEB2; induction of miR-200 contributes to lytic replication (Ellis-Connell 
et al. 2010). Intriguingly, and opposite to what has been documented for miR-
200a, miR-BART9 expression can induce a mesenchymal-like phenotype and has 
been linked to increased metastasis and invasiveness by NPC cells in vitro (Hsu 
et al. 2014). Thus, while miR-BART9 and miR-200a exhibit homology in the seed 
regions, miR-BART9 might not be able to bind cognate miR-200a target sites due 
to sequence differences outside of the miRNA seed region.

miRNA targetome studies indicate that EBV miRNAs predominantly regu-
late cellular, not viral, gene products (Skalsky et al. 2012, 2014; Gottwein et al. 
2011; Riley et al. 2012; Kang et al. 2015). With some exceptions, the sites that are 
occupied by viral miRNAs on cellular mRNAs are largely not occupied by cellu-
lar miRNAs, leading to the hypothesis that viral miRNAs have evolved in part to 
bind alternate, RISC-accessible sites on cellular gene products that have effector 
functions pertinent to the viral life cycle. What is further intriguing is that many 
of these RISC-accessible sites are evolutionarily conserved (Majoros et al. 2013), 
despite not being occupied by a cellular miRNA—at least, in PAR-CLIP or HITS-
CLIP studies. Thus, while a viral miRNA may not bind to the same site(s) as a 
cellular miRNA, a viral miRNA or combination of viral miRNAs could interact 
with a set of transcripts specifically regulated by and related to the function of a 
given cellular miRNA (Fig. 4b). Examples of this include the co-targeting, at dis-
tinct sites, of a set of cellular transcripts by EBV miRNAs and members of the 
miR-17/92 cluster (Riley et al. 2012).

In addition to encoding viral miRNAs, EBV infection dramatically perturbs 
the cellular miRNA environment and EBV proteins can induce the expression 
of specific cellular miRNAs that can play pertinent roles in the EBV life cycle 
(Cameron et al. 2008a, b; Kieff 2007). Most EBV-induced cellular gene expres-
sion changes following de novo infection can be attributed to EBNA2 and the 
CD40 mimic, LMP1. Both EBNA2 and LMP1 initiate dichotomous cell prolif-
eration programs, facilitated through c-Myc and NF-kB activation (Young and 
Rickinson 2004; Faumont et al. 2009), which also activates expression of known 
oncomiRs such as the miR-17/92 cluster and miR-155 (Price et al. 2012; Forte 
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and Luftig 2011; Nikitin et al. 2010; Kieff 2007). Recent studies show that tran-
sient c-Myc induction is an inherent and critical property of normal B cells to initi-
ate germinal center formation (Dominguez-Sola et al. 2012; Calado et al. 2012), 
while miR-155 expression is required for completion of GC reactions (Thai et al. 
2007; Rodriguez et al. 2007; Xiao and Rajewsky 2009). miR-155, in particular—a 
miRNA which is linked to hematopoietic malignancies in vivo—is highly induced 
following EBV infection, in part by LMP1 activation of NF-kB, and is critically 
required for the growth of LCLs in vitro (Cameron et al. 2008a, b; Linnstaedt et al. 
2010). Consequently, EBV-induction of miR-155 can allow EBV to tie into the 
existing miR-155-regulated pathways. c-Myc can also antagonize NF-kB signal-
ing (Faumont et al. 2009), which may be facilitated in part through Myc-regulated 
miR-17/92 targeting of NF-kB components (i.e., A20, CYLD, TRAF3, RNF11) 
(Skalsky et al. 2012; Jin et al. 2013). EBV thus hijacks these miRNA signals to 
elicit B cell proliferation, which may inadvertently contribute to lymphomagenesis 
in the absence of appropriate regulatory signals.

7  Summary and Outlook

EBV employs multiple strategies to enable long-term persistence within a host, 
including expressing viral ncRNAs with described roles in a variety of biological 
processes. Many EBV ncRNAs are highly evolutionarily conserved among LCVs 
at both the sequence and structural level, indicating that they have important roles 
in the virus life cycle and likely favorably shape the host environment to promote 
viral fitness and facilitate viral persistence.

Since their initial identification over ten years ago, EBV miRNAs and their 
contributions to viral pathogenesis and oncogenesis have been the subject of 
intense investigation. Several key signaling pathways, such as the NF-kB and 
Wnt pathways, and processes, such as apoptosis and immune activation, are now 
known to be regulated by EBV miRNAs. The next steps are to understand how 
miRNA-mediated regulation of targets involved in these pathways can contribute 
to viral infection and to determine the most critical miRNA targets that may be 
amenable to therapeutic intervention in EBV-associated diseases.

A number of open questions remain regarding the functions for many EBV 
ncRNAs. For example, do viral ncRNAs act in concert with viral proteins to exert 
a biological effect? Do EBV miRNAs synergistically target a specific pathway, as 
has been observed for other herpesvirus miRNAs? What, if any, are the impor-
tant targets of viral miRNAs during lytic replication? And finally, how do the other 
viral ncRNAs contribute to the establishment of latent infection?

Future studies should provide mechanistic insight into how viral miRNAs and 
other ncRNAs might contribute to EBV-mediated oncogenic processes, help elu-
cidate when EBV ncRNAs exert their functions during the natural viral life cycle, 
and may lead to the rational design of novel, EBV ncRNA-targeted therapies for 
EBV-associated diseases.
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Abstract Epstein-Barr virus primarily, though not exclusively, infects B cells and 
epithelial cells. Many of the virus and cell proteins that are involved in entry into 
these two cell types in vitro have been identified, and their roles in attachment and 
fusion are being explored. This chapter discusses what is known about entry at the 
cellular level in vitro and describes what little is known about the process in vivo. 
It highlights some of the questions that still need to be addressed and considers 
some models that need further testing.
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Abbreviations

EBV  Epstein-Barr virus
NK  Natural killer
CR2  Complement receptor type 2
CR1  Complement receptor type 1
SCR  Short consensus repeat
CTLD  C-type lectin domain

1  Introduction

Epstein-Barr virus (EBV) is shed in the saliva of persistently infected healthy car-
riers and is generally described as being orally transmitted. It ultimately estab-
lishes latency in the memory B cell compartment, but is also thought to replicate 
productively in epithelial cells, can, at least rarely, infect T cells and natural killer 
(NK) cells, and is found in the muscle cells of leiomyosarcomas. A full compre-
hension of virus entry, which encompasses access to vulnerable tissues at the 
organismal level as well as delivery of virus DNA to the nucleus at the cellular 
level, is nowhere near a reality. However, progress has been made, particularly in 
deciphering early events in entry into the two major target cells of the virus, B 
cells and epithelial cells. This chapter discusses what we know about these early 
events and starts to put them in the context of the broader picture of infection, 
transmission, and spread.

2  Early Events in B Cell Entry

2.1  Proteins Involved in Attachment

It was recognized early on that EBV is a B lymphotropic virus, and this, together 
with the fact that human B cells were relatively easily obtained and intensively 
studied, focused attention on identification of the virus and cell proteins important 
for B cell entry. Investigations were also simplified and facilitated by the efficient 
infection of B cells that could be achieved with cell-free virus.

Virus was first shown to attach to B cells as a result of a high-affinity inter-
action (Moore et al. 1989) between the abundant virion glycoprotein gp350 and 
complement receptor type 2, CR2 or CD21 (Fingeroth et al. 1984; Nemerow et al. 
1987; Tanner et al. 1987). Glycoprotein gp350 is a single-pass, heavily glyco-
sylated, type I membrane protein of 907 amino acids, and the CD21 binding site 
has been mapped to a glycan-free surface in the membrane-distal amino-terminal 
domain of the protein (Martin et al. 1991; Szakonyi et al. 2006). It includes a 



223Viral Entry

peptide sequence with similarities to the natural ligand of CD21, the C3dg frag-
ment of complement (Nemerow et al. 1989). The ectodomain of CD21 consists 
of tandem repeats of modules of 60–75 amino acids known as short consensus 
repeats (SCRs), and the binding site for gp350 is contained in SCR1 and SCR2 
(Martin et al. 1991). These SCRs are those furthest from the cell membrane, and, 
somewhat problematically, attachment initially positions the virus approximately 
50 nm from the cell surface (Nemerow and Cooper 1984). However, the EBV 
virion also contains a splice variant of gp350, gp220, missing residues 500–757, 
but retaining the CD21 binding site (Beisel et al. 1985). Whether there is a switch 
from the use of gp350 to gp220 is not known, but perhaps this, together with the 
segmental flexibility of CD21 provided by the tandemly repeated SCRs, allows the 
virus to move closer to the cell following its initial attachment.

On primary B cells CD21 can exist independently, but is additionally found in 
a trimeric complex with CD19 and CD81 and in a complex with another comple-
ment receptor, complement receptor type 1, CR1 or CD35 (Tuveson et al. 1991). 
CD35 is also a ligand for gp350 that is capable of initiating infection (Ogembo 
et al. 2013). It possibly binds to the same glycan-free surface as has been shown to 
interact with CD21, though, since CD35 is lost when B cells are transformed with 
EBV, its properties as a receptor have only been discovered recently and have not 
been extensively studied. The trimeric CD21/CD19/CD81 complex is particularly 
interesting for two reasons. First, CD19 functions as a signal transducer. Cross-
linking of CD21 by gp350, as virus attaches, can then activate NF-κB (Sinclair 
and Farrell 1995; Sugano et al. 1997) and protein kinase C pathways and induce 
interleukin-6 production (D’Addario et al. 2001; Tanner et al. 1996). Although 
signaling may have no relevance to entry per se, it may profoundly influence 
downstream events. Second, CD81 and CD19 can both associate with HLA class 
II (Reem et al. 2004), a cell protein required for the next step in entry as discussed 
below.

2.2  Proteins Involved in Internalization

Once attached to the B cell surface via CD21 virus is endocytosed into a low pH 
compartment from which it must ultimately escape by fusing its envelope with the 
vesicle membrane (Miller and Hutt-Fletcher 1992). Fusion requires four virus gly-
coproteins, gH, gL, gp42 and gB, and one cell protein, HLA class II (reviewed in 
(Hutt-Fletcher 2007). Glycoprotein gH, which has an apparent molecular weight 
of 85 kilodaltons and in the older literature is referred to as gp85, is, like gp350, a 
single-pass type I membrane protein. Glycoprotein gL (formerly gp25) is a periph-
eral membrane protein from which the signal peptide is cleaved and it dimerizes 
with gH. The crystal structure of gH and gL (Matsuura et al. 2010) reveals a four-
domain cylindrical complex in which the membrane-distal globular domain I is 
comprised of the amino terminus of gH and the entire cleaved gL. Coexpression 
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of gH and gL, from hereon referred to as a single entity, gHgL, is thus required for 
the correct folding of the structure.

Herpesvirus glycoprotein nomenclature has now settled on naming of mol-
ecules conserved throughout the entire herpesvirus family by letters of the alpha-
bet. Proteins not found in all subfamilies are referred to by either their apparent 
molecular weights or their gene names. The beta and gammaherpesviruses, but not 
apparently the alphaherpesviruses, have proteins that associate with gHgL. The 
first described was EBV glycoprotein gp42 (Li et al. 1995). Glycoprotein gp42 is 
a type II membrane protein which exists in virions in a cleaved and an uncleaved 
form, although the cleaved form is functionally optimal (Sorem et al. 2009). It 
associates non-covalently with gHgL, probably with domain II and the domain I/
domain II interface (Chen et al. 2012; Sathiyamoorthy et al. 2014), through resi-
dues 36–82 in its amino-terminal region (Kirschner et al. 2007). It binds to the β1 
domain of HLA class II, at the side of the peptide binding groove, via a C-type 
lectin domain (CTLD) at the carboxyl terminus (Mullen et al. 2002), and the inter-
action with HLA class II is required for the initiation of fusion (Haan et al. 2000; 
Li et al. 1997). A hydrophobic pocket within the CTLD domain also makes con-
tact with gHgL at the junction of domains II and III (Sathiyamoorthy et al. 2014).

Like gH and gp350, glycoprotein gB (referred to in the early literature as gp110 
or gp125, the glycosylated form carrying complex sugars) is a single-pass type I 
transmembrane protein. It exists as a trimer, and the crystal structure of gB closely 
resembles not only that of its HSV counterpart, but also the class III fusion pro-
teins of vesicular stomatitis virus and baculovirus (Backovic et al. 2009). The gB 
homologs of all herpesviruses are now generally considered to be the final execu-
tors of fusion, as discussed below.

3  Early Events in Epithelial Cell Entry

3.1  Proteins Involved in Attachment

Attachment of EBV to an epithelial cell is a more complicated issue than B cell 
attachment as a variety of virus glycoproteins, and cell proteins have been impli-
cated in the process. Some epithelial cells in culture express at least low levels 
of CD21 (Fingeroth et al. 1999), and both these and cells engineered to express 
CD21 can be infected at high levels (Borza et al. 2004; Li et al. 1992; Valencia 
and Hutt-Fletcher 2012). Determination of whether epithelial cells in vivo express 
CD21 has, however, been confounded by the fact that only a subset of antibod-
ies that recognize CD21 on B cells is reactive with all epithelial cells, reports 
from different groups using them have not always been consistent (Levine et al. 
1990; Niedobitek et al. 1989; Talacko et al. 1991; Thomas and Crawford 1989), 
and one commonly used antibody cross-reacts with an unrelated epithelial protein 
(Young et al. 1989). Analysis of expression of transcripts in epithelial cells iso-
lated by laser capture microdissection found CD21 mRNA in tonsil and adenoid 
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epithelium, but not elsewhere, although tissues that when normal failed to express 
CD21 became positive as they became dysplastic and expression levels correlated 
with an increase in the grade of dysplasia (Jiang et al. 2008, 2012). This may have 
implications for the development of nasopharyngeal carcinoma. Individuals who 
develop these tumors have increases in antibodies to lytic cycle proteins several 
years prior to diagnosis (Zeng 1985; Zeng et al. 1985), and the role of EBV has 
been postulated to be that of a tumor promoter rather than a tumor initiator (Lo 
et al. 2012).

In the absence of CD21, EBV can use gHgL, which includes a KGD motif, to 
bind to any one of a subset of αv integrins, αvβ5, αvβ6, or αvβ8 (Chesnokova and 
Hutt-Fletcher 2011; Chesnokova et al. 2009). However, infection by virus attached 
via gHgL and an integrin is not at all efficient, for reasons that are not yet clear. 
One possibility is that the use of gHgL for attachment compromises its ability to 
function in fusion (Borza et al. 2004). A second is that CD21 does more than sim-
ply tether virus to the cell surface. Cross-linking of CD21 on an epithelial cell by 
virus has been reported to result in an interaction between its cytoplasmic tail and 
the formin homolog overexpressed in spleen (FHOS/FHOD1) (Gill et al. 2004). 
Formins are scaffolding proteins that nucleate actin and link signal transduction 
to actin reorganization, which is required for intracellular transport of EBV to the 
nucleus. However, both a truncated form of CD21 lacking its cytoplasmic domain 
(Valencia and Hutt-Fletcher 2012) and a construct in which both the cytoplasmic 
domain and the transmembrane domain were replaced with those of gH (unpub-
lished) support infection as efficiently as the full-length protein. Whether there are 
interactions between the ectodomain of CD21 and other epithelial surface mole-
cules needs further exploration. There is precedent for this, for while neither CD35 
nor CD19 is found on epithelial cells, and their interactions with CD21 on a B cell 
can occur through the ectodomains of each (Fearon and Carter 1995).

A second interaction between EBV and an integrin has also been implicated 
in attachment, this time between an RGD motif in the BMRF2 gene product, a 
multi-span membrane glycoprotein, and αv, α3, α5, and β1 integrins (Tugizov 
et al. 2003; Xiao et al. 2008). Its major impact seems to be in infection of polar-
ized cells, although how much the role of pBMRF2 reflects an essential involve-
ment in attachment and how much it reflects effects on cell-to-cell spread (Xiao 
et al. 2009) are not entirely clear. pBMRF2 forms a dimeric complex with the 
BDLF2 gene product, a type II membrane protein (Gore and Hutt-Fletcher 2008). 
Homologs of these two proteins are found in other gammaherpesviruses, and, in 
the murine gammaherpesvirus, MHV68, they have been implicated in a membrane 
remodeling that is important to virus spread (Gill et al. 2008).

In immune individuals, virus coated with immunoglobulin A can attach to the 
basolateral surfaces of epithelial cells via the polymeric IgA receptor (Sixbey and 
Yao 1992), although in polarized cells this leads to transcytosis rather than infec-
tion (Gan et al. 1997). Virus bound to CD21 on the surface of a B cell can also 
be transferred to a CD21-negative epithelial cell (Shannon-Lowe and Rowe 2011; 
Shannon-Lowe et al. 2006). Following EBV attachment, CD21 co-caps with and 
activates adhesion molecules which allow the B cell to form a virologic synapse 
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with an epithelial cell. Finally, there is a very low affinity, but saturable interac-
tion, possibly involving hydrogen and ionic bonds, between the BDLF3 gene 
product gp150 and an unknown molecule(s) on the surface of an epithelial cell 
(unpublished). However, virus lacking gp150, which is a highly glycosylated 
mucin-like protein, is very slightly more infectious for an epithelial cell than is 
wild-type virus (Borza and Hutt-Fletcher 1998) so this particular interaction would 
not appear to be productive.

3.2  Virus Proteins Involved in Internalization

Definitive information about internalization of virus has also been difficult to 
obtain because of the plasticity of epithelial cells in culture, because of the dif-
ferent behaviors of unpolarized, polarized, and stratified epithelial cells, and 
because, since it is often not feasible to obtain primary cultures, cancer cell lines 
have frequently been used. Fusion with primary foreskin epithelial cells occurs at 
neutral pH and unlike B cell fusion does not require endocytosis (Miller and Hutt-
Fletcher 1992). Entry into the SVKCR2 cell line, SV40-transformed keratinocytes 
engineered to express CD21 (Li et al. 1992), the AGS gastric cancer cell line, and 
hTERT-immortalized normal oral keratinocytes does not require actin remodeling, 
which is also consistent with fusion at the cell surface (Valencia and Hutt-Fletcher 
2012). However, whether or not entry into polarized or stratified epithelial cells 
follows the same route has not yet been reported.

It is known, however, that fusion with an epithelial cell requires a comple-
ment of virus and cell proteins different from those used for B cell fusion. This 
has allowed EBV to evolve an elegant strategy for switching tropism and cycling 
between its two major target cells. Glycoproteins gB and gHgL, sometimes 
referred to as the “core fusion machinery” of herpesviruses, are necessary for virus 
fusion with an epithelial cell, as they are for fusion with a B cell, but gp42 is not. 
Fusion is triggered not by HLA class II, which is not constitutively expressed on 
an epithelial cell, but by an interaction between gHgL and one of the three αv inte-
grins to which it binds (Chesnokova and Hutt-Fletcher 2011; Hutt-Fletcher and 
Chesnokova 2010). The interaction between gHgL and an integrin is blocked if 
gp42 is present, and access to both cell types is only possible because EBV carries 
both three-part gHgLgp42 complexes and two-part gHgL complexes in the virion 
envelope (Wang et al. 1998; Chen et al. 2012). Virus lacking gp42 can only infect 
a B cell if a soluble form of gp42, which can reform trimeric complexes, is added 
in trans, and the same soluble gp42, if added in saturating amounts to wild-type 
virus, can block infection of an epithelial cell (Wang et al. 1998). Virus produced 
in B cells carries a reduced number of the trimeric complexes because some bind 
to HLA class II in the endoplasmic reticulum and travel with HLA class II to the 
peptide-loading compartment, which is rich in proteases. This does not happen in 
HLA class II-negative epithelial cells, which produce virus that is enriched for tri-
meric complexes and which is as much as a hundred-fold more infectious for B 
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cells than virus produced by B cells themselves. In turn, B cell virus is about five-
fold more infectious for an epithelial cell than virus replicated in an epithelial cell. 
HLA class II and gp42 thus provide the mechanism for alternating replication in 
the two cell types (Borza and Hutt-Fletcher 2002).

4  Mechanisms of Fusion

Although still incompletely understood, the individual roles of the virus glyco-
proteins involved in fusion are becoming clearer and models of fusion are being 
developed and tested. Probably, the major breakthrough came when the crys-
tal structures of first herpes simplex virus gB and then EBV gB were solved 
(Backovic et al. 2009; Heldwein et al. 2006). The striking resemblance of both 
proteins to the post-fusion conformations of other class III fusion proteins 
strongly supported the nascent hypothesis that gB was central and proximal to 
the event. Class III fusion proteins exist as rod-shaped trimers, and each mono-
mer of gB consists of five domains (Backovic and Jardetzky 2009). Domain I, 
modeled as closest to the virus membrane, is described as a fusion module and 
contains two fusion loops which are thought to insert into the cell membrane as 
fusion progresses. Mutations in the putative fusion loops of EBV gB abrogate 
fusion (Backovic et al. 2007a), and the same hydrophobic residues enable a 
truncated form of gB to form rosettes that are also typical of class I and class II 
fusion proteins in their post-fusion form (Backovic et al. 2007b). Domains II and 
IV contain β-sheets, and domain IV of EBV gB, which is found at the top of the 
trimeric spike, is thought to be flexible. Domain III has a long α-helix which in 
the trimer is part of a central coiled-coil. Domain V is an extended segment that 
inserts between the other two units in the trimer. The class III fusion protein of 
vesicular stomatitis virus, which is triggered by exposure to low pH, has been 
crystallized in both its post-fusion and its pre-fusion conformation and signifi-
cant, but reversible, refolding, such as is seen in class I fusion proteins, occurs as 
one transitions to the other (Roche et al. 2008). Exposure of EBV to a triggering 
integrin leads to a change in its proteolytic digestion pattern, suggesting that a, 
perhaps analogous, conformational shift occurs during EBV fusion (Chesnokova 
et al. 2014).

The role of gHgL with or without gp42 is now generally thought to be as a 
regulator rather than an effector of fusion per se. The structure of gHgL resembles 
that of no known fusion protein, a gB truncation mutant can mediate some epithe-
lial cell fusion in the absence of gHgL (McShane and Longnecker 2004), and heat 
can act as a partial surrogate for a gHgL interaction with an integrin, triggering the 
same change in the proteolytic digestion pattern of gB (Chesnokova et al. 2014). 
Clearly, however, under normal circumstances, an interaction between gHgLgp42 
and HLA class II or an interaction between gHgL and an αv integrin is essential.

The crystal structure of gp42 has been solved in both the presence and absence 
of HLA class II. Mutational analysis of gp42 had highlighted the functional 
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importance of a hydrophobic pocket within the CTLD (Silva et al. 2004), and 
comparison of the liganded and unliganded structures of gp42 indicated a small 
change in the hydrophobic pocket in the liganded form (Kirschner et al. 2009). 
It was originally suggested that this change, triggered by HLA class II bind-
ing, might affect a second interaction between gp42 and either gB or gHgL. 
The second interaction is now known to be with gHgL, and the introduction of 
an N-liked glycosylation site in gHgL at this interface reduces membrane fusion 
(Sathiyamoorthy et al. 2014). A model is developing in which binding of gp42 
to HLA class II causes the hydrophobic pocket in the protein to widen, and this 
change is transmitted via gHgL to gB. There is evidence from work done with her-
pes simplex virus and human cytomegalovirus that gHgL interacts with gB under 
conditions where fusion is possible (Atanasiu et al. 2007; Avitabile et al. 2007; 
Cairns et al. 2011; Vanarsdall et al. 2008), although whether this interaction occurs 
before or as fusion is triggered is equivocal. Whether or not EBV gB and gHgL 
interact has not yet been assessed.

A conformational change in gHgL between the domain I/domain II interface 
was also suggested when mutations affecting fusion were mapped to the crystal 
structure (Matsuura et al. 2010). There is a single unpaired cysteine residue in the 
groove between the two domains which allowed coupling of thiol-reactive, envi-
ronmentally sensitive, fluorescent probes to a soluble truncated form of gHgL. 
Addition of a soluble αv integrin, which on its own can trigger virus fusion with 
an epithelial cell, produced a conformational change that could then be detected 
by fluorescence spectroscopy (Chesnokova and Hutt-Fletcher 2011). Subsequently, 
additional mutations were made in gHgL which introduced a novel disulfide bond 
linking domain I and domain II, presumably constraining such a conformational 
change (Chen et al. 2013). The mutated protein could still mediate fusion with a B 
cell, but lost the ability to fuse with an epithelial cell. This parallels other mutations 
made in domain IV of gHgL which differentially affect fusion with a B cell and an 
epithelial cell (Wu et al. 2005; Wu and Hutt-Fletcher 2007). Though all mutations 
have been functionally tested only in the context of cell-based fusion assays, three 
monoclonal antibodies to gHgL, one which binds to domain IV, one which binds 
close to the domain I/domain II interface, and one which has not yet been mapped, 
all neutralize epithelial infection very efficiently, but have little to no effect on B 
cell infection (Chesnokova and Hutt-Fletcher 2011; Wu et al. 2005) suggesting that 
the observations are probably relevant to virus entry as well.

The further implication of the observations would seem to be that, as they interact 
with their cellular partners, the architecture of the two fusion complexes, gB and gHgL 
or gB and gHgLgp42, the latter of which has been partially described (Sathiyamoorthy 
et al. 2014), is different. What this means for how gHgL interfaces with gB is unclear, 
although it seems likely that the final events in fusion are similar for both cell types. 
Fusion can be achieved if gHgL and gB are expressed in trans as well as in cis, and a 
virus lacking gHgL can enter an epithelial cell expressing gHgL. Infection at low lev-
els can also be achieved in a B cell expressing gHgL without gp42, if a soluble integ-
rin is added, providing some support for the concept that, once activated for fusion, gB 
proceeds similarly in both cell types (Chesnokova et al. 2014).
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5  Transit to the Nucleus

The occurrence of fusion at different sites in a B cell and an epithelial cell, at 
least in the epithelial cells studied so far, has potential implications for transport 
of virus into the nucleus. A virus entering by endocytosis avoids the problem 
of crossing the actin cortex and is in a somewhat protected environment until it 
fuses out of the vesicle. There is precedent in other virus systems for vesicular 
transport well into the cell, although where precisely EBV fuses, is not known. 
Microtubules are required for delivery of virus DNA to the nucleus in both B cells 
and epithelial cells, the actin cytoskeleton also appears to be needed in epithelial, 
but not B cells, and it is clear that the process is much more efficient in a B cell 
than in an epithelial cell (Shannon-Lowe et al. 2009; Valencia and Hutt-Fletcher 
2012). Approximately half of the virus delivered into an epithelial cell is degraded 
within hours. What is perhaps surprising is that although only a small percentage 
of virus that binds to a cell actually makes it to the nucleus, that small amount that 
does infect either a B cell or an epithelial cell expressing CR2 is capable of effi-
cient gene expression (Borza et al. 2004; Shannon-Lowe et al. 2005).

6  Entry in Vivo

Translating what we know about entry at the cellular level into the reality of what 
happens in vivo is difficult. Beside the general assumption that virus transmitted 
in saliva first infects cells somewhere in the oropharynx, there is little or no con-
crete information on the subject. Both cell-free virus and cell-associated virus, 
or at least cell-associated virus DNA, are found in saliva (Haque and Crawford 
1997), but if the virus is cell-associated, which cell type it is associated with is 
unclear. There is certainly evidence for virus-producing desquamating epithelial 
cells in saliva (Lemon et al. 1977; Sixbey et al. 1984), and cell-free virus in saliva 
of carriers has the characteristics of virus shed from an HLA class II-negative cell, 
implying that it is being shed from an epithelial cell. It is higher in gp42 than virus 
made in a B cell from the same individual and binds via gHgL to αv integrins very 
poorly (Jiang et al. 2006). Modeling studies have also suggested that the levels 
of virus in saliva can only be accounted for by amplification of virus in epithelial 
cells (Hadinoto et al. 2009). However, whether or not virus-producing B cells are 
also present in saliva, or uninfected B cells to which virus is bound, both of which 
might allow for more efficient infection of mucosal epithelium (Shannon-Lowe 
et al. 2006; Tugizov et al. 2003), is not known.

Beyond this, there are several questions that can be raised. Does virus repli-
cate its way through an epithelial barrier to reach B cells (Temple et al. 2014), is 
it transcytosed across epithelium (Tugizov et al. 2013), is it picked up by mac-
rophages or dendritic cells (Tugizov et al. 2007), and does it gain access as a result 
of breaks in the epithelial barrier, as is assumed for human papillomaviruses? 
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Given that the only symptomatic primary infection associated with EBV is infec-
tious mononucleosis, which has an estimated incubation period of several weeks, 
it is likely that we will have to rely on future studies with non-human primate 
lymphocryptoviruses to provide answers to these questions. Examination of the 
path of virus reactivated in persistent carriers may, however, be more amenable to 
study.

Work done on oral hairy leukoplakia in the 1990s reinforced the assumption 
that, while B cells are the reservoir of latent virus, epithelial cells are normally the 
site of lytic infection and virus is latent only in malignant or pre-malignant epithe-
lial tissue. Although a model akin to that of human papillomaviruses, where virus 
establishes latency in basal epithelial cells and replication is differentiation-linked, 
had been proposed (Allday and Crawford 1988; Sixbey 1989), it was reported that 
while productive replication was indeed probably differentiation-linked (Young 
et al. 1991), there was no detectable virus in basal epithelium (Niedobitek et al. 
1991). Reexamination by real-time reverse transcriptase PCR of RNA in cells 
isolated by laser capture microdissection from sections of oral hairy leukoplakia, 
however, not only confirmed the presence of lytic transcripts in middle and upper 
layers of epithelium, but also found EBER expression in the absence of lytic tran-
scripts in basal cells (unpublished). Similarly, basal epithelial cells in normal ton-
sils, identified by faint EBER in situ hybridization staining, expressed EBERs in 
the absence of lytic transcripts, although, in the sections examined to date, no lytic 
transcripts have been found in cells in the layers above. This does, however, sug-
gest that perhaps the “papilloma virus” model should be revisited. If virus is shed 
by a terminally differentiating infected B cell in, for example, the tonsil, then on 
its path out into saliva, it would plausibly first encounter the basal surface of a 
basal epithelial cell. B cell-mediated transfer infection of polarized cells occurs 
only through the basal surface (Shannon-Lowe and Rowe 2011), and the integrins, 
needed for fusion, are primarily in the basolateral membrane. The virus that is 
shed from a B cell is also low in gp42 and hence epithelial-tropic. Differentiation 
of latently infected basal epithelial cells might then sporadically lead to production 
of virus at the epithelial surface. Virus shed from the epithelial cell is of course 
highly lymphotropic, and release at the epithelial surface is perhaps more likely to 
result in shedding than in reinfection at the apical surface. Such a model is most 
consistent with the idea that access to a new B cell occurs where the epithelial bar-
rier is damaged.

7  Conclusions

Progress has clearly been made in understanding virus entry. We know many, 
though probably not all, of the proteins initially involved at the cellular level, and 
we are beginning to understand how some of them function. However, we know 
little about intracellular transport and delivery of DNA to the nucleus, which 
marks the completion of the successful entry process. Also, most efforts have 
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focused on just two cell types, when it is clear that EBV can infect more than B 
lymphocytes and epithelial cells. We notice this principally when things go wrong, 
when, for example, leiomyosarcomas or NK/T cell lymphomas develop, but does 
it happen in uneventful infections? If not, what changes make these cells accessi-
ble? We need to be continually mindful of the fact that almost all we know comes 
from the study of virus cell interactions out of context in a tissue culture dish. 
How representative is this of what happens in vivo? Perhaps, the biggest barrier 
to better understanding of the biology of EBV is its strict human tropism. At the 
same time, almost all of us are infected, so the population we have available for 
study is huge. We need to make better and more imaginative use of it.
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Abstract Epstein-Barr virus, which mainly infects B cells and epithelial cells, 
has two modes of infection: latent and lytic. Epstein-Barr virus infection is 
 predominantly latent; however, lytic infection is detected in healthy seropositive 
individuals and becomes more prominent in certain pathological conditions. Lytic 
infection is divided into several stages: early gene expression, DNA replication, 
late gene expression, assembly, and egress. This chapter summarizes the most 
recent progress made toward understanding the molecular mechanisms that regu-
late the different lytic stages leading to production of viral progeny. In addition, 
the chapter highlights the potential role of lytic infection in disease development 
and current attempts to purposely induce lytic infection as a therapeutic approach.
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1  Introduction

Lytic infection is an integral component of the EBV life cycle. During the lytic 
cycle, most of the virally encoded genes are expressed. The products of lytic genes 
mediate amplification of the viral genome, synthesis of viral structural proteins, 
formation of the viral capsid, and production of new virus particles that spread 
through saliva to infect other individuals. Recent models suggest that virus 
released from B cells in Waldeyer’s ring enters the epithelium tonsil where it 
becomes amplified, a process that is considered necessary to promote virus shed-
ding into the saliva for more efficient transmission (Hadinoto et al. 2009).

The lytic cycle is not only required for horizontal transmission of EBV among 
hosts; lytic reactivation contributes to primary infection and establishment of 
latency. During primary infection, several reports suggest a model in which 
EBV particles infect epithelial cells in the oral cavity and undergo lytic replica-
tion resulting in production of new viral progeny. Released viral particles spread 
to oral submucosa to infect circulating B lymphocytes and establish primary 
infection (Lemon et al. 1978; Sixbey et al. 1983, 1984). Following entry into B 
cells, EBV undergoes a necessary transient phase of expression of a subset of 
lytic genes. Expression of this limited set of early lytic genes is critical to initi-
ate and maintain latency in newly infected B lymphocytes (reviewed in Kalla and 
Hammerschmidt 2012; Altmann and Hammerschmidt 2005; Seto et al. 2010; Wen 
et al. 2007; Zeidler et al. 1997). Furthermore, spontaneous lytic reactivation from 
latency replenishes the pool of latently infected B cells that are constantly targeted 
by immune surveillance (Henle and Henle 1966; Miller et al. 1970).

2  Switch from the Latent to the Lytic Phase

Transition from the latent to the lytic state is triggered by expression of two virally 
encoded transcription factors, ZEBRA (also known as BZLF1, Zta, EB1, or Z) 
and Rta (also known as BRLF1 or R) (Miller et al. 2007). ZEBRA is the mas-
ter regulator of the lytic cycle; expression of ZEBRA in latently infected cells is 
sufficient to initiate the lytic cycle and drive it to completion (Countryman and 
Miller 1985; Grogan et al. 1987). Regulation of ZEBRA expression is central to 
entry into the lytic cycle. In a limited number of EBV-positive cell lines, Rta also 
induces the lytic cycle by activating expression of ZEBRA (Ragoczy et al. 1998; 
Zalani et al. 1996). The promoters regulating expression of ZEBRA and Rta (Zp 
and Rp, respectively) are tightly repressed during latency.

2.1  Regulation of Zp

Several cis-DNA regulatory elements were identified in Zp, numbered ZI to ZV, in 
addition to SMAD-binding elements (SBEs) and the HIF response elements (Fig. 1a).
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2.1.1  Zp-Positive Regulatory Motifs

There are four ZI elements (ZIA through ZID) interspersed in Zp (Borras et al. 
1996; Flemington and Speck 1990c). These elements are recognized by two fami-
lies of transcription factors, SP1/KLF and MEF2 (Liu et al. 1997a, b). During lytic 
induction, phosphorylation of Sp1 and dephosphorylation of MEF2D disrupt their 
association with HDACs and promote association with HATs leading to activa-
tion of Zp (Bryant and Farrell 2002; Gruffat et al. 2002; Li et al. 2001; Liu et al. 
1997b; Tsai et al. 2011). Importantly, insertion of mutations in the ZI motifs that 
disrupt binding of MEF2 or SP1/KLF abolishes expression of ZEBRA in response 
to lytic cycle inducing agents (Murata et al. 2013).

The ZII element, located near the TATA box, is essential for activation of Zp 
(Chatila et al. 1997; Daibata et al. 1994; Feng et al. 2004; Flemington and Speck 
1990c; Murata et al. 2013). The ZII motif, which resembles binding sites of AP-1 
and CREB, is recognized by several bZIP proteins (Flamand and Menezes 1996; 
Flemington and Speck 1990c; Huang et al. 2006; Liu et al. 1998; Murata et al. 
2011; Sun and Thorley-Lawson 2007; Wang et al. 1997; Wu et al. 2004). The fact 
that several transcription factors can interact with ZII could be attributed to the 
inducing agent or cell type (Bhende et al. 2007; Huang et al. 2006; Murata et al. 
2011; Shirley et al. 2011; Sun and Thorley-Lawson 2007; Wu et al. 2004).

The ZIIIA and ZIIIB domains are ZEBRA response elements (ZREs) 
(Flemington and Speck 1990a). Binding of ZEBRA to ZIIIA and ZIIIB auto-stim-
ulates Zp to achieve full promoter activation (Flemington and Speck 1990a; Yin 
et al. 2004). ZEBRA also interacts with C/EBPα, and both proteins cooperatively 
activate Zp through direct binding to ZII and ZIIIB (Wu et al. 2004).

Zp contains five SBEs that regulate induction of the lytic cycle via the canoni-
cal TGF-β signaling pathway (Iempridee et al. 2011; Liang et al. 2002; Matsuzaki 
2011). Mutation of any Zp-SBE compromises efficient activation of the promoter 

Fig. 1  Summary of the different stages of lytic reactivation. Upon induction of the lytic cycle, 
two essential transcription factors of EBV are expressed: ZEBRA and Rta. The ZEBRA pro-
moter (Zp) is strictly regulated by a variety of proteins at its many regulatory motifs (a). Once 
expressed, ZEBRA activates Rta expression through interaction with its promoter (Rp) at ZEBRA 
response elements. Note that the BRLF1 gene extends into Zp (not depicted). Each of these pro-
teins, ZEBRA and Rta, activate a subset of early genes on their own as well as synergistically (b). 
Many early genes code for proteins involved in viral DNA replication. ZEBRA, also a replication 
protein, interacts with the origin of lytic replication (oriLyt) along with other factors to initiate 
DNA amplification (c). Following viral DNA replication, late genes are expressed (d), a process 
which is mediated by the viral pre-initiation complex (vPIC) and the viral protein kinase BGLF4. 
vPIC is composed of six late gene regulators that presumably play a role in recruitment of cellular 
RNA polymerase II (RNAPII) to late promoters. A number of lytic genes then work in concert 
to package viral DNA into capsids and to create fully formed viral progeny, thus completing the 
lytic life cycle. SBE, SMAD-binding element; SSB, viral single-stranded DNA-binding protein; 
H/PAF, helicase/primase-associated factor; PPF, DNA polymerase processivity factor; OBP, ori-
gin-binding protein; TBP, TATA box-binding protein; and ZRE, ZEBRA response element. Zp-
negative regulatory sites are in gray, while positive regulatory sites are in yellow
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by TGF-β, suggesting that all five sites work in concert. Chromatin immunopre-
cipitation experiments demonstrated association of SMAD4 with Zp in Burkitt’s 
lymphoma MutuI cells treated with TGF-β (Iempridee et al. 2011). Since SMADs 
interact with Sp1 and MEF2 proteins (Quinn et al. 2001; Zhang et al. 2000), it 
is possible that activation of Zp might also involve formation of SMAD/Sp1 or 
SMAD/MEF2 complexes on the promoter.

2.1.2  Zp-Negative Regulatory Motifs

ZIIR, ZV, and ZV’ are three cis elements that negatively regulate Zp. Individual 
and concurrent mutations of these silencing elements resulted in viruses that are 
predominantly lytic and fail to transform primary B cells (Yu et al. 2007, 2012). 
The protein that binds to ZIIR and mediates repression of Zp is still elusive. ZV 
and ZV’ are binding sites for ZEB1 and ZEB2, respectively, which are zinc finger 
E-box-binding proteins (Ellis et al. 2010; Kraus et al. 2003). Absence of ZEB1 
expression in EBV-infected gastric carcinoma cells resulted in spontaneous lytic 
reactivation (Feng et al. 2007). Targeting of ZEB1 and ZEB2 mRNAs by cellu-
lar miRNAs 200b and 429 leads to upregulation of lytic gene expression (Ellis-
Connell et al. 2010; Park et al. 2008; Yu et al. 2011). Therefore, the abundance of 
miRNA 200 or, inversely, the lack of ZEB1/2, in certain cell backgrounds, e.g., 
gastric carcinoma cells, might explain why lytic infection is favored (Ellis-Connell 
et al. 2010; Lin et al. 2010; Shinozaki et al. 2010).

2.2  In Vitro Activation of the Lytic Cycle

In tissue culture, several chemical and biological agents induce lytic reactivation. 
These agents include HDAC inhibitors (e.g., sodium butyrate), protein kinase C 
agonists (e.g., phorbol ester), DNA methyltransferase inhibitors (e.g., azacytidine), 
anti-immunoglobulin, and transforming growth factor beta (Ben-Sasson and Klein 
1981; Fahmi et al. 2000; Luka et al. 1979; Takada 1984; zur Hausen et al. 1978). 
Data from reporter assays suggest that inducing stimuli converge on and activate 
Zp. The mechanism by which these inducing stimuli activate Zp is still under 
investigation.

Perhaps one of the more physiologically relevant stimuli of the lytic cycle is 
cross-linking of BCR with anti-immunoglobulin. The process mimics antigen-
mediated activation of BCR and triggers a cascade of signal transduction that leads 
to activation of Zp (Packard and Cambier 2013; Takada and Ono 1989; Tovey 
et al. 1978). BCR engagement leads to activation of one or more of the phosphoty-
rosine kinases, Btk, Syk, and Lyn. The involvement of Btk and Syk in lytic reacti-
vation is still ambiguous; inhibitors of these kinases had no effect on reactivation 
of the lytic program in Burkitt’s lymphoma Akata cells (Goswami et al. 2012). 
Three additional downstream cellular kinases, PI3K, PKC, and MAPK, transduce 
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the induction signal to Zp (Davies et al. 1991; Goswami et al. 2012; Iwakiri and 
Takada 2004; Satoh et al. 1999). Interestingly, EBV encodes a latent membrane 
protein, LMP2A, which mimics BCR and disrupts its association with downstream 
kinases (Fruehling and Longnecker 1997). Latently infected cells that express high 
levels of LMP2A are resistant to lytic reactivation via BCR engagement.

Silencing of Zp is mediated by both repressors of transcription (discussed 
earlier) as well as epigenetic histone modifications (Murata et al. 2012, 2013; 
Ramasubramanyan et al. 2012). Several HDAC inhibitors induce the lytic cycle 
partly by causing histone hyperacetylation of Zp (Chang and Liu 2000; Gruffat 
et al. 2002; Jenkins et al. 2000; Murata et al. 2011). However, recent reports 
indicate that histone hyperacetylation alone is not sufficient to disrupt latency. 
Treatment of EBV-positive Burkitt’s lymphoma cells with sodium butyrate 
resulted in histone hyperacetylation of Zp and Rp in cells induced and refractory 
to lytic reactivation (Daigle et al. 2010). Moreover, valproic acid, an HDAC inhibi-
tor, not only failed to reactivate the lytic cycle but also blocked the capacity of 
other inducing agents to do so in B lymphocytes (Countryman et al. 2008; Daigle 
et al. 2011). Additional factors contribute to the capacity of HDAC inhibitors to 
regulate expression of ZEBRA. These factors include synthesis of cellular imme-
diate-early proteins upstream of ZEBRA and Rta (e.g., EGR1 and nuclear orphan 
receptors) (Ye et al. 2007), stimulation of the kinase activity of ATM and PKC-
delta (Hagemeier et al. 2012; Tsai et al. 2011), and post-translational modifica-
tions of histones other than acetylation (Mansouri et al. 2013).

2.3  Cellular Events that Contribute to Disruption of Latency

Recent studies established a series of associations between terminal cell differen-
tiation and lytic reactivation of EBV as well as other gammaherpesviruses (Lai 
et al. 2011; Liang et al. 2009). Induction of terminal differentiation in squamous 
epithelial cells augmented the activity of Zp (Karimi et al. 1995). Two cell dif-
ferentiation factors, XBP1 and BLIMP1, mediate EBV reactivation in B lympho-
cytes and epithelial cells. In oral hairy leukoplakia, a condition observed in the 
tongue of HIV-infected patients, EBV replicates only in differentiated epithelial 
cells expressing BLIMP1 (Buettner et al. 2012). BLIMP1 induces the lytic cycle 
in epithelial cells by activating Zp and Rp (Reusch et al. 2014). In plasma-differ-
entiated cells, activated XBP1 binds to the ZID/ZII elements in Zp and triggers 
lytic replication (Bhende et al. 2007; McDonald et al. 2010; Sun and Thorley-
Lawson 2007). Several other cellular factors (e.g., EBF1 and Pax5) that play a role 
in maintaining the B cell lineage were described as repressors of lytic reactivation 
(Davies et al. 2010). EBF1, a transcription factor, regulates expression of Pax5. 
Loss of endogenous EBF1 or Pax5 expression in lymphoblastoid or Burkitt’s lym-
phoma cell lines induces lytic viral reactivation (Arvey et al. 2012; Raver et al. 
2013). Furthermore, induction of the lytic cycle using inducing agents reduces 
the level of Pax5 protein (Raver et al. 2013). In addition to cell differentiation, 
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hypoxia and endoplasmic reticulum stress also have the potential to reactivate 
latent EBV (Jiang et al. 2006; Kenney and Mertz 2014; Taylor et al. 2011).

3  Early Gene Expression

3.1  The ZEBRA Protein

The BZLF1 gene codes for the ZEBRA protein (Countryman and Miller 1985; 
Grogan et al. 1987; Rooney et al. 1988). The capacity of ZEBRA to disrupt 
latency resides in its function as a transcription activator of lytic genes and as an 
essential origin-binding protein in the process of lytic DNA replication. ZEBRA 
belongs to the bZIP family of proteins and is composed of four functional regions: 
transactivation domain, regulatory domain, basic DNA-binding domain, and 
coiled-coil dimerization domain (El-Guindy et al. 2007; Flemington et al. 1992). 
ZEBRA activates transcription via its capacity to: bind to specific DNA motifs 
present in cellular and viral promoters, interact with general transcription factors 
(e.g., TFIID and TFIIA), and recruit histone-modifying enzymes to target promot-
ers (Adamson and Kenney 1999; Chen et al. 2001; Chi et al. 1995; Deng et al. 
2001; Lieberman and Berk 1991, 1994; Zerby et al. 1999). ZEBRA recognizes 
a broad range of DNA motifs that include AP-1 and methylated and unmethyl-
ated binding sites (Flemington and Speck 1990b; Glover and Harrison 1995; 
Lehman et al. 1998; Lieberman et al. 1990; Petosa et al. 2006; Farrell et al. 1989; 
Kouzarides et al. 1991).

Both transcription and replication functions of ZEBRA are regulated by post-
translational modifications. ZEBRA is constitutively phosphorylated at sites clus-
tered in the regulatory domain and the transactivation domain. Phosphorylation 
of residues in the regulatory domain is essential for its role as an origin-binding 
protein during lytic DNA replication and as a transcription repressor of a sub-
class of late genes during the early phase of the lytic cycle (El-Guindy and Miller 
2004; El-Guindy et al. 2006, 2007). Oxidation of cysteine residues in the bZIP 
domain, particularly C189, regulates the function of ZEBRA as a replication pro-
tein (Wang et al. 2005). Furthermore, ZEBRA is sumoylated at K12, a modifica-
tion that partly suppresses the transcriptional activity of the protein (Hagemeier 
et al. 2010).

3.2  Regulation of Rp and Other Early Promoters Through 
ZEBRA Binding to Methylated DNA

A primary role of ZEBRA during lytic reactivation is to stimulate the promoter of 
the BRLF1 gene (Rp), which codes for Rta. ZEBRA activates Rp via its capacity to 
bind to methylated ZREs (Bhende et al. 2004, 2005) (Fig. 1a). ZEBRA also binds 
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to and activates the promoters of several lytic genes in a manner dependent on the 
presence of methylated CpGs. Six of these genes encode the different components 
of the viral replication machinery (Bergbauer et al. 2010) (Fig. 1). Discovering the 
capacity of ZEBRA to bind methylated DNA has transformed our understanding 
of the mechanisms that regulate viral gene expression during lytic infection. The 
finding revealed that the extent of viral DNA methylation is a determining factor in 
the outcome of lytic reactivation. During primary infection, ZEBRA is transiently 
expressed; however, most of the viral DNA is unmethylated (Kintner and Sugden 
1981; Wen et al. 2007). Lack of viral DNA methylation impedes the capacity of 
ZEBRA to activate expression of genes encoding the lytic replication machinery. 
As a result, only few lytic genes are activated and no viral genome amplification 
takes place (Kalla et al. 2012). This outcome leads to a short phase of abortive 
lytic activation during primary infection that is considered essential for transforma-
tion of resting B cells (Kalla et al. 2010). In contrast, reactivation from the latent 
viral genome, which is heavily methylated, results in expression of all lytic genes 
and subsequent production of viral progeny. Therefore, methylation of viral DNA 
serves as a key determinant for the extent of lytic activation and its consequences 
(Bergbauer et al. 2010; Dickerson et al. 2009).

S186 is a key residue for the capacity of ZEBRA to bind to methylated DNA 
(Bhende et al. 2004, 2005). Sequence alignment of the basic domain of ZEBRA 
with other bZIP proteins revealed the uniqueness of S186 (Francis et al. 1997). 
Mutation of S186 to alanine induced a conformational change and disrupted 
ZEBRA’s capacity to reactivate the lytic cycle (El-Guindy et al. 2002; Francis 
et al. 1999). AP-1 proteins with serine substitution of residues corresponding to 
S186 bound to methylated DNA and activated expression of Rta (Yu et al. 2013). 
The current crystal structure of ZEBRA employed a Z(S186A) mutant bound to 
a non-methylated AP-1 site (Petosa et al. 2006). These new findings highlight the 
need for a new crystal structure of ZEBRA in which S186 is intact and the protein 
is bound to a methylated ZRE.

3.3  Role of Rta in EBV Reactivation

Rta is essential for disruption of EBV latency in infected B lymphocytes and epi-
thelial cells (Feederle et al. 2000; Ragoczy et al. 1998; Zalani et al. 1996). All 
gammaherpesviruses encode a similar transcription factor; however, there are no 
cellular homologs of Rta. The protein has three functional domains, an amino-
terminal DNA recognition domain, a dimerization domain, and a transcription 
activation domain (Manet et al. 1991). The DNA recognition function of Rta is 
regulated by an intrinsic 55 amino acid sequence termed the DNA-binding inhibi-
tory sequence (DBIS). Mutations in DBIS enhance the DNA-binding activity of 
Rta in vitro (Chen et al. 2009). Rta is a phosphoprotein; however, the sites, the 
kinases, and the functional significance of phosphorylation have not yet been char-
acterized (Zacny et al. 1998).
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Genome-wide analyses demonstrated association of Rta with several lytic 
promoters (Heilmann et al. 2012). Rta binds to cognate DNA motifs termed Rta 
response elements (RREs) (Chen et al. 2005; Gruffat et al. 1990). In addition to 
direct binding, Rta is tethered to viral promoters, e.g., Zp, and the viral DNA pol-
ymerase (BALF5) promoter, through interaction with cellular transcription fac-
tors (Chang et al. 2005; Liu et al. 1996). Rta interacts with TBP, TFIIB, and CBP, 
which contributes to the recruitment of RNAPII and the opening of chromatin dur-
ing the process of transcription activation (Manet et al. 1993; Swenson et al. 2001).

3.4  Early Events of Lytic Reactivation

While ZEBRA and Rta are the two main activators of the EBV lytic cycle, recent 
findings support a model in which expression of ZEBRA precedes that of Rta. 
ZEBRA activates expression of Rta and BRRF1 through its capacity to bind to 
methylated DNA (Dickerson et al. 2009). BRRF1 is a nuclear factor that syner-
gizes with Rta to activate expression of lytic genes (Hong et al. 2004). In a posi-
tive feedback loop, Rta and BRRF1 cooperate together to activate Zp. In epithelial 
cells, expression of BRRF1 alone was sufficient to induce the lytic cycle, yet to a 
lesser extent relative to ZEBRA and Rta (Hagemeier et al. 2011). Once ZEBRA 
and Rta are expressed, each protein activates transcription of a separate class of 
EBV early lytic genes, and together the two proteins synergize to activate tran-
scription of a third class of lytic genes (Ragoczy and Miller 1999) (Fig. 1b). The 
mechanism that regulates synergy is not fully understood and likely involves com-
plex formation among ZEBRA, MCAF1, and Rta (Chang et al. 2010; Quinlivan 
et al. 1993).

3.5  Regulation of ZEBRA and Rta by Cellular  
and Viral Proteins

Several cellular and viral proteins modulate the function of ZEBRA and Rta in 
disruption of latency. Interaction of Rta with Oct1 enhances its capacity to bind 
to and activate lytic viral promoters (Robinson et al. 2011). The activity of 
three  cellular protein kinases, PI3K, p38, and JNK, is required for Rta-mediated 
activation of Zp (Adamson et al. 2000; Darr et al. 2001). The EBV LF2 pro-
tein suppresses the function of Rta by retaining the protein at the extranuclear 
cytoskeleton (Heilmann et al. 2010). Cellular proteins counteract lytic reactivation 
by negatively regulating the function of ZEBRA. Pax5 and Oct2 interact with the 
bZIP domain of ZEBRA and inhibit its binding to lytic promoters (Raver et al. 
2013; Robinson et al. 2012). These functional and physical interactions between 
the lytic cycle activators and viral or host proteins reflect the intricate events that 
regulate the switch from latent to lytic infection.
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4  DNA Replication

Lytic viral DNA replication occurs independent of cellular DNA replication. EBV 
encodes proteins necessary for lytic DNA replication (Fixman et al. 1992, 1995). 
Two copies of duplicated core elements, termed oriLyt (origin of lytic replica-
tion), mediate replication of viral DNA during lytic infection resulting in several 
100-fold genome amplification (Hammerschmidt and Sugden 1988). Because of 
the circularity of the EBV genome, lytic DNA replication is thought to follow a 
rolling circle model. However, other forms of bidirectional DNA replication might 
ensue to increase the number of circular viral templates prior to amplification 
(Pfuller and Hammerschmidt 1996). Lytic replication results in long concatemers 
of linear EBV genomes fused head to tail that are then cleaved and packaged into 
viral capsids (Bloss and Sugden 1994; Jacob and Roizman 1977).

4.1  oriLyt

A complete linear viral genome contains two copies of oriLyt located in the left 
and right duplicated sequences of the genome (DSL and DSR) (Hammerschmidt 
and Sugden 1988). Naturally occurring EBV strains with deletions of one copy of 
either origin, such as the B95-8 and P3HR1 virus strains, still maintain the capac-
ity to replicate the entire viral genome (Cho et al. 1984; Raab-Traub et al. 1980). 
Each origin of replication contains the DNA regulatory elements sufficient to rep-
licate a surrogate oriLyt plasmid in cis. Three cis elements were mapped in the 
DSL origin, also known as BamHI-H oriLyt (Fig. 1c). These cis elements are the 
upstream and downstream elements, which are essential for genome amplification, 
and a dispensable enhancer element (Schepers et al. 1993). The detailed structure 
of oriLyt was recently reviewed (Hammerschmidt and Sugden 2013).

4.2  Assembly of the EBV Replication Machinery

The process of genome amplification requires core replication proteins encoded 
by EBV. These proteins include ZEBRA, which functions as the origin-binding 
protein, the single-stranded DNA-binding protein (BALF2), and five replica-
tion enzymes and co-enzymes, namely the helicase (BBLF4), primase (BSLF1), 
 primase-associated factor (BBLF2/3), DNA polymerase (BALF5), and DNA poly-
merase processivity factor (BMRF1) (Fixman et al. 1992, 1995). Replication occurs 
in intranuclear sites termed replication compartments (Daikoku et al. 2005). One 
of the first events that take place during replication is origin recognition. ZEBRA 
binds to response elements present in oriLyt and recruits other replication pro-
teins. Three replication proteins, BMRF1, BSLF1, and BALF2, augment binding 
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of ZEBRA to oriLyt (El-Guindy et al. 2010). ZEBRA interacts with most repli-
cation proteins except BALF2 and is thought to nucleate the replication complex 
on oriLyt (Baumann et al. 1999; Gao et al. 1998; Liao et al. 2005; Zhang et al. 
1996). Phosphorylation of S173 in the regulatory domain of ZEBRA is crucial for 
its capacity to bind oriLyt and to support viral DNA replication (El-Guindy et al. 
2007). The Rta protein also plays an essential role in lytic DNA replication. The 
exact role of Rta in replication is unknown. Rta binds to oriLyt in vivo and local-
izes to replication compartments (El-Guindy et al. 2013; Heilmann et al. 2012). 
One potential role of Rta in replication is to activate oriLyt through synergy with 
ZEBRA. Both Rta and ZEBRA are necessary to activate transcription of the 
BHLF1 gene from the endogenous genome (El-Guindy et al. 2013), an event that is 
necessary for initiation of lytic DNA replication (Rennekamp and Lieberman 2011).

5  Late Gene Expression

EBV encodes around 36 late genes (Yuan et al. 2006) that code for viral structural 
proteins, glycoproteins, tegument proteins, and vIL-10. Functionally, products 
of late genes are crucial for many events in the life cycle of EBV including cap-
sid assembly and maturation; DNA packaging in viral capsids; viral attachment, 
fusion, and internalization during de novo infection; and protection of lytically 
infected cells from immune responses.

Little is known about the mechanism of regulation of late gene expression. 
Several factors are necessary for expression of EBV late genes (Fig. 1d). One 
main factor is the onset of viral DNA replication. Disruption of viral DNA repli-
cation abolishes synthesis of late products (El-Guindy et al. 2010; Summers and 
Klein 1976). Several models were proposed to explain the link between DNA rep-
lication and late gene expression. For example, replicating the viral genome could 
induce: alterations in chromatin structure, demethylation of viral DNA, expres-
sion of transcription activators, and displacement of repressors bound to late 
promoters.

Recent studies demonstrated that viral DNA replication alone is not sufficient to 
activate expression of late genes. Studying the EBV transcriptome in the absence 
and presence of BGLF4, an EBV-encoded serine/threonine kinase, revealed that 
expression of almost all late genes is dependent on the function of BGLF4 even 
after replication of the viral genome (El-Guindy et al. 2014). Six additional fac-
tors have been identified as regulators of late gene expression; all six factors have 
homologs in both beta- and gammaherpesviruses (Aubry et al. 2014). Two fac-
tors, BGLF3 and BcRF1, interact with the largest subunit of RNA polymerase-II, 
RPB1, suggesting that these two proteins are part of the transcription machinery 
involved in transcribing late mRNAs (Aubry et al. 2014; El-Guindy et al. 2014). 
There are no known functional domains or cellular homologs of BGLF3. BcRF1, 
however, is structurally related to TBP, based on in silico structure prediction 
methods (Wyrwicz and Rychlewski 2007). BcRF1 binds to a non-canonical TATA 
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element (TATT) present in many late promoters (Gruffat et al. 2012; Serio et al. 
1998). Binding of BcRF1 to a late promoter is likely to recruit other late gene reg-
ulators through protein–protein interaction (Aubry et al. 2014).

Viral late promoters have a different structure compared to cellular promot-
ers or viral promoters of other kinetic classes. Activation of late promoters is 
dependent on a core region encompassing the distinct TATT box element and a 
downstream sequence that spans the transcription start site (Amon et al. 2004; 
Serio et al. 1997, 1998) (Fig. 1d). Rta associates with at least two late promoters, 
BFRF3p and BLRF2p, even prior to amplification of the viral genome, suggesting 
a role in late gene expression (Heilmann et al. 2012). In the absence of ZEBRA, 
expression of Rta in EBV-positive cells bypasses the requirement for viral DNA 
replication and activates a subclass of late genes (Lu et al. 2006; Ragoczy and 
Miller 1999). ZEBRA phosphorylated at S173 suppresses the capacity of Rta to 
activate late genes in the absence of viral DNA replication (El-Guindy and Miller 
2004). This finding suggests that ZEBRA plays a role in maintaining proper tem-
poral gene expression during the early stage of lytic infection.

6  Role of Lytic Infection in Development  
of EBV-Associated Malignancies

Several observations support the conclusion that lytic infection contributes to the 
oncogenicity of EBV. Lytic infection precedes development of EBV-associated 
Hodgkin’s lymphoma, nasopharyngeal carcinoma (NPC), Burkitt’s lymphoma 
(BL), and post-transplant lymphoproliferative disease (PTLD) (Chan et al. 1991; 
Chen et al. 1985; Mueller et al. 1989, 1991). EB viruses isolated from NPC 
patients vary from other EBV isolates and have the tendency to spontaneously 
switch to lytic replication (Crawford et al. 1979; Tsai et al. 2013). High viral load, 
due to lytic replication, and elevated antibody titers against EBV lytic products 
are predictive markers for the onset of these diseases (Cao et al. 2011; Chien et al. 
2001; Hong et al. 2005; Hsu et al. 2009; Katsumura et al. 2012; Lee et al. 2005; 
Lucas et al. 1998; Rasche et al. 2013; Rooney et al. 1995; Tsai et al. 2008; van 
Esser et al. 2001).

Exclusively lytic EBV infection is irreconcilable with B cell immortalization 
(Miller et al. 1974). Hence, it is more likely that lytic infection contributes to tumor 
development by expanding the population of latently infected cells, thus increas-
ing the likelihood of a latently infected cell becoming neoplastic. Lytic infection 
also could contribute to EBV oncogenicity by inducing expression of proinflamma-
tory cytokines, growth factors, and cellular signaling molecules that promote cell 
proliferation, genomic instability, and angiogenesis (Arvey et al. 2012; Bejarano 
and Masucci 1998; Hsu et al. 2008). In a humanized mouse model, induction of 
the lytic cycle was shown to be necessary for development of B cell lymphoma  
(Ma et al. 2011). Prophylaxis and preemptive antiviral therapy against lytic rep-
lication reduced the incidence of PTLD in patients with solid organ transplants 
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(Darenkov et al. 1997; Farmer et al. 2002; Green 2001; McDiarmid et al. 1998). 
Therefore, it is crucial to continue to study the mechanisms that regulate the differ-
ent stages of lytic infection with a goal to develop new antiviral drugs.

7  Lytic Reactivation as a Therapeutic Approach

EBV is linked to the development of several lymphomas and carcinomas 
(reviewed in Kutok and Wang 2006). Most of the cells in EBV-associated tumors 
harbor latent virus. This prompted attempts to use reactivation of the lytic cycle 
as part of an oncolytic treatment repertoire. The approach involves administering 
two types of drugs: The first drug induces lytic gene expression in latently infected 
tumor cells, and the second drug, ganciclovir (GCV), is an inhibitor of cellular 
and viral DNA replication (Feng et al. 2002). Phosphorylation of GCV by the lytic 
BGLF4 kinase is necessary to change the prodrug into its active antiviral and cyto-
toxic form (Meng et al. 2010). Ideally, phosphorylation of GCV by BGLF4 will 
permit selective eradication of lytic tumor cells and block the release of infectious 
viral particles. The oncolytic therapeutic approach has been studied in tissue cul-
ture, in xenograft models, and clinically in patients with advanced EBV-associated 
lymphoma or nasopharyngeal carcinoma (Feng and Kenney 2006; Fu et al. 2008; 
Perrine et al. 2007; Wildeman et al. 2012). However, there are some limitations 
to this approach: (i) the limited proportion of latently infected cells that become 
induced into the lytic stage, (ii) the general toxicity of the inducing agent, and (iii) 
the poor efficacy of GCV in blocking EBV DNA replication in vivo; inefficient 
blockage of lytic replication bears the risk of releasing more virus particles, thus 
increasing the number of latently infected cells. Current studies aim at overcoming 
some of these hurdles. Small molecules related to tetrahydrocarboline were shown 
to exhibit lower toxicity but higher efficiency in activating the lytic cycle com-
pared to HDAC inhibitors (Tikhmyanova et al. 2014). Furthermore, the ability to 
separate lytic from refractory cells provided the means to study the mechanism 
responsible for subduing lytic induction in refractory cells (Bhaduri-McIntosh and 
Miller 2006). STAT3 serves as a hallmark of refractory cells; STAT3 promotes the 
refractory state, likely via induction of cellular transcriptional repressors (Daigle 
et al. 2010; Hill et al. 2013). Targeting STAT3 or other regulators of the refractory 
state might increase the number of lytic reactivated cells in response to an induc-
ing agent.

8  Conclusion

Lytic infection has been repeatedly shown to precede inception of several EBV-
associated malignancies and is used as a means to monitor disease in patients 
undergoing treatment. The role of lytic infection in the development of these 
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diseases is still poorly understood. Inhibition of lytic infection has been suggested 
as a prophylactic strategy in immunocompromised patients. However, none of 
the available drugs are competent to efficiently block lytic infection in patients. 
Discovering new anti-EBV drugs relies on understanding the different mecha-
nisms employed by the virus to promote lytic infection. In recent years, significant 
advances were achieved in deciphering some of these mechanisms, which include 
the role of proteins involved in cell differentiation in disruption of latency, identi-
fication of cellular repressors of Zp, methylation-dependent activation of lytic pro-
moters, and identification of several late gene regulators. Despite this important 
progress, the function of many lytic macromolecules remains elusive.
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Abstract The ability of Epstein–Barr virus (EBV) to establish latency despite 
specific immune responses and to successfully persist lifelong in the human host 
shows that EBV has developed powerful strategies and mechanisms to exploit, 
evade, abolish, or downsize otherwise effective immune responses to ensure 
its own survival. This chapter focuses on current knowledge on innate immune 
responses against EBV and its evasion strategies for own benefit and summa-
rizes the questions that remain to be tackled. Innate immune reactions against 
EBV originate both from the main target cells of EBV and from nontarget cells, 
which are elements of the innate immune system. Thus, we structured our review 
accordingly but with a particular focus on the innate recognition of EBV in its two 
stages in its life cycle, latent state and lytic replication. Specifically, we discuss 
(I) innate sensing and resulting innate immune responses against EBV by its main 
target cells, focusing on (i) EBV transmission between epithelial cells and B cells 
and their life cycle stages; and (ii) elements of innate immunity in EBV’s target 
cells. Further, we debate (II) the innate recognition and resulting innate immune 
responses against EBV by cells other than the main target cells, focusing on (iii) 
myeloid cells: dendritic cells, monocytes, macrophages, and neutrophil granulo-
cytes; and (iv) natural killer cells. Finally, we address (III) how EBV counteracts 
or exploits innate immunity in its latent and lytic life cycle stages, concentrating 
on (v) TLRs; (vi) EBERs; and (vii) microRNAs.
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1  Introduction

The human host has evolved various strategies and mechanisms to efficiently 
combat pathogens or malignant cells invading and emerging within its organism. 
Central elements of these are innate and adaptive immune responses. While innate 
responses are thought to be unspecific and fast, adaptive immunity can build long-
lasting, efficient, and specific memory and thus protect against cognate antigens 
(Murphy et al. 2012).

According to textbook immunology, innate immune responses build the cru-
cial but unspecific first line of defense. They provide rapid action if specific adap-
tive immunity has not been mounted yet. Additionally, there was thought to be no 
difference between primary and secondary encounters in innate responses. These 
dogmas have been recently challenged from several angles (Waggoner et al. 2012; 
Gasteiger and Rudensky 2014; O’Leary et al. 2006; Cooper et al. 2009; Paust et al. 
2010). Innate immune responses differ substantially depending on the nature of 
the intruder (Murphy et al. 2012). Moreover, there have been descriptions of tar-
geted memory-like functions independent of the adaptive immune system upon 
secondary encounters (Cooper et al. 2009; O’Leary et al. 2006; Paust et al. 2010; 
Iwasaki and Medzhitov 2004). In addition, innate immune cells have been shown 
to contribute to, modify, and regulate adaptive immune responses (Waggoner 
et al. 2012; White et al. 2014), and they have been found to be regulated directly 
or indirectly by and interact with adaptive immune cells (Gasteiger and Rudensky 
2014; Horowitz et al. 2010; White et al. 2014). Thus, innate immunity not only 
provides the crucial first line of defense. Additionally, it paves the way for adap-
tive immunity upon a primary encounter of the culprit, since it closely interacts 
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with adaptive immunity and can powerfully augment and complement its efficient 
protection on secondary encounters.

Epstein–Barr virus (EBV) infects more than 90 % of the population (Young and 
Rickinson 2004) and establishes lifelong persistence in the host despite immune 
responses. Innate and adaptive immunities, therefore, need to cope with primary 
and secondary encounters with EBV, in addition to its latency and reactivation. In 
a minority of infected individuals, EBV is strongly linked to a remarkable variety 
of nonmalignant and malignant diseases. It is associated with 2 % of all tumors in 
humans (Münz 2014). This successful lifelong persistence and, in particular, its 
ability to establish latency despite specific immune responses show that EBV has 
developed powerful strategies and mechanisms to exploit, evade, abolish, or down-
size effective immune responses to ensure its own survival.

The evasion strategies against adaptive immune responses will be reviewed 
elsewhere in another chapter in this book by Emmanuel Wiertz. This chapter 
aims at reviewing current knowledge and summarizing open questions on innate 
immune responses against EBV and the evasion strategies of the virus for its own 
benefit. Innate immune reactions against EBV can be triggered both in its main 
target cells of EBV and in other cells of the innate immune system. Thus, we seg-
regate our review accordingly but with a particular focus on the innate recognition 
of EBV. Since EBV as a gammaherpesvirus has two stages in its life cycle, latent 
state and lytic replication, which express distinct viral gene patterns, we address 
the innate immune recognition for all relevant cells in relation to the life cycle 
stages of EBV.

2  Innate Sensing and Resulting Innate Immune Responses 
Against EBV by Its Main Target Cells

2.1  EBV Transmission Between Epithelial Cells and B Cells 
and Their Life Cycle Stages

The main target cells of EBV are B cells and oropharyngeal epithelial cells, the 
first innate barrier for infection being the oropharyngeal epithelium.

The understanding of how EBV gets access to B cells through the epithelial 
barrier is still debated and not clear-cut. One current model stipulates that EBV 
released from epithelial cells is B-cell tropic and that EBV released from B cells is 
epithelial cell tropic (reviewed in Shannon-Lowe and Rowe 2014). Recent in vitro 
studies have documented that apical to basolateral transcytosis of EBV in epi-
thelial cells is possible, suggesting that this route might contribute to initial EBV 
penetration resulting in systemic infection (Tugizov et al. 2013). EBV’s initial 
penetration, however, might happen also via transcytosis through M cells in tonsil-
lar epithelium that function as antigen samplers (Fujimura 2000). Such pathways 
would be compatible with the fact that EBV in saliva is mainly B-cell tropic and 
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has to be able to penetrate the basal membrane to access the B cells, but the physi-
ologically relevant mechanisms remain to be determined.

Considerably, more studies have addressed the egress of EBV from the body 
via epithelial cells. In vitro studies have shown that cell-free EBV virions pref-
erentially enter epithelial cells at the basolateral membrane and that highly effi-
cient apical EBV cell-to-cell transmission can ocurr (Tugizov et al. 2003). In 
addition, other in vitro studies have revealed that direct cell–cell contact of B cells 
undergoing lytic virus replication greatly enhances the efficiency of epithelial 
cell infection (Imai et al. 1998) and that EBV bound to the surface of primary B 
cells initiates high-affinity binding to epithelial cells and its subsequent transfer 
(Shannon-Lowe et al. 2006). There is some evidence that oropharyngeal epithe-
lium may act as an amplifier for EBV when the virus is shed into saliva (Hadinoto 
et al. 2009). Figure 1 shows current hypotheses of EBV’s infection cycle between 
tonsils and peripheral blood in the main target cells. In summary, while it is clear 
that epithelial cells can be infected with EBV by different mechanisms, further 
studies are required to establish which mechanisms are relevant for virus entry to 
the host and which are relevant for virus egress.

In B cells, EBV establishes latency as default (Fig. 1a, b) and undergoes lytic 
replication rarely and only under certain tightly regulated conditions (Fig. 1a, c), 
one being their differentiation to plasma cells in tonsils (Laichalk and Thorley-
Lawson 2005). It generally presumed that EBV replicates mainly in epithelial 
cells in the oropharynx (Hadinoto et al. 2009) where the default stage of infec-
tion seems to be lytic replication. Although EBV may establish a latent infection 
in normal epithelial cells, the episomal genome appears not to be amplified and 
subsequently the virus is lost in cells following cell division (Shannon-Lowe et al. 
2009). Thus, EBV is thought to undergo replication to be efficiently transmitted 
and spread via saliva to other hosts (Fig. 1a, c).

This distinct behavior of EBV in the different target cells underlines that the 
innate immune recognition and subsequent responses by innate immune cells must 
combat distinct challenges. Furthermore, the interaction of EBV with its host cell 
might differ markedly. Indeed, this diversity is inherently reflected by their expres-
sion patterns of innate immune receptors of these cells.

2.2  Elements of Innate Immunity in EBV’s Target Cells

Innate immunity receptors sense diverse pathogen-associated molecular patterns 
(PAMPs), and distinct PAMPs are recognized via a limited number of germline-
encoded pattern-recognition receptors (PRRs). These include Toll-like recep-
tors (TLRs), nucleotide-binding oligomerization-like receptors (NLRs), retinoic 
acid-inducible gene-like receptors (RIG), and C-type lectin-like receptors. The 
expression of PRRs varies considerably between subsets of immune cells and 
also between immune cells and other cell types (Iwasaki and Medzhitov 2004). 
In the recent years, PAMP triggering by EBV products has been found to result in 
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Fig. 1  EBV infection cycle of main target cells. In B cells, EBV establishes latency as default. 
It undergoes lytic replication rarely and only under certain tightly regulated conditions, one 
being their differentiation to plasma cells in tonsils. In epithelial cells, the default stage for EBV 
seems to be lytic replication. a Infection cycle between tonsils and periphery according to current 
hypotheses; Step 1: infection of M cell(s); Step 2: infection of B cells via M cells (see b); Step 
3: latently infected B cells leave tonsils via efferent lymph to periphery (default latent); Step 4: 
homing of infected B cells via high endothelial venules (HEVs); Step 5: replication in lytic stage 
plasma cells/infection of epithelial cells (see c); and Step 6: replication in epithelial cells (default 
lytic), resulting egression of EBV particles in saliva. b Step 2: infection of B cells via M cells, 
which enter from crypt epithelium, establishing the default latent infection for B cells. c Replica-
tion in lytic stage plasma cells/infection of epithelial cells
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activation of the inflammasome in cancer cells, B cells, and epithelial cells (Ansari 
et al. 2013; Chen et al. 2012). This sensing of EBV products might induce trig-
gering of the interferon (IFN)- or transforming growth factor (TGF)-pathways as 
well as release of the danger signal HMGB1. The role and regulation of inflam-
masomes in EBV infection and its innate immune modulation remain to be further 
elucidated.

So far, 10 TLRs are known in humans. TLRs 1–9 are specialized to respond 
to different PAMPs (Ishii et al. 2008). TLR10, which has been only very recently 
been suggested to play a role in influenza infection, remains without known ligand 
or antigen (Lee et al. 2014). Thus, we focus here on TLRs 1–9.

B cells are classically considered to be part of the adaptive immune system, 
although they do abundantly express TLRs 1, 2, 5, 6, 7, and 9 and can, if stimu-
lated through them, function as innate-like effectors (Dorner et al. 2009). The 
second major host cell target for EBV infection, oropharyngeal epithelial cells, 
expresses TLRs 1, 3, 4, and 6, and inconsistently TLRs 2, 5, 7, and 9 (Lange et al. 
2009; Rac J et al., unpublished). TLR 9 seems to be most important among the 
TLRs for EBV innate immune sensing, as it has been shown that EBV itself trig-
gers TLR9 (van Gent et al. 2011) that is abundantly and preferentially expressed in 
B cells (Dorner et al. 2009).

The endosomally located TLR 9 senses unmethylated CpG dsDNA motifs 
(Ishii et al. 2008). EBV’s dsDNA is unmethylated in virus particles and early 
after primary infection of the B cell (Kalla et al. 2010). Due to the compartmen-
talization of virus DNA to the nucleus, in the latent stage the virus might be effi-
ciently protected. During lytic replication, the virus is protected by its envelope 
in the cytoplasm and TLR9 sensing will be limited to some strain-free unmethyl-
ated virus DNA. Nevertheless, although sensing of EBV by TLR9 has formally 
been demonstrated for monocytes and plasmacytoid dendritic cells only (Fiola 
et al. 2010), it is conceivable that EBV is sensed by TLR9 in B cells during their 
primary infection. Triggering of TLR9 eventually results in NFkB activation with 
subsequent transcription of pro-inflammatory cytokines and proliferation of B 
cells, and TLR9 agonists have been demonstrated to synergize with other B-cell 
proliferation and activation effects of EBV (Iskra et al. 2010). Also, triggering of 
TLR9 has been shown to inhibit reactivation and subsequent lytic replication of 
EBV by inducing chromatin remodeling, thereby impairing transcription of EBV’s 
immediate-early lytic gene, the expression of which is sufficient to switch latent 
into lytic EBV (Zauner et al. 2010). Notably, similar inhibition of reactivation and 
subsequent lytic replication after TLR9 triggering of B cells have been observed 
also in infections with murine gamma-herpesvirus 68 (Haas et al. 2014), which is 
widely used to model infection biology of the human gamma-herpesviruses EBV 
and Kaposi’s sarcoma herpesvirus (KSHV) (Speck and Ganem 2010). From the 
host’s point of view, sensing of EBV by B-cellular TLR9 during EBV’s primary 
infection of B cells has the advantageous potential to inhibit ensuing replication 
of EBV and to prevent subsequent lysis and death of the cell, thereby preserv-
ing important immune functions. It is likely that the sensing by and triggering of 
TLR9 by EBV will also occur during EBV reactivation.
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By contrast, oropharyngeal epithelial cells can hardly sense EBV via TLR9 
upon their primary infection by the virus as cells either do not express this recep-
tor or do so only in very limited amounts (Rac J et al., unpublished). Thus, sup-
pression of lytic EBV replication thereby promoting latent infection via TLR9 
signaling as in B cells is lacking. Notably, latent EBV infection in epithelial cells 
has so far not been established in vitro, and lytic infection in these cells seems 
to be the default (Fig. 1a, c). Importantly, the mechanisms leading to latent EBV 
infection in epithelial cells, as observed in nasopharyngeal carcinoma (NPC), 
remain elusive. How and whether oropharyngeal epithelial cells, however, sense 
EBV and react to EBV still needs to be elucidated.

3  Innate Recognition and Resulting Innate Immune 
Responses Against EBV by Cells Other Than the Main 
Target Cells

EBV can also be sensed by other innate immune elements, which are not directly 
linked to the main target cells. Innate immune cells that are thought to be relevant 
for EBV recognition and its control are dendritic cells (DCs), monocytes/mac-
rophages, neutrophils, and natural killer (NK) cells.

3.1  Myeloid Cells: Dendritic Cells, Monocytes, 
Macrophages, and Neutrophil Granulocytes

DCs are rare but highly specialized cells. They can sense, phagocytize, process 
and present antigens, instruct adaptive immune responses and tolerance, and thus 
bridge innate and adaptive responses. They are divided in the two functional and 
developmentally distinct major subsets of the conventional DC (formerly mye-
loid DC, cDC) and the plasmacytoid DCs (pDCs)(Merad et al. 2013). The latter 
express TLR 9 abundantly and also have been reported to sense EBV via TLR9 
(Fiola et al. 2010; Severa et al. 2013). TLR 9 senses unmethylated dsDNA and 
thus can sense EBV before and early after infection, but is probably not sens-
ing viral DNA of dying latently infected B cells as these are heavily methylated 
(Münz 2014; Woellmer et al. 2012). This sensing by pDCs and monocytes through 
TLR9 thus will most likely be restricted to areas of lytic reactivation where dying 
cells and free virus will present unmethylated viral genomes, i.e., in the tonsils. 
It has been reported that the EBER could additionally stimulate pDCs via TLR7 
and the resulting type I interferon production could be abrogated with a TLR 7 
inhibitor, but not a TLR9 inhibitor (Quan et al. 2010). However, due to the limited 
number and characterization of samples and the lack of further data supporting 
this line of thought, these results in our opinion must at this point be considered 
with caution.
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In contrast to pDCs, conventional (formerly myeloid) DCs (cDCs) in humans 
express no TLR9 but endosomally located TLR3 which recognizes dsRNA 
(Iwasaki and Medzhitov 2004). For EBV recognition by macrophages and conven-
tional DCs, TLR2 and TLR3 have been implicated (Gaudreault et al. 2007; Ariza 
et al. 2009). The role of TLR2 remains so far enigmatic (Münz 2014).

Noncoding EBV-RNAs (EBERs) are abundantly present in all EBV-infected 
cells and are commonly used as the means to ascertain whether a cell is infected 
with EBV or not during latent infection in resting memory B cells when the virus 
does not express any of its coding genes (Kieff and Rickinson 2001). EBERs have 
been shown to be released by EBV-infected cells, and very recently found to be 
released in exosomes and to be sensed via TLR3 (Iwakiri et al. 2009; Ahmed et al. 
2014). They are thought to form stem-loop structures resulting in RNA conforma-
tions that bind to TLR3. Sera from patients with the symptomatic form of primary 
EBV infection, i.e., infectious mononucleosis, with chronic active EBV infec-
tion, or EBV-associated hemophagocytic lymphocytosis were reported to contain 
high concentrations of EBERs (Iwakiri et al. 2009). EBERs may contribute to the 
pathology of these diseases hallmarked by the effects from high pro-inflammatory 
cytokine levels. Indeed, these sera induced TLR3-dependent cytokine production 
and DC maturation in vitro (Iwakiri et al. 2009). EBV-infected target cells release 
EBERs in high numbers in complex with the La protein (Iwakiri et al. 2009), a fre-
quent auto-antigen in systemic lupus erythematosus or Sjögren’s syndrome, which 
has been shown before to be able to bind EBERs (Lerner et al. 1981). In addi-
tion, the EBERs seem to be sensed in B cells by the intracellular PAMP receptor 
retinoic acid-inducible gene-1 (RIG-I) contributing to type I interferons (Samanta 
et al. 2006). The interaction of TLRs and RIG-I has been suggested to be central in 
antiviral responses in human DCs (Szabo and Rajnavolgyi 2013).

Both the triggering of TLR3 in cDCs and the TLR9 sensing of pDCs result in 
high type I interferon production and thus contribute to the innate and adaptive 
immune regulation. This will have multiple effects. Type I interferons have been 
shown to be able to restrict EBV-induced B-cell transformation within the first 
24 h after infection (Lotz et al. 1985). In addition, DCs will hereby further acti-
vate and recruit other immune cells such as granulocytes and NK cells (Fig. 2), 
which have been shown to inhibit B-cell transformation and target lytic replicating 
cells very efficiently (Lünemann et al. 2013; Pappworth et al. 2007; Chijioke et al. 
2013). An overview of current knowledge and hypotheses on cellular interactions 
during EBV infection is summarized in Fig. 2.

Monocytes and monocyte-derived macrophages have been described to sense 
EBV via TLR2 and TLR9 resulting in cytokines and chemokines secretion (Fiola 
et al. 2010). They have been described to spread EBV to other cells and facili-
tate epithelial infection (Tugizov et al. 2007). They also have been implied as 
amplifiers within tonsils and found to produce type I interferons and inflamma-
tory cytokines upon encounter with EBV (Savard et al. 2000; Fiola et al. 2010). 
Encounter of EBV has, however, also been shown to promote apoptosis and 
restrict the development to DCs in vitro (Guerreiro-Cacais et al. 2004; Li et al. 
2002). EBV-encoded secreted BARF1 (sBARF1) was found to inhibit M-CSF, 
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thereby inhibiting monocyte differentiation and macrophage function; and it is 
produced in acute and chronic (lytic) infection and in NPC/EBVaGC tumors 
(Shim et al. 2012; Hoebe et al. 2012, 2013). The importance of this inhibition was 
further confirmed in an EBV-related herpesvirus infection in rhesus macaques 
(Ohashi et al. 2012). Taken together, further studies will be needed to understand 
the role of monocytes and macrophages in EBV infection.

The role of neutrophils in EBV infection and associated diseases remains enig-
matic. IM can result in severe neutropenia, and this might indicate a role for neu-
trophils, which roles in antiviral defenses have recently been reviewed (Drescher 
and Bai 2013). Even though it was suggested that EBV would be able to infect 
neutrophils and viral DNA can be detected, neutrophils have been suggested to 
initiate programmed cell death in response, which might lead to the described 
neutropenia (Savard and Gosselin 2006; Gosselin et al. 2001). In HIV infection, 
neutrophils have recently been implicated to recognize the virus via TLR7/8 with 
a resulting host defense mechanism (Saitoh et al. 2012). Future studies will be 
needed to address the role of neutrophils for EBV and the interaction with its host, 
as they have been often overlooked in the past.

3.2  Natural Killer Cells

NK cells are regarded the main innate effectors of cellular responses against EBV 
(Rickinson et al. 2014). NK cells were first named for their ability to kill target 
cells without preactivation (Kiessling et al. 1975a, b). Two main subsets have 
been described, CD56bright and CD56dim NK cells, which have distinct pheno-
types and functions (reviewed by Lünemann et al. 2009). Precursors of human NK 
cells develop in the bone marrow and then are thought to migrate to secondary 
lymphoid organs, e.g., tonsils, where they mature before egressing to the periph-
eral blood to patrol the body for intruding pathogens and emerging cancer cells 
(Carrega and Ferlazzo 2012; Freud et al. 2014).

An important antiviral role of human NK against EBV was strongly implicated 
by the finding of patients with isolated NK cell deficiencies exhibiting a markedly 
increased susceptibility to herpesviruses (Orange 2013). In tonsils, which are the 
likely portal of entry for EBV, the most mature NK cells are the CD56bright cells 
(Freud et al. 2014). A distinct subset of these can restrict EBV-induced transfor-
mation in autologous B cells in vitro very efficiently, probably via IFN gamma 
(Lünemann et al. 2013; Strowig et al. 2008). This subset also has the potency to 
restrict EBV infection of autologous B cells, and this seems to happen within the 
first 4 days (Lünemann and Nadal, unpublished observations).

Observations in patients with the acute EBV infection, infectious mononucleo-
sis (IM), also point toward the ability of NK cells to restrict EBV-infected cells 
also in vivo. These studies are all, however, hampered by the inaccessibility of 
samples, as they are undertaken in peripheral blood, where NK cell subsets differ 
distinctively from tonsilar subsets in phenotype, maturation stages, and functions 



274 A. Lünemann et al.



275Innate Immune Recognition of EBV

(Freud et al. 2014). In contrast to tonsils and other SLOs, in the peripheral blood, 
the least mature NK cells are CD56bright. Absolute numbers and frequency of NK 
cells in peripheral blood from IM patients are increased (Williams et al. 2005; 
Balfour et al. 2013; Azzi et al. 2014).

There have been contradictory findings about the correlation of this expansion 
with disease severity and viral blood load. An expansion of CD56bright NK was 
associated with milder disease severity and a lower viral blood load in a smaller 
adult IM cohort (Williams et al. 2005). Apparently, contrary results were described 
in a large prospective study in college students (Balfour et al. 2013); unfortunately, 
this study did not distinguish between subsets of NK cells. In a recent longitu-
dinal study on pediatric patients with IM, preferential proliferation of early dif-
ferentiated CD56dim NKG2A+ KIR− NK cells was identified (Azzi et al. 2014). 
Moreover, this NK cell subset developed features of terminal differentiation and 
persisted at higher frequency over at least the first 6 months after acute IM. Also, 
this NK cell subset preferentially degranulated and proliferated upon exposure to 
EBV-infected B cells expressing lytic antigens, which fits with earlier descrip-
tions of preferential targeting of lytically infected B cells by NK cells (Pappworth 
et al. 2007). The accumulation of the early differentiated NK cell subset that pre-
vails especially in children under the age of 5 years (Azzi, Lünemann, and Nadal, 
unpublished observations) clearly contrasts with the expansion of the terminally 
differentiated NKG2C+ KIR+ subset observed in other viral infections, including 
those with cytomegalovirus, hantavirus, or chikungunya virus (Lopez-Verges et al. 
2011; Bjorkstrom et al. 2011; Petitdemange et al. 2011).

In summary, these data implicate that early differentiated NK cells of the 
peripheral blood might play a key role in the immune control of primary infection 
with EBV and distinct subsets of NK cells are specialized for different viruses. 
This view is further supported by a humanized mouse study, which also finds an 
expansion of early differentiated NK cells in the blood, which preferentially tar-
get lytically replicating cells (Chijioke et al. 2013). Lytic replication, however, 
is confined to the tonsils, where initial infection occurs, and after amplification 
loops in epithelial cells, EBV throughout infection is released into the saliva. 
Hypothetically, the expansion of these NK subsets in the peripheral blood of IM 
patients might reflect a heightened maturation and release and perhaps overflow 
of mature tonsilar NK cells, where innate immune responses could clearly not 

Fig. 2  Current knowledge and hypotheses on cellular interactions during EBV infection. Clas-
sical DCs (cDCs) can produce IL-12, activating CD56bright NK cell subsets, and INF-α/β, which 
can directly inhibit infection and transformation within the first 24 h. All EBV-infected B cells 
produce and secrete EBERs. EBERs can be sensed by cDCS via TLR3, which can activate the 
cytokine production. Plasmacytoid DCs can also produce IFNa/b, and this can in addition recruit 
and activate NK cells and neutrophil granulocytes. The role of neutrophil granulocytes remains 
to be determined. Macrophages can sense EBV and thus EBERs via TLR3, but their role still 
remains enigmatic. Monocytes sense unmethylated EBV DNA via TLR9, as these cells are not 
main target cells, and the in vivo relevance of this remains to be determined and is still debated. 
NK cells have been shown to inhibit B-cell transformation and target lytic replicating cells very 
efficiently. This seems to be dependent on different distinct subsets
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sufficiently control and restrict EBV infection in situ. Thus, we hypothesize that 
younger children and potentially patients with a higher number of mature cytokine 
producing NK cells, which can be mobilized through maturation and/or migra-
tion to the tonsil in primary infection, might be able to sufficiently control primary 
EBV infection innately, so the adaptive immune system reaction (i.e., CD8 T cell 
expansion and massive cytokine release), and thus, IM is prevented. Confirmation 
of this speculative interpretation of the role of NK cells in primary EBV acqui-
sition in IM and non-IM patients will require further elucidation of phenotypes, 
maturation stages, and functions in tonsils and the peripheral blood.

In addition to a role in IM, it has long been suggested that failing NK cell-
mediated control of persisting EBV infection might be responsible for an 
outgrowth of EBV-associated tumors. Besides the described restriction of EBV-
induced transformation in vitro (Lünemann et al. 2013), several case reports of 
patients with selective immunodeficiencies, including NK cells deficiencies and 
EBV-associated tumors, have documented the potential role of NK cells exerting 
antineoplastic effects (recently reviewed in Orange 2013; Rickinson et al. 2014). 
Clear causal relationships, however, remain elusive. The EBV-modified secreted 
exosomes containing galactin 1 and 9 have also been suggested to modulate NK 
cell control and could contribute to the virus’ evasion of the innate immune system 
(Gandhi et al. 2007; Klibi et al. 2009; Golden-Mason et al. 2013). More work and 
new models, as well as detailed and thorough investigation in patient samples, will 
be needed to understand and potentially exploit these natural protectors for patient 
treatment.

4  EBV Counteracts or Exploits Innate Immunity  
in Its Latent and Lytic Life Cycle Stages

It is conceivable that EBV has adapted itself to the host’s innate immunity dur-
ing coevolution with man. The virus has been found to influence innate immunity 
responses through modulation of TLR expression, NFkB stimulation, and interac-
tion with intracellular signaling. Since EBV persists and coexists lifelong in the 
host, the virus seemingly has no advantage from harming the host’s cell. Thus, in 
general, it might be presumed that EBV subtly modulates innate immunity with a 
carefully preserved balance, rather than outright inhibition of signaling pathways 
and events (Fig. 3: visualized current knowledge). Recently emerging, different 
EBV-modified exosomes were described as potential vehicles for immune eva-
sion and modulation (van der Grein and Nolte-’t Hoen 2014; Robbins and Morelli 
2014; Wurdinger et al. 2012). Intriguingly, not only does the modulation of innate 
responses result in only partial immune evasion, but the virus seems to hijack 
some of the innate response pathways to facilitate its own growth-transforming 
functions.
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4.1  TLRs

As mentioned above, EBV has been described to activate TLR2, TLR3, TLR7, and 
TLR9. Thus, it might be of benefit for EBV if it were to evade innate immune acti-
vation by these TLRs. It was shown in BL cells that EBV is able to reduce mRNA 
expression of TLRs 1, 6, 9, and 10 during lytic reactivation, with TLR9 mRNA 
undergoing a particularly strong inhibition. Notably, EBV reduces TLR9 expres-
sion during lytic reactivation via its early lytic protein BGLF5 and this protein was 
shown to degrade TLR9 mRNA in vitro (van Gent et al. 2011). Furthermore, in 
naïve B cells, TLR9 was shown to be downregulated and TLR7 to be upregulated 
both by UV-inactivated and by untreated EBV (Martin et al. 2007). Downstream 
signaling of TLR7 was modified via induced expression of the constitutively 
nuclear splice variant V12 of interferon responsive factor (IRF) 5, which acts as 
a dominant-negative form of IRF-5 (Martin et al. 2007). Another group, how-
ever, did not observe modulation of TLR7 expression in primary B cells following 

Fig. 3  EBV seems to subtly modulate innate immunity with carefully preserved balance. An 
EBV-infected B cell can sense unmethylated EBV DNA via TLR9, and this will activate the 
NKkB pathway. This will lead to production of proinflammatory cytokines and to proliferation. 
EBV protein BPLF1 molecules inhibit this. BZLF1 (early lytic protein) expression is inhibited 
by TLR9 activation and by NFkB expression. It is activated, however, if the B-cell receptor is 
triggered. This might potentially lead to a balanced control when lytic cycle is activated. BGLF5 
inhibits mRNA TLR9 transcription and thus inhibits this pathway. Dark red EBV proteins. Dark 
blue Cell proteins
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EBV infection leading to transformation to lymphoblastoid cell lines (LCLs), but 
recorded decreasing levels of TLR9 mRNA and diminished TLR9 functionality 
that was linked to expression of EBV’s LMP1 (Fathallah et al. 2010).

The latent EBV protein LMP1 is expressed in EBV latencies III and II that are 
observed in vivo in tonsillar naïve B cells and germinal center B cells, in post-
transplant lymphoproliferative disease (PTLD) and classical Hodgkin’s lymphoma 
(HL), and can also be expressed during EBV’s lytic replication (Gottschalk et al. 
2005). The suppression of TLR9 function by LMP1 could be seen as EBV’s 
attempt to successfully evade innate immune recognition and resulting restriction 
on the way to establish latency and in addition during lytic replication. The partial 
diversion of TLR7 signaling might support the EBV reactivation process, because 
the recognition of newly synthesized EBV mRNAs via TLR7 could be downsized, 
thus resulting in lowered NF-κB activation and lessened suppression of lytic EBV. 
LMP1 is also secreted in exosomes, which can modulate innate immune responses 
(Dukers et al. 2000; Flanagan et al. 2003; Keryer-Bibens et al. 2006; Middeldorp 
and Pegtel 2008).

EBV was furthermore reported to induce a significant inhibition of the pro-
liferative responses of PBMC or enriched B cells to TLR9 or TLR7/8 agonists 
(Younesi et al. 2010). The proliferation was described to be independent of the 
timepoint of EBV exposure before or after TLR triggering, suggesting that the 
suppressive effect was not due to EBV-induced downregulation of TLR protein 
expression. Given that the study was conducted using primary cells from a very 
restricted number of healthy donors with their EBV infection status not character-
ized and the number of infected B cells not explored, the results need to be inter-
preted with caution.

EBV was shown to additionally counteract the host’s innate immune responses 
by interfering with the deubiquitinate signaling intermediates in the TLR cascade.

Exosomes containing dUTPase were described to influence innate responses 
(Ariza et al. 2013). Very recently, for one of the three putative EBV-encoded deu-
biquitinases, it was demonstrated that the conserved large herpesvirus tegument 
protein BPLF1 acts as a functional deubiquitinase in EBV-producing cells (van 
Gent et al. 2014). BPLF1 is an enzyme that is expressed in the late lytic phase. 
The protein’s N-terminal part contains the catalytic site for deubiquitinase activity 
and suppresses TLR-mediated activation of NF-kB. The signaling intermediates 
targeted included TRAF6, NEMO, and IκBα (van Gent et al. 2014).

In summary, EBV seems to be able to counteract TLR signaling in host tar-
get cells by either degrading TLR mRNA or influencing downstream signaling of 
TLRs by inducing expression of dominant-negative acting forms of transcripts. 
The resulting suppression of TLR9 signaling during lytic EBV reactivation, for 
example, might be helpful for the virus, as the sensing of unmethylated EBV 
dsDNA to be packed in new virions would be reduced. Consequently, the replica-
tive cycle could be completed and would evade innate immune control, and EBV 
particles can then exit the host B cell.
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4.2  EBERs

Another example of how EBV escapes and exploits innate immunity for its own 
benefit without jeopardizing the life of the host target cell is illustrated by the non-
coding EBV-RNAs (EBERs). Their secondary architecture features extensively 
base-paired structures and thus resembles that of dsRNA from adenoviruses. 
In general, for DNA viruses converging bidirectional transcription of the viral 
genome was suggested for double-stranded RNA expression (Jacobs and Langland 
1996; Weber et al. 2006). Unlike cellular dsRNA transcripts, viral dsRNA con-
sists of long and perfectly complementary strands, which might function as 
potent controllers of viral replication in latently infected cells as their strands are 
complementary to any viral RNA (Umbach and Cullen 2009). Notably, EBERs 
are expressed in every EBV-infected B cell (EBERs reviewed in Iwakiri 2014). 
Importantly, B cells do not express TLR3 (Dorner et al. 2009) that sense dsRNA 
(Ishii et al. 2008) including EBERs and, as described above, can trigger type I 
interferon production in cDCs and monocytes (Iwakiri 2014). Moreover, EBERs 
have been reported to inhibit interferon-stimulated gene activity by binding to 
PKR, a double-stranded RNA-dependent protein kinase, and inhibiting its activa-
tion (Nanbo et al. 2002). Taken together, EBV has therefore chosen strategies that 
allow the virus to successfully hide from antiviral innate (and adaptive) immunity 
when residing in resting memory B cells in latency 0, when no EBV proteins are 
expressed. Nevertheless, EBERs have been found to be capable to trigger cytosolic 
innate immune receptor RIG-I (Samanta et al. 2006). Although this triggering in B 
cells theoretically could lead to antiviral responses as induction of protective cel-
lular genes, including type I IFNs and inflammatory cytokines, as has been sug-
gested for DCs (Szabo and Rajnavolgyi 2013), EBERs in B cells may also lead 
to induction of the B-cell autocrine growth factor IL-10 that also exhibits anti-
inflammatory properties (Iwakiri 2014). In addition, pronounced compartmentali-
zation in EBV-positive B cells, where EBERs are predominantly nuclear and thus 
shielded from TLR sensing. In the cytoplasm, EBERs appear to be carefully shut-
tled to exit the cells, either complexed to RNA-binding proteins (e.g., La) or via a 
multivesicular body (MVB) into exosomes, thus evading RIG-I triggering (Ahmed 
et al. 2014; Zomer et al. 2010). The finding that the cytoplasmic RIG-I does not 
seem to be constantly activated in EBV-infected B cells despite high nuclear abun-
dance of EBERs additionally supports this. Nevertheless, as detailed above upon 
delivery to monocytes or cDC’s, EBER complexes can regardless of La or exo-
some context strongly activate IFN-I signaling via TLR3, TLR7, and RIG-I.

4.3  microRNAs

As with EBERs, microRNAs (miRNAs) encoded by EBV may exert important 
functions that ultimately safeguard the virus without compromising the host target 
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cell. Although around 40 EBV-encoded miRNAs have been identified and char-
acterized (reviewed in Klinke et al. 2014), only recently the first EBV miRNA 
was demonstrated to target a gene. BART 18-5p specifically targets the 3′UTR of 
the mRNA encoding the cellular signaling molecule MAP kinase kinase kinase 2 
(MAP3K2). Given that MAP3K2 was also found to be an intermediary in the sign-
aling pathways that can initiate lytic EBV replication, 18-5p by this interaction 
helps to block EBV replication. In general, miRNAs are believed to typically exert 
subtle inhibitory effects on many mRNAs embedded within intricate regulatory 
networks (Qiu and Thorley-Lawson 2014). Thus, as more targets of EBV miRNAs 
are identified, the extent to which the viral miRNAs protect EBV from innate (and 
adaptive) immunity will become apparent.

MicroRNAs are secreted actively through exosomes, which protect them from 
RNAses and remain functional in their target cells. One example for which this 
has been described is EBV miRNA BHRF1-3 and its effect on the confirmed 
EBV target gene CXCL-11 (Pegtel et al. 2010). The EBV miRNA BART2-5p was 
found to modulate MICB expression potentially to escape immune activation by 
this danger signal and direct NK killing (Nachmani et al. 2009). Exosomes con-
taining the EBV miRNA BART 15 were identified to inhibit inflammasome for-
mation (Haneklaus et al. 2012). Most recently, Callegari et al. (2014) reported on 
their investigations on the capacity of miRNAs encoded by Epstein–Barr virus 
(EBV) to interfere with the SUMO signaling network. From in silico analyses, 
they found that one or more EBV miRNA target a minimal set of 575 members of 
the SUMO interactome. Furthermore, upon upregulation of the BHRF1-encoded 
miRNAs in cells transduced with recombinant lentiviruses or entering the pro-
ductive virus cycle, multiple components of the TGF-beta signaling pathway 
were inhibited. Thus, EBV’s miRNAs seem to have the capacity to interfere with 
SUMO-regulated cellular functions that control key aspects of viral replication 
and pathogenesis. It can be speculated that additional interactions between EBV-
encoded miRNAs and host intracellular signaling pathways including those of 
innate immunity will be discovered.

5  Conclusions

Innate immune recognition and sensing of EBV, and evasion strategies of the 
virus by both exploiting and counteracting innate immune elements and result-
ing immune responses in nonmalignant and malignant diseases, still need much 
further work to understand the underlying causal relations and mechanisms. 
Innate immune effects on and of EBV within its life cycles and host life preserva-
tion seem to have found a balanced relationship of “live and let live” as the virus 
persists lifelong usually without causing obvious harm to the host. However, in 
rare occasions, when for example associated malignant diseases develop, the 
seemingly sturdy balance and regulation of this persistence apparently fails. 
Even though many factors and players have been indicated and investigated, the 
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overall picture of causal relations and interplay of the innate elements still remains 
enigmatic.

Open questions include but are not limited to causal interactions and subse-
quent regulation in acute and persistent EBV infection and also in EBV-associated 
cancers. This work will step-by-step not only teach us about EBV itself, but will 
also elucidate many more of the innate immune functions and how they counteract 
viral threats to the body, balancing and regulating persistent infections and moni-
toring and destroying emerging cancer cells. Ultimately we aim to efficiently har-
ness our knowledge for treatment of EBV-associated diseases.
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Abstract Epstein-Barr virus (EBV) is widely distributed in the world and asso-
ciated with a still increasing number of acute, chronic, malignant and autoim-
mune disease syndromes. Humoral immune responses to EBV have been studied 
for diagnostic, pathogenic and protective (vaccine) purposes. These studies use 
a range of methodologies, from cell-based immunofluorescence testing to anti-
body-diversity analysis using immunoblot and epitope analysis using recombi-
nant or synthetic peptide-scanning. First, the individual EBV antigen complexes 
(VCA, MA, EA(D), EA(R) and EBNA) are defined at cellular and molecular lev-
els, providing a historic overview. The characteristic antibody responses to these 
complexes in health and disease are described, and differences are highlighted 
by clinical examples. Options for EBV vaccination are briefly addressed. For a 
selected number of immunodominant proteins, in particular EBNA1, the interac-
tion with human antibodies is further detailed at the epitope level, revealing inter-
esting insights for structure, function and immunological aspects, not considered 
previously. Humoral immune responses against EBV-encoded tumour antigens 
LMP1, LMP2 and BARF1 are addressed, which provide novel options for targeted 
immunotherapy. Finally, some considerations on EBV-linked autoimmune diseases 
are given, and mechanisms of antigen mimicry are briefly discussed. Further anal-
ysis of humoral immune responses against EBV in health and disease in carefully 
selected patient cohorts will open new options for understanding pathogenesis of 
individual EBV-linked diseases and developing targeted diagnostic and therapeutic 
approaches.

J.M. Middeldorp (*) 
VU Medical Center, Amsterdam, The Netherlands
e-mail: j.middeldorp@vumc.nl



290 J.M. Middeldorp

Viral infections are countered by multiple levels of host defences, generally 
described as innate, and adaptive cellular and humoral (antibody-based) immune 
responses. The innate immune response can also be subdivided into cellular (e.g. 
natural killer and myeloid cells) and humoral (e.g. cytokines and chemokines) 
components, triggered by generic molecular pattern recognition, not to be 
addressed here (Chap. 9). Adaptive humoral immune responses are triggered by 
direct interaction of antigenic components (proteins and polypeptide fragments, 
protein–DNA/protein–RNA complexes, glycoproteins and glycolipids) with immu-
noglobulin receptors on naïve B-lymphocytes and require help from T-lymphocytes 
and defined cytokines for class switching and affinity maturation. Adaptive cellu-
lar immune responses are triggered by pathogen-specific peptide fragments of 8-15 
amino acids originating from proteolytic digestion of viral proteins and presented 
in MHC-I or MHC-II molecules on the surface of nucleated host cells (Chap. 11). 
These antigenic fragments can be acquired either “in cis” on the infected cell itself 
or “in trans” via uptake and presentation of infected cell- or virion-derived anti-
genic components by professional antigen-presenting cells (APC). The activation 
of virus-specific adaptive immune responses is costimulated by cytokines and 
chemokines from early innate responses. Adaptive T-cell immune responses on 
their turn provide help for evolving humoral responses, i.e. antibody responses, 
either specifically by cell–cell contact (e.g. CD40L on T cells interacting with 
CD40 on activated B cells) or non-specifically via interleukin–cytokine release. 
This chapter will be dealing with the Epstein-Barr virus (EBV)-specific humoral 
immune responses in health and disease. Such responses can be considered as 
functionally relevant for eliminating infected cells and neutralising virus infectivity 
or merely as reflecting exposure to viral components released from infected cells. 
A focus is on the specific molecular recognition of EBV antigens by human anti-
bodies and their importance for understanding viral persistence and pathogenesis, 
as well as their contribution to design of diagnostics and vaccines.
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1  Historical Aspects of EBV Antigen Complex Discovery 
and Definition

During first exposure to EBV in young adults, a number of distinct antibody 
responses can be detected. Initially, as identified by Paul and Bunnell in 1932, a 
non-EBV-specific antibody response can be detected, referred to as the heterophile 
antibody (HA) response. HAs are largely of the IgM class and directed against 
glycolipid antigens on (non-self) red blood cells, causing such cells to aggregate 
ex vivo. These HAs are considered to arise from non-specific cytokine and EBV-
stimulated polyreactive naïve B cells at early stages of primary EBV infection 
(Robinson 1982; Mockridge et al. 2004) and are detectable in about 80–90 % of 
juvenile IM cases. HAs are largely absent in childhood EBV infection, in adults 
and in other complications of EBV infection, and therefore, are of limited rel-
evance to EBV biology and immunity. For assessing humoral immunity to EBV 
in health and disease, EBV-specific IgM and IgG (and IgA) serology testing is 
required. This provides the diagnostic tools and pathogenic insight into the role 
of EBV in patients presenting with fever, fatigue, enlarged lymph nodes and other 
non-specific symptoms associating with an ever increasing list of acute, chronic, 
autoimmune and malignant diseases linked to EBV.

Our understanding of EBV-specific humoral immune responses starts with the 
discovery in 1964 of EBV virion particles in cultured Burkitt lymphoma (BL) 
cells (Chap. 1). Using these first BL cells propagated in vitro, it was soon estab-
lished that defined viral antigens are expressed and that these antigens interact 
with serum antibodies of most individuals on the globe (Henle et al. 1974, 1979). 
Further detailed analysis by the Henle’s laboratory in Philadelphia, USA, of anti-
body responses to distinct EBV antigen complexes, as expressed under defined 
conditions in different BL cells, has established the basis for immunofluores-
cence-based EBV serology, which ruled diagnostic and epidemiological studies 
for some 40 years and is still used today (Fig. 1). Using indirect antibody-based 
immunofluorescence testing (IFT) and defined human serum samples, it was 
recognised that a small subset of cultured BL cells contain replicating virus, as 
confirmed by nuclear capsid structures and cytoplasmic virion particles visual-
ised by electron microscopy. These cells are spontaneously present at 1–5 % in 
many BL cell lines, depending on cell culture conditions, and express an antigen 
complex referred to as virus capsid antigen (VCA). Some original BL cell lines 
proved to have more abundant VCA expression, like the P3-HR1 cell line, which 
were therefore selected for use in standardised serological studies. Most individu-
als proved to have stable levels of IgG antibodies to the VCA antigen complex, 
which defined past infection and lifelong virus carriership. In the mid-1980s, 
the group of George Miller at Yale University found that this spontaneous VCA 
expression in the P3HR1 line was related to the presence of a transposon-like ele-
ment (WZhet), which carried the lytic switch protein Zebra (Z) located behind a 
latent EBV promoter element (Wp), allowing it to switch on lytic gene expression 
in latently infected cells (Miller et al. 1984). A P3HR1-derived cell line, called 

http://dx.doi.org/10.1007/978-3-319-22834-1_1
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HH514 clone-16, was created by the Miller laboratory, which was deprived of 
WZhet and carries a tightly latent EBV genome, but which can easily be induced 
for VCA expression to high levels by TPA/Butyrate treatment as will be detailed 
later (Rabson et al. 1983). Under defined cell culture conditions (low serum, low 
temperature and ageing), many EBV-transformed lymphoblastoid B cell lines 
(LCL) created in vitro also show some spontaneous lytic cycle VCA activity in 
>1 % of cells, including cell lines such as JY, X50/7, RN, but also the original 
marmoset cell line B95-8 (Jenson et al. 1998). These LCL cell lines all can be 
used for VCA-type EBV serology. The VCA antigen reactivity is operationally 
defined by antibody binding to nuclear and cytoplasmic antigens, as visualised 
by IFT staining in a limited number of cells. More abundant expression of VCA 
complex antigens was possible by treating BL cells for several days with sodium 
butyrate and/or phorbol esters, such as tetradecanoyl phorbol acetate (TPA). Later, 
it was found that part of the VCA complex antigens can also be detected by IFT 

Fig. 1  Indirect immunofluorescent antibody testing (IFT) using different Burkitt lymphoma-
derived cell lines (from Henle, Henle and Lennette 1979). IFT serology requires serum titration 
and visual microscopic analysis of IFT staining patterns with different cell substrates by tech-
niques that vary from laboratory to laboratory (poorly standardised). Top-left VCA-IgM/VCA-IgG 
staining as revealed in chemically induced P3HR1 cells, showing a diffuse or coarse nuclear and 
somewhat cytoplasmic staining; Bottom-left EBNA-IgG staining by anti-complement immuno-
fluorescence (ACIF), showing a coarse speckled nuclear staining pattern as revealed in Raji cells; 
Top-right EA(D) IgG staining as revealed in chemically induced Raji cells as a fine and homoge-
neous nuclear staining pattern; Bottom-left EA(R) IgG staining with a coarse clustered cytoplas-
mic and nuclear staining as revealed in chemically induced Raji cells fixed with acetone only
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and human antibodies on the surface of viable virus-producing BL cells and LCL, 
and this staining was referred to as membrane antigen (MA) complex (Klein et al. 
1969; Pearson et al. 1970).

Characteristic for all herpesviruses, late antigen or VCA expression is preceded 
by the expression of so-called early antigens (EA), which mostly consist of virus-
encoded enzymes that modulate and prepare the host cell for viral DNA replica-
tion and include the viral DNA polymerase (DNApol), encoded in the BALF5 
gene. Inhibition of viral DNApol by certain antiviral agents, such as phosphono-
formic acid (PFA; Foscarnet) and phosphonoacetic acid (PAA), effectively pre-
vents the synthesis of new unmethylated viral DNA molecules that are required for 
expression of VCA gene products (Magalith et al. 1982). Treatment of chemically 
induced BL cells with PFA or PAA therefore blocks VCA expression and allows 
analysis of EA-specific antigens. Originally, the EA complex as defined by IFT 
was subdivided into EA(D) (diffuse) and EA(R) (restricted) based on sensitivity of 
EA-R staining to methanol fixation. EA(D) was defined as a homogeneous stain-
ing pattern restricted to the nucleus and EA(R) as a more coarse staining in both 
nucleus and cytoplasm. The BL Raji cell line was routinely used for EA-specific 
serology (Fig. 1, right side) because it lacks (inducible) VCA expression due to a 
deletion of defined EA genes in the BamHI-A region of the EBV genome, crucial 
for replication of the viral genome.

Another feature of the Raji BL cell line and linked to its lack of VCA expres-
sion was discovered by George Klein and Barbara Reedman (Reedman et al. 1974, 
1975), who noted that all Raji cells, in the absence of VCA staining, contain a 
nuclear antigen weakly recognised by antibodies in all human sera, but which 
could be properly visualised by using an enhancement technique based on com-
plement deposition around nuclear antibodies and detection by anti-complement 
immunofluorescence (ACIF). Using this ACIF technique, the Epstein-Barr nuclear 
antigen (EBNA) complex was defined as being present in all EBV-infected 
(tumour) cell lines in vitro, and in EBV-driven tumours in vivo as well. Raji cells 
proved most suitable substrate for ACIF serology among different BL lines. The 
Raji BL line was later shown to harbour a high copy number of EBV genomes 
per cell, which are maintained in dividing cells by the major EBNA-defining mol-
ecule, EBNA1 (see Chap. 1).

Although cell-based IFT/ACIF methods created the foundation for EBV sero-
diagnostic serology and allowed for the detection of distinct and aberrant antibody 
responses in defined diseases that were only later aetiologically linked to EBV, the 
IFT/ACIF methods are poorly standardised from laboratory to laboratory, requir-
ing well-trained personnel to make cell slides and read the results, and the whole 
IFT/ACIF procedure is difficult to automate (Geser et al. 1974). Furthermore, the 
presence of autoantibodies in patients’ sera may seriously hamper proper EBV 
serological read-out. Therefore, in the early 1980s, studies were initiated to define 
the molecular basis of the different EBV antigen complexes, which was greatly 
facilitated by newly developed molecular cloning techniques and not in the least 
by resolving the genomic DNA sequence of the EBV B95-8 strain in 1984 (Baer 
et al. 1984).

http://dx.doi.org/10.1007/978-3-319-22834-1_1
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2  Molecular Definition of EBV Antigenic Complexes

2.1  The VCA and MA Complex

The virus capsid antigen (VCA) complex is operationally defined by IFT stain-
ing as the set of “structural” virion-associated protein antigens expressed in virus 
producing cells, such as chemically induced P3HR1 cells as described above 
(Fig. 1). Because virus-producing cells by definition also produce EA and IEA 
antigens, definition of the molecular identity of IFT-based VCA antigens became 
only possible with the production of VCA-specific (monoclonal) antibodies. As 
such, the major capsid protein (p160; BcLF1) (Vroman et al. 1985), the small 
capsid protein (VCA-p18, BFRF3) and the scaffold protein (VCA-p40, BdRF1) 
were first defined as the major immunoreactive VCA antigens (van Grunsven 
et al. 1993a, b). Subsequently, the tegument protein p23 (BLRF2) was added as 
immunoreactive component of the VCA complex (Hinderer et al. 1999). In addi-
tion, VCA reactivity defined by IFT also includes glycoprotein antigens residing 
in the nuclear and cytoplasmic membranes and the virion envelope, separately 
named membrane antigens (MA). Responses to these proteins can be studied using 
IFT and viable intact BL cells that are induced for VCA expression. In particu-
lar, gp125/110 (BALF4) and gp350/220 (BLLF1) are immunodominant determi-
nants of the VCA complex (Kishishita et al. 1984). In part, these glycoproteins 
are incorporated in the virion envelope, mediating binding to and fusion with 
susceptible host cell membranes and thereby form a target for virus-neutralising 
antibody responses. On the other hand, these glycoproteins are also expressed on 
the nuclear membrane (gp125/110; Lee 1999) and plasma membrane of virus-
producing cells (gp350/220; Thorley-Lawson and Geilinger 1980), thus func-
tioning as target for cytolytic antibody responses capable of killing the target cell 
either through complement deposition/activation or through action of Fc-receptor-
bearing killer cells (Khyatti et al 1994; Jilg et al. 1994).

2.2  The EA Complex

The diffuse nuclear EA(D) and restricted EA(R) early antigen complexes were 
originally defined based on sensitivity for methanol fixation and specifically 
detected in chemically induced or P3HR1 virus-superinfected Raji cells.

The EA(D) antigenic reactivity was initially located to the M-fragment of 
the viral genome by Glaser et al. (1983), subsequently defined as the BMRF1 
47–54 KDa and BMLF1 60 KDa proteins (Wong and Levine 1989, Cho in 
Hayward group), but later EA(D) was found to consist of multiple nuclear proteins 
assembling in a nuclear DNA-binding scaffold preparing the cell for viral DNA 
replication and quantitatively dominated by the BMRF1-encoded DNA polymer-
ase accessory protein (Cho et al. 1985; Zeng et al. 1997; Daikoku et al. 2005). 
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Additional immunoreactive EA(D) components were subsequently defined as the 
138 KDa major DNA-binding protein (BALF2), DNA polymerase (BALF5), and 
DNAse (BGLF5), but also include enzymes as thymidine kinase (BXLF5) and 
protein kinase (BGLF4). Separately, it was demonstrated that antibodies in sera 
of NPC patients could neutralise a viral alkaline exonuclease (DNAse) function 
which had diagnostic relevance, but only when using native DNAse enzyme pre-
pared from P3HR1 cells (Cheng et al. 1980; Stolzenberg et al. 1996; Middeldorp 
and Ooka unpublished data). This proved to be due to small amino acid variations 
between type 1 (B95-8 prototype) and type 2 (AG786, P3HR1 prototype) EBV 
strains altering the antigenic structure of the EBV DNAse, but not its function 
(Liu et al. 1998; Paramita et al. 2007; Horst et al. 2012). In 1983, Glaser et al., 
described first evidence that EA(R) was encoded by a distinct gene compared to 
EA(D), which subsequently is defined as the BHRF1 open reading frame, encod-
ing the 17 KDa viral Bcl-2 homologue. An additional EA(R) marker was defined 
by Luka et al. (1986) as the large subunit of ribonucleotide reductase (BORF2), 
a cytoplasmic filamentous 85 KDa protein (Glaser et al. 1983; Luka et al. 1986). 
The EBV genomes in Raji cells carry a deletion in the BamHI-A region, are una-
ble to express some major EA(D) proteins (BALF2–BALF5) and therefore cannot 
proceed from induced EA to the VCA stage of viral gene expression (Polack et al. 
1984; Zhang et al. 1988).

As for all herpesviruses, the EA complex is regulated by a set of immedi-
ate early proteins (IEA), for EBV named ZEBRA (also Zta or Z) and Rta (R), 
which were first defined by the Miller group (Yale) and Kenney group (Chapel 
Hill) in the early 1980s (Grogan et al. 1987; Kenney et al. 1989a, b; Miller 1990). 
Although initially not classified as such, the Zta and Rta antigens operationally 
reside under the nuclear EA(D) group as defined by IFT staining in Raji cells.

2.3  The EBNA Complex

EBNA was originally defined by its speckled nuclear staining and biochemi-
cal association with chromosomes and purified DNA. Already in early studies it 
was suggested that the EBNA complex consisted of different molecules with dif-
ferent biochemical and DNA-binding properties and distinct serological reac-
tivity. EBNA-specific enzyme-linked immunosorbent assays (ELISA) were 
developed by several groups, using defined and purified nuclear DNA-binding 
proteins from Raji cells, which avoided part of the autoantibody-related com-
plications encountered by ACIF and IFT. In 1982, the Miller group at Yale and 
subsequently Hennessy and Kieff at Harvard (Boston, USA) first defined EBNA1 
and EBNA2 as being encoded by distinct fragments on the EBV genome using 
molecular cloning techniques (Summers et al. 1982; Hennesy and kieff 1983). 
EBNA1 was shown to have a long glycine–alanine (Gly-Ala) repeat, which var-
ied in size between different EBV genomes. In 1984, a synthetic Gly-Ala repeat 
peptide was identified as major antigenic domain of EBNA1, but later found to be 
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cross-reactive with “self-proteins” and reactive with sera from acute CMV infec-
tion and some autoantibodies as well (Fox et al. 1986; Rhodes et al. 1990; Levine 
et al. 1994). In 1985, Milman and colleagues at John’s Hopkins, Baltimore, USA, 
defined that the C-terminal domain of EBNA1 formed a reliable, stable and highly 
reactive EBNA reagent suitable for serological studies (Milman et al. 1985). In 
subsequent years, peptide technology and molecular cloning techniques revealed 
6 distinct nuclear antigens that can be recognised by human antibodies, called 
EBNA1-6, or EBNA1, 2, 3a,3b,3c, and EBNA-LP (Falk et al. 1995a, b; Dillner 
et al. 1986; Finke et al. 1987).

The EBNA1 protein, encoded in the BKRF1 open reading frame on the viral 
genome, has now been firmly established as the major antigenic determinant of 
the serological EBNA complex and was further defined at the epitope level for 
interaction with human antibodies as detailed later in this chapter. At early times 
after primary infection, IgG antibodies to EBNA2 and higher EBNAs may be pre-
sent, but these disappear or diminish with time postinfection. Aberrant (elevated) 
EBNA2 antibody responses may indicate risk of lymphomagenesis, in particular 
in immunosuppressed individuals and prior to development of Hodgkin’s disease 
(Winkelspecht et al. 1996; Levin et al. 2012). Overall anti-EBNA1 responses dom-
inate during lifelong latent virus carriership (Henle et al. 1987; Linde et al. 1990).

3  EBV Humoral Immune Responses as Defined by Classic 
Serology Testing

Using defined EBV antigen complexes in the “standard” EBV-infected cell sub-
strates with serum titration and interpretation of IFT/ACIF staining patterns, the 
evolution of EBV-specific antibody reactivity during acute primary, convalescent 
and latent persistent stages of EBV infection in immune competent individuals, 
as well as altering responses upon viral reactivation and in chronic and malignant 
diseases, has been described by many studies and is widely used by commercial 
parties to illustrate use of EBV markers in diagnostic approaches (De Paschale and 
Clerici 2012; Gärtner et al. 2003; see Fig. 2).

The dynamics and antigen-specificity of anti-EBV humoral immune responses 
after primary infection reflects distinct stages of viral activity, including ini-
tial B-cell transformation, activation and proliferation, and (sub)epithelial cell 
lytic viral replication, virion shedding and mucosal/salivary spread. This pro-
cess involves distinct phases of well-regulated and spatially separated viral gene 
(antigen) expression, triggering local and systemic immune responses. Complete 
understanding of the exact localisation and biology of early events during pri-
mary infection is currently still lacking, but the variability of anti-EBV antibody 
responses over time suggests this is not a uniform process in all individuals.

In general, de novo exposure to EBV structural antigens will trigger an early 
VCA-IgM reaction, which is the diagnostic hallmark for acute primary infec-
tion and usually detectable in the absence of EBNA1-IgG. A positive EA(D)-IgG 
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reaction (triggered by exposure to released “particulate” early antigens) can be 
used as confirmation of acute active EBV infection, but may be missed occa-
sionally when Raji cells are used as substrate (lacking the major EA(D) marker 
p138 encoded in BALF2). A positive and rising VCA-IgG response in follow-up 
samples, paralleled by a waning VCA-IgM and EA(D)-IgG response and a low 
but rising EBNA1-IgG response (triggered by exposure to released EBNA–DNA 
complexes from EBV-transformed cells), is indicative of convalescence and con-
version of acute to latent persistent infection. Persistent elevated VCA-IgM may 
indicate problematic convalescence (insufficient T-cell help to provide Ig-class 
switching) and is usually paralleled by persistent positive EA(D)-IgG responses 
and delayed EBNA1-IgG seroconversion. Chronic (re)active EBV is characterised 
by elevated (high) VCA-IgG and persistently positive EA(D)-IgG levels, with low 
and occasionally absent EBNA1-IgG responses and negative VCA-IgM, reflect-
ing persistent exposure to viral replicative antigens, and a possible defect in T-cell 
clearance of transformed B cells (Jones and Straus 1987; Miller et al. 1987). In 
general, individuals with aberrant (elevated) levels of EA(D) antibodies, are con-
sidered to (temporally) lack proper immunological control over endogenous latent 
EBV, resulting in increased viral reactivation and replication and re-expression of 
immunogenic early antigens, as observed in “stress” and “fatigue” cohort studies 
(Glaser et al. 2005; Lerner et al. 2012), but which are also observed in patients 

Fig. 2  Dynamics of anti-EBV antibody responses over time during primary infection, convales-
cence, virus carriership and reactivation. Historically, the development of antibody responses to 
the different EBV antigen complexes VCA, EBNA and EA is defined by Burkitt cell-based IFT 
antibody titration. More recent serological techniques employ molecularly defined immunodomi-
nant markers representing the classic VCA, EBNA and EA complexes, thus maintaining the clas-
sic interpretation of EBV serology. Because different markers are used by individual diagnostic 
test manufacturers, universal standardisation of routine EBV serology is still lacking, although 
much has improved compared to the IFT methodology. The dashed lines for EBNA1 indicate 
possible alteration (loss or gain in reactivity) in seroreactivity when developing chronic (loss) or 
malignant (gain) disease, and dashed line for EA(D) indicates increase in seroreactivity relating 
to (chronic or malignant) reactivating infection (for details, see text)
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with certain autoimmune disorders, such as SLE and RA (Ballandraud et al. 2004; 
Lossius et al. 2012), and nasopharyngeal carcinoma (Paramita et al. 2007).

In EBV-related malignant diseases, virtually all patients are EBV seropositive 
(VCA and EBNA1-IgG detectable) and aberrant antibody responses prevail as 
defined by IFT serology, but no consistent pattern is observed. Burkitt lymphoma 
patients have high VCA-IgG levels, generally somewhat elevated EA(D)-IgG, but 
not elevated EBNA1 IgG and lack EBV IgM (Magrath and Henle 1975). NPC 
patients are characterised by high levels of IgG and especially IgA antibodies to 
all EBV antigen complexes, but lack EBV IgM (Cheng et al. 2002; Fachiroh et al. 
2004; Ji et al. 2007). Elevated VCA-IgG levels were the first indication of a link 
between EBV and classic Hodgkin’s disease (Mueller et al. 1989). This has proven 
to be a consistent finding, but cannot be used diagnostically because of too much 
overlap with other EBV syndromes (Meij et al. 2002; Levin et al. 2012).

In immunosuppressed transplant recipients, EBV serological responses may 
be dramatically different, delayed and reduced, but can also be compromised by 
(EBV seropositive or negative) blood transfusions or treatment with hyperimmune 
immunoglobulin for parallel HCMV infection (Middeldorp 2002; Verschuuren 
et al. 2003; Jaksch et al. 2013).

In HIV-infected patients, EBV-specific antibody responses are normal to ele-
vated, with a specifically elevated IgA response, reflecting increased mucosal 
activity of the virus (Stevens et al. 2007). Interestingly, individuals that experience 
periods of physical or mental stress seem to reactivate EBV, as reflected by fluc-
tuations in EBV DNA loads and anti-EBV antibody responses, particularly against 
early antigens (Glaser et al. 2005; Cacioppo et al. 2002). Patients with chronic 
fatigue syndrome also frequently have aberrant EBV serology, which may have 
therapeutic implications (Watt et al. 2012). Many patients with systemic autoim-
mune diseases have elevated antibody levels to VCA and frequently EA(D) as 
well, suggesting virus involvement in the pathogenesis, or merely loss of immu-
nological control, which is confirmed by parallel presence of elevated levels of 
EBV DNA in the circulation (Balandraud et al. 2004; Poole et al. 2009; James and 
Robertson 2012; Fattal et al. 2014). Patients with multiple sclerosis tend to have 
an elevated IgG response to a defined domain in EBNA1, but not to other EBV 
antigens, which may suggest a pathogenic (mimicry) link (Munger et al. 2011; 
Jafari et al. 2010; Ruprecht et al. 2014).

The above illustrations of aberrant EBV serology in distinct clinical con-
ditions suggest direct or indirect disease associations with EBV, which how-
ever remain difficult to prove without further molecular evidence of pathogenic 
involvement. The increasing realisation that EBV is involved in a wide spectrum 
of disease syndromes in both immunocompetent and immunocompromised hosts 
has led to confusion on how to interpret “classic” IFT-/ACIF-based EBV serol-
ogy. Molecular characterisation of defined EBV antigens and epitopes underlying 
and forming the basis of the antibody responses visualised by IFT/ACIF serology 
became possible only recently, as will be described in detail here, and has con-
tributed to our more fundamental understanding of the basis of anti-EBV humoral 
immune responses.
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4  Molecular Details of Anti-EBV Antibody Responses 
During and After Acute Primary Infection

Using the Burkitt lymphoma cell line HH514.c16, created by single-cell clon-
ing from the parent P3HR1 (Jijoye) line by the Miller group (Heston et al. 1982), 
which is ultrasensitive to chemical induction and expresses high levels of lytic-
phase EBV proteins, it became possible to define the underlying molecular diver-
sity and protein specificity of anti-EBV IgM, IgG and IgA antibody responses in 
great detail (Middeldorp and Herbrink 1988). Others have used “classic” EBV cell 
lines and specific immunoprecipitation and gene cloning techniques to define the 
exact molecular characteristics of immunologically and diagnostically relevant 
EBV antigens (Bayliss et al. 1983; Zhang et al. 1991).

As in most virus infections, primary EBV exposure is characterised by an 
early-onset IgM response. Interestingly, IgM responses to VCA are considered to 
be first, but include responses to EAd antigens as well (Fig. 3). In fact, the latter 
even can precede the true VCA response, as revealed by early immunoblot studies 
(Middeldorp and Herbrink 1988). IgM responses are initially triggered by particu-
late antigens carrying repetitive epitopes released from infected cells, which can 
directly activate naïve B-cell IgD/IgM immunoglobulin receptors with the appro-
priate antigen recognition specificity, resulting in pentameric IgM release (Hinton 
et al. 2008; Tolar et al. 2009). As such, virion particles and tegument-capsomeric 
VCA-related structures, but also protein–DNA/protein–RNA EAd-related com-
plexes that are released from apoptotic virus-infected cells, form strong immuno-
gens for triggering this early IgM response. Continued release of such multimeric 
antigen structures will lead to their uptake and digestion by antigen-presenting 
cells, which can present viral antigen peptide fragments to T cells, thereby trig-
gering the antigen-specific adaptive immune responses and providing CD40-
ligand- and cytokine-assisted maturation, differentiation and Ig-class switching of 
activated B cells. This is paralleled by enhancing affinity of virus-specific antibody 
responses through immunoglobulin variable domain hypermutation. This increase 
in affinity of anti-EBV IgG antibody responses over time can be diagnostically 
useful to differentiate acute-recent infection from past infection, i.e. by avidity 
testing (De Paschale and Clerici 2012).

The evolution and molecular characteristics (dynamics and diversity) of anti-
EBV IgM and IgG responses over time in two acute IM patients are visualised in 
Fig. 3 using antigens extracted from VCA-induced HH514 cells (Middeldorp and 
Herbrink 1988). This profiling has been reproduced and confirmed for many IM 
cases.

Detailed immunoblot-based “antibody-diversity” analysis revealed that earli-
est IgM and IgG responses are directed against 45/54 KDa EA(D) components, 
representing different phosphorylated forms of the DNA polymerase accessory 
protein (BMRF1 gene) and 138 KDa EA(D), representing the major DNA-binding 
protein (BALF2). These proteins form the core of the EBV DNA replication 
complex (Zeng et al. 1997; Sugimoto et al. 2013) and are probably released as 
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multimeric complexes from lytic-infected cells at early stage of infection in vivo. 
IgG responses against the EBV DNAse (BGLF5) at 55-58 kDa (doublet) are fre-
quently detected at early times postinfection. Antibodies to the VCA-specific scaf-
fold protein at 40 KDa (BdRF1, and processed from its precursor BVRF1 by the 
viral capsid protease) and the immediate early protein Zebra/Zta at 36-38 KDa 
(BZLF1) are induced at early times as well in most cases or follow shortly there-
after. These observations hold for both IgM and IgG responses. During early times 
postinfection, IgM and IgG antibodies to the virion structural VCA-p18, and 
VCA-p23 proteins are also detectable, but not visualised in Fig. 3 (van Grunsven 
et al. 1993a, b; Reishl et al. 1996; Hinderer et al. 1999). Importantly, early-onset 
VCA- and EA(D)-IgA responses, reflecting oropharyngeal mucosa activity of 
EBV, are frequently detected in acutely infected individuals (IM patients), but 
fade rapidly and have received very little attention in the past (Marklund et al. 
1986). Usually weeks to months after primary infection and detectable VCA/
EA(D) IgM and IgG responses, the anti-EBNA1 response (72 kDa) follows dur-
ing convalescence, notably consisting primarily of IgG antibodies. In contrast to 
other markers, the EBNA1-IgG response is rarely preceded by EBNA1-IgM, with 

Fig. 3  Dynamic antibody-diversity changes in EBV IgM and IgG responses in time after acute 
primary infection (mononucleosis). Standardised immunoblot strips were prepared from nuclear 
antigen extracts of VCA-induced HH514.c16 as described by Middeldorp and Herbrink (1988). 
Sequential serum samples were obtained from two patients with acute mononucleosis and probed 
for specific IgM and IgG reactivity. Detailed description of the individual EBV antigenic bands is 
given in the text
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exception of the Gly-Ala repeat domain, which can be targeted by non-EBV-spe-
cific IgM responses as well (Rhodes et al. 1990). Humoral responses to the gly-
coproteins gp125/110 (perinuclear localisation and a major VCA component) and 
gp350/220 (cytoplasmic/membrane localisation) develop in parallel with IgM and 
IgG antibodies against structural VCA capsid proteins (Xu et al. 1998), whereas 
neutralising IgG and IgA antibody responses, predominantly directed against con-
formational epitopes on gp350/220, tend to develop with some delay, compared to 
responses against linear or denatured epitopes (Yao et al. 1991). Gp350/220 reac-
tive IgA antibodies have been described but seem to be less effective in neutralis-
ing virus infectivity (Yao et al. 1991; Xu et al. 1998).

The identity of the EBV proteins originally identified by immunoblot and/or 
immunoprecipitation analysis has been verified in recent years by recombinant pro-
tein and monoclonal antibody technology, but is not detailed here further (reviewed 
in Hess 2003; De Paschale and Clerici 2012). EBV antibody profiling by immuno-
blot for serological confirmation and detection of acute, chronic or aberrant EBV 
infection has proven informative and has reached commercial platforms (Bauer 2001; 
Fachiroh et al. 2004; de Sanjosé et al. 2007; Paramita et al. 2008, de Ory et al. 2014).

Further detailed immunoblot studies revealed that following primary infec-
tion (either IM or non-symptomatic), healthy EBV carriers develop and maintain 
a remarkable similar anti-EBV IgG antibody-diversity pattern, recognising only 
a limited number of (immunodominant) antigens (Fig. 4). These antigens include 
EBNA1 (72 kDa), VCA-p40 (scaffold protein; BdRF1), Zebra (in 60 %) and the 
VCA-p18/VCA-p23 markers in nearly all healthy EBV carriers (Fig. 4b). The 
membrane-linked gp125 (BALF4) and gp350/220 (BLLF1) are also triggering 
abundant IgG responses in most individuals but are not visualised in the immu-
noblot approach. This persistent stable IgG response of limited diversity directed 
against “virion structural” VCA/MA components plus nuclear EBNA1 and 
occasional Zta reflects the well-balanced persistence of EBV in its human host. 
Surprisingly, though EA antigens precede VCA, are highly immunogenic and 
among the first to trigger IgM and IgG responses during acute primary infection, 
EA(D) antibodies are barely or not detectable in healthy EBV carriers worldwide. 
Patients with non-IM EBV-related syndromes, such as chronic active EBV syn-
drome or nasopharyngeal carcinoma (NPC), have distinctly different antibody-
diversity profiles, frequently including responses to the EA(D) complex (Fig. 4). 
In fact, aberrant IgG and IgA antibody diversity is indicative of abnormal viral 
behaviour in the host as compared to normal latency (Stevens et al. 2002, 2007; 
Fachiroh et al. 2004; de Sanjosé et al. 2007).

EA(D)-IgG/EA(D)-IgA is an excellent marker for detecting active and reacti-
vating EBV infection conditions (Glaser et al. 2005; Kimura 2006; Draborg et al. 
2012). However, Zebra/Zta IgG responses are not limited to patients with acute 
chronic (malignant) infections, but are generally detectable in healthy EBV car-
riers, well beyond the acute phase. Aberrant EBV profiling has proven particular 
informative in chronic active EBV cases, which have very high IFT titres to VCA 
and EA(D), reflected in abundant IgG diversity on immunoblot, but may lack 
EBNA1 (Jones and Straus 1987; Miller et al. 1987; Kimura 2006; Fig. 4).
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In NPC, clearly aberrant IgG diversity patterns are observed in virtually all 
cases, which is not the case in BL, HD nor in EBV-associated gastric cancer (data 
not shown; Kim et al. 2009). This aberrant IgG response was well known from 
IFT-based studies, but molecular details and diversity were revealed only recently. 
The spectrum of EBV antigens recognised by antibodies in sera from NPC 
patients appears to differ from chronic EBV and IM cases. Parallel analysis of 
IgG and IgA responses in large cohorts of NPC cases revealed that IgG and IgA 
antibody responses may not be targeting the same EBV proteins, an observation 
that was not possible by using IFT technology. Details are shown as example in 
Fig. 5.

This observation suggests that in NPC patients during carcinoma progression 
EBV antigens may be expressed differentially in endogenous lymphoid tissues, 
triggering predominantly IgG responses, and at nasopharyngeal mucosal surfaces, 
triggering NALT-associated IgA responses. This distinct triggering of IgG and IgA 

Fig. 4  Diversity of IgG antibody profiles underlying the classic immunofluorescent antibody 
technique in different clinical situations. Overview of different IgG antibody profiles underlying 
the VCA reactivity, as observed by standardised analysis of serum samples from healthy EBV 
carriers and patients with various EBV-related diseases. No direct correlation is found between 
VCA-IFT or EBNA-ACIF titre and number of bands on the immunoblot. Healthy EBV carri-
ers usually have a restricted IgG diversity pattern, irrespective of their VCA-IFT or EBNA-ACIF 
antibody titre. However, presence of EA(D) antibodies in various patient populations is reflected 
by a major increase in antibody diversity on the immunoblot (Meij et al. 1999; Fachiroh et al. 
2004; de Sanjosé et al. 2007)
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responses in NPC may relate to aetiological and pathogenic features in NPC cur-
rently not well understood, and has relevance for understanding EBV behaviour 
in vivo in mucosal and submucosal layers in the oropharyngeal (nasal)-associated 
lymphoid tissue (NALT). The fact that such aberrant anti-EBV antibody responses 
are not observed in EBV-associated gastric carcinoma (GC, Kim et al. 2009) sup-
ports the different (late) role of EBV infection in the pathogenesis of this malig-
nancy, distinct from NPC (zur Hausen et al. 2004). In NPC, early-stage-enhanced 
EBV lytic replication in nasopharyngeal epithelia, possibly caused by food com-
ponents such as nitrosamines and butyrates, is considered to play a pathogenic role 
which is reflected in early-onset aberrant antibody responses to EBV lytic genes 
(Ji et al. 2007). In contrast, EBV infection of gastric epithelia is considered a late 
event in the pathogenesis of GC, not involving abundant lytic replication (zur 
Hausen et al. 2004).

Overall, immunoblot analysis has revealed that “classic” EBV antibody pro-
files are more complex that previously considered from an immunological point 
of view, and are perhaps not fully appreciated thus far. The antibody profile, for 
either IgM, IgG or IgA, indirectly reflects viral activity and antigen exposure, 
being distinct in many clinical conditions. Further studies should be done, to detail 
serological abnormalities at the molecular level, which may reveal unexpected dis-
ease associations (de Sanjosé et al. 2007).

5  Immunodominance and Epitopes Within EBV Antigenic 
Complexes

Immunoblot studies made us understand that the humoral immune response to 
EBV as defined by IFT/ACIF-based serology is dominated by responses to a dis-
tinct and limited set of viral proteins (of the potentially 80–90 proteins encoded 
in the EBV genome), which are therefore considered as immunodominant. These 
markers are currently employed in commercial testing and facilitated the transfer 
of complex IFT/ACIF-based technology to well-standardised automated enzyme 
immune assays in many single and multiplex formats. How, from the immunolog-
ical point of view, immune dominance is regulated in vivo among complex sets 
of viral proteins is largely unclear, but aspects such as multimeric structure and 
epitope repetitiveness and T-cell recognition are important (Tolar et al. 2009; Tolar 
2014). The submolecular details of the interaction with human antibodies have 
been revealed for several immunodominant EBV proteins, using epitope map-
ping techniques, with either overlapping peptides (Middeldorp and Meloen 1988) 
or recombinant fragment analysis (Hinderer et al. 1999). These detailed stud-
ies have included the VCA markers p18 (BFRF3), p23 (BLRF2), p40 (BdRF1), 
p143 (BNRF1), p160 (BcLF1), gp125/110 (BALF4) and gp350/220 (BLLF1), the 
EA(D) markers p47/54 (BMRF1), p138 (BALF2), the IEA marker ZEBRA/Zta 
(BZLF1) and EBNA1 (BKRF1) (Middeldorp, largely unpublished data).
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5.1  VCA

The major EBV VCA antigen for IgM, IgG and IgA responses proved to be a small 
capsid protein, called VCA-p18, which has a unique immunodominant and virus-
specific antigenic domain in its C-terminus (AA 110-176). This domain contains 
several small peptide regions (epitopes) which can be combined to form a powerful 
diagnostic reagent for both VCA-IgM, and IgG and IgA antibody responses (van 
Grunsven et al. 1994; Fachiroh et al. 2006). The N-terminus (1–110) of VCA-p18 
lacks reactivity with human serum antibodies and has strong homology with the 
N-terminus of its homologues in other herpesviruses, in particular KSHV (van 
Grunsven et al. 1994). This indicates that in vivo the C-terminus of VCA-p18 forms 
an exposed antigenic array on the surface of viral capsids, whereas the N-terminal 
domain is shielded from interacting with the immunoglobulin B-cell receptor due to 
its hidden position  inside the virion capsid structure, as revealed by cryo-electron 
microscopy (Henson et al. 2009). The VCA-p40 protein forms the highly repetitive 
nuclear capsid scaffold and is reactive with IgG antibodies in most EBV carriers 
and IgA antibodies in NPC patients. However, detailed peptide epitope mapping for 
VCA-p40 failed to identify linear epitopes reactive with human serum antibodies 
(van Grunsven et al. 1993a, b; Middeldorp unpublished data), suggesting that anti-
body responses to this protein are triggered by exposure of B cells to intact cap-
somers yielding responses to conformational epitopes. A fusion protein between 
the VCA-p18 and VCA-p40 was recently described to have excellent diagnostic 
performance (Fachiroh et al. 2010). The VCA-p23 marker is a tegument protein, 
similar to VCA-p143 (BNRF1), located between the virion capsid and envelope. 
Both proteins require a largely intact polypeptide sequence to be recognised by 
human antibodies, suggesting involvement of conformational epitopes (Hinderer 
et al. 1999). The major capsid protein VCA-p160 was first identified as major VCA 
marker (Vroman et al. 1985), but contains only few small linear antigenic epitopes 
(Middeldorp and Meloen 1988). Overall IgG responses to this protein are less com-
pared to the small VCA-p18, VCA-p23 and VCA-p40 proteins. In contrast to the 
VCA-p160 protein, the viral nuclear and virion envelop glycoprotein gp125/110 
as well as the virion envelope protein gp350/220, which also lack short peptide 
domains for binding to human IgG (Middeldorp unpublished data), proved to be 

Fig. 5  Overview of IgG and IgA antibody diversity profiles by immunoblot in an endemic NPC 
population. Healthy Indonesian EBV carriers (blood bank donors) and non-EBV-related malig-
nancies (hospital controls) have a “normal” restricted IgG antibody profile and negative IgA 
reactivity, with lower intensity in a standardised blot staining time. Already at early stage of NPC 
(rarely encountered in the clinic), increased staining intensity and aberrant antibody reactivity 
can be observed. In stages III–IV NPC (most commonly encountered at first presentation to the 
clinic in Indonesia), clearly abnormal immunoblot diversity patterns are observed in all patients. 
Of importance is the notion that IgG and IgA frequently show distinct diversity profiles, indicat-
ing independent antigen triggering of reactive B cells. This type of analysis reveals the molecular 
diversity of anti-EBV humoral immune responses, reflecting the pathogenic events underlying 
NPC development
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major VCA-specific components, reactive with IgG antibodies in virtually all EBV 
carriers (Kishishita et al. 1984; Luka et al. 1986). Although antibody responses to 
gp125/110 and gp350/220 are easily detected and diagnostically useful, their pro-
duction and purification for diagnostics is cumbersome and requires proper gly-
cosylation and folding (Hinderer et al. 1999; Hu et al. 2007). Some recent data 
indicate that the gp350/220 may be recognised rather diversely by individual EBV 
carriers, involving different glycopeptide domains (D’Arrigo et al. 2013). Most 
attention is focussed on the function of EBV glycoproteins as vaccine component 
to induce neutralising antibody responses, requiring the intact native antigenic 
structure (Pither et al. 1992; Cohen et al. 2013). This will not be detailed here.

5.2  EA(D)

The major immunodominant component of the EA(D) complex is p47/54 
(BMRF1), a heavily phosphorylated component of the early nuclear EBV DNA 
replication machinery. It is one of the first antigens triggering EBV-specific IgM 
and IgG responses during acute primary infection (Fig. 3). Such antibodies initially 
interact with a defined set of peptide epitopes in the C-terminus (AA 300-380), but 
this response fades rapidly during convalescence and only reappears upon (chronic) 
reactivating EBV infection (Middeldorp, unpublished data; US Patent 5843405). 
Elevated EA(D) antibody responses are particularly strong in chronic active EBV 
infections and associate with the development of certain cancers, such as BL and 
NPC, reflecting the role of lytic virus activity in these diseases. Interestingly, 
whereas acute and chronic infection seems to trigger antibody responses to linear 
(peptide) epitopes, EA(D) responses in malignant disease such as NPC and BL 
are mainly directed against conformational epitopes on the native protein complex 
(Paramita et al. 2007). An explanation may be found in the lack of sufficient (early 
stage) T-cell help to assist in maturing anti-peptide EA(D) responses, and/or the 
chronicity of DNA-bound EA(D) complex exposure associating with malignant 
behaviour. Further study is required. The second dominant EA(D) component is the 
p138 protein (BALF2), present in the same nuclear complex (Zeng et al. 1997), 
which carries several linear epitopes that can be combined into a small immuno-
reactive component for diagnostics (Hinderer et al. 1999; Middeldorp 1993a). 
Patients with NPC develop characteristic IgG and IgA antibodies to conforma-
tional determinants of the EA(D) component known as thymidine kinase (BXLF1), 
DNA polymerase (BALF5) and viral DNAse (BGLF5), which are detectable by 
enzyme inhibition assays, but which are sensitive to denaturation and EBV strain 
specific (Ooka and Middeldorp unpublished). Such anti-TK, anti-DNApol and 
anti-DNAse antibodies can be detected in mononucleosis cases at low level and at 
much higher levels in chronic EBV infection as well as in NPC. Variable data have 
been reported on the ZEBRA-Zta antibody responses. Originally reported as being 
detectable in 60 % of EBV carriers, IgG-Zta seems to be a minor component of 
the EA(D) complex (van Grunsven et al. 1994). Some reports indicate good IgM 
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responses in mononucleosis patients, whereas others do not (Bravo et al. 2009; 
Cameron et al. 2010). IgA responses to Zta can be readily detected in NPC patients 
(Joab et al. 1991; Dardari et al. 2008). Three main epitopes have been mapped as 
immunodominant (Dardari et al. 2008; Asito et al. 2010).

5.3  EBNA1

The EBNA1 protein (BKRF1) is the major antigenic component of the EBNA com-
plex reactive with human antibodies. It assembles into multimeric dimers tightly 
bound to DNA. EBNA1 binds with several cellular DNA-binding proteins to AT-rich 
regions in host chromosomes as well as to defined domains on the viral episome, 
known as “origin of plasmid replication” or “Ori-P” (Sears et al. 2004; Frappier 
2012). The C-terminal domain (AA 460-614) of EBNA1 forms a tightly structured 
dimer that binds to Ori-P DNA at multiple positions via a flexible arm-like structure 
(AA 461-476) and interacting with other EBNA1 dimers via the flanking helix (AA 
477-489) to form multimers (Bochkarev et al. 1998). The EBNA1 protein is further 
characterised by a nuclear localisation sequence (AA 379-386) and a long glycine–
alanine (GA) repeat (AA 95-325), which prevents EBNA1 endogenous degradation 
by the proteasome. The GA repeat is flanked on both sides by glycine–arginine (GR) 
repeat regions (AA 33-53 and AA 327-377), which interact with host chromosomes 
(Fig. 6, top). A recent study used molecular modelling to assess the overall structure 
of full-length EBNA1 bound to DNA further addressing the 3D-folding, and DNA–
protein interactions largely confirmed the above findings (Hussain et al. 2014).

Early biochemical studies had shown that EBNA1 is easily degraded, but that 
the C-terminal DNA-binding dimer (AA 450-614) is particularly stable and resist-
ant to exogenous proteolytic degradation (Ambinder et al. 1991; Chen et al. 1993). 
It was found that the intact C-terminal domain of EBNA1 was highly reactive with 
human antibodies (Milman et al. 1985) and a good substrate for diagnostic test-
ing. Subsequent detailed PEPSCAN peptide epitope mapping revealed that human 
IgG antibodies bind to EBNA1 via several immunoreactive domains, particularly 
in relatively non-structured regions, but that regions involved in dimer/multimer 
formation, internal folding and DNA interaction, were devoid of interaction with 
antibodies (Fig. 6). As noticed by others, the GA repeat is a major immunogenic 
domain in EBNA1, triggering abundant IgG antibody responses in all EBV carriers, 
as reflected by the high overall OD450 values. However, this region is also target for 
low-affinity IgM responses in other infections and target for cross-reacting (autoim-
mune) antibody responses (Rhodes et al. 1990). On the other hand, the small GR 
repeats on both sides of the large GA repeat appear to be non- or poorly immuno-
genic upon natural infection in humans, similar to the internally shielded dimeris-
ing and DNA-binding C-terminal sub-domains. Of note is the region at AA 390-450 
which has clear reactivity with most human sera and can be mimicked by a synthetic 
peptide of 60 AAs having high EBNA1-specific reactivity and true EBNA1 charac-
teristics in terms of dynamics of antibody responses (Middeldorp 1993b; Fachiroh 
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et al. 2006; Cameron et al. 2010). This region (Fig. 6, bottom right) is not involved 
in DNA binding and is readily accessible for antibody interaction, as tested in Ori-P 
DNA-based gel-shift assays (Chen et al. 1993; Greijer and Middeldorp unpub-
lished data). Although the overall OD450 values for human antibody binding in the 
C-terminal domain seem very low, the listing of peptides that react just above the 
COV in this screening approach (pos/neg score) revealed small areas of antibody 
interaction, i.e. AA 489-500, 525-535, 545-555 and 577-590. When plotting these 
areas onto the crystal structure of EBNA1 C-terminus, it was revealed that these 
small reactive regions map exactly on the surface-exposed regions of the C-terminus 
and should be considered as conformational epitopes representing the strong anti-
genic properties of the 28 KDa C-terminal DNA-binding domain.

Most interesting about this overall assessment of EBNA1 epitope structure is 
the finding that all domains with known ligand interaction [i.e. Ori-P, dimerisation, 
flanking, host AT-rich DNA binding, nuclear localisation signal (NLS)] seem to be 
non-immunogenic, suggesting these domains are shielded for interaction with the 
Ig receptor on B cells (Hinton et al. 2008; Tolar et al. 2009). From these observa-
tions it can be speculated that EBNA1 is “seen” by the humoral immune system 
as an intact DNA-bound multimeric complex, probably released as such in a sta-
ble form from infected cells undergoing apoptosis and presented on the surface of 
APC via Fc- or complement receptors.

We further analysed the interaction of the EBNA1 unique immunodominant 
domain at AA 390-460 in more detail using well-known monoclonal antibodies 
(MoAbs; OT1x, 1H4, 2B4) and detailed epitope optimisation using PEPSCAN 
peptide length variation (i.e. analysing all overlapping peptides of 3-15 AA in 
length covering this region) and replacement net analysis (i.e. replacing every 
amino acid in the target peptide by any other amino acid at each position). These 

Fig. 6  Detailed epitope mapping of polyclonal human humoral immune responses to EBNA1. 
Top line schematically illustrates the different functional domains in EBNA1 (AA 1-641). The 
large panel represents the OD450 ELISA values of PEPSCAN analysis with different human sera 
at 1:100 dilution, using 12-mer peptides overlapping by 11 AAs and covering the full EBNA1 
sequence. The sera (n = 18) are collected from healthy EBV carriers via blood bank facili-
ties in different countries such as Europe, the USA and Hong Kong. Details of this approach 
are described elsewhere (Middeldorp and Meloen 1988; van Grunsven et al. 1994; Middeldorp 
unpublished patent data). In the second panel, OD450 values were normalised for each serum 
sample against the cut-off value (COV) defined as the average OD450 value for each peptide 
with a set of EBV negative sera (n = 5). Normalised values for all sera were added-up for each 
peptide, revealing the most immune-reactive domains as peaks in the EBNA1 sequence, with the 
GA-repeat region as most reactive domain and the so-called OT1x domain at AA 390-460 as 
the second most reactive region. Alternatively, for each 12-mer peptide, a positive/negative score 
above COV (+1/0) was made for each serum and plotted for all sera, revealing all immunoreac-
tive domains, even when having marginal OD450 values. Thus, additional regions of antibody 
binding (epitopes) were revealed in the GR repeats and the C-terminal domain. Interestingly, the 
human epitopes in the C-terminus overlap with sequences present at and extending from the sur-
face of the EBNA1 dimer as revealed by crystal structure analysis (lower left picture). Further 
detailed epitope mapping of the “OT1x domain” revealed additional immunogenic domains as 
visualised in the lower right picture. Further details are described in the text





310 J.M. Middeldorp

data were combined with computer-based minimal energy molecular model-
ling, to yield the proposed structure as shown in Fig. 6 bottom right panel). The 
rat Moabs 1H4 and 2B4 (Grässer et al. 1994) seem to interact with small linear 
epitopes requiring only 3-5 AA for antibody binding domain (AA 441-444 and 
446-450) similar to human antibodies binding to this region. On the other hand, 
the so-called OT1x domain at AA 430-442 required at least 10-12 AAs for optimal 
binding to the OT1x MoAb and human sera (Chen et al. 1993). A replacement net 
analysis of this domain with human sera revealed Pro431, Ile434, Glu435 and Gly437 
to be essential for proper folding of the epitope, whereas for the OT1x Moab, 
Gly432, Gly437 and Pro438 proved to be essential. Combined, these data indicated 
that the EBNA1 430–442 domain has an alpha-helical structure, which was con-
firmed by minimal energy calculations as the preferred structure for this subdo-
main (Middeldorp and Grootenhuis unpublished data).

The EBNA1 region AA 441-448 has an important biological function in the 
infected cell by interacting with USP7/HAUSP, a key regulator of p53 and Mdm2 
(Saridakis et al. 2005). This domain seems to be readily available for interaction 
with human antibodies, suggesting the USP7-EBNA1 interaction is resolved upon 
apoptotic release. Interestingly, the structural analysis of EBNA1 AA 441-448, as 
free peptide or bound to USP7, reveals a non-ordered “near linear” conformation, 
in agreement with the structure derived from our immunological and computa-
tional analysis (Fig. 6; Saridakis et al. 2005). Interestingly, antibodies recognising 
small linear epitopes have the potency of cross-reacting with other proteins con-
taining the same sequence, as shown for the 2B4 antibody (Hennard et al. 2006). 
This may have implications for understanding the phenomenon of antigen mim-
icry, which is frequently observed between EBNA1 and “self” proteins in a variety 
of autoimmune diseases.

Overall, these data reveal how a single EBV protein (i.c. EBNA1) is recognised 
by human antibodies at the submolecular (epitope) level, reflecting its natural anti-
gen presentation and processing. Further details of the position and relevance of 
T- and B-cell epitopes in healthy EBV carriers versus patients with various EBV-
related (autoimmune) diseases may further deepen our insights into the pathogenic 
role of EBNA1 “in trans”, i.e. outside the infected cell. It is important to notice 
that EBNA1 appears an important component in triggering antigen mimicry, as 
will be detailed below.

The EBNA1 C-terminal dimer region (AA 460-614) and the unique region AA 
390-460 are widely used in commercial diagnostic tests and prove as excellent 
markers for EBNA-specific serology.

6  Antibody Responses to Tumour-Associated Antigens

In contrast to EBNA1, little has been described about humoral immune responses 
to other latent and tumour-associated EBV antigens, such as LMP1, LMP2 and 
BARF1. The overall impression is that these responses are non-existent or at best 
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low marginal in comparison with EBNA1 and VCA responses, irrespective of the 
underlying EBV-driven diseases in the patients studied (Chen et al. 1993; Lennette 
et al. 1995; Meij et al. 1999, 2002; Paramita et al. 2011; Hoebe et al. 2011). This 
may indicate failure of these proteins to be presented to the BCR directly in an 
immunogenic form, possibly due to their hydrophobic nature and/or associa-
tion with host proteins and exosomes (Dukers et al. 2000; Verweij et al. 2011). If 
detectable, the human antibody response seems to target intracellular cytoplasmic 
repeat or aggregation domains of LMP1 and LMP2, and particularly antibody 
responses to epitopes located in the putative extracellular membrane loops seem 
absent. Antibodies to BARF1 could possibly interfere with its function as scaven-
ger of CSF-1 (M-CSF), but also these are barely detectable even in NPC patients 
with high VCA and EBNA1 antibody responses (Hoebe et al. 2011, 2013; Paramita 
et al. 2011). This apparent void in the anti-EBV humoral immune repertoire may 
open options for de novo immunisation with peptides derived from these extra-
cellular domains, in order to fill this immunological gap and to create therapeutic 
antibody responses that potentially can eliminate EBV-driven tumours express-
ing LMP1 and LMP2. Experiments in animal models and selection of human 
phage-derived antibodies are in progress and hold promise to achieve such a goal 
(Middeldorp 2001; Delbende et al. 2009; Paramita et al. 2011; Chen et al. 2012).

7  Autoimmunity and Antigen Mimicry

EBV has been implicated in a wide variety of autoimmune diseases, includ-
ing rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), Sjögren’s 
syndrome (SS), multiple sclerosis (MS) and most recently Parkinson’s dis-
ease (Woulfe et al. 2014). Antigen mimicry, induced by aberrant EBV exposure 
or defective immune control, plays a central role in each disease and has been 
addressed in a number of recent reviews (Ballandraud et al. 2004; Pender 2011; 
Lossius et al. 2012; James and Robertson 2012; Füst 2013; Igoe and Scofield 
2013). All affected individuals, including the juvenile cases, are EBV seroposi-
tive (i.e. EBV carriers) and show distinct serological abnormalities in response to a 
number of EBV antigens, suggestive of EBV reactivation. In many instances, such 
abnormalities are present at early stages of disease, prior to therapeutic interven-
tion. However, it proves difficult to demonstrate the direct involvement of EBV 
in these diseases, as was recently discussed for EBV and MS (Lassmann et al. 
2011). General consensus seems exist for a role of EBV as inflammatory trigger, 
possibly through the release of EBER molecules into the circulation, providing 
general innate and adaptive activation signals (Iwakiri 2014) and  EBNA1–DNA 
complexes as a rich source of antigen sequences that may induce cross-reactive 
antibodies, depending on the host MHC-II background (Yadav et al. 2011). The 
release of complex and structured multi-epitope EBNA1–DNA complexes pre-
sented on APC during the cytokine-rich convalescent phase of mononucleosis 
together with innate signalling triggered by released EBER–protein/exosome 
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complexes may trigger autoantibody formation by crossing the tolerance thresh-
old and extending the restricted repertoire to include autoreactive clones, a phe-
nomenon called epitope spreading (Füst  2013; Cornaby et al. 2014). Evidence for 
such B-cell repertoire disturbance during mononucleosis has been presented and 
requires further analysis (Mockridge et al. 2004). In particular, EBNA1 is impli-
cated in triggering antigenic mimicry, predominantly through epitopes in non-
structured regions as detailed above and illustrated by examples in Table 1.

When comparing EBNA1 epitope recognition by antibodies versus T-cell recep-
tors, it is interesting to note that these seem to be strictly separated. For CD4+ T 
cells, which abundantly respond to EBNA1 in most EBV carriers, the MHC-II-
restricted epitopes are mostly located within the highly structured C-terminal 
DNA-binding dimer (AA 470-610), with virtually no responses to the GA repeats 
and non-structured regions (Munz et al. 2000; Leen et al. 2001; Long et al. 2005). 
In contrast, CD8+ CTL-targeted MHC-I recognition of EBNA1 is rather poor and 
mediated by a limited number of epitope combinations located in the N- (72-80), 
middle (378-386) and C-terminal domain (470-480) (Lee et al. 2004). This most 
likely reflects the in vivo release of intact DNA-bound EBNA1 complexes with sub-
sequent processing and presentation of EBNA1 by APC to the cellular components 
of the immune system. Direct endogenous presentation of EBNA1 by the infected B 
cell is rather poor, possibly due to the strict nuclear localisation and immune evasive 
functions of the GA repeat (Levitskaya et al. 1985; Taylor et al. 2006; Mackay et al. 
2009). Cross-presentation may be a dominant feature for T-cell responses to EBNA1.

EBNA1 plays an interesting role in the pathogenesis of MS, with CD4-T 
cells showing more predominant reactivity to EBNA1 at early stage of disease 
and potential reactivity with myelin “self” protein (Lünemann et al. 2008, 2010; 
Munger et al. 2011) whereas the anti-EBNA1 antibody response in MS seems to 
be elevated, particularly to regions in the AA 390-450 region (Jafari et al. 2010). 
Interestingly, antibodies recognising small linear epitopes have the potency of 
cross-reacting with other proteins containing the same sequence, as shown for the 
2B4 antibody (Hennard et al. 2006, see above). Further illustrations are cross-reac-
tive antibodies to Ro/SSA and La/SSB antigens (James and Robertson 2012) and 
dsDNA which can be induced by immunisation with EBNA1–DNA complexes 
and are primarily observed in patients with SLE and SS. Another recent illustra-
tion is the observation that post-translationally modified EBNA1- or EBNA2-
derived GR-repeat sequences form the best antigen for the anti-citrullinated 
peptide response in early-stage RA (Cornillet et al. 2015). Similar situations may 
exist in other autoimmune diseases and require further attention (Table 1).

8  Concluding Remarks

Much progress has been made in defining the molecular basis of anti-EBV anti-
body responses in health and disease, originally assessed by IFT as macroscopic 
antigen complexes in BL cell lines and now slowly being elucidated at the 
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submolecular (epitope) level. Although quite restricted in healthy carriers, humoral 
immune responses to EBV vary widely in different disease syndromes as revealed 
by immunoblot profiling, which was originally not appreciated as much using IFT 
serology. IgA and IgG responses may be triggered by distinct mechanisms, involv-
ing different B-cell repertoires. Detailed mapping of antigen–antibody interactions 
has been possible for a limited number of EBV proteins revealing insights in linear 
and conformational epitopes. New epitope-specific protein and peptide markers 
have resulted from this work that proved useful for diagnostic serology. Similar 
detailed analysis of EBV antigen–antibody interactions may provide insights into 
the molecular basis of antigen mimicry as pathogenic mechanism in EBV-related 
autoimmune diseases. The virus-neutralising response seems broad and universal, 
but is more complex than previously thought. Prophylactic EBV glycoprotein-
based vaccine trials have been shown to be rather ineffective and require new 
initiatives. The low immunogenicity of (extracellular domains of) EBV-encoded 
tumour-associated proteins LMP1, LMP2 and BARF1 provides a natural window 
of opportunity for passive antibody-based immunotherapy and active peptide vac-
cination, which are still at infancy. The methods described in this chapter may be 
illustrative for further approaches in mapping additional details in the repertoire of 
anti-EBV humoral immune responses and will also provide insights into underly-
ing natural and pathogenic interactions of EBV with its human host.
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Abstract Epstein–Barr virus (EBV) is arguably one of the most successful 
 pathogens of humans, persistently infecting over ninety percent of the world’s 
population. Despite this high frequency of carriage, the virus causes apparently 
few adverse effects in the vast majority of infected individuals. Nevertheless, the 
potent growth transforming ability of EBV means the virus has the potential to 
cause malignancies in infected individuals. Indeed, EBV is thought to cause 1 % 
of human malignancies, equating to 200,000 malignancies each year. A clear fac-
tor as to why virus-induced disease is relatively infrequent in healthy infected indi-
viduals is the presence of a potent immune response to EBV, in particular, that 
mediated by T cells. Thus, patient groups with immunodeficiencies or whose 
cellular immune response is suppressed have much higher frequencies of EBV-
induced disease and, in at least some cases, these diseases can be controlled by 
restoration of the T-cell compartment. In this chapter, we will primarily review 
the role the αβ subset of T cells in the control of EBV in healthy and diseased 
individuals.
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1  Introduction

Like all herpesviruses, the EBV replication cycle oscillates between phases of 
either lytic or latent viral gene expression in infected cells. During lytic replica-
tion, up to 80 genes are expressed in a temporally regulated manner resulting in 
the production of new viral particles, the death of the infected cell and transmis-
sion of the virus to other cells or spread to new hosts. Latent gene expression, in 
the case of EBV, can induce growth transformation of infected cells; these genes 
include the six Epstein–Barr nuclear antigens (EBNAs) and the two latent mem-
brane proteins (LMPs). Here, there is no virus production and ultimately the virus 
can enter a quiescent state where there is minimal, if any, viral gene expression 
allowing amplification of a reservoir of infected cells capable of reactivating virus 
in the future. These two patterns of gene expression give the immune system two 
potential sets of antigens that can be targeted to control the virus. Furthermore, 
in the normal biology of infection both sets of genes are likely expressed in dif-
ferent cellular backgrounds and different anatomical locations. Thus, latent anti-
gens are expressed in B lymphocytes within lymphoid tissue, while lytic antigens 
are expressed also in B lymphocytes but likely more frequently expressed in epi-
thelial cells of the oropharynx (Hadinoto et al. 2009). These different cellular 
backgrounds and anatomical locations likely impact on the virus-specific T-cell 
response in terms of the function and subset of antigen-specific T cells which traf-
fic to these sites.

2  T-Cell Response in Primary Infection

Primary infection with EBV mostly occurs in childhood and in the main results 
in an infection with few if any symptoms of acute virus infection. However, if 
infection is delayed until adolescence, some 25–75 % of infected individuals will 
develop the primary infection syndrome infectious mononucleosis (IM): an acute 
self-limiting febrile illness characterised by the development of lymphadenopathy, 
sore throat and associated with the massive expansion of activated CD8+ T lym-
phocytes (Balfour et al. 2013; Crawford et al. 2006). Most of what we know about 
primary infection and the host response comes from the study of IM patients as 
the symptoms provide a convenient marker to identify people undergoing primary 
infection.

2.1  T-Cell Response in Infectious Mononucleosis

People who develop infectious mononucleosis are thought to have been infected 
with the virus for up to six weeks before the symptoms became apparent. Why 
primary EBV infection can result in IM is presently unclear, but several proposals 
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have been put forward. These include the development of T-cell specificities 
induced by non-EBV epitopes that cross-react with EBV epitopes and contribute 
to the expanded CD8+ T-cell response in IM (Clute et al. 2005; Selin et al. 2011). 
However, ex vivo analysis of such cross-reactive T-cell responses show they are 
low in frequency (Cornberg et al. 2010) and so their contribution to IM requires 
clarification. Others have proposed that IM may develop in part due to the reduced 
frequency of regulatory T cells found in IM patients compared to healthy donors 
(Wingate et al. 2009). Two recent epidemiological studies have suggested that a 
genetic component may be responsible for the development of IM. Thus, same sex 
twins have a higher incidence of IM compared to first-degree relatives (Rostgaard 
et al. 2014), while the concordance for development of IM was twice as frequent 
in monozygotic twins compared to dizygotic twins (Hwang et al. 2012). What 
form these genetic differences may take are unclear; however, polymorphisms or 
genetic markers associated with IM in immune response loci have been identi-
fied including polymorphisms in the promoters of IL-10 and IL-1 (Helminen et al. 
1999; Hatta et al. 2007), polymorphisms in the TGF-β gene (Hatta et al. 2007) 
and presence of certain microsatellite markers in the HLA locus (McAulay et al. 
2007).

At presentation, IM patients shed high levels of virus from the oropharynx and 
have high loads within their peripheral B-cell compartment. Few studies have been 
able to access samples from patients preceding the development of symptoms to 
determine what immune responses may be occurring at this time. Recent careful 
studies following EBV-negative university students who subsequently develop IM 
have shown that prior to the development of symptoms there is no obvious dis-
turbance of the CD4+ or CD8+ lymphocyte compartment (Balfour et al. 2013). 
However, once symptoms develop in the patient there is a major disturbance, prin-
cipally driven by the expansion of highly activated CD8+ T cells. Historically, the 
nature of these T cells was enigmatic, with initial studies analysing TCR usage 
indicating that these were monoclonal or polyclonal expansions suggestive of anti-
gen-driven proliferation (Callan et al. 1996). Ex vivo analysis of these populations 
by either cytotoxicity or cytokine secretion assays showed that they contained 
EBV specificities (White et al. 1996; Steven et al. 1996, 1997; Hoshino et al. 
1999). The development of MHC class I tetramer reagents that could identify EBV 
reactive CD8+ T cells clearly showed that significant proportions of the expanded 
CD8+ cell population were in fact EBV-specific (Callan et al. 1998). Further 
studies by numerous groups have now shown that in IM patients the expanded 
CD8+ population is mostly EBV-specific (Catalina et al. 2001; Hislop et al. 2002, 
2005) although evidence has been presented for the activation of other virus spe-
cificities during acute infection (Odumade et al. 2012; Clute et al. 2005).

2.1.1  CD8+ T-Cell Response in Infectious Mononucleosis

Analysis of the specificities within the expanded CD8+ T-cell population has 
shown that it is dominated by T cells specific for epitopes derived from the 
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immediate early (IE) gene products with lesser, yet still substantial, frequencies 
to some early (E) gene products and apparently few T cells specific for late (L) 
gene products (Pudney et al. 2005; Woodberry et al. 2005b). In some cases, indi-
vidual lytic epitope-specific responses can constitute between 1 and 50 % of the 
expanded CD8+ repertoire in the peripheral circulation (Hislop et al. 2005). What 
drives the IE > E >> L immunodominance hierarchy is not clear. Two proposals 
have been suggested: firstly, as IE antigens are expressed in the first wave of viral 
protein synthesis IE-specific T cells may clear infected cells before other antigens 
are produced, reducing the supply of antigen to restimulate other later specificities 
(Pudney et al. 2005). Secondly, as immune evasion proteins are expressed predom-
inantly in the E phase of lytic cycle, these reduce the presentation of epitopes on 
infected B cells that are derived from other E- and L-expressed proteins, limiting 
the ability of E- and L-phase epitope-specific T cells to be restimulated by infected 
cells (Hislop et al. 2007a).

Latent antigen-specific responses are also substantially expanded although 
generally not to the same degree as lytic epitope-specific T cells with individual 
epitope specificities representing from 0.1 to 5 % of the peripheral CD8+ T-cell 
population (Catalina et al. 2001; Hislop et al. 2002). In these cases, T cells are 
specific for epitopes predominantly drawn from the EBNA3 family of proteins and 
to a much lesser extent LMP2. EBNA1-specific responses are seen less frequently 
but in the context of certain HLA types strong responses have been observed 
(Blake et al. 2000) while CD8 specificities to LMP1 are rarely if ever seen (Hislop 
et al. 2002; Catalina et al. 2001; Woodberry et al. 2005b).

Although comprehensive studies of T-cell frequencies in the peripheral circula-
tion of IM patients have demonstrated the high-frequency responses, a more rel-
evant site to measure T-cell responses is the site of virus replication, namely the 
oropharyngeal lymphoid tissue making up Waldeyer’s ring. Estimation of EBV-
specific CD8+ T-cell frequencies in homogenised tonsillar preparations taken 
from IM patients showed substantial frequencies of EBV-specific CD8+ T cells 
in this anatomical compartment, with up to 25 % and 1.5 % of the CD8 popu-
lation being specific for EBV lytic or latent epitopes, respectively (Hislop et al. 
2005). However, comparing these frequencies to matched peripheral blood mon-
onuclear cell (PBMC) preparations collected at the same time showed that these 
EBV-specific CD8+ T-cell frequencies were far lower in the tonsil than what 
was detected in periphery, particularly for lytic epitope-specific CD8+ T cells. 
This was despite very high virus genome loads being detected in these tonsillar 
preparations.

MHC class I tetramer-based analysis of the CD8+ T-cell response has yielded 
valuable information as to the phenotypic characteristics of EBV-specific T cells. 
These cells show evidence of being highly activated, expressing HLA-DR, CD38, 
CD69 and are in cycle as judged by the expression of ki-67(Callan et al. 1998). 
Historically, it has been known that PBMC from IM patients are highly suscep-
tible to apoptosis when manipulated in vitro (Moss et al. 1985) and that this is 
likely a consequence of the low level of expression of the anti-apoptotic protein 
bcl-2 (Callan et al. 2000; Soares et al. 2004). Consistent with their highly activated 
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status, these EBV-specific T cells express little in the way of lymphoid homing 
markers such as CCR7 or CD62-L (Catalina et al. 2002; Hislop et al. 2002). This 
lack of expression may give some clue as to why relatively lower frequencies of 
EBV-specific T cells are seen in the tonsils compared to the peripheral circulation. 
Entry of T cells into the tonsils requires expression of lymphoid homing markers, 
particularly since tonsils do not have afferent lymphatics and lymphocytes cannot 
therefore drain into this lymphoid tissue from peripheral sites. Nevertheless, EBV-
specific T cells are found at this site and other mechanisms of recruitment may 
be relevant. Thus, activated T cells are known to express CXCR3, which binds 
the IFN-γ inducible chemokines CXCL9 and CXCL10, which may direct effec-
tors to this site. Conceivably, the inefficient recruitment of EBV-specific T cells to 
the tonsil during IM may explain why such high levels of virus are found at this 
location.

Within weeks, the symptoms of IM begin to resolve. During this time, there 
is a steep decline in virus genome loads found in the peripheral circulation 
although virus loads shed from the oropharynx remain high for several months 
(Fafi-Kremer et al. 2005; Hislop et al. 2005; Balfour et al. 2005). During this 
time, the EBV-specific T cells in the periphery are culled and the frequency and 
absolute number decline rapidly. Lytic epitope-specific populations are dramati-
cally reduced, particularly those that are highly expanded (Catalina et al. 2001; 
Hislop et al. 2002) leading to a distribution of epitope specificities which does not 
necessarily reflect the frequencies seen during acute infection. Although frequen-
cies of latent epitope-specific cells change less, with the contraction of the entire 
CD8 compartment numerically fewer latent epitope-specific cells will be present. 
Despite the dramatic impact, IM has on the T-cell compartment, when disease 
resolves there does not appear to be any attrition of pre-existing memory T cells, 
with absolute numbers of T cells specific to other viral epitopes broadly compara-
ble before and after acute EBV infection (Odumade et al. 2012).

After resolution of disease, EBV-specific CD8+ T cells begin to return to a 
resting state, downregulate activation markers, come out of cycle and upregulate 
expression of anti-apoptotic proteins such as bcl-2 (Dunne et al. 2002). Latent, but 
not lytic, epitope-specific T cells begin to express CCR7 and CD62-L, and this is 
associated with recruitment of these T cells to the tonsil at a time when the control 
of growth transformation of B cells at this site is known to be controlled. Lytic 
epitope-specific cells remain poorly represented in this tissue, consistent with the 
continued high-level shedding of virus in saliva.

2.1.2  CD4+ T-Cell Response in Infectious Mononucleosis

Turning to the CD4+ T-cell response to EBV during IM, less is known about the 
response mediated by these cells due to the low frequency of specific responses 
and the fact that until very recently assays to measure CD4 T-cell responses 
were relatively insensitive. However, there is now a better appreciation of these 
cells as potential effectors against MHC class II targets, such as EBV-infected B 
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cells. During IM there is little, if any, expansion of the global CD4 compartment 
(Balfour et al. 2013) and in contrast to the CD8 compartment, TCR analysis shows 
there is no evidence of antigen-driven monoclonal or oligoclonal expansions of 
CD4 + T cells (Maini et al. 2000). Initial attempts to study CD4+ T-cell responses 
used cytokine secretion assays to measure responses from CD4+ T cells stimu-
lated with recombinant antigens or lysates of EBV-infected cells. These detected 
relatively weak responses to lytic and latent antigens with lytic antigens eliciting 
responses more frequently (Precopio et al. 2003; Amyes et al. 2003).

However, an increasing range of MHC class II tetramer reagents have recently 
become available and these have been employed to follow responses in IM 
patients from acute infection through resolution of disease (Long et al. 2013). 
With the epitope-specific reagents used in this work, particular latent responses 
appeared to dominate lytic responses with up to 1.5 % of CD4+ T cells specific 
for individual latent epitopes, compared to a maximum of 0.5 % of CD4+ T cells 
for lytic responses. These measurements were substantially higher than those 
estimated by cytokine secretion analysis in this and previous studies. The EBV-
specific CD4 T cells, like CD8+ T cells, were highly activated and low frequen-
cies expressed lymphoid homing markers.

With resolution of acute symptoms, tracking the CD4+ T-cell response shows 
that the frequencies of EBV-specific cells drops precipitously over a short period 
of time (Long et al. 2013; Precopio et al. 2003). In contrast to other latent epitope 
specificities, EBNA1-specific CD4+ T-cell responses are not readily detected 
during acute infection but emerge with delayed kinetics over several months. 
This delayed appearance has been attributed to the restricted release of EBNA1 
from infected cells, thereby reducing antigen available for priming CD4+ T-cell 
responses (Long et al. 2013).

2.2  T-Cell Response in Asymptomatic Primary Infection

Although IM has taught us much about the immune responses made during pri-
mary EBV infection, these responses likely do not represent the situation in 
the majority of primary infections which occur asymptomatically in children. 
Determining the host response to the virus in this situation is extremely difficult 
since, by definition, the infection occurs without obvious evidence.

Nevertheless, careful methodical studies following EBV-seronegative individu-
als over time have allowed cases of asymptomatic EBV infections to be identi-
fied. Early studies of infants monitored monthly for seroconversion indicated 
that they showed none of the features seen in IM patients in terms of disruption 
to the lymphocyte compartment or febrile illness (Biggar et al. 1978; Fleisher 
et al. 1979). More contemporary studies have shown that young adults undergo-
ing asymptomatic infection can have high virus loads in the peripheral circulation, 
equivalent to what is seen in IM patients; however, there is no lymphocytosis and 
unlike IM patients, most showed no disruption within the T-cell compartment of 
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the clonality of their TCR Vβ repertoire (Silins et al. 2001). A recent study exam-
ining African children undergoing asymptomatic infection has suggested that, like 
the young adults in the earlier work, children can have genome loads equivalent 
to IM patients. Moreover, they can have substantial frequencies of activated EBV-
specific CD8+ T cells as detected using MHC class I tetramers, up to 16 % of 
CD8+ T cells. Despite these high-frequency responses, there is no significant 
global expansion of CD8+ T-cell compartment (Jayasooriya et al. 2015).

Collectively these studies suggest that it is the global expansion of activated 
CD8+ T cells that is driving the pathology seen in IM. Although these studies 
are helpful for characterising the virus–host balance in asymptomatic infection, 
they do not explain the mechanism of control in the absence of pathology. Studies 
using the humanised mouse model of EBV infection have shed some light on this 
however, suggesting that specific subsets of natural killer cells may play a role in 
preventing the development of an IM like disease in this model (Chijioke et al. 
2013) indicating that analysis of NK subsets in asymptomatic infected donors may 
be helpful.

3  T-Cell Response in Established Infection

The T-cell response seen in people with established EBV infections shows that 
there are substantial frequencies of EBV-specific CD8+ and CD4+ T cells pre-
sent, although at a much reduced frequency and absolute number than what is seen 
in IM patients. In healthy donors, low frequencies of infected cells are detected 
in the memory B-cell compartment of the peripheral circulation (Babcock et al. 
1998) and there is intermittent shedding of virus from the oropharynx (Fafi-
Kremer et al. 2005) indicating that these responses are maintained in the presence 
of low-level antigen expression.

3.1  CD8+ T-Cell Response in Established Infection

Individual lytic antigen-specific CD8 responses can account for up to 2 % of the 
CD8+ population, while latent antigen-specific responses are smaller constitut-
ing up to 1 % of the CD8 population. As seen in IM patients, CD8+ T cells spe-
cific for immediate early-expressed epitopes are the dominant specificities with 
lower responses to a subset of early-expressed epitopes and rare responses to late-
expressed epitopes (Abbott et al. 2013). Although responses to late epitopes are 
of low frequency, a diverse range of late antigens are targeted and these responses 
are thought to increase with age (Orlova et al. 2011; Stowe et al. 2007). Latent 
responses are mostly made to epitopes derived from the EBNA3 family of proteins 
and to a lesser extent LMP2, EBNA1 and EBNA2, while infrequent responses are 
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detected against EBNA-LP and LMP1. Interestingly, alterations to this hierarchy 
can be observed dependent on the HLA type of the donors. Thus, donors who are 
HLA B38 make strong responses to an epitope derived from EBNA2 (Chapman 
et al. 2001) while donors who are HLA-A*02.03 make a strong response to an 
EBNA-LP-derived epitope (unpublished observations).

Although there is evidence of chronic EBV shedding and thus antigen pro-
duction, EBV-specific T cells circulating in the periphery show little evidence of 
activation. In contrast to the picture of IM, these cells appear mostly as resting 
antigen-experienced T cells expressing LFA-1 (Faint et al. 2001), they are not acti-
vated, are not in cycle and have relatively high levels of bcl2 (Callan et al. 2000; 
Hislop et al. 2001).

These T cells now also express variable levels of markers associated with hom-
ing to lymphoid tissues such as CCR7 and CD62L. The frequency of expression 
of these markers is higher on latent compared to lytic epitope-specific T cells for 
reasons that are unclear but perhaps related to the environment in which anti-
gen is presented to the T cell. Analysis of the frequency of EBV-specific T cells 
in matched blood and lymph node specimens has, however, shown no obvious 
enrichment of EBV specificities in this latter compartment (Remmerswaal et al. 
2012). Some enrichment of lytic but not latent epitope specificities in bone mar-
row specimens has been described although what is driving this enrichment of 
lytic specificities is unclear as there is no obvious increase in EBV genome loads 
in this compartment compared to blood (Palendira et al. 2008). However, an obvi-
ous enrichment of EBV-specific T cells is seen in the tonsil, where an approximate 
threefold and tenfold increase in lytic and latent specificities, respectively, is seen 
(Hislop et al. 2005; Woodberry et al. 2005a). In some tonsils then, at least 20 % 
of the CD8+ T-cell population is specific for EBV. Correlating with this enrich-
ment is the surface expression of CD103 (αEβ7) by these EBV-specific T cells. 
This integrin binds to E-cadherin which is expressed by epithelial cells, thereby 
retaining the T cells at these sites. Furthermore, this molecule is now recognised as 
marker of resident memory T cells, a population of cells poised to reactivate at a 
site of previous antigen expression (Gebhardt et al. 2009).

In most healthy donors, the virus appears to establish a stable balance with 
the immune response although occasional fluctuations in the size of the response 
are seen, possibly due to subclinical reactivation (Crough et al. 2005). However, 
evidence for disruption of this balance and dysregulation of the T-cell response is 
emerging in older donors. Thus, elevated virus loads and CD8+ T-cell responses 
have been described in the elderly with some EBV-specific responses constitut-
ing up to 15 % of the CD8+ T-cell population in individuals over 60 years of 
age, although some loss of T-cell function was seen in these donors (Stowe et al. 
2007; Khan et al. 2004). Interestingly, these expansions were not seen or were less 
marked in elderly donors co-infected with cytomegalovirus (CMV), suggesting 
the presence of CMV may suppress immunity to other viruses (Khan et al. 2004; 
Stowe et al. 2007; Colonna-Romano et al. 2007; Vescovini et al. 2004).
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3.2  CD4+ T-Cell Response in Established Infection

Analysis of people with established EBV infections shows the EBV-specific 
CD4+ T-cell response differs from the CD8+ responses in several respects. First, 
the size of the memory CD4+ T-cell response to individual epitopes is much 
smaller (Leen et al. 2001; Amyes et al. 2003; Long et al. 2005, 2011, 2013). 
Second, the antigen targets of the CD4 T-cell response are also different, with 
latent reactivities tending to outnumber lytic reactivities (Long et al. 2013). Third, 
the proportion of central and effector memory CD4+ T cells is the same regard-
less of whether the cognate epitopes are from lytic or latent antigens (Long et al. 
2013); CD8+ T-cell responses to the former are concentrated in the effector mem-
ory pool. Fourth, the CD4 T-cell response against lytic antigens is spread equally 
between IE, E and L viral proteins (Long et al. 2011), whereas the CD8 T-cell 
response is heavily skewed towards the former (Pudney et al. 2005).

The fact that EBV infects and persists in B cells, which constitutively express 
MHC class II, raises the possibility that CD4+ T cells may be able to act as direct 
effector cells in their own right. Reports from several groups clearly demonstrate 
that CD4+ T-cell clones against a wide range of EBV lytic and latent cycle anti-
gens are able to recognise and kill newly infected B cells or established EBV-
transformed lymphoblastoid cell lines (LCLs) (Adhikary et al. 2006; Kobayashi 
et al. 2008; Long et al. 2005; Munz et al. 2000; Sun et al. 2002b; Haigh et al. 
2008; Khanna et al. 1997; Landais et al. 2004; Omiya et al. 2002; Demachi-
Okamura et al. 2006; Rajnavolgyi et al. 2000). Although only a minority of cells 
in such lines are lytically infected, structural and non-structural lytic cycle proteins 
are efficiently transferred to neighbouring LCLs sensitising them to recognition 
by lytic antigen-specific CD4 T cells (Adhikary et al. 2006; Landais et al. 2004; 
Long et al. 2011). Receptor-mediated uptake of virions by LCLs likely explains 
the efficient transfer of structural proteins. The mechanism responsible for effi-
cient uptake, processing and presentation of non-structural lytic proteins is cur-
rently unknown, but it appears to be part of a general phenomenon since the latent 
cycle proteins EBNA2, EBNA3A, EBNA3B and EBNA3C are also efficiently 
transferred from antigen-positive to antigen-negative B cells (Taylor et al. 2006; 
Mackay et al. 2009).

As described earlier, EBNA1 does not appear to be transferred between cells 
in culture (Leung et al. 2010; Long et al. 2013). Instead, EBNA1 is able to access 
the MHC-II pathway within the infected cell itself via macroautophagy (Paludan 
et al. 2005) a catabolic pathway in which cytoplasmic contents are enveloped by 
double-membrane vesicles that in turn fuse with lysosomes. However, EBNA1’s 
normal nuclear localisation limits its processing by macroautophagy (Leung 
et al. 2010) and such ‘nuclear shelter’ from macroautophagy means only a sub-
set of EBNA1 CD4+ T-cell epitopes are presented by LCLs (Paludan et al. 2005; 
Khanna et al. 1995; Mautner et al. 2004; Leung et al. 2010). These observations 
may resolve the paradox that although EBNA1 is essential for viral persistence 
(Humme et al. 2003), it nevertheless contains the largest number of CD4+ T-cell 
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epitopes of any latent cycle protein and most EBV-infected individuals possess 
good CD4+ T-cell responses against the protein (Leen et al. 2001; Long et al. 
2013; Munz et al. 2000).

3.3  Other T-Cell Subsets in Established Infection

Turning to other subsets of T cells, little so far is known about the relevance of 
more specialised T cells such as Th9, Th17 or Th21 T cells in EBV infection. 
Some studies have suggested a role for invariant natural killer T cells (iNKT) in 
control of EBV. Thus, patients deficient in the SLAM-associated protein (SAP) 
encoded by SH2D1A have no NKT cells and are exquisitely sensitive to EBV 
infection and may develop a life-threatening lymphoproliferative disease upon 
EBV infection (Nichols et al. 2005). However, such mutations also affect conven-
tional T-cell and natural killer (NK) cell function making it unclear whether this 
disease is solely due to lack of iNKT cells (Tangye 2014). Similarly, patients with 
mutations in the BIRC4 gene, which encodes the X-linked inhibitor of apoptosis 
protein (XIAP), show sensitivity to EBV infection and have low numbers of iNKT 
cells (Rigaud et al. 2006). These patients have normal numbers of T cells; how-
ever, these are more sensitive to apoptotic stimuli, again making it unclear whether 
iNKT numbers are the solely responsible for controlling disease (Lopez-Granados 
et al. 2014). Other models and observations hint to a role of iNKT cells: patients 
with EBV-associated malignancies have lower circulating numbers of these cells, 
while iNKT cells adoptively transferred into immunodeficient mice then chal-
lenged with EBV-related malignant cells show reduced tumour formation (Yuling 
et al. 2009). Similarly, in vitro studies of resting B cells challenged with EBV 
showed higher frequencies of transformation when NKT cells are depleted from 
such cultures (Chung et al. 2013).

Some 1–10 % of the total T-cell population is comprised of γδ T cells that rec-
ognise a distinct range of antigenic targets and have a broad functional phenotype 
upon activation (Vantourout and Hayday 2013). The importance of these cells in 
controlling natural EBV infection is not known, but several observations suggest 
they could play a role. The Vδ1 subset of γδ T cells can directly recognise and lyse 
EBV-transformed LCLs in vitro (Hacker et al. 1992) and high frequencies of these 
cells have been described in transplant recipients who have previously experienced 
EBV reactivation (Fujishima et al. 2007; Farnault et al. 2013). The Vγ2 Vδ9 sub-
set of γδ T cells can also recognise and lyse LCLs in vitro, but efficiency is low 
unless the cells are activated with pamidronate and then positively selected using 
anti-γδ-TCR-specific beads (thus delivering a TCR signal to the cells) (Xiang et al. 
2014). However in mice reconstituted with human immune system components, 
pamidronate administration was sufficient to significantly reduce EBV-positive 
lymphoproliferative disease and this control was dependent upon Vγ2 Vδ2 T cells 
(Xiang et al. 2014). The antigens that allow selective recognition of EBV-infected 
LCLs by γδ T cells are currently unknown.
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4  T-Cell Responses in Patients with EBV-Associated 
Malignancy

The EBV-specific T-cell response generated by natural infection is important to 
control the growth transforming activity of the virus for the lifetime of the host. 
Loss of this control, as occurs in patients receiving immunosuppression, can lead 
to post-transplant lymphoproliferative disease (PTLD). Tumours that occur in 
the first year of transplantation, when immunosuppression is greatest, typically 
express the full range of EBV latency proteins including the EBNA3A, EBNA3B 
and EBNA3C proteins that are immunodominant targets of CD8 T-cell immunity. 
Furthermore, these tumours display high levels of HLA class I and II molecules. 
Accordingly, restoring immunological control by adoptive transfer of EBV-
specific T-cell preparations generated in vitro has been used by several groups for 
prophylaxis or treatment of PTLD following solid organ or haematopoetic stem 
cell transplantation (Rooney et al. 1995; Khanna et al. 1999; Sun et al. 2002a; 
Barker et al. 2010; Haque et al. 2007) with an excellent track record of safety and 
efficacy (Heslop et al. 2010).

Until recently, the T cells used to treat patients with PTLD were gener-
ated using EBV-transformed LCLs as the antigen source. The key T-cell effec-
tors mediating clinical responses in patients were therefore thought to be the 
EBNA3A-, EBNA3B- and EBNA3C-specific CD8+ T cells that tend to domi-
nate LCL-stimulated T-cell preparations. Undoubtedly, these T cells are important 
(Gottschalk et al. 2001), but recent data suggests that other specificities may also 
contribute to tumour control. Thus, LCL-stimulated T-cell preparations containing 
a higher level of CD4+ T cells were associated with better outcome in a multicen-
tre phase II trial of adoptive therapy (Haque et al. 2007). The antigenic specific-
ity and function of these CD4 T cells were not characterised, and it is possible 
that their importance reflects the provision of CD4-mediated T-cell help rather 
than that of a role as direct effectors. Nevertheless, this result is intriguing given 
the multiple reports of CD4 T-cell clones specific for a range of EBV latent and 
lytic cycle proteins directly recognising and killing LCLs (Adhikary et al. 2006; 
Kobayashi et al. 2008; Long et al. 2005; Munz et al. 2000; Sun et al. 2002b; Haigh 
et al. 2008; Khanna et al. 1997; Landais et al. 2004; Omiya et al. 2002; Demachi-
Okamura et al. 2006; Rajnavolgyi et al. 2000). Not all T-cell clones are capable 
of such recognition and it is clear that the abundance of different CD4+ T-cell 
epitopes on the target cell surface can vary markedly, even for epitopes derived 
from the same protein (Long et al. 2005; Leung et al. 2010). CD4+ T cells incapa-
ble of direct recognition of EBV-positive cells could still be of value, however, by 
providing T-cell help to the overall immune response. Cultures of T cells prepared 
using LCLs as stimulators also include CD4+ T cells specific for non-viral anti-
gens upregulated in B cells by EBV transformation (Gudgeon et al. 2005; Long 
et al. 2009). These cellular-antigen-specific CD4+ T cells can also control LCL 
outgrowth and may therefore enhance the anti-tumour effect, but do not appear 
to be essential since T-cell lines prepared without the use of LCLs, presumably 
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lacking such responses, yield clinical responses in transplant recipients with PTLD 
or undergoing EBV reactivation (Gerdemann et al. 2012; Icheva et al. 2013).

Most cases of EBV-associated malignancy, however, develop in people who are 
not iatrogenically immunosuppressed and express a smaller number EBV antigens 
(Table 1). These malignancies include lymphomas of B-cell origin such as Burkitt 
lymphoma (BL), Hodgkin lymphoma (HL) and diffuse large B-cell lymphoma and 
a smaller number of cases of non-B-cell origin such as extranodal NK/T-cell lym-
phoma (ENKTL). EBV is also linked to almost all cases of undifferentiated naso-
pharyngeal carcinoma (NPC) and a proportion of gastric carcinomas (GCa). The 
immunodominant EBNA3A, EBNA3B and EBNA3C proteins are absent in these 
tumours, but the EBV antigens that are expressed are still bona fide T-cell targets 
(Hislop et al. 2007b). Given that loss of EBV immune control underpins post-
transplant lymphoma, an important question is whether the EBV-specific T-cell 
response is perturbed in patients with these other malignancies. This appears to 
be the case for endemic Burkitt lymphoma, which occurs in areas of holoendemic 
Plasmodium falciparum malaria. Recurrent malarial infection of young children 
adversely affects the EBV-specific T-cell response as measured using regression 
assays (Moss et al. 1983; Whittle et al. 1984). Studies of children in high- and low-
incidence malaria areas show the former have high EBV viral loads (Moormann 
et al. 2005). Subsequent studies have shown that children living in endemic malar-
ial areas have reduced CD8 T-cell responses to EBV lytic and latent antigens 
(Moormann et al. 2007) or phenotypic changes in these responses consistent with 
greater differentiation (Chattopadhyay et al. 2013); each could conceivably alter 
the virus–host balance to favour the development of Burkitt lymphoma.

Table 1  EBV-associated malignancies and their expression of EBV antigens

aSome 10–15 % of endemic BLs express EBNA1, EBNA3A, EBNA3B EBNA3C, EBNA-LP and 
BHRF-1
b LMP2B is expressed from a novel mRNA transcript in the absence of LMP2A
cReports of wider range of EBV latency genes reported in some cases
dBARF1 expression is reported in a proportion of these tumours

Tumour Subtype % EBV positive EBV proteins expressed

Burkitt Lymphoma Endemic
AIDS-related

100
30–40

EBNA1a

T/NK Lymphoma Extranodal 100 EBNA1, LMP2Bb

Diffuse large B-cell 
lymphoma

Late PT-DLBCL
Elderly DLBCL
AIDS-related

>50
>50
~50

EBNA1, LMP1, LMP2c

Hodgkin lymphoma Classical
AIDS-related

30
100

EBNA1,
LMP1, LMP2

Lympho-proliferative 
disease

Post-transplant, 
AIDS-related

100 EBNA1, EBNA2, 
EBNA3A, EBNA3B, 
EBNA3C, EBNA-LP, 
LMP1, LMP2

Nasopharyngeal 
carcinoma

Undifferentiated 100 EBNA1, LMP1, LMP2d

Gastric carcinoma 5–15 EBNA1, LMP2d
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An alterative, but not necessarily mutually exclusive explanation for the devel-
opment of Burkitt lymphoma is that the tumours are able to develop because they 
escape immune control. The focus of attention here has been EBNA1 since this is 
the only EBV protein expressed in the majority of Burkitt lymphoma cases (Kelly 
et al. 2002). Although it is now known that the glycine/alanine repeat domain 
within EBNA1 does not afford complete protection from the MHC class I pro-
cessing pathway (Tellam et al. 2004; Voo et al. 2004; Lee et al. 2004), Burkitt 
lymphoma cells show reduced expression of HLA class I molecules as well as the 
TAP-1 and TAP-2 proteins required for transport of antigenic peptides into the 
endoplasmic reticulum for HLA binding. Together, these defects contribute to a 
profound impairment of the ability of CD8+ T cells to recognise BL cells (Rowe 
et al. 1995; Khanna et al. 1994) even in cases when the tumours express strong 
immune targets (Kelly et al. 2002). Burkitt lymphoma cells do, however, express 
HLA class II and have normal HLA class II processing function (Khanna et al. 
1997; Taylor et al. 2006). EBNA1-specific CD4+ T cells can recognise and lyse 
Burkitt lymphoma cells in vitro (Paludan et al. 2002) and can control tumours in a 
murine model (Fu et al. 2004). It is therefore interesting that fewer children with 
endemic Burkitt lymphoma had detectable EBNA1 T-cell responses in the one 
study published to date (Moormann et al. 2009).

The immunological situation in NPC and HL is quite different. In both cases, 
the tumours express a wider range of EBV proteins: EBNA1, LMP2 and, in a pro-
portion of cases, LMP1 as well. Furthermore, cell lines derived from NPC (Lee 
et al. 2000; Khanna et al. 1998) and HL (Lee et al. 1998) have functional HLA 
class I processing capacity in vitro, and HLA class I, TAP-1 and TAP-2 are fre-
quently detected in biopsies from patients with these diseases (Lee et al. 1998; 
Murray et al. 1998; Khanna et al. 1998; Yao et al. 2000). Indeed, compared to 
EBV-negative cases expression of HLA class I is more frequently detected and is 
present at higher levels in EBV-positive HL (Huang et al. 2010; Liu et al. 2013). 
HLA class II is also detected in over half of EBV-positive HL and NPC biopsies 
tested (Huang et al. 2010; Liu et al. 2013). These observations suggest that HL and 
NPC tumours could be susceptible to CD8 and CD4 T cells effectors of appropri-
ate specificity and this certainly seems to be the case in the clinic with several 
groups reporting clinical responses in NPC and HL patients treated with EBV-
specific T cells (Comoli et al. 2005; Louis et al. 2010; Chia et al. 2014; Smith 
et al. 2012; Bollard et al. 2014).

The fact that adoptively transferred EBV-specific T cells can control a propor-
tion of NPC and HL cases raises the question whether T-cell responses are com-
promised in these patients in the first place. Screening of Chinese NPC patients 
and healthy donors using a panel of defined HLA class I and II epitope peptides 
has found that the T-cell response in patients is generally unimpaired apart from 
a single HLA-B*40.01 restricted LMP2 epitope that was absent in patients (Lin 
et al. 2008). This work, however, examined only a single EBNA1 CD8 T-cell 
epitope. A subsequent study focusing on the CD8+ T-cell response to EBNA1 
reported that the frequency of such cells in patients was lower (Fogg et al. 2009). 
In some cases, T-cell responses could be rescued from patients by in vitro culture, 
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suggesting that EBNA1-specific T cells may have become unresponsive rather 
than being lost. Similarly, the EBNA1-specific CD4 T-cell response is decreased 
in patients with Hodgkin lymphoma and AIDS–non-Hodgkin lymphoma (Heller 
et al. 2008; Piriou et al. 2005). The recent observation that adoptively transferred 
EBNA1-specific effectors can yield clinical benefit in patients with post-transplant 
lymphoma (Icheva et al. 2013) suggests that EBNA1-specific effectors could be 
candidates for the treatment of NPC and HL and that the above-described defects 
may therefore have clinical relevance.

In contrast to T-cell responses to EBNA1, LMP2-specific T cells appear less 
impaired in patients and CD8 T-cell responses are frequently detected in patients 
with HL and NPC (Lee et al. 2000; Fogg et al. 2009; Chapman et al. 2001; Lin 
et al. 2008) although the frequency of these cells may be lower in some cases 
(Gandhi et al. 2006). The increasing evidence linking HLA polymorphism with 
the risk of developing different EBV-associated malignancies is therefore intrigu-
ing. For Hodgkin lymphoma, HLA-A*01 increases and HLA-A*02 decreases 
the risk of developing EBV-positive but not EBV-negative disease (Niens et al. 
2007). For NPC, a similar pattern is observed, although different HLA alleles are 
involved. Thus, a particular subtype of the HLA-A2 allele, A*02.07, increases 
disease risk, whereas the HLA-A*11.01 allele reduces risk (Su et al. 2013). 
Note that in most racial groups, the HLA-A*02.07 subtype is rare apart from the 
Chinese population, in whom NPC is a common malignancy and this subtype 
also increases the risk of developing HL in this population (Huang et al. 2012). 
For both diseases, it is notable that no EBV T-cell epitopes have yet to be identi-
fied as being presented by the HLA-A*01 or HLA-A*02.07 risk alleles, whereas 
the protective alleles can present multiple epitopes from a range of EBV proteins 
including LMP2 which is expressed in these malignancies. These observations 
are consistent with the hypothesis that a deficit in T-cell immunity may underpin 
the development of these malignancies (Niens et al. 2007; Brennan and Burrows 
2008). However as noted earlier, patients with NPC and HL often possess detect-
able LMP2-specific T-cell responses at the time of their diagnosis. The in vivo 
situation is therefore likely to be more complex than a simple deficit in tumour 
surveillance.

Recent evidence suggests that some tumours may express additional viral anti-
gens that could be exploited therapeutically. Although no LMP2 protein or mRNA 
could be detected in ENKTL cell lines, these cells were nevertheless efficiently 
recognised and killed by LMP2-specific CD8+ T-cell clones (Fox et al. 2010). 
This apparent paradox was resolved by the identification of a novel LMP2 mRNA 
transcript expressed from a different promoter that could not be detected by the 
standard molecular assays in use at the time but still contained the majority of 
T-cell epitopes. Although described as a lytic cycle protein, BARF1 is detected 
in many of the cases of the EBV-positive epithelial malignancies apparently in 
the absence of lytic replication (Decaussin et al. 2000; Seto et al. 2005; Stevens 
et al. 2006). Little is known about the immune response against BARF1. Several 
HLA-A2-restricted epitopes have been identified and T-cell responses are present 
at greater frequencies in NPC patients (Martorelli et al. 2008). The existence of 
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other immune responses to BARF1 is possible since a systematic analysis of the 
immune response against the protein has not yet been performed.

Very little is known about the EBV-specific immune response in patients 
with other EBV-positive cancers such as GCa, ENKTL and DLBCL. EBV-
positive DLBCL of the elderly is now recognised as a provisional entity in the 
World Health Organisation classification and is defined as a clonal B-cell lym-
phoid proliferation occurring in patients older than 50 years without immunode-
ficiency or prior lymphoma. The detection of EBNA3 expression in a proportion 
of cases (Nguyen-Van et al. 2011; Cohen et al. 2013) and the fact that the dis-
ease is associated with ageing has led to the suggestion that the disease arises in a 
background of lowered EBV-specific immunity caused by ageing (Dojcinov et al. 
2011). However, paediatric EBV-positive DLBLCL cases have been reported and 
although these occur at higher frequency in immunocompromised children at least 
some cases arise in apparently immunocompetent children (Cohen et al. 2013). 
Careful analysis of the antigen-processing phenotype and pattern of EBV gene 
expression in the tumour and the corresponding EBV-specific immune response in 
the blood of the patient will be required to provide a complete picture of whether 
virus-specific immunity is compromised in patients with EBV-positive GCa, 
ENKTL or DLBCL.

5  Suppression of EBV-Specific T-Cell Responses  
in Patients with EBV-Associated Malignancy

Evading immune destruction is a recognised hallmark of cancer (Hanahan and 
Weinberg 2011). In this regard, several mechanisms are employed by EBV-
associated malignancies to suppress T-cell responses. Although HL tumours are 
heavily infiltrated by immune cells, these infiltrates are dominated by CD4+ regu-
latory and CD4+ Th2 cells. Many reports do not differentiate between EBV-
positive and EBV-negative cases, but this distinction is important to make because, 
although the two subtypes appear superficially similar, several important dif-
ferences exist between them, namely the tumour immune microenvironment. 
Firstly, EBV-positive HL has a distinct gene signature with markers indicat-
ing cytotoxic and Th1 responses being increased (Chetaille et al. 2009; Barros 
et al. 2012) although markers of suppression such as LAG-3 and IL-10 are also 
raised (Morales et al. 2014). Secondly, while the frequency of regulatory T cells 
is increased in the blood and particularly the tumour infiltrates of HL patients 
(Marshall et al. 2004), the presence of EBV correlates with higher numbers 
of both natural and induced regulatory T cells (Assis et al. 2012; Morales et al. 
2014). The increased numbers of the former in EBV-positive disease may stem 
from EBNA1-mediated upregulation of CCL20 in the malignant Hodgkin/Reed–
Sternberg cells (Baumforth et al. 2008). The immunoregulatory molecule PD-L1 
is also expressed by HRS cells and in the case of EBV-positive disease, this may 
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result from LMP1- and LMP2-mediated upregulation of an AP-1-dependent path-
way rather than an increase in PD-L1 gene dosage through chromosome 9p24.1 
amplification (Yamamoto et al. 2008; Juszczynski et al. 2007; Green et al. 2012).

Less is known about the microenvironment of NPC. The most common sub-
type, undifferentiated NPC, is always EBV-positive and the tumours contain a 
sizeable infiltrate of lymphoid cells recruited to the tumour via CXCR6 and CCR5 
(Parsonage et al. 2012). Regulatory CD4 + T-cell numbers are increased in the 
blood of some patients and these cells are also consistently detected in tumours 
(Lau et al. 2007; Yip et al. 2009). The presence in tumours of CD8+ FoxP3+ lym-
phocytes with suppressive function has also been reported (Li et al. 2011). In cer-
tain respects, HL and NPC tumour cells use similar strategies to evade immune 
responses. For example, an immunomodulatory galectin (galectin-1 in HL, galec-
tin-9 in NPC) (Juszczynski et al. 2007; Gandhi et al. 2007; Klibi et al. 2009) is 
expressed by a proportion of cases of each disease as is Fas ligand, which may 
act as a tumour defence molecule (Dutton et al. 2004). However, important differ-
ences exist between HL and NPC. For example, few cases of EBV+ve HL express 
HLA-G, an inhibitor of T- and NK-cell function, whereas it is expressed by 80 % 
of NPC tumours with high expression predicting poor survival (Cai et al. 2012).

Expression of the immunoregulatory molecule PD-L1 was detected in 90 % of 
EBV-positive HL cases and NPC cases as well as a wide range of EBV-associated 
malignancies including extranodal NK/T-cell lymphoma, diffuse large B-cell lym-
phoma and PTLD (Chen et al. 2013). These diseases may therefore be amenable 
to immune checkpoint inhibitors that target the PD1/PD-L1 axis (Pardoll 2012). 
Several of these inhibitors are being tested in late-stage trials for melanoma and 
non-small cell lung cancer, and they have yielded impressive clinical outcomes. 
Whether PD1/PDL1 inhibition will be similarly effective in the context of EBV-
associated malignancies is currently unknown. They may be effective when used 
as single agents or could be combined with existing adoptive T-cell therapy or 
therapeutic vaccination strategies (Smith et al. 2012; Chia et al. 2014; Bollard 
et al. 2014; Taylor et al. 2014; Hui et al. 2013) since they clearly have synergistic 
potential (Wolchok et al. 2013). Rational combination approaches may be of par-
ticular value in cases of advanced disease which currently represents a challenging 
clinical problem.

6  Future Directions

1. Defining the immunological factors influencing whether primary EBV infec-
tion is asymptomatic or leads to infectious mononucleosis.

2. Determining what sort of immunity is important in determining the viral load 
set point and how control over this is lost in elderly populations.

3. Understanding the role of innate immune cells in limiting primary EBV infec-
tion and whether such cells can be harnessed for therapy of EBV-associated 
malignancies.
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4. Characterising the repertoire of immunomodulatory mechanisms operating in 
the different EBV-associated malignancies and whether perturbing those mech-
anisms can unleash EBV-specific T-cell immunity to attack the tumour.

5. Understanding the immunology of emerging EBV-associated malignancies 
such as EBV-positive gastric carcinoma and DLBCL, and how these causes of 
morbidity and mortality can be targeted immunologically.

6. Improving the efficacy of immunotherapies to treat EBV-associated malignan-
cies, particularly in cases of advanced disease, and developing ways to apply 
immunotherapies to patients in low-resource countries where many cases of 
EBV-associated malignancy occur.
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Abstract Epstein-Bar virus (EBV) is widespread within the human population 
with over 90 % of adults being infected. In response to primary EBV infection, 
the host mounts an antiviral immune response comprising both innate and adap-
tive effector functions. Although the immune system can control EBV infection 
to a large extent, the virus is not cleared. Instead, EBV establishes a latent infec-
tion in B lymphocytes characterized by limited viral gene expression. For the pro-
duction of new viral progeny, EBV reactivates from these latently infected cells. 
During the productive phase of infection, a repertoire of over 80 EBV gene prod-
ucts is expressed, presenting a vast number of viral antigens to the primed immune 
system. In particular the EBV-specific CD4+ and CD8+ memory T lymphocytes 
can respond within hours, potentially destroying the virus-producing cells before 
viral replication is completed and viral particles have been released. Preceding the 
adaptive immune response, potent innate immune mechanisms provide a first line 
of defense during primary and recurrent infections. In spite of this broad range of 
antiviral immune effector mechanisms, EBV persists for life and continues to rep-
licate. Studies performed over the past decades have revealed a wide array of viral 
gene products interfering with both innate and adaptive immunity. These include 
EBV-encoded proteins as well as small noncoding RNAs with immune-evasive 
properties. The current review presents an overview of the evasion strategies that 
are employed by EBV to facilitate immune escape during latency and productive 
infection. These evasion mechanisms may also compromise the elimination of 
EBV-transformed cells, and thus contribute to malignancies associated with EBV 
infection.
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L  Late
LCL  Lymphoblastoid cell line
LMP  Latent membrane protein
MAPK  Mitogen-activated protein kinase
MHV68  Murine herpesvirus 68
MICB  MHC class I polypeptide-related sequence B
miRNA  MicroRNA
NF-κB  Nuclear factor-κB
NK cells  Natural killer cells
NLRP3  NLR family, pyrin domain containing 3
ORF  Open reading frame
PAMP  Pathogen-associated molecular pattern
PI3 K  Phosphatidylinositide 3-kinase
PKR  Protein kinase RNA-activated
PML-bodies  Promyelocytic leukemia bodies
PRR  Pattern-recognition receptor
qPCR  Quantitative PCR
RISC  RNA-induced silencing complex
RLR  RIG-I like receptor
shRNA  Short hairpin RNA
SOCS  Suppressor of cytokine signaling
STAT  Signal transducer and activator of transcription
TAP  Transporter associated with antigen processing
TCR  T-cell receptor
TGF  Transforming growth factor
TLR  Toll-like receptor
TNF  Tumor necrosis factor
vhs  Virion host shutoff

1  Introduction

Like other herpesviruses, Epstein-Barr virus (EBV) persists in infected immuno-
competent individuals by maintaining a delicate balance between viral replication 
and host antiviral immunity. During primary infection, EBV is detected by innate 
immune sensors that initiate direct antiviral responses and also orchestrate ensuing 
adaptive immunity. Innate and adaptive immune responses toward EBV have been 
described extensively in recent reviews (CTMI 2015 in press).

In contrast to the subfamilies of Alpha- and Betaherpesvirinae, the 
Gammaherpesvirinae, of which EBV is the prototype, have growth-transforming 
properties. EBV establishes a lifelong, latent infection within the memory B-cell 
compartment. EBV genomes are propagated during division of the transformed, 
latently infected B cells. During the latent phase, the number of viral gene prod-
ucts is limited, thereby reducing the amount of viral targets available for immune 
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detection. With the development of model systems to study EBV infection of B 
cell and epithelial cell, it has become apparent that EBV encodes a wide range of 
gene products that are nonessential for replication in vitro, but contribute to creat-
ing an in vivo environment that is beneficial to the maintenance of viral episome 
and occasional reactivation of EBV. Following the identification of multiple EBV 
immune evasion molecules and elucidation of their mechanisms of action, it is 
estimated that over half of the viral gene products is dedicated to functions that 
modulate antiviral responses of the host. Furthermore, the incorporation of EBV 
mRNAs and noncoding miRNAs into viral particles provides a means to immedi-
ately express immune modulatory gene products in newly infected cells (Jochum 
et al. 2012b).

2  Immune Evasion by Lytic EBV Gene Products

Upon reactivation from latency in B cells, over 80 EBV-encoded proteins are 
expressed in a regulated fashion. The immediate-early BZLF1 and BRLF1 mol-
ecules act as transactivators to induce expression of over 30 early lytic gene prod-
ucts involved in replication of the EBV genome. Finally, over 30 late genes encode 
structural proteins for the formation of new viral particles. Epithelial cells are 
thought to support only productive EBV infection.

2.1  Evasion of Innate Immunity

Cells targeted by EBV express a variety of pattern recognition receptors (PRRs) 
involved in initial sensing of viral infection. Examples of PRRs are cell surface 
and endosomal Toll-like receptors (TLRs) and cytoplasmic DNA and RNA sen-
sors (for instance, IFI16, cGAS, and retinoic acid-inducible gene (RIG)-I-like 
receptors (RLRs)). These receptors detect pathogen-associated molecular patterns 
(PAMPs) derived from viruses or infected cells and initiate signaling cascades that 
culminate in activation of the transcription factors interferon-regulatory factors 
(IRF) 3 and 7 or NF-κB. Nuclear translocation of IRF3/7 induces production of 
type I interferons (IFN I) and NF-κB-induced transcription activates antiapoptotic 
and inflammatory processes, thereby creating an environment hostile to viral rep-
lication (Takeuchi and Akira 2009). Various PRR signaling pathways are activated 
during EBV infection. To allow establishment of infection and persistence, EBV 
has adopted strategies to modulate these signaling pathways at different levels to 
minimize their antiviral activity, while taking advantage of their growth-promoting 
effects (Fig. 1 and Table 1).
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2.1.1  Reduction of Toll-like Receptor Expression

Like other γ-herpesviruses, EBV inhibits cellular protein synthesis in produc-
tively infected cells through global mRNA destabilization. This process, termed 
shutoff, is mediated by the EBV DNase (alkaline exonuclease) BGLF5, which 
is expressed with early kinetics during the productive phase of infection (Zuo 
et al. 2008). BGLF5’s additional RNase function utilizes the same catalytic site 
as its DNase activity, yet the substrate-binding site appears only partly shared by 
DNA and RNA substrates (Horst et al. 2012). The promiscuous RNA degradation 
induced by EBV BGLF5 can affect immunologically relevant proteins, includ-
ing TLR2 and TLR9 that are capable of sensing EBV infection (Gaudreault et al. 
2007; van Gent et al. 2011, 2015). The observation that BGLF5 did not down-
regulate TLR4, a TLR not reported to contribute to EBV detection, suggests some 

Fig. 1  Overview of innate signaling pathways subjected to EBV modulation. EBV particles 
can be sensed by a number of pathogen recognition receptors (PRRs). At the cell surface and in 
endosomes, EBV is detected by Toll-like receptors (TLRs) (1). Within the cytosol, virus-derived 
or virus-induced components can be detected by RNA and DNA sensors (2) as well as by inflam-
masomes (3). Recognition by TLRs, RNA, and DNA sensors induces a cascade of intracellular 
signaling events resulting in activation of interferon-regulatory factors (IRFs) and NF-κB, and, 
consequently, in gene transcription leading to the production of cytokines and type I interferons 
(IFN I) (4). Detection by inflammasomes results in the generation of active caspase 1, which 
processes IL-1β and IL-18 precursors (5). Secreted cytokines are recognized by surface cytokine 
receptors that signal through signal transducer and activator of transcription molecules (STATs) 
(6). Nuclear translocation of STAT dimers results in the transcription of cytokine response genes, 
such as interferon-stimulated genes (ISGs) whose products can exert direct antiviral functions. 
Various steps in these PRR signaling pathways are targeted by latent (green) and/or lytic (purple) 
EBV proteins or by EBV miRNAs (blue), as has been appreciated more recently
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Table 1  Lytic EBV gene products interfering with innate or adaptive immunity

Gene product Functional mechanism(s) References

BGLF5 Alkaline exonuclease involved in 
host shutoff, downregulates TLR2 
and TLR9, reduces HLA I and 
HLA II expression through mRNA 
degradation

van Gent et al. (2011, 2014), Horst 
et al. (2012), Rowe et al. (2007a, b), 
Zuo et al. (2008), Quinn et al. (2014)

BZLF1 Inhibits IRF7 transcriptional  
activity on IFNα4 and IFNβ  
promoters, inhibits NF-κB  
expression, reduces expression of 
TNFα and IFNγ receptor leading to,  
e.g., reduced HLA II surface  
expression, induces SOCS3  
expression to favor type I IFN  
irresponsiveness, induces  
immunosuppressive TGFβ  
expression, disrupts formation of 
PML-bodies, interferes with the 
function of the invariant chain to 
reduced HLA II levels

Hahn et al. (2005), Dreyfus et al. 
(1999), Gutsch et al. (1994), 
Morrison and Kenney (2004), Bristol 
et al. (2010), Morrison et al. (2001, 
2004), Michaud et al. (2010), Cayrol 
and Flemington (1995), Adamson 
and Kenney (2001), Zuo et al. (2011)

BRLF1 Reduces expression of IRF3  
and IRF7

Bentz et al. (2010)

LF2 (BILF4) Inhibits IRF7 to suppress IFNα 
production

Wu et al. (2009)

BGLF4 Inhibits IRF3 activity and reduces 
IFNβ production in response to 
poly(I:C), suppresses NF-κB  
activity by inhibiting UXT 
coactivator

Wang et al. (2009), Chang et al. 
(2012)

BPLF1 Interferes with TLR- and  
LMP1-mediated NF-κB activation

van Gent et al. (2014), Saito et al. 
(2013)

BARF1 Soluble form of CSF-1 receptor that 
neutralizes effects of CSF-1

Cohen and Lekstrom (1999), 
Strockbine et al. (1998)

dUTPase 
(BLLF3)

Compromises lymphocyte responses 
and proliferation, induces NF-κB 
activity through TLR2, induces 
production of proinflammatory 
cytokines and IL-10

Padgett et al. (2004), Ariza et al. 
(2009, 2013), Waldman et al. (2008), 
Glaser et al. (2006), Brooks et al. 
(2006)

BNLF2a Depletes peptides from the ER 
through inhibiting peptide transport 
by TAP by blocking both TAP and 
ATP binding

Horst et al. (2011, 2009), Hislop 
et al. (2007), Croft et al. (2009), 
Quinn et al. (2014)

BILF1 Constitutively active GPCR that 
reduces HLA I surface levels by 
interfering with HLA I transport 
from the trans-Golgi network  
and increasing turnover from the 
cells surface, affects most HLA I 
haplotypes, except HLA C

Zuo et al. (2009), Griffin et al. 
(2013), Quinn et al. (2014)

(continued)
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selectivity in shutoff (Gaudreault et al. 2007; van Gent et al. 2015). By analogy to 
herpes simplex virus (HSV)-2 infection of epithelial cells, where shutoff induced 
by the virion host shutoff (vhs) protein contributes to downregulation of the PRRs 
TLR2, TLR3, RIG-I, and MDA-5 (Yao and Rosenthal 2011), the effects of BGLF5 
may well extend to additional immune components. Indeed, many TLRs are dif-
ferentially expressed in lytically EBV-infected B cells by mechanisms that remain 
elusive and may involve shutoff effects (van Gent et al. 2011). In vivo studies on 
HSV and the murine γ-herpesvirus MHV68 indicate that shutoff-induced reduc-
tions in protein levels mainly prevent production of newly synthesized effector 
molecules rather than reducing the levels of existing PRRs (Murphy et al. 2003; 
Pasieka et al. 2008; Sheridan et al. 2014). It remains to be assessed to what extent 
EBV BGLF5 affects PRR expression levels, and subsequent signal transduction, in 
vivo.

2.1.2  Modulation of IRF Signaling and Type I Interferon Production

A number of lytic EBV proteins interfere with the actions of host IRFs, the tran-
scription factors that induce type I IFN production. The immediate-early EBV 
transactivator BZLF1 interacts with IRF7 and inhibits its transcriptional activity 
on the IFNα4 and IFNβ promoters to prevent induction of an antiviral environ-
ment (Hahn et al. 2005). The other immediate-early EBV transactivator, BRLF1, 
reduces expression of both IRF3 and IRF7, thereby inhibiting production of IFNβ 
(Bentz et al. 2010). The EBV tegument protein LF2, which is present in virions 
and gains access to the cell immediately upon virus entry, targets IRF7 and sup-
presses IFNα production (Wu et al. 2009). Finally, the EBV protein kinase BGLF4 
phosphorylates and inhibits IRF3 transcriptional activity, thereby reducing IFNβ 
expression in response to treatment with the TLR3 agonist poly(I:C) (Wang et al. 
2009). Recently, Dunmire et al. (2014) reported that a clear systemic IFN response 
is observed during acute EBV infection, but this response lacks some key com-
ponents compared to observations for other viruses. This may illustrate the suc-
cessful actions of the immune evasion mechanisms employed by EBV to repress 
secretion of interferon responsive genes.

Table 1  (continued)

Gene product Functional mechanism(s) References

gp42 (BZLF2) Entry receptor for EBV, binds to 
HLA II and interferes with CD8+ 
T-cell activation and may block 
cross-presentation, cooperates with 
gH and gL

Ressing et al. (2003, 2005);  
manuscript in preparation

vIL-10 (BCRF1) Inhibits antiviral CD4+ T-cell 
responses, inhibits co-stimulatory 
molecules on human monocytes

Salek-Ardakani et al. (2002)
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2.1.3  Interference with NF-κB and Inflammatory Pathways

In general, productive EBV infection is associated with a reduction in NF-κB-
dependent gene expression (Keating et al. 2002). Viral BZLF1 and cellular NF-κB 
reciprocally inhibit each other’s expression and, as a consequence, higher levels of 
NF-κB in the absence of BZLF1 favor EBV latency, whereas increased expression 
of BZLF1 upon lytic cycle induction overwhelms the limiting amount of NF-κB 
(Dreyfus et al. 1999; Gutsch et al. 1994; Morrison and Kenney 2004). While NF-
κB is still translocated to the nucleus, its transcriptional activity is suppressed by 
BZLF1, preventing induction of antiviral immune effector mechanisms (Morrison 
and Kenney 2004).

TLR signaling pathways leading to NF-κB activation are tightly controlled 
by post-translational modifications, such as phosphorylation and ubiquitination 
(Deribe et al. 2010; Wertz and Dixit 2010). EBV encodes lytic proteins that inter-
fere with these modifications. For example, phosphorylation of the NF-κB coacti-
vator UXT is targeted by BGLF4 to suppress NF-κB activity (Chang et al. 2012). 
BPLF1, the EBV homolog of a conserved herpesvirus deubiquitinase, reverses 
ubiquitination of several TLR signaling intermediates (van Gent et al. 2014). This 
inhibits NF-κB activation and cytokine production following TLR stimulation 
(Saito et al. 2013; van Gent et al. 2014), and promotes viral genome replication 
(Saito et al. 2013). Being a component of the EBV tegument, BPLF1 could act 
both in productively as well as in newly infected cells (Johannsen et al. 2004; van 
Gent et al. 2014).

2.1.4  Interference with Innate Effector Molecules

The abovementioned transcription factors induced upon PRR engagement greatly 
alter cellular gene expression to effectuate diverse effector mechanisms. Among 
these is the secretion of effector molecules, such as proinflammatory cytokines 
and interferons, which act in autocrine and paracrine ways. A number of EBV 
gene products interfere with the function of these innate effector molecules.

EBV counteracts the pleiotropic host cytokine colony-stimulating factor 1 
(CSF-1), which stimulates macrophage differentiation and IFNα secretion. To this 
end, EBV encodes a soluble form of the CSF-1 receptor, BARF1, that neutralizes 
the effects of host CSF-1 in vitro, leading to reduced IFNα secretion by EBV-
infected mononuclear cells (Cohen and Lekstrom 1999; Strockbine et al. 1998). 
Mutating the BARF1 homolog in a related rhesus macaque lymphocryptovirus 
decreases viral load during primary infection and leads to a lower persistence set 
point in vivo (Ohashi et al. 2012).

EBV BZLF1 counteracts innate effector molecules in several ways. First, 
BZLF1 downregulates the receptors for TNFα and IFNγ to reduce cellular respon-
siveness to these cytokines (Bristol et al. 2010; Morrison et al. 2001, 2004). 
Second, BZLF1 induces the suppressor of cytokine signaling SOCS3, which inhib-
its JAK/STAT signaling and thereby favors a state of type I IFN-irresponsiveness 
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(Michaud et al. 2010). Additionally, SOCS3 reduces IFNα production by mono-
cytes. Third, BZLF1 causes expression of the immunosuppressive cytokine 
TGFβ (Cayrol and Flemington 1995) and disrupts the formation of PML-bodies 
(Adamson and Kenney 2001), which can have antiviral activity (Saffert and  
Kalejta 2008).

The early-expressed EBV-encoded dUTPase (encoded by the BLLF3 gene) also 
modulates cytokine-induced responses. In a mouse model, dUTPase compromises 
lymphocyte responses, e.g., secretion of IFNγ (Padgett et al. 2004). In human 
cells, EBV dUTPase has seemingly opposing effects: It induces NF-κB activa-
tion in a TLR2/MyD88-dependent way (Ariza et al. 2009, 2013; Waldman et al. 
2008); it inhibits lymphocyte proliferation; and it induces production of both pro-
inflammatory cytokines as well as IL-10 (Brooks et al. 2006; Glaser et al. 2006). 
Following this strategy, EBV appears to exploit the advantageous effects of NF-κB 
activation, while limiting ensuing antiviral T-cell responses.

2.2  Evasion of Adaptive Immunity

Adaptive antiviral immunity relies on a powerful, memory-based response of 
virus-specific B- and T lymphocytes. Once EBV infection has been established, 
the virus resides intracellularly most of the time. Detection and elimination of 
EBV-infected cells depends to a large extent on T cells, which recognize virus-
derived peptides in the context of surface HLA molecules. Primary EBV infection 
induces strong, virus-specific T-cell responses targeting both lytic and latent EBV-
derived epitopes, described in detail by Hislop and Taylor (CTMI 2015 in press). 
EBV compromises activation of both CD8+ and CD4+ T cells by interfering at 
various stages of the HLA class I and class II antigen presentation pathways, in 
particular during the productive phase of infection (Fig. 2 and Table 1).

2.2.1  Evasion of CD8+ T Lymphocytes

As nucleated human cells all express HLA class I molecules (HLA I), also EBV-
infected cells will be targeted by antiviral CD8+ T cells. To prevent recognition 
by EBV-specific (memory) T cells, EBV encodes at least three proteins that inde-
pendently interfere with antigen presentation through downregulating the surface 
expression of HLA I in distinct ways. These three viral proteins are expressed 
early during the replicative cycle of EBV and act in concert with prevent recogni-
tion by CD8+ T cells (Quinn et al. 2014; Ressing et al. 2008b).

General interference by BGLF5

Degradation of HLA I-encoding mRNAs by EBV BGLF5 reduces peptide pres-
entation at the cell surface and, in turn, inhibits T-cell recognition (Rowe et al. 
2007a; Zuo et al. 2008). When BGLF5 was expressed in isolation, T-cell activation 
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was decreased by 90 %. During the lytic cycle, silencing of BGLF5 expression by 
75 % using shRNAs reduced, but not completely blocked, HLA I expression (van 
Gent et al. 2014), indicating that other EBV gene products contribute to HLA I 
downregulation. This role is fulfilled by BNLF2a and BILF1.

Inhibition of TAP by BNLF2a

BNLF2a is a gene product unique to lymphocryptoviruses of Old World primates. 
BNLF2a was found to be strictly membrane-associated, although the protein lacks 
an N-terminal signal sequence. Through post-translational membrane insertion of 
its hydrophobic C-terminus, BNLF2a has acquired an alternative way of integrat-
ing itself into ER membranes (Horst et al. 2011). Expression of BNLF2a in isola-
tion or in the context of EBV infection results in reduced CD8+ T-cell recognition. 

Fig. 2  Cellular immune responses that are targeted by EBV. Multiple EBV-derived epitopes are 
presented in the context of HLA molecules to be scrutinized by specific T cells. Presentation to 
CD4+ T cells (2) occurs by HLA II+ antigen-presenting cells, where EBV proteins are degraded 
in MHC class-II-loading compartments (MIIC) and the resulting peptides are loaded onto HLA 
II molecules (1). For antigen presentation to CD8+ T cells (4), cytosolic EBV proteins, or frag-
ments thereof, are degraded by the proteasome into peptides that are transported across the ER 
membrane by the transporter associated with antigen presentation (TAP) and are subsequently 
loaded onto newly synthesized HLA I molecules (3); mature HLA I/peptide complexes travel 
through the Golgi compartments to the cell surface. In addition to their role in antigen presenta-
tion to CD8+ cells, surface HLA I molecules can provide an inhibitory signal to natural killer 
(NK) cells (5). NK cells respond to a combination of inhibitory signals (e.g., through HLA-E) 
and activation signals (e.g., through NKG2D ligands). Latent (green), lytic (purple) EBV pro-
teins, and EBV miRNAs (blue) interfere at various steps with activation of the cellular immune 
response
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BNLF2a appears to deplete peptides from the ER (the HLA I loading compart-
ment) through inhibition of peptide import by the transporter associated with 
antigen presentation (TAP) (Hislop et al. 2007; Horst et al. 2009). In vitro infec-
tion with BNLF2a-deleted recombinant EBV restores T-cell recognition of pep-
tides expressed by these cells early after viral reactivation (Croft et al. 2009). The 
mechanism of action of BNLF2a is exceptional among viral TAP inhibitors known 
to date. BNLF2a corrupts the binding of both peptides and ATP to the TAP com-
plex, thereby blocking its transporter function and, ultimately, surface display of 
peptide/HLA complexes.

Downregulation of surface HLA class I by BILF1

The third molecule of EBV interfering with HLA I function is BILF1, encoding 
a constitutively active G-protein-coupled receptor (GPCR). The GPCR-signaling 
function is not required for downregulation of HLA I (Zuo et al. 2009). The under-
lying mechanism involves reduced transport of HLA I from the trans-Golgi net-
work, as well as an increased turnover from the cell surface and, subsequently, 
enhanced degradation via lysosomal proteases (Zuo et al. 2009). This molecular 
mechanism is distinct from the ones identified for other viruses that induce deg-
radation of HLA I. The cytoplasmic C-termini of both BILF1 and its targets are 
critical for HLA I downregulation. Most HLA I haplotypes are downregulated by 
BILF1, yet HLA-C alleles appear resistant (Griffin et al. 2013); the latter could 
deviate NK cells.

Temporal expression of HLA I evasion proteins

The relative contribution of these three EBV proteins to HLA I downregulation 
differs during the IE, E, and L phases of the EBV lytic cycle (Quinn et al. 2014). 
Knockdown of BNLF2a in donor LCLs primarily results in reduced activation of 
CD8+ T cells specific for IE and E antigens, while BILF1 knockdown increases 
recognition of E and especially L antigens. Contrary to observations in overex-
pression studies, reducing BGLF5 expression displays limited effects on antigen 
recognition in any of the phases (Quinn et al. 2014). Timing of expression partially 
explains these differences, although some synergy between BNLF2a and BILF1 is 
also observed in reducing late antigen recognition.

2.2.2  Evasion of CD4+ T Lymphocytes

EBV interference with HLA class-II-restricted antigen presentation

HLA class-II-restricted CD4+ T cells are an essential component of the adaptive 
immune response against EBV, especially since EBV infects B lymphocytes—
cells that express high levels of HLA II. EBV-specific memory T-helper responses 
can eliminate virus-producing cells either directly through their cytotoxic capac-
ity or indirectly through activation of CD8+ cytotoxic T cells and B cells. Indeed, 
following lytic EBV infection, CD4+ T cells against lytic antigens are readily 
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detectable in the peripheral blood of infected individuals (Mackay et al. 2009). 
These responses may be generated by direct recognition of EBV-infected B cells, 
but can also be primed via cross-presentation of exogenous antigens taken up and 
presented by professional APCs such as dendritic cells. The importance of CD4+ 
T-cell responses in controlling EBV infection is well illustrated by the observa-
tion that increased frequencies of EBV-associated malignancies occur in individu-
als with a defective CD4+ T-cell compartment, such as HIV-infected individuals 
(Petrara et al. 2013). In response, EBV adopted a number of immune evasion strat-
egies that interfere with CD4+ T-cell immunity at multiple levels.

Interference with HLA class-II-restricted antigen presentation by gp42/gH/gL

Gp42 has initially been described as an entry receptor for EBV, binding to HLA 
class II molecules present on B cells. Additionally, gp42 acts as an immune evasion 
molecule. Its association with HLA class II/peptide complexes blocks T-cell recep-
tor (TCR)—class II interactions and precludes activation of CD4+ T cells (Ressing 
et al. 2003). EBV gp42 occurs in two forms: a full-length type II membrane protein 
and a truncated soluble form, generated upon proteolytic cleavage. Both forms are 
capable of providing immune-evasive properties, suggesting that secreted gp42 may 
block cross-presentation in addition to endogenous antigen presentation (Ressing 
et al. 2005). Whereas downregulation of HLA II occurs during productive EBV 
infection, this effect is not observed upon expression of gp42 in isolation (Ressing 
et al. 2005), indicating that EBV employs additional HLA II evasion strategies. We 
recently found that the viral interaction partners of gp42, gH, and gL cooperate to 
increase HLA II evasion (our unpublished observation). In line with this, T-cell 
activation was further diminished by additional inclusion of gH and gL in the gp42-
HLA II complexes. Mechanistically, the major effect of gH/gL appeared to be sta-
bilization and increased expression of gp42 (our unpublished observation).

Downregulation of HLA class II by EBV

In addition to the late protein gp42/gH/gL, the early host shutoff protein BGLF5 
decreases cell-surface HLA II by degradation of HLA II mRNAs (Rowe et al. 
2007b). In addition to these ORFs that directly impair HLA II recognition, other 
EBV gene products indirectly interfere with CD4+ T-cell immunity. The imme-
diate-early protein BZLF1 has been reported to impair IFNγ-signaling, thereby 
inhibiting CIITA promoter activity and, as a result, decreasing HLA II surface 
levels (Morrison et al. 2001). More recently, BZLF1 has been shown to impair 
HLA II presentation post-transcriptionally by interfering with the function of the 
invariant chain (Zuo et al. 2011). In this study, expression of BZLF1 in isolation 
resulted in approximately 50 % reduction in CD4+ T-cell recognition. EBV also 
encodes a viral IL-10 homolog (BCRF1). IL-10 serves as an anti-inflammatory 
cytokine that is able to inhibit and modulate CD4+ T-cell priming and effector 
functions; BCRF1 has been suggested to inhibit antiviral CD4+ T-cell responses, 
similar to (host) IL-10 (Brooks et al. 2006). Moreover, BCRF1 has been shown to 
inhibit co-stimulatory molecules on human monocytes, which potentially results in 
inefficient priming and expansion of CD4+ T cells (Salek-Ardakani et al. 2002).
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2.2.3  Interplay of Evasion Strategies Targeting the Adaptive  
Immune System

In conclusion, EBV has evolved multiple layers of immune evasion that interfere 
with the recognition of infected cells by CD8+ and CD4+ T cells. This wide range 
of evasion mechanisms explains how EBV can replicate and establish a lifelong 
infection of its host, despite the existence of strong CD8+ and CD4+ T-cell immu-
nity against a broad repertoire of EBV antigens. Notably, the discovery of multi-
ple EBV lytic cycle genes that cooperate to interfere with HLA class I and class 
II antigen processing underscores the need for EBV to evade CD8+ and CD4+ 
T-cell responses during replication, a time at which a large number of potential 
viral targets are expressed (Ressing et al. 2008a). Together, these immune evasion 
strategies ensure a window for undetected replication of EBV. Additionally, these 
evasion mechanisms facilitate the establishment and maintenance of a lifelong 
infection of the host.

3  Immune Evasion During Latency

EBV severely limits viral protein expression during latent infection to avoid rec-
ognition by the host immune system. Different forms of latency reflect the various 
stages leading from primary infection of the naive B cell to growth transforma-
tion. Thus, in latency III cells, EBNA1-6 and LMP1 and 2 are expressed. During 
latency II, expression is restricted to EBNA1 and LMP1 and 2. Latency I involves 
expression of EBNA1 only, and latency 0 exists without any EBV protein expres-
sion. These latency stages are represented in the various forms of cancer asso-
ciated with EBV, namely post-transplant lymphomas (latency III), Hodgkin’s 
disease and nasopharyngeal carcinoma (both latency II), and Burkitt’s lymphoma 
(latency I). Immunomodulatory functions have been ascribed to several individual 
EBV proteins expressed during the various latency stages (Figs. 1 and 2; Table 2).

3.1  EBNA1

EBNA1, expressed during all latency stages, contains a long glycine–alanine 
repeat that inhibits translation as well as proteasomal degradation of EBNA1 
through interference with processing by the 19S proteasomal subunit (Apcher 
et al. 2009; Blake et al. 1997; Levitskaya et al. 1995, 1997; Yin et al. 2003). This 
strategy ensures sufficient EBNA1 levels to maintain the viral genome (Hochberg 
et al. 2004), while decreasing protein turnover to minimize viral antigen pres-
entation to CD8+ T cells. Initially, EBNA1-specific CD8+ T-cell responses 
were indeed not observed in vitro (Blake et al. 1997). However, later studies did 
report EBNA1-specific T-cell responses initiated by endogenously presented 
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EBNA1-derived antigens (Lee et al. 2004; Tellam et al. 2004; Voo et al. 2004). 
Potential sources of these antigens include defective ribosomal products that lack 
the glycine–alanine repeat, or cross-presented exogenous antigens released by 
EBV-infected cells.

Other immune-evasive actions of EBNA1 include inhibition of the canonical 
NF-κB pathway by interfering with phosphorylation of the IKK complex signaling 
intermediate (Valentine et al. 2010) and modulation of the STAT1 and TGFβ sign-
aling pathways (Wood et al. 2007).

3.2  EBNA2

EBNA2 applies a double-edged strategy by inducing low-level IFNβ production 
that leads to interferon-stimulated gene (ISG) production in BL cell lines (Kanda 
et al. 1999), whereas anti-proliferative effects are neutralized by EBNA2-mediated 

Table 2  Latent EBV gene products interfering with host immunity

Gene product Functional mechanism(s) References

EBNA1 Inhibits its own translation and  
proteasomal degradation, inhibits 
canonical NF-κB pathway by  
interfering with IKK phosphorylation, 
modulates STAT1 and TGFβ signaling 
pathways

Apcher et al. (2009); Blake et al. 
(1997); Levitskaya et al. (1995); Yin 
et al. (2003); Hochberg et al. (2004); 
Valentine et al. (2010); Wood et al. 
(2007)

EBNA2 Induces low level of IFNβ production, 
inhibits production of selective ISGs, 
enhances STAT3 activity, upregulates 
IL-18 receptor

Aman and von Gabain (1990); Kanda 
et al. (1992, 1999); Muromoto et al. 
(2009); Pagès et al. (2004)

LMP1 Promotes B-cell growth and survival 
by mimicking CD40 signaling, induces 
type I IFN production, induces STAT1 
and STAT2 activity, upregulates IRF7, 
reduces TLR9 expression

Kieser et al. (2007), Middeldorp and 
Pegtel (2008), Najjar et al. (2005), 
Richardson et al. (2003), Xu et al. 
(2006), Geiger and Martin (2006), 
Leslie et al. (2007), Ning et al. (2008), 
Zhang et al. (2001, 2004), Zhang  
and Pagano (2000), Zhao et al. (2010), 
Fathallah et al. (2010),  
Cahir-McFarland et al. (2000), Izumi 
and Kieff (1997), Gires et al. (1999)

LMP2a Inhibits NF-κB activity, IL-6  
production and subsequent JAK/STAT 
signaling in epithelial cells,  
induces NF-κB activity to induce  
anti-apoptotic Bcl-2, accelerates  
turnover of IFN receptors

Stewart et al. (2004), Swanson-
Mungerson et al. (2010), Shah et al. 
(2009)

LMP2b Accelerates turnover of IFN receptors Shah et al. (2009)
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inhibition of selected ISGs (Aman and von Gabain 1990; Kanda et al. 1992) 
and enhanced transcriptional activity of STAT3 (Muromoto et al. 2009) follow-
ing IFNα production. STAT3 modulates IFN-induced immune responses through 
STAT1 and suppresses production of inflammatory mediators (Ho and Ivashkiv 
2006). In addition, EBNA2 upregulates the IL-18 receptor on BL cells (Pagès 
et al. 2004). IL-18 plays a role in regulating innate and adaptive immune responses 
and is elevated in certain EBV-associated malignancies (van de Veerdonk et al. 
2012).

3.3  LMP1

LMP1 promotes B-cell growth and survival by mimicking constitutive CD40 sign-
aling to activate NF-κB, JNK, MAPK, JAK/STAT, and PI3K signaling pathways 
(Kieser 2007). These pathways affect many immunological processes and allow 
LMP1 to steer the host immune response (reviewed in (Middeldorp and Pegtel 
2008)). LMP1-mediated NF-κB activation in EBV-immortalized B cells results in 
type I IFN production that stimulates STAT1 expression in autocrine and paracrine 
fashion (Najjar et al. 2005; Richardson et al. 2003; Xu et al. 2006). STAT2 activity 
is inhibited by LMP1 (Geiger and Martin 2006). LMP1-mediated upregulation of 
IRF7 benefits EBV by promoting cell growth, while at the same time an inhibitory 
IRF7 splice variant is induced to repress the adverse effects of type I IFN produc-
tion (Leslie et al. 2007; Ning et al. 2008; Zhang et al. 2001; Zhang and Pagano 
2000; Zhao et al. 2010). Furthermore, LMP1-mediated induction of JAK/STAT 
signaling pathways may be advantageous to EBV as the antiviral activities of ISGs 
prevent superinfection and facilitate establishment of latency (Gires et al. 1999; 
Zhang et al. 2004). Finally, LMP-1-mediated NF-κB activation reduces TLR9 sur-
face expression (Fathallah et al. 2010) and supplies growth benefits to infected 
cells (Cahir-McFarland et al. 2000; Izumi and Kieff 1997).

3.4  LMP2a + 2b

LMP2a inhibits NF-κB activity, IL-6 production, and subsequent JAK/STAT sign-
aling pathways in carcinoma cell lines (Stewart et al. 2004). In contrast, LMP2a 
induces NF-κB activation in B cells and uses the subsequently increased levels of 
anti-apoptotic Bcl-2 to protect infected cells from apoptosis in a transgenic mouse 
model (Swanson-Mungerson et al. 2010). Furthermore, LMP2a and LMP2b accel-
erate turnover of IFN receptors, resulting in decreased responsiveness of epithelial 
cells to IFNα and IFNγ (Shah et al. 2009).
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4  EBV Noncoding RNAs

EBV encodes various forms of noncoding RNAs, including two EBV-encoded 
small RNAs (EBERs) and over forty miRNAs. The functions of these noncod-
ing RNAs are now beginning to be elucidated and several have been implicated in 
immune evasion strategies (Figs. 1 and 2; Table 3).

4.1  EBERs

Two approximately 170 nucleotide long RNA molecules called EBER-1 and 
EBER-2 are expressed during each of the latency stages (Lerner et al. 1981). The 
EBERs bind dsRNA-dependent protein kinase R (PKR) in vitro (Clarke et al. 
1991) and inhibit apoptosis, but it is still a subject of debate whether suppression 
of IFNα-induced apoptosis by the EBERs is due to inhibition of PKR (Komano 
et al. 1999; Nanbo et al. 2002, 2005; Ruf et al. 2005).

4.2  EBV miRNAs

EBV expresses a number of miRNAs, named the BART and BHRF1 miRNAs 
(reviewed by Cullen et al., CTMI 2015, in press) (Cai et al. 2006; Grundhoff 
et al. 2006; Pfeffer et al. 2004; Zhu et al. 2009). These miRNAs are organized in 

Table 3  EBV noncoding RNAs interfering with host immunity

miRNA Functional mechanism(s) References

EBERs Inhibit PKR activity Lerner et al. (1981), Clarke et al. 
(1991), Komano et al. (1999), Nanbo 
et al. (2002, 2005), Ruf et al. (2005)

miR-BHRF1–3 Downregulates T cell attracting 
chemokine CXCL-11

Xia et al. (2008)

miR-BART2-5p Inhibition of this miRNA results 
in increased NK-cell killing  
in vitro

Nachmani et al. (2009)

miR-BART15 Downregulates NLRP3 Haneklaus et al. (2012)

miR-BART20-5p Downregulates IFNγ  
transcriptional regulator  
T-bet and IFNγ

Huang and Lin (2014), Lin et al. 
(2013)

miR-BART8 Inhibits STAT1 expression Huang and Lin (2014)

miR-BART6-3p Downregulation of IL-6 receptor 
chains

Ambrosio et al. (2014)
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clusters and are expressed during all latency stages (and thus in EBV-associated 
tumors), although their expression levels differ between these stages (Amoroso 
et al. 2011; Motsch et al. 2012; Qiu et al. 2011). miRNAs have been detected in 
EBV virions, allowing their release in newly infected cells (Jochum et al. 2012a). 
Moreover, EBV miRNAs can be transferred via exosomes from EBV-infected 
cells to uninfected recipient cells in vitro and may in this way regulate uninfected 
cells and cell types not typically infected by EBV (Meckes et al. 2010; Pegtel 
et al. 2010). Although our knowledge on the function of the EBV miRNAs is lim-
ited, knockout EBV strains have indicated a role for the BHRF1 miRNAs and, to 
a lesser extent, for the BART miRNAs in the early phase of B-cell transforma-
tion (Feederle et al. 2011; Seto et al. 2010; Vereide et al. 2014). Experiments in 
humanized mice showed that the BHRF1 miRNAs were not crucial for infection, 
but knockout virus did show delayed kinetics compared to the wild-type virus 
(Wahl et al. 2013). In a xenograft mouse model, expression of the BART miRNAs 
appeared to provide a tumor cell growth advantage (Qiu et al. 2015). Apart from 
these growth-transforming and anti-apoptotic functions, EBV miRNAs target sev-
eral host genes involved in antiviral immunity.

Among the first EBV miRNA targets identified was CXCL-11, a T cell attract-
ing chemokine downregulated by EBV miRNAs BHRF1-3 (Xia et al. 2008). 
Stress-induced NK-cell ligands have been specifically investigated as potential 
viral miRNA targets. Initially, MICB was identified as a target of the HCMV-
encoded miR-UL112, and later, it became apparent that also miRNAs encoded 
by KSHV and EBV downregulate MICB expression. Inhibiting EBV miRNA 
BART2-5p results in increased NK-cell killing in vitro (Nachmani et al. 2009). 
Inflammasomes are induced by various cytoplasmic and nuclear sensors (e.g., 
NLRP3 and IFI16) and lead to production of the inflammatory cytokines IL-1β 
and IL-18 (Rathinam and Fitzgerald 2010). Although EBV has so far only been 
observed to activate inflammasomes through IFI16 (Ansari et al. 2013), EBV 
miRNA BART15 downregulates the alternative inflammasome-activating sen-
sor NLRP3 (Haneklaus et al. 2012). Co-culture of monocytic recipient cells 
with EBV+ B cells secreting BART15-containing exosomes results in decreased 
IL-1β production. Additionally, EBV miRNAs regulate the IFNγ-STAT1 path-
way in EBV+ NK cells by downregulating IFNγ transcriptional regulator T-bet 
(BART20-5p), IFNγ (BART20-5p), and STAT1 (BART8) (Huang and Lin 2014; 
Lin et al. 2013). Inhibition of BART6-3p in a BL cell line caused upregulation of 
the IL-6 receptor chains (p80 and gp130) at the mRNA and protein level, indicat-
ing that BART6-3p may affect IL-6 signaling (Ambrosio et al. 2014).

Technological developments have greatly aided the search for miRNA targets. 
A number of RISC immunoprecipitation screens on EBV-infected B cells have 
generated a long list of putative miRNA targets that await functional validation, 
including C-type lectin receptors and PML body components (Dolken et al. 2010; 
Gottwein et al. 2011; Kuzembayeva et al. 2012; Riley et al. 2012; Skalsky et al. 
2012; Vereide et al. 2014).
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5  Conclusion and Future Perspectives

To date, several EBV-encoded proteins have been identified that interfere with 
innate and adaptive immune responses during the lytic and latent phase of infec-
tion. More recently, also EBV miRNAs have been implicated in modifying 
expression levels of genes relevant to antiviral immunity. These findings provide 
interesting, new insights into the biology of this important human pathogen.

The elusion of CD4+ and CD8+ T-cell immunity is a well-studied evasion strat-
egy that is appreciated as an important mechanism successfully used by EBV to 
establish a lifelong infection of its host. Additionally, immune cells like iNKT 
cells, a specialized subset of T cells, and NK cells have been implicated in the 
control of EBV infection (Azzi et al. 2014; Chijioke et al. 2013; Pappworth et al. 
2007; Pasquier et al. 2005; Rigaud et al. 2006).

Absence or reduced numbers of iNKT cells are associated with fatal EBV 
infection, while patients with selective defects in NK cells frequently have recur-
rent EBV-associated disease (Munz et al. 2000; CTMI 2015 in press). The iNKT 
cells can be activated via the non-classical MHC molecule CD1d presenting lipid 
antigens. Interestingly, CD1d expression is downregulated in B cells that have 
been infected with EBV in vitro (Chung 2013). KSHV and HSV-1 downregulate 
CD1d expression at the cell surface by different mechanisms during lytic infection 
(Rao et al. 2011; Sanchez et al. 2005). A recent study by van Gent et al. (2015) 
indicates that EBV BGLF5 reduces the expression of CD1d in the context of lytic 
replication of EBV in vitro.

Activation of NK cells is determined by the balance between inhibitory and 
activating signals. NKG2D is an activating receptor that has a role in control-
ling chronic EBV infection (Chaigne-Delalande et al. 2013). Induction of the 
EBV lytic cycle increases NKG2D-dependent NK-cell reactivity (Pappworth 
et al. 2007). These findings, however, do not preclude that EBV also encodes NK 
evasion molecules to protect lytic EBV-infected cells from an NK-cell attack. 
For example, BZLF1 contains an HLA-E-binding peptide that increases surface 
expression of HLA-E (Ulbrecht et al. 1998), which is a ligand for the inhibitory 
receptor NKG2A. Therefore, increased HLA-E surface expression may restrict 
NK-cell reactivity.

Several other herpesviruses have been found to interfere with additional 
immune signaling and effector pathways, including complement activation and 
inflammasome-dependent responses. As of yet, no such mechanisms have been 
identified for EBV, but it seems plausible that EBV employs such strategies 
as well. None of the EBV proteins shares homology to complement inhibitors 
identified for other herpesviruses. Still, EBV particles have been found to inter-
fere with complement activation (Mold et al. 1988). Hence, identification of the 
EBV-encoded complement inhibitor(s) might reveal a novel complement evasion 
strategy.

Recent discoveries in the field of innate immunity, such as the identification of 
new cytoplasmic and nuclear DNA-sensing molecules, shed light on the detection 
of EBV infection. Upon stimulation, the DNA-sensing molecule IFI16 can induce 
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the formation of inflammasomes or can trigger an IFN I response. In latently EBV-
infected cells, IFI16 is constitutively active, causing IL-1β production (Ansari 
et al. 2013). Currently, it is unknown whether EBV triggers other inflammasome-
forming or DNA-sensing molecules, or whether EBV interferes with inflamma-
some function, as has been observed for other herpesviruses.

Another important aspect not extensively explored yet is the in vivo rele-
vance and relative contribution of the immune evasion strategies discussed here. 
Studying in vivo EBV infection is hampered by the strict host-specificity of this 
human pathogen, especially with respect to interactions with the immune sys-
tem, and the concomitant lack of suitable animal models. Valuable information on 
the immune response to EBV has been gained from studies on related murine or 
rhesus macaque-specific herpesviruses in their respective hosts (Stevenson et al. 
2009; Wang 2013). Mice with humanized immune system components (HIS 
mice) provide a valuable alternative, recapitulating several important aspects of 
EBV-specific immunity (Chatterjee et al. 2014; Munz 2014; Strowig et al. 2009; 
Traggiai et al. 2004). Future infection studies with mutant EBV strains in these 
model systems will provide important information on the contribution of immune 
evasion strategies to viral infection and pathogenesis.

In summary, this overview of immune evasion mechanisms of EBV shows that 
this virus employs a wide range of strategies to compromise innate and adaptive 
immunity during the latent and replicative phases of its life cycle. These evasion 
mechanisms are likely to contribute to the development of EBV-associated malig-
nancies. A profound understanding of the immune-evasive maneuvres of EBV 
will aid in the development of novel strategies to combat EBV infections and 
associated diseases, especially the malignancies caused by this oncogenic human 
herpesvirus.
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(NHPs) have been studied for nearly as long as EBV itself. Cross-reactive sera 
and DNA hybridization studies provided the first glimpses of the closely related 
herpesviruses that belonged to the same gamma-1 herpesvirus, or lymphocrypto-
virus, genus, as EBV. Over the years, detailed molecular and sequence analyses of 
LCVs that infect humans and other NHPs revealed similar colinear genome struc-
tures and homologous viral proteins expressed during latent and lytic infection. 
Despite these similarities, experimental infection of NHPs with EBV did not result 
in acute symptoms or persistent infection as observed in humans, suggesting some 
degree of host species restriction. Genome sequencing and a molecular clone of 
an LCV isolate from naturally infected rhesus macaques combined with domes-
tic colonies of LCV-naïve rhesus macaques have opened the door to a unique 
experimental animal model that accurately reproduces the normal transmission, 
acute viremia, lifelong persistence, and immune responses found in EBV-infected 
humans. This chapter will summarize the advances made over the last 50 years in 
our understanding of LCVs that naturally infect both Old and New World NHPs, 
the recent, groundbreaking developments in the use of rhesus macaques as an ani-
mal model for EBV infection, and how NHP LCVs and the rhLCV animal model 
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1  Discovery of Lymphocryptoviruses  
in Non-human Primates

The discovery of herpes-like particles in cell cultures derived from Burkitt lym-
phoma cells initiated a search for similar viruses in non-human primates (NHPs) 
(Epstein et al. 1964). Gerber and Birch reported the presence of antibodies reac-
tive to Epstein-Barr virus (EBV) in the sera of chimpanzees, baboons, cynomol-
gus and rhesus macaques, as well as African green monkeys (Gerber and Birch 
1967). Seroprevalence of EBV cross-reactivity was usually as high in NHPs as in 
humans; 100 % of chimpanzees and cynomolgus macaques, and 67 and 90 % of 
rhesus macaques and African green monkeys, respectively, tested positive for anti-
EBV antibodies (Gerber and Birch 1967). In contrast to Old World NHPs, other 
mammals, ranging from guinea pigs to cows, had no detectable EBV cross-reac-
tive antibodies (Gerber and Birch 1967). Various New World monkeys (howlers, 
squirrel, and owl monkeys) and prosimians, such as the Galago (bush baby), were 
also reported to lack cross-reactive antibodies to EBV (Dunkel et al. 1972; Kalter 
et al. 1972). These observations led to the hypothesis either that Old World mon-
keys were susceptible to EBV infection or that they harbored an EBV-related her-
pesvirus not present in New World monkeys or lower primates.

In 1968, the first lymphoblastoid cell line (LCL) from an NHP was recovered 
(Landon et al. 1968). The cells grew spontaneously from culture of chimpanzee 
peripheral blood mononuclear cells (PBMCs), were characterized as B lympho-
cytes, and contained herpesvirus particles (Landon et al. 1968). In the follow-
ing decade, spontaneous LCLs were derived from baboons, orangutans, and 
gorillas, all of which contained herpesvirus particles, and the respective viruses 
were referred to as Herpesvirus pan, Herpesvirus papio, Herpesvirus pongo, 
and Herpesvirus gorilla (Falk et al. 1976; Gerber et al. 1976; Neubauer et al. 
1979; Rasheed et al. 1977). Later, spontaneous LCLs from cynomolgus and rhe-
sus macaques were isolated as well (see Table 1 for summary) (Bocker 1980; 
Fujimoto et al. 1990; Heberling et al. 1981; Rangan et al. 1986; Rivadeneira et al. 
1999). Since the biologic and genetic similarities of these viruses place them in the 
same lymphocryptovirus genus as EBV, we refer to the EBV-related viruses from 
NHPs as chimpanzee, baboon, orangutan, gorilla, cynomolgus, or rhesus lym-
phocryptovirus (chLCV, baLCV, orLCV, goLCV, cyLCV, or rhLCV, respectively), 
to provide clarity, accuracy, and simplicity.

The initial characterization of these newly isolated NHP LCVs included analy-
ses of specific viral antigens detected by sera from humans and NHPs. The viral 
capsid antigen (VCA) expressed during lytic replication turned out to be a fre-
quent target for naturally occurring antibodies. Sera from humans, chimpanzees, 
gorillas, orangutans, baboons, and rhesus monkeys readily detected EBV and 
baLCV VCA (Falk et al. 1976; Falk et al. 1977). Conversely, human and baboon 
sera detected VCA of EBV, ch-, ba-, or-, and rhLCV (Gerber et al. 1977; Rangan 
et al. 1986; Rasheed et al. 1977).
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The latent infection nuclear antigens (NAs) were not as frequently detected 
by cross-reacting sera, especially by sera from more distantly related species. 
Epstein-Barr virus-associated nuclear antigens (EBNAs) were only detected by 
human sera and not by any tested NHP sera (Falk et al. 1977; Gerber et al. 1976; 
Neubauer et al. 1979; Rangan et al. 1986). The sera of humans, chimpanzees, and 
orangutans detected NAs of both chLCV and orLCV (Gerber et al. 1976; Rasheed 
et al. 1977). Gorilla serum only stained goLCV-NA, but goLCV-NA was also 
detected by sera from humans, orangutans, and gibbons (Neubauer et al. 1979). 
RhLCV-NA was detected by sera from rhesus and cynomolgus macaques, as well 
as chimpanzees (Rangan et al. 1986). The less reliable cross-detection of NA ver-
sus VCA may have been due to the lower sensitivity of NA assays, as well as the 
more recently recognized sequence diversity between latent infection proteins, 
e.g., NAs, compared to lytic proteins, e.g., VCA.

The first genetic analyses of NHP LCVs were performed by DNA–DNA reas-
sociation studies that compared viral DNA from human LCLs to NHP LCLs. 
These studies showed that EBV DNA had the highest homology to chLCV DNA 
(35–45 %), with only slightly more distant homology to baLCV (40 %), orLCV 
(30–40 %), and goLCV (30–40 %) (Falk et al. 1976; Gerber et al. 1976; Neubauer 
et al. 1979; Rabin et al. 1978). Once the EBV genome was cloned, more detailed 
cross-hybridization studies showed that almost all EBV BamHI DNA fragments 
cross-hybridized with baLCV DNA in a colinear fashion (Heller and Kieff 1981). 
The only fragments that failed to cross-hybridize were the BamHI E and Nhet 
fragments, DNA fragments that were later found to encode the EBNA-3 and LMP 
open reading frames (ORFs). These findings foretold the marked diversity of latent 
infection proteins among human and NHP LCV revealed by subsequent nucleotide 
sequencing.

The rhLCV genome was the first non-human LCV genome sequenced, and 
since it included homologues for LF1, LF2, and LF3 which are deleted from 
the B95-8 strain of EBV, it was also the first prototypical LCV genome fully 
sequenced (Baer et al. 1984; Rivailler et al. 2002). Comparative analyses of the 
rhLCV and EBV genomes revealed (i) an identical repertoire of lytic and latent 
genes, (ii) colinear organization of the ORFs (see Fig. 1 for latent infection ORFs), 
(iii) well-conserved amino acid sequences for the lytic infection proteins, and (iv) 
more distant amino acid homology for the latent infection proteins (Rivailler et al. 
2002). Subsequently, at least 36 pre-miRNAs were characterized in the rhLCV 
genome, the largest number of miRNAs encoded by a single virus found to date 
(Cai et al. 2006; Riley et al. 2010; Walz et al. 2009).

Although LCVs were not believed to naturally infect New World primates, 
Ramer and colleagues found DNA evidence for an undiscovered LCV in lym-
phomas arising in common marmosets (Callithrix jaccus) using degenerate PCR 
primers capable of amplifying the DNA polymerase and terminase from all her-
pesviruses (Ramer et al. 2000). A cell line (Cj0149), producing B cell immortal-
izing virus, was derived from the tumor, and the maLCV became the third LCV 
genome fully sequenced (Cho et al. 2001; Rivailler et al. 2002). MaLCV has a 
similar colinear genome organization as EBV and rhLCV, and most ORFs share 
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positional and amino acid homology to an EBV ORF, but several features dis-
tinguished the prototypic New World LCV from the prototypic Old World LCV. 
The maLCV is notable for (i) the absence of sequence or positional orthologues 
for eleven genes conserved in EBV and Old World LCVs, including EBERs, 
BARF1, and vIL-10, (ii) the presence of positional orthologues that have little or 
no sequence homology to the EBV or rhLCV latent infection proteins (see Fig. 1), 
(iii) a single positional EBNA-3 orthologue (C3, Fig. 1), as opposed to the related 
EBNA-3A, -3B, and -3C ORFs, (iv) the absence of tandem repeats in ori-p, and 
(v) a very large GC-rich terminal repeat region (Cho et al. 2001; Rivailler et al. 
2002). Some features were reminiscent of gamma-2 herpesviruses, e.g., the TR 
and N-terminal location of SH2 domains in the LMP2 homologue (C7), suggesting 
an evolutionary link of LCV with rhadinoviruses (Rivailler et al. 2002). Serologic 
assays using maLCV-specific antigens showed seroprevalence in multiple domes-
tic marmoset colonies, as well as marmosets captured from the wild, indicating 
that this LCV is a natural pathogen for marmosets (Fogg et al. 2005a). The historic 
inability to detect serologic cross-reactivity to EBV antigens in New World NHP 
was probably due to a combination of the low homology between maLCV and 
EBV antigens and less sensitive detection of New World monkey serum immu-
noglobulins when anti-human Ig-specific secondary reagents were used. PCR 

Fig. 1  Genome organization of prototypical lymphocryptoviruses. BamHI restriction maps for 
the (A) EBV B95-8 strain, (B) rhLCV LCL8664 strain, and (C) maLCV Cj0149 strain are shown 
to scale. The maLCV genome is inverted relative to its nucleotide numbering in order to show it 
in the same colinear direction as EBV and rhLCV. The BamHI fragments are identified starting 
with a capital A for the largest sized fragment and proceeding in order of size with lower case 
used for fragments smaller than Z. Multiple copies of the maLCV BamHI f fragment are present 
in the maLCV terminal repeat (TR), and the actual size of the maLCV TR is underrepresented 
in the figure. The region of the EBV genome containing LF1, LF2, and LF3 deleted from the 
B95-8 strain is present in the rhLCV genome as shown. Relative positions in the genome of cod-
ing sequences for latent infection proteins are shown as boxes with the associated splice sites 
(e.g., EBNA-1, rhEBNA-1, and the maLCV EBNA-1 orthologue, ORF39). The relative amino 
acid homology to the EBV sequence is shown by shades of gray, i.e., black highest homology 
and white no homology. The positions of the sVCA orthologues in EBV (BFRF3), rhLCV (rhB-
FRF3), and maLCV (ORF59) are shown. The transcriptional start site for maLCV C7 has not 
been identified as indicated by the dotted line
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detected similar LCV-like DNA sequences in the blood of squirrel monkeys, sug-
gesting that LCV in New World NHP were as ubiquitous as in Old World NHP 
since species from two major families of New World NHP were infected with 
LCV (Cho et al. 2001).

Two different nomenclature approaches were taken to identify open read-
ing frames in the Old and New World LCV prototypes. Due to an identical set of 
ORFs in rhLCV and EBV, rhLCV ORFs were named using the EBV acronym, e.g., 
BFRF3, with a “rh” prefix (e.g., rhBFRF3, to identify the homologous ORF encod-
ing the small viral capsid protein (sVCA) in rhLCV). This approach was taken to 
more easily identify the rhLCV orthologues and to reflect the strong similarities 
between EBV and rhLCV ORFs. However, this convention is somewhat of a mis-
nomer because BFRF3 is an acronym for the EBV BamHI F DNA fragment’s 
third Rightward ORF and is not an accurate description for the location of the 
homologous rhLCV ORF which is not in the BamHI F DNA fragment of rhLCV. 
Technically, the rhsVCA is encoded by the first leftward reading frame in the rhLCV 
BamHI L fragment (see Fig. 1b), but accuracy of the genomic position in rhLCV was 
sacrificed for easier recognition of functional and sequence homology to EBV ORFs.

ORF nomenclature in the maLCV genome provided several different chal-
lenges. The homologous ORFs were much less well conserved, several ortho-
logues for EBV ORFs were missing completely, and many of the presumptive 
orthologues for the latent infection proteins based on position had no sequence 
homology to the EBV proteins. Thus, a numbering approach similar to that used 
for rhadinoviruses was used for maLCV, i.e., ORFs with amino acid homology 
to ORFs present in other herpesviruses were numbered sequentially by loca-
tion from the beginning of the genome, e.g., ORF1, 2. Unique ORFs with no 
sequence homology to other viral ORFs were numbered sequentially with a C 
for Callitrichine herpesvirus 3, e.g., C1, C2. Since the first report of the maLCV 
genome described approximately two-thirds of the sequence beginning from the 
right end of the genome when compared to EBV, maLCV ORFs were numbered 
in opposite orientation from the traditional EBV representation (see Fig. 1c). 
However, this maLCV orientation does align with that typically used for gamma-2 
herpesviruses, making this convention appropriate given the evidence for a closer 
relationship of maLCV versus EBV or Old World LCV to rhadinoviruses. Based 
on their position and sequence homology, the sVCA and EBNA-1 orthologues in 
maLCV could be identified and were labeled as ORF59 and ORF39 (see Fig. 1). 
A positional and functional orthologue for LMP1 in maLCV with no sequence 
homology to EBV or Old World LCV was named C1, as the first unique maLCV 
ORF from the start of the genome (Cho et al. 2001).

The ubiquitous distribution of Old and New World LCVs has been confirmed more 
recently by PCR amplification of viral DNA fragments from the peripheral blood of 
many NHP species (see Table 1 for overview) (Ehlers et al. 2003; Ehlers et al. 2010). 
However, as of now, even this method has not uncovered any evidence for LCV infec-
tion of prosimians and lower mammals. Despite the high prevalence of LCVs detect-
able in Old and New World NHP by serology and PCR, viral isolates and full genome 
sequences have been recovered in only a small fraction of species (Table 1).
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2  LCV Host Range

All LCV are able to immortalize B cells and infect hosts from their own primate 
species, but LCV are not able to immortalize B cells from any other mammals 
besides primates. Thus, LCV host range is restricted to primates, and given the 
high degree of viral genome and protein homology, as well as similarities among 
human and NHP hosts, one might expect that LCV could also immortalize B cells 
and infect hosts from other primate species (i.e., cross-species infection). This 
hypothesis is only partially true based on results in the literature where a limited 
number of NHP LCVs have been tested for cross-immortalization of B cells from 
a limited number of primate species.

Observations with EBV and several Old World LCVs suggest that LCV can 
immortalize B cells from closely related species, but not from more distantly 
related species. The prototypic EBV strain derived from the B95-8 cell line has 
been shown to transform cells from humans, chimpanzees, and gibbons (black 
boxes and references in column 1 of Fig. 2), but not cells from baboons, or vari-
ous macaque species in vitro (gray boxes and references in column 1 of Fig. 2) 
(Gerber et al. 1976, 1977; Rabin et al. 1978). Only a few experiments have 
addressed go- and orLCV host range (columns 3 and 4 in Fig. 2). Both viruses 
were shown to immortalize gibbon cells, but neither human, nor baboon or rhe-
sus cells were transformed by orLCV (Neubauer et al. 1979; Rabin et al. 1978; 
Rasheed et al. 1977). Rh- and cyLCV have also been extensively studied and were 
shown to only transform B cells from macaque species, but not from humans 
or other primates including New World monkeys (columns 6 and 7 in Fig. 2) 
(Heberling et al. 1981; Moghaddam et al. 1998; Rangan et al. 1986). Interestingly, 
EBV immortalizes B cells from multiple species of New World monkeys, includ-
ing cotton-top tamarins that constitute the cellular background of the B95-8 cell 
line (Falk et al. 1974; Miller et al. 1972). Results with New World B cells seem 
somewhat idiosyncratic with a relatively unique susceptibility to EBV cross-
immortalization, but not rh- or cyLCV. New World maLCV does not cross-immor-
talize rhesus or human B cells [unpublished observations].

Other published observations do not fit the model that LCV can immortalize 
B cells from closely related, but not more distant, species, but the interpretations 
of these experiments are complicated. ChLCV was reported to immortalize B 
cells from human, gibbon, and macaque species (Gerber et al. 1977). However, 
virus for these studies was produced from an LCL derived by infecting baboon 
PBMCs with throat swab material from chimpanzees, not from an LCL derived by 
infecting, or spontaneously arising from, chimpanzee PBMC (Gerber et al. 1977). 
Although the baboon was reported to be EBV seronegative, an adult baboon is 
likely to be naturally baLCV infected with a false-negative cross-reactive serology 
rather than to be truly naïve for LCV infection, since baLCV infection is ubiqui-
tous in baboons and EBV cross-reactive serologic tests are unreliable due to lower 
sensitivity. Molecular studies were not available at the time to rule out the pos-
sibility for spontaneous outgrowth of a baboon B cell with endogenous baLCV 



395Non-human Primate Lymphocryptoviruses: Past, Present, and Future

infection, as opposed to in vitro transformation with chLCV. Therefore, the cell 
line assumed to be producing chLCV could have actually been producing baLCV 
(Gerber et al. 1977).

Coincidentally, a baLCV isolate was reported to have a similarly wide host 
range capable of transforming B cells from baboon, gibbon, macaques, New 
World primates, as well as human cord blood B cells (Falk et al. 1976, 1977; 
Gerber et al. 1977; Rabin et al. 1977, 1978) (see Fig. 2). However, in our hands, 
baLCV could immortalize rhesus, but not human B cells (Moghaddam et al. 1998).  

Fig. 2  Cross-species immortalization of primate PBMCs by LCVs. Viruses (columns) were used 
to infect PBMCs from various human and non-human primates (rows). Reports of positive LCV-
induced immortalization of primate B cells are indicated by a black box with the associated publica-
tion reference. Reports of experiments with no LCV-induced immortalization are shown as gray 
boxes. Multiple reports with opposing results are shown as half boxes of black and gray. Results of 
LCV infection of PBMCs from the native species are not indicated and shown as an X. White boxes 
indicate that published reports for experiments with that combination of virus and host PBMC were 
not found. aFalk et al. 1974; bFalk et al. 1977; cGerber et al. 1977; dGerber et al. 1976; eHeberling 
et al. 1981; fMiller et al. 1972; gMoghaddam et al. 1998; hMühe and Wang 2015i; Neubauer et al. 
1979; jRabin et al. 1977; kRabin et al. 1978; lRangan et al. 1986; mRasheed et al. 1977 
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Although infection of human PBMC with baLCV did result in LCL outgrowth, 
viral DNA analyses showed that the immortalized human B cells were coinfected 
with both EBV and baLCV in all cases, i.e., baLCV was recovered only in endog-
enously EBV-infected B cells superinfected with baLCV. When virus replica-
tion was induced from these coinfected cells and viral supernatants were used to 
infect either human or rhesus B cells, the viruses could be separated. Only EBV 
was recovered in immortalized human B cells, and only baLCV was recovered in 
immortalized rhesus B cells (Moghaddam et al. 1998). Thus, baLCV is capable 
of infecting, persisting, and replicating in human B cells, but cannot immortalize 
human B cells without complementation by EBV infection. Our experiments dem-
onstrated the potential complication from spontaneous outgrowth of endogenous 
LCV and the importance of characterizing the viral genome in cell lines when 
interpreting results of experimental LCV host range determination across primate 
species.

Data regarding cross-infection of primate hosts with LCV from a different 
species are even more limited. Rhesus macaques (Macaca mulatta) were experi-
mentally inoculated with EBV, but there was no definitive evidence for infection 
(Levine et al. 1980; Shope et al. 1973). BaLCV inoculation of rhesus macaques 
was reported to induce VCA antibodies, but no virus excretion in the saliva or 
tumor development was observed (Gerber et al. 1977), and thus, one could not 
exclude the possibility that VCA antibodies were simply induced from the anti-
genic stimulus provided by viral inoculation. ChLCV inoculation of baboons 
(Papio cynocephalus) and rhesus monkeys resulted in seroconversion in all animals 
and virus excretion from baboons, but the nucleic acid identity of the shed virus 
was not identified (Gerber et al. 1977). The chLCV isolate used for these in vivo 
studies was produced from the same LCL derived from baboon PBMCs described 
above, and the baboon hosts inoculated experimentally may not have been truly 
baLCV naïve (Gerber et al. 1977). No tumors were observed in either NHP spe-
cies inoculated with chLCV (Gerber et al. 1977). Thus, inoculation of animals with 
cell-free virus, or LCV-infected cells (not reviewed here), did not provide conclu-
sive evidence that LCV can infect Old World NHP hosts from a different species.

The lack of EBV cross-reactive antibodies in New World monkeys and the abil-
ity to immortalize New World monkey B cells with EBV in vitro led investiga-
tors to inoculate cotton-top tamarins (Saguinus oedipus) with EBV to determine 
whether they could be experimentally infected (Miller et al. 1972). Inoculation 
of tamarins with cell-free EBV was shown to induce lymphomas, and the inci-
dence rate increased when the animals were immunosuppressed (Shope et al. 
1973). Infected New World monkeys also developed antibodies to EBV VCA 
(Miller et al. 1977). Experimental EBV inoculation of marmosets (Callithrix jac-
chus) and owl monkeys (Aotus trivirgatus) was also shown to result in low-level 
seroconversion and lymphoproliferative disease (Epstein 1976; Falk et al. 1976). 
Experimental chLCV inoculation of cotton-top tamarins was reported to induce 
seroconversion, whereas baLCV inoculation did not (Falk et al. 1977; Gerber et al. 
1977). In both instances, there was no evidence of viral shedding or lymphoprolif-
erative disease.
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The ability to experimentally inoculate tamarins and detect EBV infection by 
lymphoma induction was used as an animal model to develop potential EBV vac-
cines. Purified gp340 was tested as a subunit vaccine and induced a strong anti-
body response in tamarins with serum-neutralizing activity detectable by in vitro 
transformation assays (Epstein 1986; Epstein et al. 1985). Gp340 vaccination was 
also able to prevent EBV-induced lymphoproliferation in cotton-top tamarins pro-
viding preclinical support for testing gp340 as a vaccine in humans (Epstein 1986; 
Epstein et al. 1985). Other researchers showed recombinant adenovirus expressing 
gp340 could induce gp340-specific antibodies in the tamarin model, but in vitro 
tests were unable to detect serum-neutralizing activity to EBV infection (Ragot 
et al. 1993). Nevertheless, animals immunized with Adgp340 were also protected 
against EBV-induced lymphomas after challenge (Ragot et al. 1993).

3  RhLCV Infection of Rhesus Macaques  
as a Model System for Studying EBV Infection

While experimental inoculation of New World monkeys provided an animal model 
for EBV infection, this system bypassed normal transmission through the oral 
mucosa. Percutaneous virus inoculation was either cleared or resulted in uncon-
trolled lymphomagenesis, and lifelong persistent viral infection in the peripheral 
blood B cell compartment was not established. The balance between virus and 
host may be disrupted in favor of the virus by incorporation of more immune eva-
sion strategies in EBV than New World LCV and a more limited host immune 
response, e.g., low diversity of the major histocompatibility complex I (MHC-I) 
observed in cotton-top tamarins (Gyllensten et al. 1994). Thus, LCV infection in 
Old World monkeys may provide a more accurate model for the virus–host inter-
action during EBV infection in humans. Attention focused on rhesus macaques 
because their use in biomedical research has been well established, sequencing of 
the rhLCV genome revealed an identical gene repertoire as EBV, and investiga-
tions of natural rhLCV infection in rhesus macaques showed a remarkable similar-
ity to EBV infection in humans.

Newborn macaques are seropositive for LCV infection due to placental transfer 
of maternal antibodies, which disappear around 6 months of age, similar to human 
newborns. LCV infection is spread very rapidly in captive colonies, presumably 
through oral transmission, so that virtually all animals become seropositive by 
one year of age [unpublished observations]. RhLCV persists asymptomatically 
in peripheral blood B cells for life, and detailed studies show that the repertoire 
and magnitude of cellular and humoral immune responses against lytic and latent 
infection proteins in rhLCV-infected macaques important for controlling LCV 
infection are remarkably similar to those in EBV-infected humans (Fogg et al. 
2005b, 2006; Leskowitz et al. 2013; Orlova et al. 2011a, b; Rao et al. 2000).
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Immunosuppression in macaques, whether drug-induced or secondary to simian 
immunodeficiency virus (SIV) infection, can result in LCV-induced lymphomas 
(Feichtinger et al. 1992; Habis et al. 2000; Rivailler et al. 2004). Virus-associated 
oral hairy leukoplakia also arises in SIV-infected macaques, showing that patho-
genesis of LCV infection in epithelial cells is similar in NHP and humans (Baskin 
et al. 1995; Kutok et al. 2004). Other LCV-associated malignancies, such as naso-
pharyngeal carcinoma, gastric carcinoma, and Hodgkin’s lymphoma, have not 
been observed in macaques, but given the nature of these malignancies in the 
human population, it is unlikely that these diseases would be observed in the lim-
ited number of captive macaques observed for relatively short durations.

Perhaps the most intriguing biologic observation in NHP was the finding of a 
second type of rhLCV similar to that of the type 2 EBV (Cho et al. 1999). The 
208-95 rhLCV strain was isolated from a lymphoma arising in a SIV-infected 
macaque and was notable for a rhEBNA-2 protein that migrated dramatically dif-
ferent from the prototypic LCL8664 rhLCV strain. Sequencing showed a 208-95 
rhEBNA-2 with only 41 % amino acid similarity to the LCL8664 rhEBNA-2 with 
most of the differences located centrally in the divergent region where most of the 
differences between the type 1 and type 2 EBV EBNA-2s are found. Sequencing 
showed that the 208-95 rhLMP1 ORF was nearly identical to that of LCL8664 
rhLMP1, suggesting two similar rhLCV strains defined by their differences in 
rhEBNA-2, as occurring with EBV. Thus, the same biologic pressure that has 
selected for the evolution of two EBV strains in humans also selected for two LCV 
strains in macaques. Strain-specific PCR studies detected LCL8664 rhLCV in oral 
washes from 6 of 20 macaques and 208-95 rhLCV in 6 of 20 macaques, indicating 
that, as in humans, both strains are prevalent and some hosts are coinfected with 
both strains (Cho et al. 1999).

The formation of extended specific pathogen-free (spf) rhesus macaque colo-
nies opened the door to experimental inoculations of rhLCV-naïve macaques as 
an animal model for EBV infection. Initially, spf colonies were derived to enhance 
the health and safety of the colonies by isolating and breeding animals free of her-
pes B and other specific pathogens. Animals hand-reared from birth are also likely 
to remain free of other herpesviruses, and many of these animals were found to be 
free of rhesus cytomegalovirus, rhesus rhadinovirus, and rhLCV infection. By vig-
ilant screening for these extended pathogens, colonies free of rhCMV, RRV, and 
rhLCV can be raised into self-sustaining, spf colonies for experimental studies.

Experimental oral inoculation of rhLCV-naïve macaques with LCL8664 rhLCV 
reproduced both the acute and persistent phases of EBV infection seen in humans 
(Moghaddam et al. 1997). Infection of the peripheral blood following penetration 
of the oral mucosa was detected within 2–3 weeks by DNA PCR and as soon as 
7 days post-inoculation by more sensitive rhEBERs RT-PCR (Ohashi et al. 2012; 
Rivailler et al. 2004). Acute viremia in immunocompetent macaques, detectable 
by DNA PCR positivity in PBMC, is typically seen between 3 and 10 weeks post-
inoculation (Rivailler et al. 2004). Atypical lymphocytosis and lymphadenopathy 
were detected in a minority of animals between 3 and 15 weeks post-inoculation 
(Moghaddam et al. 1997). Thus, the kinetics of experimental rhLCV infection 
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shows that penetration of the oral mucosa and invasion of the peripheral blood 
occur rapidly after oral inoculation, and viral amplification during acute infection 
precedes the onset of acute infectious mononucleosis symptoms in humans which 
has been temporally linked in sailors at sea to viral inoculation at least 6 weeks 
earlier during shore leave (Hoagland 1955).

Asymptomatic persistent infection was established in rhesus macaques after 
experimental oral inoculation as evidenced by the isolation of LCV-positive LCL 
arising spontaneously from in vitro culture of PBMC or by detection of rhE-
BERs by RT-PCR of PBMC RNA (Moghaddam et al. 1997; Ohashi et al. 2012). 
Persistent rhLCV infection was documented for more than 14 years after oral 
inoculation in one animal, suggesting that experimental infection is durable and 
lifelong, as in humans [unpublished observations]. Importantly, the asymptomatic 
nature of experimental infection in healthy animals is clearly due to immune con-
trol, and not simply an attenuated viral strain, since experimental inoculation of 
LCL8664 rhLCV can induce lymphomagenesis in immunosuppressed macaques 
(Rivailler et al. 2004).

Recently, the rhLCV genome has been cloned as a bacterial artificial chromo-
some (BAC) allowing site-specific manipulation of the rhLCV genome and both 
in vitro and in vivo functional analysis of viral genes for the first time (Ohashi 
et al. 2010). The first cloned rhLCV (clone 16) had an insertion of the BAC vec-
tor sequences in rhBARF1, a putative LCV immune evasion gene which encodes 
a secreted homologue of the colony-stimulating factor 1 receptor (CSF1-R) 
(Ohashi et al. 2010). The genetic manipulation resulted in expression of a trun-
cated rhBARF1 that was neither secreted nor capable of binding CSF-1. As 
expected from EBV studies, the loss of functional rhBARF1 had no detectable 
effect on either rhLCV-induced B cell immortalization or rhLCV lytic replication, 
i.e., rhBARF1 was not essential for latent or lytic infection in vitro (Ohashi et al. 
2010). However, experimental inoculation of naïve rhesus macaques showed that 
mutation of this lytic replication protein resulted in decreased viral load in acute 
infection and a 100-fold reduction in the number of infected B cells, or viral set-
point, during persistent infection (Ohashi et al. 2012). This abnormal phenotype in 
acute and persistent infection could be rescued either by immunosuppressing the 
host with simian–human immunodeficiency virus (SHIV) infection or by repair-
ing the rhBARF1 mutation, showing that the defects in vivo were due specifically 
to the immune evasive properties of rhBARF1 (Ohashi et al. 2012). The reduction 
in acute viremia can be explained by the loss of rhBARF1 function during lytic 
replication, increased susceptibility of virus to immune control, and decreased 
acute viral amplification. However, the marked reduction in viral setpoint dur-
ing persistent infection was unexpected since the classic paradigm suggests that 
rhBARF1 is not expressed in latently infected B cells. This finding may indicate 
a link between acute viremia and establishment of persistent viral setpoints, i.e., 
lower acute viremia resulting in seeding of fewer infected B cells and establish-
ment of lower persistent viral setpoints. Alternatively, rhBARF1 may be expressed 
in LCV-infected peripheral blood B cells and provide an important function during 
persistent infection.
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4  Future Directions for the Rhesus Macaque  
Animal Model

The first 50 years of EBV research have seen a phenomenal growth not only in 
our understanding of EBV, but also in our understanding of EBV-related LCVs in 
NHPs. From the initial observations of cross-reactive antibodies to EBV in a few 
NHP species, we now recognize the prevalence of EBV-related viruses not only in 
virtually all Old World NHPs, but also in New World NHPs. We have full-genome 
sequences for both Old and New World LCV prototypes that paint a dynamic pic-
ture for the evolution of these fascinating viruses. LCV-naïve rhesus macaques 
can be raised and experimentally infected with laboratory rhLCV to successfully 
reproduce natural transmission, acute infection, asymptomatic persistent infection, 
and lymphomagenesis. More recently, recombinant viral genetics has been incor-
porated into the rhesus LCV animal model to link the immune evasion functions 
of a single LCV lytic infection protein to defects in both viral amplification during 
acute infection and viral setpoint establishment during persistent infection.

The power of the rhLCV animal model system is clearly the strong similarities 
to EBV infection in humans. No other animal model for EBV infection reproduces 
the natural route of transmission through the oral mucosa, viral amplification and 
invasion of the peripheral blood during acute infection, establishment of asymp-
tomatic persistent infection as the normal outcome, and the potential for lympho-
magenesis as a result of abnormal perturbations of immune control. Even though 
EBV cannot be used to infect rhesus macaques, the rhLCV genome has an iden-
tical repertoire of viral genes, the molecular functions of the viral proteins are 
strongly conserved, and the host immune responses to rhLCV proteins are remark-
ably similar to the EBV-specific immune responses in humans. Thus, the rhesus 
LCV animal model provides a unique opportunity to experimentally interrogate 
EBV infection in ways not possible in humans or other animal model systems.

An obvious limitation of the system is the cost of animals and limited avail-
ability of rhLCV-naïve animals. The cost makes large studies powered to detect 
small biologic differences more difficult, and the finite number of naïve animals 
puts a priority on well-conceived experiments to test specific questions with the 
highest impact on our understanding of EBV biology, pathogenesis, and therapy. 
Also, NHP cannot be genetically modified as readily as rodents to manipulate 
host factors, but monoclonal antibodies that deplete specific cell populations, 
e.g., CD8+ T cells, in vivo can be used as an alternative experimental approach 
(Schmitz et al. 1999).

Conceptually, the rhLCV animal model is most powerful for studying those 
aspects of the virus–host interaction which cannot be readily reproduced in tis-
sue culture or other small animal model systems. While it would be fruitful to 
simply delete various viral genes and study the effect of the mutant LCV in vivo, 
we believe that the rhesus animal model provides a unique opportunity to inves-
tigate three broad areas of EBV biology that are difficult to study in tissue cul-
ture, other animal models, or humans: (i) acute infection, especially penetration of 
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the mucosal surface and invasion of the peripheral blood, (ii) persistent infection, 
especially how viral setpoints are established, and (iii) therapy, especially develop-
ment of an EBV vaccine to reduce or prevent EBV-associated diseases.

In acute infection, the rhesus macaque model is valuable for being able to con-
trol the timing of viral inoculation, thereby enabling investigation of the earliest 
events in EBV infection. Studies of epithelial cell infection and viral shedding in 
infectious mononucleosis patients, who were presumably inoculated 6 weeks prior 
to symptoms, probably reflect more about how the virus gets out of the host, as 
opposed to studying how the virus gets into the host during the first few days after 
inoculation. When we studied rhesus macaque tissues collected from various parts 
of the oral cavity within 7 days of oral inoculation, we found it difficult to find 
infected cells, suggesting that widespread mucosal epithelial cell infection is not 
present even early in infection and penetration of the oral mucosa may be limited 
to more discrete foci [unpublished observations]. Thus, key questions that can be 
asked in the rhLCV animal model are as follows: How does virus penetrate the 
mucosal epithelium? Is there a role for epithelial cell infection? How and where 
is virus amplified, e.g., lytic replication in epithelial cells or lytic/latent infection 
of B cells? What are the immune modalities critical for interrupting these early 
events in acute infection? Understanding these fundamental steps in primary EBV 
infection is important for the rational development of vaccines to prevent EBV-
associated infectious mononucleosis.

Viral setpoints during persistent infection have been extensively studied in 
humans with the number of EBV-infected B cells falling from high levels in acute 
IM to extremely low levels that persist for life (Hochberg et al. 2004). Adoptive 
transfer of EBV-specific T cells can reduce the viral setpoints in persistently infected 
hosts, and while there is consensus for persistent latent infection in memory B cells, 
the effect of antiviral therapy and viral lytic replication in the maintenance of viral 
setpoints remains uncertain (Babcock et al. 1998; Hoshino et al. 2009; Yao et al. 
1989). Little is known about how viral setpoints are established, e.g., are they related 
to viral inoculum levels of acute viral replication? Indeed, viral setpoints appear to 
be much higher in naturally infected rhesus macaques than in humans, highlighting 
how little is known about how LCV viral setpoints are established in natural hosts 
(Ohashi et al. 2012). It is not known whether the frequency or absolute numbers 
of virally infected cells are the important factor, whether higher initial viral inocu-
lums or repeated viral exposures may play a role in higher viral setpoints in NHP, or 
whether intrinsic differences in the immune response may determine viral setpoints. 
Many important questions about persistent infection and viral setpoints are difficult 
to address in humans and remain to be answered. Can vaccines targeting acute viral 
infection also lower viral setpoints during persistent infection? Will lower viral set-
points reduce the risk of EBV-associated malignancies in life? It is difficult to model 
EBV-associated malignancies such as HL and NPC in rhesus macaques since only a 
small fraction of infected hosts develop disease after long periods of time. However, 
viral setpoints may be an important surrogate marker for the risk of EBV-associated 
malignancies and understanding how viral setpoints are established and how they 
can be altered can be readily investigated in macaques.
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EBV vaccine development is a rich target for the rhesus macaque animal 
model. The immune responses to LCV infection are well conserved, and protec-
tion can be tested in animals with viral infection beginning at the oral mucosal 
surface. Empiric testing of vaccine candidates is a resource-intensive approach; 
therefore, using rhesus macaques to better understand the biology underlying 
acute and persistent infection may provide the foundation for a more rational 
approach to vaccine development, e.g., should epithelial cell infection be targeted, 
can viral setpoints be reduced by vaccination?

The genetic and biologic similarities between EBV and rhLCV provide a pow-
erful animal model for investigation of EBV infection, pathogenesis, and therapy. 
These similarities are due to the recent evolution of LCV and strong biologic 
selection for lifelong B cell persistence in primates. At the same time, nature has 
provided subtle, but biologically significant, differences that limit LCV-induced B 
cell immortalization and host range within primate species. Dissecting the mech-
anisms underlying the restriction of these closely related viruses and hosts will 
identify pathways that have driven LCV to evolve specifically for their native spe-
cies, i.e., pathways critical for LCV-induced B cell immortalization in vitro and 
persistent infection in vivo. Thus, ongoing scientific investigations using the bio-
logical similarities, as well as molecular differences, of LCV infection in NHPs 
will continue to provide unique insights for the next 50 years of EBV research.

References

Aswad A, Katzourakis A (2014) The first endogenous herpesvirus, identified in the tarsier 
genome, and novel sequences from primate rhadinoviruses and lymphocryptoviruses. PLoS 
Genet 10:e1004332

Babcock GJ, Decker LL, Volk M, Thorley-Lawson DA (1998) EBV persistence in memory B 
cells in vivo. Immunity 9:395–404

Baer R, Bankier AT, Biggin MD, Deininger PL, Farrell PJ, Gibson TJ, Hatfull G, Hudson GS, 
Satchwell SC, Seguin C et al (1984) DNA sequence and expression of the B95-8 Epstein-
Barr virus genome. Nature 310:207–211

Baskin GB, Roberts ED, Kuebler D, Martin LN, Blauw B, Heeney J, Zurcher C (1995) 
Squamous epithelial proliferative lesions associated with rhesus Epstein-Barr virus in simian 
immunodeficiency virus-infected rhesus monkeys. J Infect Dis 172:535–539

Bocker, J. F., K. H. Tiedemann, G. W. Bornkamm, and H. zur Hausen. 1980. Characterization of 
an EBV-like virus from African green monkey lymphoblasts. Virology 101:291–5

Cai X, Schafer A, Lu S, Bilello JP, Desrosiers RC, Edwards R, Raab-Traub N, Cullen BR (2006) 
Epstein-Barr virus microRNAs are evolutionarily conserved and differentially expressed. 
PLoS Pathog 2:e23

Cho Y, Ramer J, Rivailler P, Quink C, Garber RL, Beier DR, Wang F (2001) An Epstein-Barr-
related herpesvirus from marmoset lymphomas. Proc Natl Acad Sci USA 98:1224–1229

Cho YG, Gordadze AV, Ling PD, Wang F (1999) Evolution of two types of rhesus lymphocrypto-
virus similar to type 1 and type 2 Epstein-Barr virus. J Virol 73:9206–9212

de Thoisy B, Pouliquen JF, Lacoste V, Gessain A, Kazanji M (2003) Novel gamma-1 herpes-
viruses identified in free-ranging new world monkeys (golden-handed tamarin [Saguinus 
midas], squirrel monkey [Saimiri sciureus], and white-faced saki [Pithecia pithecia]) in 
French Guiana. J Virol 77:9099–9105



403Non-human Primate Lymphocryptoviruses: Past, Present, and Future

Dunkel VC, Pry TW, Henle G, Henle W (1972) Immunofluorescence tests for antibodies to 
Epstein-Barr virus with sera of lower primates. J Natl Cancer Inst 49:435–440

Ehlers B, Ochs A, Leendertz F, Goltz M, Boesch C, Matz-Rensing K (2003) Novel simian homo-
logues of Epstein-Barr virus. J Virol 77:10695–10699

Ehlers B, Spiess K, Leendertz F, Peeters M, Boesch C, Gatherer D, McGeoch DJ (2010) 
Lymphocryptovirus phylogeny and the origins of Epstein-Barr virus. J Gen Virol 91:630–642

Epstein MA (1976) EB virus in the owl monkey (Aotus trivirgatus). Lab Anim Sci 26:1127–1130
Epstein MA (1986) Vaccination against Epstein-Barr virus: current progress and future strategies. 

Lancet 1:1425–1427
Epstein MA, Achong BG, Barr YM (1964) Virus particles in cultured lymphoblasts from 

Burkitt’s lymphoma. Lancet 1:702–703
Epstein MA, Morgan AJ, Finerty S, Randle BJ, Kirkwood JK (1985) Protection of cotton top 

tamarins against Epstein-Barr virus-induced malignant lymphoma by a prototype subunit 
vaccine. Nature 318:287–289

Falk L, Deinhardt F, Nonoyama M, Wolfe LG, Bergholz C (1976) Properties of a baboon lym-
photropic herpesvirus related to Epstein-Barr virus. Int J Cancer 18:798–807

Falk L, Wolfe L, Deinhardt F, Paciga J, Dombos L, Klein G, Henle W, Henle G (1974) Epstein-
Barr virus: transformation of non-human primate lymphocytes in vitro. Int J Cancer 
13:363–376

Falk LA, Henle G, Henle W, Deinhardt F, Schudel A (1977) Transformation of lymphocytes by 
Herpesvirus papio. Int J Cancer 20:219–226

Feichtinger H, Li SL, Kaaya E, Putkonen P, Grunewald K, Weyrer K, Bottiger D, Ernberg I, 
Linde A, Biberfeld G et al (1992) A monkey model for Epstein Barr virus-associated lym-
phomagenesis in human acquired immunodeficiency syndrome. J Exp Med 176:281–286

Fogg MH, Carville A, Cameron J, Quink C, Wang F (2005a) Reduced prevalence of Epstein-
Barr virus-related lymphocryptovirus infection in sera from a new world primate. J Virol 
79:10069–10072

Fogg MH, Garry D, Awad A, Wang F, Kaur A (2006) The BZLF1 homolog of an Epstein-Barr-
related gamma-herpesvirus is a frequent target of the CTL response in persistently infected 
rhesus macaques. J Immunol 176:3391–3401

Fogg MH, Kaur A, Cho YG, Wang F (2005b) The CD8+ T-cell response to an Epstein-Barr 
virus-related gammaherpesvirus infecting rhesus macaques provides evidence for immune 
evasion by the EBNA-1 homologue. J Virol 79:12681–12691

Fujimoto K, Terato K, Miyamoto J, Ishiko H, Fujisaki M, Cho F, Honjo S (1990) Establishment 
of a B-lymphoblastoid cell line infected with Epstein-Barr-related virus from a cynomolgus 
monkey (Macaca fascicularis). J Med Primatol 19:21–30

Gerber P, Birch SM (1967) Complement-fixing antibodies in sera of human and nonhuman pri-
mates to viral antigens derived from Burkitt’s lymphoma cells. Proc Natl Acad Sci USA 
58:478–484

Gerber P, Kalter SS, Schidlovsky G, Peterson WD Jr, Daniel MD (1977) Biologic and antigenic 
characteristics of Epstein-Barr virus-related Herpesviruses of chimpanzees and baboons. Int J 
Cancer 20:448–459

Gerber P, Pritchett RF, Kieff ED (1976) Antigens and DNA of a chimpanzee agent related to 
Epstein-Barr virus. J Virol 19:1090–1099

Gyllensten U, Bergstrom T, Josefsson A, Sundvall M, Savage A, Blumer ES, Giraldo LH, Soto 
LH, Watkins DI (1994) The cotton-top tamarin revisited: Mhc class I polymorphism of wild 
tamarins, and polymorphism and allelic diversity of the class II DQA1, DQB1, and DRB 
loci. Immunogenetics 40:167–176

Habis A, Baskin G, Simpson L, Fortgang I, Murphey-Corb M, Levy LS (2000) Rhesus lym-
phocryptovirus infection during the progression of SAIDS and SAIDS-associated lymphoma 
in the rhesus macaque. AIDS Res Hum Retroviruses 16:163–171

Heberling RL, Bieber CP, Kalter SS (1981) Establishment of a lymphoblastoid cell line from a 
lymphomous cynomolgus monkey. In: Yohn DS, Blakeslee JR (eds) Advances in comparative 
leukemia research. Elsevier, Amsterdam, pp 385–386



404 J. Mühe and F. Wang

Heller M, Kieff E (1981) Colinearity between the DNAs of Epstein-Barr virus and herpesvirus 
papio. J Virol 37:821–826

Hoagland RJ (1955) The transmission of infectious mononucleosis. Am J Med Sci 229:262–272
Hochberg D, Souza T, Catalina M, Sullivan JL, Luzuriaga K, Thorley-Lawson DA (2004) Acute 

infection with Epstein-Barr virus targets and overwhelms the peripheral memory B-cell com-
partment with resting, latently infected cells. J Virol 78:5194–5204

Hoshino Y, Katano H, Zou P, Hohman P, Marques A, Tyring SK, Follmann D, Cohen JI (2009) 
Long-term administration of valacyclovir reduces the number of Epstein-Barr virus (EBV)-
infected B cells but not the number of EBV DNA copies per B cell in healthy volunteers. J 
Virol 83:11857–11861

Kalter SS, Heberling RL, Ratner JJ (1972) EBV antibody in sera of non-human primates. Nature 
238:353–354

Kutok JL, Klumpp S, Simon M, MacKey JJ, Nguyen V, Middeldorp JM, Aster JC, Wang F 
(2004) Molecular evidence for rhesus lymphocryptovirus infection of epithelial cells in 
immunosuppressed rhesus macaques. J Virol 78:3455–3461

Landon JC, Ellis LB, Zeve VH, Fabrizio DP (1968) Herpes-type virus in cultured leukocytes 
from chimpanzees. J Natl Cancer Inst 40:181–192 

Levine PH, Leiseca SA, Hewetson JF, Traul KA, Andrese AP, Granlund DJ, Fabrizio P, Stevens 
DA (1980) Infection of rhesus monkeys and chimpanzees with Epstein-Barr virus. Arch Virol 
66:341–51

Leskowitz RM, Zhou XY, Villinger F, Fogg MH, Kaur A, Lieberman PM, Wang F, Ertl HC (2013) 
CD4+ and CD8+ T-cell responses to latent antigen EBNA-1 and lytic antigen BZLF-1 during per-
sistent lymphocryptovirus infection of rhesus macaques. J Virol 87:8351–8362

Miller G, Shope T, Coope D, Waters L, Pagano J, Bornkamn G, Henle W (1977) Lymphoma in 
cotton-top marmosets after inoculation with Epstein-Barr virus: tumor incidence, histologic 
spectrum antibody responses, demonstration of viral DNA, and characterization of viruses. J 
Exp Med 145:948–967

Miller G, Shope T, Lisco H, Stitt D, Lipman M (1972) Epstein-Barr virus: transformation, cyto-
pathic changes, and viral antigens in squirrel monkey and marmoset leukocytes. Proc Natl 
Acad Sci USA 69:383–387

Moghaddam A, Koch J, Annis B, Wang F (1998) Infection of human B lymphocytes with lym-
phocryptoviruses related to Epstein-Barr virus. J Virol 72:3205–3212

Moghaddam A, Rosenzweig M, Lee-Parritz D, Annis B, Johnson RP, Wang F (1997) An animal 
model for acute and persistent Epstein-Barr virus infection. Science 276:2030–2033

Mühe J, Wang F (2015) Host range restriction of Epstein-Barr virus and related lymphocryptovi-
ruses. J Virol 89:9133–9136

Neubauer RH, Rabin H, Strnad BC, Nonoyama M, Nelson-Rees WA (1979) Establishment of 
a lymphoblastoid cell line and isolation of an Epstein-Barr-related virus of gorilla origin. J 
Virol 31:845–848

Ohashi M, Fogg MH, Orlova N, Quink C, Wang F (2012) An Epstein-Barr virus encoded inhibi-
tor of Colony Stimulating Factor-1 signaling is an important determinant for acute and per-
sistent EBV infection. PLoS Pathog 8:e1003095

Ohashi M, Orlova N, Quink C, Wang F (2010) Cloning of the Epstein-Barr virus-related rhesus 
lymphocryptovirus as a bacterial artificial chromosome: a loss-of-function mutation of the 
rhBARF1 immune evasion gene. J Virol 85:1330–1339

Orlova N, Fogg MH, Carville A, Wang F (2011a) Antibodies to lytic infection proteins in lym-
phocryptovirus-infected rhesus macaques: a model for humoral immune responses to epstein-
barr virus infection. Clin Vaccine Immunol 18:1427–1434

Orlova N, Wang F, Fogg MH (2011b) Persistent infection drives the development of CD8+ T 
cells specific for late lytic infection antigens in lymphocryptovirus-infected macaques and 
Epstein-Barr virus-infected humans. J Virol 85:12821–12824

Perelman P, Johnson WE, Roos C, Seuanez HN, Horvath JE, Moreira MA, Kessing B, Pontius J, 
Roelke M, Rumpler Y, Schneider MP, Silva A, O’Brien SJ, Pecon-Slattery J (2011) A molec-
ular phylogeny of living primates. PLoS Genet 7:e1001342



405Non-human Primate Lymphocryptoviruses: Past, Present, and Future

Rabin H, Neubauer RH, Hopkins RF 3rd, Dzhikidze EK, Shevtsova ZV, Lapin BA (1977) 
Transforming activity and antigenicity of an Epstein-Barr-like virus from lymphoblastoid cell 
lines of baboons with lymphoid disease. Intervirology 8:240–249

Rabin H, Neubauer RH, Hopkins RF 3rd, Nonoyama M (1978) Further characterization of a her-
pesvirus-positive orang-utan cell line and comparative aspects of in vitro transformation with 
lymphotropic old world primate herpesviruses. Int J Cancer 21:762–767

Ragot T, Finerty S, Watkins PE, Perricaudet M, Morgan AJ (1993) Replication-defective recom-
binant adenovirus expressing the Epstein-Barr virus (EBV) envelope glycoprotein gp340/220 
induces protective immunity against EBV-induced lymphomas in the cottontop tamarin. J 
Gen Virol 74(Pt 3):501–507

Ramer JC, Garber RL, Steele KE, Boyson JF, O’Rourke C, Thomson JA (2000) Fatal lym-
phoproliferative disease associated with a novel gammaherpesvirus in a captive population of 
common marmosets. Comp Med 50:59–68

Rangan SR, Martin LN, Bozelka BE, Wang N, Gormus BJ (1986) Epstein-Barr virus-related her-
pesvirus from a rhesus monkey (Macaca mulatta) with malignant lymphoma. Int J Cancer 
38:425–432

Rao P, Jiang H, Wang F (2000) Cloning of the rhesus lymphocryptovirus viral capsid antigen and 
Epstein-Barr virus-encoded small RNA homologues and use in diagnosis of acute and persis-
tent infections. J Clin Microbiol 38:3219–3225

Rasheed S, Rongey RW, Bruszweski J, Nelson-Rees WA, Rabin H, Neubauer RH, Esra G, 
Gardner MB (1977) Establishment of a cell line with associated Epstein-Barr-like virus from 
a leukemic orangutan. Science 198:407–409

Riley KJ, Rabinowitz GS, Steitz JA (2010) Comprehensive analysis of Rhesus lymphocryptovi-
rus microRNA expression. J Virol 84:5148–5157

Rivadeneira ED, Ferrari MG, Jarrett RF, Armstrong AA, Markham P, Birkebak T, Takemoto 
S, Johnson-Delaney C, Pecon-Slattery J, Clark EA, Franchini G (1999) A novel Epstein-
Barr virus-like virus, HV(MNE), in a Macaca nemestrina with mycosis fungoides. Blood 
94:2090–2101

Rivailler P, Carville A, Kaur A, Rao P, Quink C, Kutok JL, Westmoreland S, Klumpp S, Simon 
M, Aster JC, Wang F (2004) Experimental rhesus lymphocryptovirus infection in immuno-
suppressed macaques: an animal model for Epstein-Barr virus pathogenesis in the immuno-
suppressed host. Blood 104:1482–1489

Rivailler P, Cho YG, Wang F (2002a) Complete genomic sequence of an Epstein-Barr virus-
related herpesvirus naturally infecting a new world primate: a defining point in the evolution 
of oncogenic lymphocryptoviruses. J Virol 76:12055–12068

Rivailler P, Jiang H, Cho YG, Quink C, Wang F (2002b) Complete nucleotide sequence of the 
rhesus lymphocryptovirus: genetic validation for an Epstein-Barr virus animal model. J Virol 
76:421–426

Schmitz JE, Simon MA, Kuroda MJ, Lifton MA, Ollert MW, Vogel CW, Racz P, Tenner-Racz 
K, Scallon BJ, Dalesandro M, Ghrayeb J, Rieber EP, Sasseville VG, Reimann KA (1999) A 
nonhuman primate model for the selective elimination of CD8+ lymphocytes using a mouse-
human chimeric monoclonal antibody. Am J Pathol 154:1923–1932

Shope T, Dechairo D, Miller G (1973) Malignant lymphoma in cottontop marmosets after inocu-
lation with Epstein-Barr virus. Proc Natl Acad Sci U S A 70:2487–2491

Walz N, Christalla T, Tessmer U, Grundhoff A (2009) A global analysis of evolutionary conser-
vation among known and predicted gammaherpesvirus microRNAs. J Virol 84:716–728

Yao QY, Ogan P, Rowe M, Wood M, Rickinson AB (1989) Epstein-Barr virus-infected B cells 
persist in the circulation of acyclovir-treated virus carriers. Int J Cancer 43:67–71



407

EBV Infection of Mice with Reconstituted 
Human Immune System Components

Christian Münz

© Springer International Publishing Switzerland 2015 
C. Münz (ed.), Epstein Barr Virus Volume 2, Current Topics in Microbiology 
and Immunology 391, DOI 10.1007/978-3-319-22834-1_14

Abstract Epstein-Barr virus (EBV) was discovered 50 years ago as the first 
candidate human tumor virus. Since then, we have realized that this human 
γ-herpesvirus establishes persistent infection in the majority of adult humans, 
but fortunately causes EBV-associated diseases only in few individuals. This is 
an incredible success story of the human immune system, which controls EBV 
infection and its transforming capacity for decades. A better understanding of this 
immune control would not only benefit patients with EBV-associated malignan-
cies, but could also provide clues how to establish such a potent, mostly cell-medi-
ated immune control against other pathogens and tumors. However, the functional 
relevance of EBV-specific immune responses can only be addressed in vivo, and 
mice with reconstituted human immune system components (huMice) constitute 
a small animal model to interrogate the protective value of immune compartments 
during EBV infection, but also might provide a platform to test EBV-specific vac-
cines. This chapter will summarize the insights into EBV immunobiology that 
have already been gained in these models and provide an outlook into promising 
future avenues to develop this in vivo model of EBV infection and human immune 
responses further.
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Abbreviations

BLT  Bone marrow, liver, thymus
CD  Cluster of differentiation
DNAM  DNAX accessory molecule
DLBCL  Diffuse large B cell lymphoma
EBNA  Epstein-Barr nuclear antigen
EBV  Epstein-Barr virus
HLA  Human leukocyte antigen
HLH  Hemophagocytic lymphohistiocytosis
HPC  Hematopoietic progenitor cell
HuMice  Mice with reconstituted human immune system components
IFN  Interferon
Ig  Immunoglobulin
IL  Interleukin
IM  Infectious mononucleosis
LMP  Latent membrane protein
MHC  Major histocompatibility complex
NK  Natural killer
NKG2D  Natural killer group 2, member D
NOD  Non-obese diabetic
NPC  Nasopharyngeal carcinoma
PAMP  Pathogen-associated molecular pattern
PBMC  Peripheral blood mononuclear cell
DC  Dendritic cell
Rag  Recombinase-activating gene
SCID  Severe combined immunodeficiency
SIRP  Signal regulatory protein
TCR  T cell receptor
TLR  Toll-like receptor

1  Introduction

Epstein-Barr virus (EBV) is a ubiquitous γ1-herpesvirus of humans with more 
than 95 % of adults being persistently infected (Rickinson et al. 2014). While 
γ-herpesviruses are estimated to have developed as a separate lineage from other 
herpesviruses 200 million years ago (McGeoch et al. 2000), γ1-herpesviruses, also 
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called lymphocryptoviruses, seem to have diverged from γ2-herpesviruses, so-called 
rhadinoviruses, around 80 million years ago (McGeoch 2001). Even so this predates 
separation of mouse and man, which is estimated to have occurred 60–70 million 
years ago (Mestas and Hughes 2004), no rodent γ1-herpesvirus has been identified 
so far and this γ-herpesvirus subgroup has so far only been identified in monkeys. 
Moreover, the cardinal feature of EBV, its tumorigenic potential, which led to its 
discovery 50 years ago (Epstein et al. 1964a, b), is linked to a distinct set of EBV 
proteins expressed during latent infection, which are only conserved with homo-
logues in lymphocryptoviruses of old world monkeys (Rivailler et al. 2002). These 
species restrictions obviously complicate studying EBV and its closely related old 
world monkey virus cousins in vivo, but they also suggest that EBV has coevolved 
with humans over a significant period of time and might therefore have been one of 
the major training pathogens of the human immune system during evolution.

This should allow us to probe characteristic features of the human immune 
system by studying immune control of EBV. In order to do so in vivo, mice with 
reconstituted human immune system components (huMice) have been explored in 
the recent past (Chatterjee et al. 2014). For these models, mouse strains that lack 
mouse lymphocytes and tolerate human cells with their myeloid cell compartments 
are currently preferentially used (Rongvaux et al. 2013). These include NOD–
scid γc

null, NOD Rag1−/− γc
null, BALB/c Rag2−/− γc

null human or NOD SIRPα tg, 
C57BL/6 Rag2−/− γc

−/− CD47−/−, and C57BL/6 RAG−/− γc
−/− C5−/− β2m−/− 

I-Aβ−/− HLA-DR1+ HLA-A2+ c-fms-p-hSIPRα tg mice (Ishikawa et al. 2005; 
Lavender et al. 2013; Legrand et al. 2011; Serra-Hassoun et al. 2014; Shultz et al. 
2005; Strowig et al. 2011). In these mouse strains, the scid mutation or absence 
of one of the two recombinase-activating genes (Rag1 or 2) compromises B and T 
cell receptor somatic recombination, thus abolishing adaptive lymphocyte develop-
ment. The γc deficiency blocks interleukin (IL) -2, -4, -7, -9, -15, and -21 sign-
aling, which compromises the development of innate lymphoid cell precursors 
(IL-7 dependent) and differentiation into the natural killer (NK) cell lineage (IL-
15 dependent). Therefore, innate lymphocytes are also absent in these mice. Apart 
from lymphocytes, which could attack transplanted human cells, these could also 
be phagocytosed by murine myeloid cells. In order to avoid this, the above-men-
tioned mouse strains modulate the interaction between the signal regulatory pro-
tein α (SIRPα), an inhibitory receptor on myeloid cells, and its ligand CD47. NOD 
SIRPα cross-reacts with human CD47 (Takenaka et al. 2007). Therefore, transgenic 
introduction of human or mouse SIRPα and human immune system component 
reconstitution in the NOD background prevents myeloid restriction of human cells 
(Legrand et al. 2011; Strowig et al. 2011; Yamauchi et al. 2013). In addition, it was 
recently reported that the absence of CD47 might down-modulate mouse myeloid 
cell reactivity against CD47-negative cells (Wang et al. 2007) and seems to also 
enhance human cell acceptance in CD47-deficient mice (Lavender et al. 2013).

These mouse strains are then either neonatally injected with human CD34+ 
hematopoietic progenitor cells (HPCs) or transplanted with a human fetal liver and 
thymus organoid under the kidney capsule followed by CD34+ HPC injection into 
adult mice (BLT mice) (Rongvaux et al. 2013). In both instances, human immune 
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system components develop in the mouse host and are, therefore, tolerized against 
this environment, unlike peripheral blood mononuclear cell (PBMC) transfer, 
which readily causes graft-versus-host disease. After neonatal CD34+ HPC trans-
fer, human T cell education occurs in the mouse thymus (Watanabe et al. 2009), 
while in BLT mice, this happens in the transplanted human organoid. After three 
months, these models allow reconstitution of most human immune system com-
ponents with on average around 60 % of the huMouse PBMCs being of human 
origin (Ramer et al. 2011). At this time point, the B and T cells are reconstituted 
at nearly equal frequencies (45 %:45 %), the majority of T cells are CD4+, and 
3 % monocytes, 2 % dendritic cells, and 5 % NK cells can be found in peripheral 
blood. These huMice can sustain EBV infection and raise cell-mediated immune 
control of this virus, which will be discussed next (Fig. 1).

2  Epstein-Barr Virus Infection in Mice with Reconstituted 
Human Immune System Components

Similar to other herpesviruses, EBV can elicit latent or lytic infection after oromu-
cosal transmission via saliva exchange (Cesarman 2014). During latent infection, 
EBV replicates via the proliferation of its host cell, and during lytic infection, 

CD3 CD20DAPI EBNA1

Analysis of EBV infection
and associated tumor formation

Analysis of EBV specific
immune control

Human CD34+ hematopoietic
progenitor cell injection

Three months of human 
Immune system component
reconstitution

EBV infection

Fig. 1  Mice with reconstituted human immune system components in EBV research. Lym-
phocyte-deficient mice get reconstituted with human CD34+ hematopoietic progenitor cells via 
intrahepatic injection (huMice). The reconstitution efficiency is characterized after three months 
before these huMice are infected with EBV by intraperitoneal infection. Over the next one to 
three months, parameters of EBV infection and associated tumor formation as well as the devel-
oping immune control in response to this infection can be characterized
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viral particles are formed and released for maximal viral genome amplification. 
Both modes of EBV infection occur in B cells of huMice (Strowig et al. 2009), 
but since they are tightly linked to human B cell differentiation, the extent of 
human B cell immunobiology in huMice also defines the frequency and quality 
of these programs of EBV infection. In huMice, we observe primarily transitional 
and naïve B cells after reconstitution (Salguero et al. 2014; Watanabe et al. 2009), 
not unlike the B cell phenotype in cord blood. Since infection of naïve B cells 
is associated with complete latent EBV antigen expression in humans (Babcock 
et al. 2000), it is maybe not too surprising that this latency III pattern (all latent 
nuclear [EBNAs] and membrane [LMPs] proteins expressed) is also primarily 
observed in huMice (Strowig et al. 2009). In contrast, germinal center reactions, 
class-switch recombination, and somatic hypermutation are poorly developed in 
huMice (Rongvaux et al. 2013), and therefore, lower latencies, which are found in 
centroblasts and centrocytes (latency II, only EBNA1, LMP1, and LMP2 proteins 
expressed) or memory B cells (latency I and 0, only EBNA1 or no EBV proteins 
expressed), are rarely observed (Cocco et al. 2008; Islas-Ohlmayer et al. 2004; Ma 
et al. 2011). However, this low level of latency I- and latency II-expressing cells 
might depend on CD4+ T cell help and rudimentary germinal center formation 
(Heuts et al. 2014), which could be strengthened by inflammation induced sec-
ondary and tertiary lymphoid tissue induction (Salguero et al. 2014). In addition 
to memory B cell differentiation, plasma cell differentiation and plasmablast dif-
ferentiation are only observed at low frequency in huMice and most of these mod-
els have with steady-state human IgG levels below 1 μg/ml more than 1000-fold 
less human IgG in their serum than adult humans (Billerbeck et al. 2013; Salguero 
et al. 2014). Since plasma cell differentiation is associated with lytic EBV replica-
tion in healthy human virus carriers (Laichalk and Thorley-Lawson 2005), the low 
level of this differentiation in huMice also supports only a low level of lytic EBV 
replication (Chijioke et al. 2013; Ma et al. 2011; Strowig et al. 2009). In addition, 
EBV infects epithelial cells in humans, presumably mainly causing lytic replica-
tion as a final amplification loop for shedding into saliva and further transmission 
(Hutt-Fletcher 2007). However, this, probably final step in the EBV life cycle in 
human hosts, cannot be modeled in huMice, because they lack human epithelial 
cells. Thus, due to the immaturity of the human B cell compartment in huMice, 
primarily latency III infection can be achieved with minor contributions of lytic 
EBV replication and maybe lower latency programs.

This pattern of EBV infection has, however, been primarily established with 
the B95-8 strain of EBV which was originally isolated from an American patients 
with symptomatic primary EBV infection, called infectious mononucleosis (IM) 
(Miller and Lipman 1973). Other viral isolates might behave completely differ-
ently. Along these lines, the M81 virus strain isolated from a Chinese nasopharyn-
geal carcinoma (NPC) patient was recently reported (Tsai et al. 2013). This virus 
displayed a much higher levels of lytic EBV replication in huMice and upon 
human B cell infection in vitro (Tsai et al. 2013), suggesting that some viral 
strains might switch to lytic EBV replication without plasma cell differentiation. 
This was especially apparent in the analysis of late lytic EBV antigen, like gp350, 
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expression, which is rarely observed with B95-8 EBV infection, but labeled a high 
frequency of M81 infected cells in huMice (Tsai et al. 2013). Thus, increased 
plasma cell differentiation in both immunization (Salguero et al. 2014) and coin-
fection settings, and EBV isolates with a predisposition for lytic EBV replication 
might augment lytic EBV replication in huMice and should allow more compre-
hensive studies on this EBV infection program and its immune control.

3  EBV-Associated Tumorigenesis in HuMice

The bias for latency III of latent EBV infection in huMice is also seen in the 
tumors that emerge in this in vivo model system. A subset of mice (20–30 % after 
4 weeks of infection with 105 rB95-8 EBV infectious particles in huMice) develop 
B cell lymphoproliferative lesions (Antsiferova et al. 2014; Chijioke et al. 2013). 
Tumor incidence increases over time with more than 50 % of the animals develop-
ing tumors after 6–8 weeks (Antsiferova et al. 2014; Ma et al. 2011). This coin-
cides with the highest viral load after infection, which then declines in the few 
mice that survive this peak of the acute infection (Yajima et al. 2008). The lym-
phoproliferative lesions are primarily composed of latency III-infected B cells 
(Strowig et al. 2009; Yajima et al. 2008), which are polyclonal in nature (Chijioke 
et al. 2013) and heavily infiltrated with human immune cells, including T cells, 
NK cells, neutrophils, and macrophages (Antsiferova et al. 2014; White et al. 
2012). In line with the growth promoting latency III program of EBV-infected B 
cells in these lymphoproliferative lesions, EBV-transformed B cells can be grown 
out from the observed tumors (Strowig et al. 2009; White et al. 2012). However, in 
addition to the latency III program in the tumor cells, the low level of lytic EBV 
replication seems also to contribute to tumor formation (Ma et al. 2011), espe-
cially at extralymphoid sites (Antsiferova et al. 2014). It has been suggested that 
the lytic EBV program could stimulate vascularization at these sites (Hong et al. 
2005). As we will see in the discussion below, the inflammatory leukocyte infil-
trate in these EBV-driven lymphoproliferative lesions clearly controls tumor for-
mation. This also becomes apparent in EBV infections with an EBNA3B-deficient 
virus (White et al. 2012). The absence of EBNA3B leads to increased tumor for-
mation with around half of the mice developing tumors even at an EBV dose of 
104 infectious particles after 4 weeks. The resulting tumors are devoid of most 
inflammatory infiltrates and have, therefore, rather the appearance of diffuse large 
B cell lymphomas (DLBCL). Interestingly, a subset of human DLBCL tumors har-
bor also loss-of-expression mutations in EBNA3B (White et al. 2012), and these 
were very similar to the tumor cell lines growing out from EBNA3B-deficient 
EBV-infected huMice. At least partially responsible for the absence of inflam-
matory infiltrates was the observation that EBNA3B-deficient EBV-transformed 
B cell lines do not produce chemokines (CXCL9 and 10) that attract via CXCR3 
human immune cells into their microenvironment, and transgenic expression of 
CXCL10 rendered these tumor cells again more susceptible to T cell-mediated 
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immune control. Therefore, inflammatory infiltrates in EBV-induced lymphopro-
liferative lesions seem to be important in controlling EBV-associated tumorigen-
esis in huMice.

4  Modeling Other EBV-Associated Pathologies in HuMice

In addition to tumor formation, uncontrolled primary EBV infection can also be 
associated with hemophagocytic lymphohistiocytosis (HLH) and can predispose 
for the autoimmune disease multiple sclerosis (Rouphael et al. 2007; Thacker 
et al. 2006). Therefore, EBV infection of huMice was investigated for evidence of 
HLH and autoimmune diseases. Indeed, high-dose EBV infection for prolonged 
periods of time (10 weeks) was reported to result in signs of HLH, such as nor-
mocytic anemia and thrombocytopenia (Sato et al. 2011). Viral loads, however, 
persisted in the affected animals at 106–107 copies per ml of blood for more than 
a month, while with a 105 infectious dose, usually only 104–105 viral copies per 
ml are reached. Presumably due to this difference, HLH symptoms have not been 
reported in other studies on EBV infections of huMice. These high viral loads 
could originate from a higher infectious dose or viral strain differences, because 
the Akata EBV strain was used in this study. Nevertheless, even under these 
extreme conditions of EBV infection, the virus remained restricted to the B cell 
populations. Irrespective of these considerations, prolonged high viral loads can 
model EBV-associated HLH in huMice.

With respect to autoimmune diseases, erosive arthritis was observed after EBV 
infection of huMice (Kuwana et al. 2011). Also in this study, the Akata EBV strain 
was used for infection. While synovial membrane proliferation, pannus formation, 
and bone marrow edema were found by histology of joints and adjacent bone mar-
row, autoimmune characteristics of, for example, rheumatoid arthritis, like anti-
bodies against citrullinated self-peptides, were not observed. Therefore, it remains 
unclear whether true autoimmunity, rather than tissue damage by hyperinflamma-
tion, can be elicited via EBV infection of huMice. Nevertheless, apart from tumo-
rigenesis, additional EBV-associated pathologies can be modeled in huMice, but 
the association of EBV with these diseases needs to be better understood in order 
to judge whether the modeling in mice reflects the mechanisms of disease associa-
tion in humans.

5  Innate Immune Control of EBV Infection in HuMice

The risk for both EBV-associated tumorigenesis and autoimmune diseases is in 
some cases determined by the course of primary EBV infection with IM predis-
posing for EBV-associated Hodgkin’s lymphoma and multiple sclerosis (Hjalgrim 
et al. 2003; Thacker et al. 2006). While primary EBV infection occurs usually 
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asymptomatically early in life, delay into adolescence is frequently associated 
with IM and accompanied by elevated lytic EBV replication and a lymphocytosis 
of CD8+ T cells, which are mostly specific for lytic EBV antigens (Luzuriaga and 
Sullivan 2010; Rickinson et al. 2014). This course of primary infection might be 
influenced by a variety of factors, including initial infectious dose, susceptibility 
of the B cell compartment in adults versus children, the quality of the primed T 
cell response, and the ability of the innate immune response to limit virus rep-
lication initially. In this respect, particularly two innate immune compartments, 
dendritic cells (DCs) and natural killer (NK) cells, are of interest. Particularly, 
plasmacytoid DCs are known for their superior ability to produce the anti-viral 
cytokines collectively termed type I interferons (IFNs), consisting of IFN-β and 
IFN-α subtypes (Reizis et al. 2011). They limit B cell transformation by EBV in 
the first 12 h of EBV encounter in vitro (Lotz et al. 1985). Plasmacytoid DCs have 
been found to produce copious amounts of type I IFNs in response to EBV (Fiola 
et al. 2010; Severa et al. 2013). Presumably, the unmethylated viral DNA of EBV 
particles activates the pathogen-associated molecular pattern (PAMP) receptor 
and toll-like receptor (TLR) 9 of plasmacytoid DCs (Fiola et al. 2010; Lim et al. 
2006). This recognition limits EBV infection in a PBMC transfer model, because 
PBMCs without plasmacytoid DCs developed EBV-associated lymphoprolifera-
tive disease more rapidly and plasmacytoid DC transfer in addition to PBMCs 
increased the resistance to lymphoproliferative disease after EBV superinfection 
(Lim et al. 2006). While this plasmacytoid DC recognition of EBV might limit 
infection initially, no evidence could be found that plasmacytoid DCs can also 
prime protective T cell responses against this virus (Severa et al. 2013). Therefore, 
other DC subpopulations might perform this task, as has been shown for inflam-
matory monocyte-derived DCs in vitro (Bickham et al. 2003). Even so TLR2 and 
3 have been implicated in EBV recognition (Ariza et al. 2009; Gaudreault et al. 
2007; Iwakiri et al. 2009), it remains unclear by which mechanism conventional 
and inflammatory DCs might be activated by EBV.

Both monokine (IL-12, IL-18, and IL-15) as well as type I IFN production 
by DCs can also activate other innate immune responses. Along these lines, NK, 
NKT, and γδ T cells have been implicated in innate immune control of EBV 
(Bhaduri-McIntosh et al. 2008; Chijioke et al. 2013; Chung et al. 2013; Yuling 
et al. 2009). These different innate lymphocyte compartments might target differ-
ent EBV infection programs. NKT cells have been shown to limit EBV-associated 
lymphoproliferative disease in huMice (Yuling et al. 2009). CD8+ NKT cells 
were sufficient and necessary to mediate this effect in vivo (Yuling et al. 2009), 
and CD1d-restricted EBV-transformed lymphoblastoid cell line recognition led 
to IFN-γ production as well as cytotoxicity by NKT cells in vitro (Chung et al. 
2013). Thus, NKT cells might directly recognize a CD1d restricted ligand on 
latently EBV-infected B cells, but the nature of this ligand remains unclear. In 
contrast to the recognition of latently EBV-infected B cells, NK cells seem to 
preferentially react to lytic EBV infection (Chijioke et al. 2013; Pappworth et al. 
2007). In particular, early differentiated NK cells without killer immunoglobulin-
like receptors (KIRs) expanded after EBV infection of huMice (Chijioke et al. 
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2013). This NK cell population composes half of the peripheral NK cells shortly 
after birth and is then successively replaced by KIR-positive NK cells during the 
first decade of life (Sundstrom et al. 2007). Depletion of NK cells in huMice led 
to higher viral loads and enhanced tumorigenesis (Chijioke et al. 2013). Only 
wild-type but not lytic replication-deficient BLZF1 knockout EBV infection was 
affected by NK cell depletion, suggesting that early differentiated NK cells con-
trol lytic EBV infection (Chijioke et al. 2013). This control might be mediated by 
direct recognition and killing of lytically EBV-replicating B cells via the activating 
NK cell receptors NKG2D and DNAM1, as has been shown for one model cell 
line in vitro so far (Pappworth et al. 2007). Therefore, early differentiated NK cells 
could efficiently control lytic EBV replication early in life and therefore prevent 
uncontrolled lytic replication, leading to IM symptoms and the increased risks for 
Hodgkin’s lymphoma and multiple sclerosis.

6  Adaptive Immune Control of EBV Infection in HuMice

Adaptive anti-viral immune responses rely on neutralization or opsonization 
of viral particles and infected cells by antibodies as well as modifying infected 
cells by cytokines or killing them directly by T cells. These two arms of adaptive 
immunity are called humoral and cell-mediated adaptive immune responses and 
are mediated by B and T cells, respectively. Similar to newborn human immune 
compartments, huMice have difficulties in raising antibody responses during EBV 
infection (Yajima et al. 2008). Most of the reconstituted B cells are transitional 
or naïve, and the serum of huMice contains usually only low levels of antibodies. 
In particular, the concentration of class-switched and affinity-matured antibodies 
is more than 1000-fold lower than in human serum (Ishikawa et al. 2005; Shultz 
et al. 2005; Traggiai et al. 2004). This inability to mature antibody responses 
does probably not only result from the immaturity of the reconstituted human B 
cell compartment, but also result from the poor development of secondary lym-
phoid tissue structure with poorly developed germinal centers, in which both anti-
body isotype switching and somatic hypermutation for affinity maturation occur. 
Accordingly, only EBV-specific IgM antibodies have been observed after infection 
and EBV-specific vaccination (Gurer et al. 2008; Yajima et al. 2008). Therefore, 
adaptive humoral immune responses to EBV might be difficult to model in huM-
ice, and the protective value of EBV-specific antibodies might have to be investi-
gated initially by passive immunization.

In contrast, huMice raise considerable CD4+ and CD8+ T cell responses 
to EBV infection (Strowig et al. 2009; Traggiai et al. 2004). Overall, the T cell 
repertoire of huMice is polyclonal, but due to the contribution of mouse, MHC 
class I molecules in its thymic selection expected to be different from humans 
(Marodon et al. 2009; Watanabe et al. 2009). Nevertheless, huMice mas-
sively expand their CD8+ T cell compartment after EBV infection, peaking at 
5–6 weeks after infection. At that time, the expanded CD8+ T cells recognize 
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autologous EBV-transformed B cells by cytokine production (Melkus et al. 
2006; Strowig et al. 2009; Yajima et al. 2008). In HLA class I transgenic huM-
ice, some of them can also be stained by MHC class I/peptide tetramers, carry-
ing both lytic and latent EBV antigen-derived and in humans immunodominant 
epitopes, but the intensity of the respective staining is low (Antsiferova et al. 
2014; Shultz et al. 2010; Strowig et al. 2009), indicating maybe T cell receptor 
(TCR) down-regulation due to the high antigenic load in the animals at these time 
points. Nevertheless, cloning of these expanding CD8+ T cells by limiting dilu-
tion results in clones that can kill autologous EBV-transformed B cells in vitro 
(Strowig et al. 2009). Depleting of CD8+ T cells during EBV infection leads to 
higher viral loads and increased incidence of EBV-associated lymphoprolifera-
tive disease at 4–6 weeks after huMice infection (Chijioke et al. 2013; Strowig 
et al. 2009; Yajima et al. 2009). Adoptive transfer of CD8+ T cell clones against 
lytic EBV antigens only affects viral load prior to that, curbing high viral loads at 
3 weeks after infection and eliminating BZLF1 positive B cells from spleen sec-
tions (Antsiferova et al. 2014). Therefore, EBV infection primes lytic and latent 
EBV antigen-specific CD8+ T cells in huMice, which control viral replication and 
associated tumorigenesis.

The role of CD4+ T cells during EBV infection of huMice is less clear. 
They do not expand strongly after EBV infection and EBV-specific vaccination 
(Antsiferova et al. 2014; Chijioke et al. 2013; Gurer et al. 2008; Meixlsperger 
et al. 2013; Strowig et al. 2009). However, when cloned by limiting dilution, half 
of them are able to kill autologous EBV-transformed B cell lines and recognize 
these physiological targets by cytokine production (Meixlsperger et al. 2013; 
Strowig et al. 2009). Their depletion does also increase EBV viral loads 4 weeks 
after infection, but seems to only minimally influence EBV-associated tumori-
genesis (Strowig et al. 2009). Thus, the recognized antigen breath and functional 
relevance of EBV-specific CD4+ T cells in infected huMice require further 
investigations.

7  HuMice as a Preclinical Testing Platform  
for EBV-Specific Vaccines

One method to assess the protective value of distinct EBV-derived antigen specifi-
cities is by vaccinating with these antigens and challenging the induced immune 
responses with EBV infection. However, EBV challenge experiments after vacci-
nation have not yet been performed in huMice. In addition to the targeted anti-
gen, also an adjuvant, usually a PAMP binding to TLRs, is needed for such a 
vaccination in order to stimulate antigen-presenting cells to up-regulate costimu-
lation and cytokine production for T cell priming. Indeed, huMice have a well-
reconstituted human DC compartment, which is able to sense such adjuvants 
and up-regulate molecules that are essential for T cell priming (Ding et al. 2014; 
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Meixlsperger et al. 2013). Among different TLR agonists, the double-stranded 
RNA that mimics polyI:C binding to TLR3 potently activates and matures conven-
tional DCs (Meixlsperger et al. 2013). Moreover, it elicits potent IL-12 and type I 
IFN production, reaching concentrations that have also been observed in healthy 
human volunteers injected with this adjuvant formulation (Caskey et al. 2011; 
Meixlsperger et al. 2013). This adjuvant was combined with the EBV antigen 
EBNA1, which is expressed in all EBV latencies and even during lytic replication 
(Lear et al. 1992; Rowe et al. 1992). Moreover, EBNA1 is the most consistently 
recognized latent CD4+ T cell antigen in healthy EBV carriers (Leen et al. 2001; 
Münz et al. 2000), and EBNA1-specific T cells were successfully used to treat 
EBV-associated lymphoproliferative disease after bone marrow transplantation 
(Icheva et al. 2013). For vaccination, EBNA1 was targeted to DCs with a hybrid 
antibody specific for the endocytic receptor DEC-205 on DCs (Trumpfheller 
et al. 2012) and combined with polyI:C (Gurer et al. 2008; Meixlsperger et al. 
2013). This vaccination elicited a low frequency of EBNA1-specific CD4+ T 
cell responses and EBNA1-specific IgM antibodies in the huMice with the high-
est EBNA1-specific CD4+ T cell responses (Gurer et al. 2008; Meixlsperger et al. 
2013). Limiting dilution cloning of these responses revealed that a broad, multiple 
epitopes recognizing CD4+ T cell response could be primed and that the individ-
ual EBNA1-specific CD4+ T cell clones recognized autologous EBV-transformed 
B cells in a HLA class II-restricted fashion by IFN-γ production and degranulation 
of their cytotoxic vesicles (Meixlsperger et al. 2013). However, in addition to DCs, 
also other human leukocyte populations were targeted, and indeed, DEC-205 tar-
geting leads also to efficient MHC class II antigen presentation on B cells, which 
augment the primed CD4+ T cell responses by restimulation (Leung et al. 2013). 
Moreover, no CD8+ T cell responses were obtained, and therefore, this vaccina-
tion strategy most likely needs to be combined with antigen formulations that lead 
to efficient antigen presentation on MHC class I molecules. Along these lines, 
recombinant viral vectors encoding EBNA1 can be explored (Duraiswamy et al. 
2004; Hui et al. 2013; Taylor et al. 2004).

8  Limitations and Future Challenges for Human Immune 
System Reconstitution in Vivo

Both with respect to the development of humoral immunity and EBV infec-
tion stages that are dependent on B cell differentiation, the poor development of 
germinal centers and secondary lymphoid tissues at mucosal sites are a major 
impediment for studying EBV immunobiology in huMice. Mucosal reconstitu-
tion of secondary lymphoid organ is probably also required for EBV infection via 
the oropharyngeal physiological route. This deficiency seems to be particularly 
pronounced in mouse strains without common gamma chain expression (γc

null), 
because IL-7 signaling is essential for innate lymphoid precursor development, 



418 C. Münz

which is a prerequisite for the differentiation of lymphoid tissue inducer (LTi) 
cells (Spits et al. 2013). Indeed, BLT mice that are generated on the NOD–scid 
background have mucosa-associated lymphoid tissues, while BLT mice on the 
NOD–scid γc

null background do not (Nochi et al. 2013). However, even in these, 
NOD–scid-based BLT mice antibody responses develop poorly (Melkus et al. 
2006). Another possibility to overcome this shortcoming is to induce second-
ary lymphoid structures by proinflammatory DC injection (Salguero et al. 2014). 
The resulting secondary lymphoid tissues then seem to support also more robust 
antibody responses, but the steady-state physiology of the immune system is 
altered upon continuously cytokine-producing DC injection, and adjuvant effects 
of vaccine candidates might be difficult to interpret afterward. The effects of 
these manipulations on latent EBV infection have not been investigated so far. 
Nevertheless, overcoming the block of germinal center development is probably 
the biggest challenge in huMice.

In addition, the analysis of T cell responses in huMice could greatly benefit 
from improving the tracing of distinct T cell specificities. The low staining inten-
sity of MHC class I/peptide tetramers on T cells of EBV-infected mice makes it 
difficult to correctly enumerate the respective T cell populations and positively 
identify low frequencies. Therefore, the introduction of transgenic, easily traceable 
TCRs into the reconstituting T cell compartment could greatly facilitate investiga-
tions of longitudinal T cell differentiation and expansion during EBV infection for 
both latent and lytic EBV antigen-specific T cell responses. Lessons that could be 
learned with such possibly lentiviral TCR transfer would then also later on enable 
us to manipulate other surface receptors and transcription factor of reconstituting 
human immune system compartments, which could reveal the molecular basis of 
EBV-specific immune control.

9  Important Future Questions in EBV Immunobiology 
that Can Be Addressed in HuMice

Both virological and immunological questions for EBV can be further addressed in 
huMice. Mutant viral strains and new viral isolates can be tested for their behavior 
in vivo (Antsiferova et al. 2014; Tsai et al. 2013; White et al. 2012). We still have 
to clarify which latency programs can be assessed with the current infection proto-
cols and how we might be able to alter these to access latencies 0, I, and II and their 
respective malignancies. With respect to EBV-specific immune control, we can now 
start to interrogate distinct receptors and their role in it, both by overexpression, but 
also down-regulation in the reconstituting human immune system compartments. 
These might include T cell receptors with distinct antigen specificities and activating 
receptors on NK cells. HuMice hold the promise that we might be able to perform 
sophisticated mechanistic studies, so far only possible in regular mouse models, with 
the human immune system and real human pathogens like EBV in vivo.
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Abstract Epstein-Barr virus (EBV) is associated with a range of malignancies 
involving B cells, T cells, natural killer (NK) cells, epithelial cells, and smooth 
muscle. All of these are associated with the latent life cycles of EBV, but the pat-
tern of latency-associated viral antigens expressed in tumor cells depends on the 
type of tumor. EBV-specific T cells (EBVSTs) have been explored as prophylaxis 
and therapy for EBV-associated malignancies for more than two decades. EBVSTs 
have been most successful as prophylaxis and therapy for post-transplant lym-
phoproliferative disease (PTLD), which expresses the full array of latent EBV 
antigens (type 3 latency), in hematopoietic stem-cell transplant (HSCT) recipi-
ents. While less effective, clinical studies have also demonstrated their therapeutic 
potential for PTLD post-solid organ transplant and for EBV-associated malignan-
cies such as Hodgkin’s lymphoma, non-Hodgkin’s lymphoma, and nasopharyn-
geal carcinoma (NPC) that express a limited array of latent EBV antigens (type 
2 latency). Several approaches are actively being pursued to improve the antitu-
mor activity of EBVSTs including activation and expansion of T cells specific 
for the EBV antigens expressed in type 2 latency, genetic approaches to render 
EBVSTs resistant to the immunosuppressive tumor environment, and combination 
approaches with other immune-modulating modalities. Given the recent advances 
and renewed interest in cell therapy, we hope that EBVSTs will become an inte-
gral part of our treatment armamentarium against EBV-positive malignancies in 
the near-future.
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1  Introduction

Epstein-Barr virus (EBV) is associated with a range of malignancies involving B 
cells, T cells, natural killer (NK) cells, epithelial cells, and smooth muscle. All of 
these are associated with the latent life cycles of EBV, but the pattern of latency-
associated viral antigens expressed in tumor cells depends on the type of tumor. 
True latency (no expression of viral antigens) is found only in normal memory B 
cells and never in EBV-associated malignancies.

The viral antigens expressed in EBV-positive tumors provide target antigens 
for immune-based therapies and T cells specific for each of the latency-associated 
antigens have been detected in patients with malignancies, as well as in healthy 
individuals (Fig. 1). Therefore, even tumors such as Burkitt’s lymphoma (BL) and 
gastric carcinoma (GC) that express only EBNA1 and BARF1 (type 1 latency) 
can, in principal, be targeted by T cells. Malignancies such as B-, T-, and NK-cell 
lymphomas and nasopharyngeal carcinoma (NPC) express additional, more immu-
nogenic target antigens, LMP1 and LMP2, a pattern termed type 2 latency. Type 
3 latency involves the expression of all latency-associated antigens and adds 
EBNA’s -2, -3a, -3b, -3c, and -LP to the range of viral antigens that can be tar-
geted. This highly immunogenic form of latency is observed only in patients who 
are severely immunosuppressed for example by stem-cell or solid organ transplan-
tation, congenital immunodeficiency, or HIV infection. All healthy seropositive 
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individuals and most patients carry a broad repertoire of T cells specific for a 
range of EBV latency antigens that can be reactivated and expanded ex vivo for 
therapeutic use. The frequency of T cells specific for EBV early lytic cycle anti-
gens is usually higher than for the latency antigens (Steven et al. 1997; Pudney 
et al. 2005), and while these T cells likely control virus spread by killing lytically 
infected cells before they can release infectious, their role, if any, in the control of 
malignancies is unknown.

EBV-specific T cells (EBVSTs) have had outstanding success for the treat-
ment of immunogenic type 3 latency, and infusion of donor-derived EBVSTs 
in hematopoietic stem-cell transplant (HSCT) recipients rapidly restores EBV-
specific immunity. EBVSTs are less effective in type 2 malignancies that develop 
in immune-competent hosts because these have developed sophisticated immune 
evasion strategies. However, EBVSTs have produced CRs in patients with locore-
gional NPC (Louis et al. 2010) and prolonged overall survival in a larger group 
of patients with more extensive disease (Chia et al. 2014). Responses in type 2 
latency lymphoma were achieved by only focusing T cells on the type 2 latency 
antigens, but such T cells produce tumor responses in over 70 % of patients 
and complete responses (CRs) in over 50 % (Bollard et al. 2004, 2007, 2014). 
However, to ensure clinical efficacy in all patients, additional strategies will be 
required to overcome tumor immune evasion strategies and enable T-cell expan-
sion and continued antitumor function after infusion (Poppema 2005). Gene modi-
fications of EBVSTs may be used to provide intrinsic resistance to inhibitory 
molecules, to express growth-promoting genes, or to provide additional specific-
ity for stromal cells. Alternatively, EBVSTs may be combined with other immu-
nomodulatory agents, such as checkpoint inhibitors or vaccines.

There are many advantages to the use of EBVSTs for the treatment of EBV-
associated malignancies, not least of which their lack of short- or long-term tox-
icities demonstrated in hundreds of patients who continue with their normal lives 
during and after therapy. Further, a single infusion of a small dose of T cells can 
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Fig. 1  Immunogenicity of EBV-positive tumors according to latency. For details see text. 
EBNAs: EBNAs -2, -3a, -3b, and -3c; LMPs: LMP1 and LMP2
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proliferate exponentially in the patient, eliminate tumors, enter the memory com-
partment, and provide life-long antitumor immunity. While previously thought to 
be a boutique therapy available only in institutions with specialized cell culture 
facilities, recent successes of gene-modified T cells in more common malignan-
cies (Kalos et al. 2011; Grupp et al. 2013; Brentjens et al. 2013; Rosenberg and 
Dudley 2009) have captured the interest of the pharmaceutical industry which is 
now bringing T-cell therapies to a wider patient population.

Other chapters have discussed the different malignancies associated with EBV 
(Chapters in book section ‘Viral Associated Diseases’), their complex patterns of 
gene expression, and the functions of the latency-associated genes (Chapters in 
book section ‘EBV Latency’). For the purpose of this chapter, we will discuss 
the protein products of latency genes predominantly as targets for adoptive immu-
notherapy with EBVSTs in malignancies with different patterns of latent gene 
expression.

2  T Cells for Type 3 Malignancies

2.1  Adoptive Transfer of EBVSTs for the Prevention  
and Treatment of EBV-Associated Lymphoproliferative 
Disease (PTLD) After HSCT

Prior to the advent of B-cell-depleting monoclonal antibody (MAb) to CD20, 
Rituxan®, and FDA approval of the CD52-specific MAb Campath® in the USA in 
2001 allowing in vitro or in vivo depletion of T cells and B cells, EBV-associated 
post-transplant lymphoproliferative disease (PTLD) was a significant problem 
in recipients of T-cell-depleted stem cells from HLA-mismatched or unrelated 
donors. While T-cell depletion reduces the incidence of graft versus host disease 
(GVHD), it leaves patients more vulnerable to infections with viruses including 
EBV, allowing investigators to evaluate the safety and efficacy of T cells for the 
treatment of malignancy. The first studies used unmanipulated donor lymphocyte 
infusions (DLIs) that had proved effective for the treatment of leukemic relapse 
after allogeneic HSCT (Fig. 2; Table 1) (Porter et al. 1994). DLIs were also effec-
tive for PTLD, but were associated with significant toxicity due to GVHD (Chia 
et al. 2014).

Our group therefore specifically activated EBVSTs from stem-cell donors using 
autologous EBV-transformed B-lymphoblastoid cell lines (LCLs) as antigen-pre-
senting cells (APCs) in the hope that the incidence of GVHD would be reduced 
(Wallace et al. 1982; Rooney et al. 1995). T cells reactivated using LCLs are 
ideal for the treatment of type 3 malignancies since they express the same range 
of viral antigens and stimulate CD4- and CD8-positive T cells with specificity for 
a broad range of viral and non-viral tumor antigens (Cobbold et al. 2013). LCLs 
are outstanding APCs, since they can be prepared from most donors, provide an 
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unlimited source of autologous professional APCs, and present a full gamut of 
EBV antigens. 101 patients received EBVSTs as prophylaxis and 13 as treatment 
for active PTLD (Heslop et al. 2010). After infusion, T cells proliferated exten-
sively, restored immunity to EBV, and persisted for up to 10 years as demonstrated 
by gene-marking in the first 26 patients (Rooney et al. 1995, 1998; Heslop et al. 
1996). No patient who received EBVSTs as prophylaxis developed PTLD, by 
comparison with 12 % of historical controls and high virus loads were reduced. Of 
the 13 patients who received EBVSTs as treatment for active disease, 11 patients 
had complete and permanent tumor responses. Importantly, there were few short- 
and no long-term toxicities associated with treatment. There was no incidence of 
de novo GVHD and no patients suffered cytokine storm, even during the elimi-
nation of bulky tumors. This contrasts with responses of B-cell malignancies to 
adoptively transferred CD3- and CD28-activated T cells modified with chimeric 
antigen receptors (CARs) for CD19 (Brentjens et al. 2013; Porter et al. 2011).

EBVSTs produce similar clinical efficacy when infused as a component of 
multivirus-specific T cells (Leen et al. 2006, 2009). Peripheral blood mononuclear 
cells (PBMCs) stimulated with monocytes and LCLs transduced with a recombi-
nant adenovirus vector expressing pp65 of cytomegalovirus (CMV) demonstrated 
robust specificity for EBV and CMV pp65 as well as to hexon and penton of ade-
novirus that are processed and presented from the virion. As few as 2 × 107 total 
T cells were effective at clearing all three viruses, and since EBVSTs comprised 
only a minor fraction of the total, these studies showed that very small numbers 
of EBVSTs could reconstitute EBV-specific immunity in the HSCT setting (Leen 
et al. 2006).

Unmanipulated
• DLI

Rapid T-cell selection
• Tetramer, pentamer,

or streptamer
• IFN- capture

Ex vivo culture

EBVSTs T-cells specific
for other antigens

Unspecific T-cells

PBMCs

γ

Fig. 2  T-cell products for EBV-positive malignancies. For details see text. DLI—donor lympho-
cyte infusion
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DCs Dendritic cells; CR Complete response; PR Partial Response; Pro Prophylaxis; Thr Therapy

Table 1  Selected T-cell therapy clinical studies for type 3 malignancy—PTLD post-HSCT

T-cell product Production method Comment

Allogeneic—donor derived

DLI n/a MSKCC experience: Thr (n = 30): 
22 CR or PR; Incidence of GVHD: 
17 % (Doubrovina et al. 2012)
Smaller case series have reported 
similar response rates, but a higher 
incidence of GHVD (up to 40 %)

EBV-specific Ts LCL SJCRH and BCM experience: Pro 
(n = 101): no PTLD development; 
Thr (n = 13): 11 CR (Heslop et al. 
2010)
MSKCC experience: Thr (n = 19): 
13 CR or PR (Doubrovina et al. 
2012)
Smaller case series have reported 
similar response rates

IFN-γ capture post-stim 
with peptides derived from 
11 EBV antigens

Thr (n = 6): 3 CR (Moosmann 
et al. 2010)

IFN-γ capture post-stim 
with EBNA1 antigen

Thr (n = 10): 7 CR or PR (Icheva 
et al. 2013)

Pentamer selection Thr (n = 1): 1 CR  
(Uhlin et al. 2012)

EBV-, Adv-specific Ts LCL modified with Ad5f35 Pro (n = 13): no PTLD 
development
Thr (n = 1): 1 CR (Leen et al. 
2009)

EBV-,CMV-, Adv-specific Ts LCL modified with 
Ad5f35.CMVpp65

Pro (n = 20): no PTLD 
development
Thr (n = 6): 6 CR (Leen et al. 
2006)

DC/plasmid 
E1ΔGA-LMP2-I-BZLF1

Pro (n=9): no PTLD development
Thr (n=2): 2 CR (Gerdemann  
et al. 2013)

EBV-,CMV-, Adv-, BKV-, 
HHV6-specific Ts

Monocytes loaded with 
pepmixes for E1ΔGA, 
LMP2, BZLF1

Thr (n = 5): 5 CR (Papadopoulou 
et al. 2014)

Allogeneic—3rd party

EBV-specific Ts LCL Edinburgh experience: Thr (n=3): 
2 CR (Haque et al. 2002)
MSKCC experience: Thr (n=2): 2 
CR (Barker et al. 2010)

EBV-,CMV-, Adv-specific 
Ts

LCL modified with 
Ad5f35.CMVpp65

Thr (n = 9): 6 CR or PR (Haque 
et al. 2007)
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2.2  Adoptive Transfer of EBVSTs for the Prevention  
and Treatment of PTLD After Solid Organ  
Transplant (SOT)

PTLDs occurring after SOT are usually of recipient origin, and therefore, EBVSTs 
are ideally autologous. EBVSTs are readily generated from SOT recipients, even 
those with active PTLD, despite their in vivo suppression with drugs such as ster-
oids, calcineurin inhibitors, or mTor inhibitors, suggesting that EBVSTs are pre-
sent, but are unable to respond adequately to virus reactivation (Savoldo et al. 
2001). SOT recipients receiving EBVSTs must remain on immunosuppressants 
to prevent graft rejection and unlike HSCT recipients are not lymphodepleted. 
Nevertheless, Haque et al. showed that autologous EBVSTs infused in 3 escalating 
doses one month apart, expanded after infusion into 3 SOT recipients, and reduced 
virus load for 3 months without causing graft rejection (Haque et al. 1998). 
Comoli et al. (1997, 2002) generated EBVSTs from 23 SOT recipients deemed at 
high risk for PTLD based on a high virus load. Seven of these were safely infused 
with up to 5 doses of EBVSTs with a decrease of virus load in 5 patients and 
increases in the EBV-specific T cell precursor frequency in those tested (Table 2). 
The demonstration of safety in this patient population is important, but the abil-
ity of the adoptively transferred cells to persist and function long term remains 
unclear (Savoldo et al. 2006; Khanna et al. 1999; Sherritt et al. 2003). To enable 
adoptively transferred EBVSTs to expand and function in patients on immuno-
suppressant drugs to prevent graft rejection, two groups rendered T-cell resistant 
to specific immunosuppressive drugs (Brewin et al. 2009; De Angelis et al. 2009; 
Huye et al. 2011). These will be discussed in the Sect. 5.1.

Table 2  Selected T-cell therapy clinical studies for Type 3 malignancy—PTLD post-SOT

CR Complete response; PR Partial Response; Pro Prophylaxis; Thr Therapy

T-cell product Production  
method

Comment

Autologous

EBV-specific Ts LCL Edinburgh experience: Pro (n = 3): decrease in viral 
load; no PTLD development (Haque et al. 1998)
Pavia experience: Pro (n = 7): decrease in viral  
load in 5/7 patients; no PTLD development  
(Comoli et al. 2002)
BCM experience: Pro (n=12): variable effects on viral 
load; no PTLD development (Savoldo et al. 2006)
Two case reports: Thr (n=2): 1 CR or 1 PR (Khanna 
et al. 1999; Sherritt et al. 2003)

Allogeneic—3rd party

EBV-specific Ts LCL Thr (n = 38): 23 CR or PR (Haque et al. 2002, 2007)



434 S. Gottschalk and C.M. Rooney

2.3  Rapid Selection of EBVSTs from Donor Blood  
for Adoptive Transfer

The activation and expansion of EBVSTs using LCLs is a lengthy process, requir-
ing six weeks to establish LCLs, then at least 4 weeks to expand EBVSTs fol-
lowed by two weeks for quality-control testing (Fig. 3). Since PTLD is rapidly 
progressive, EBVSTs must be made in advance to be of clinical benefit and since 
the incidence of PTLD is low, many lines would never be infused. Therefore, 
unless all patients are treated prophylactically, this type of manufacturing is 
not practical for wider use. Hence, investigators evaluated strategies to isolate 
virus-specific T cells (VSTs) directly from donor peripheral blood. This strat-
egy was first evaluated for the control of CMV reactivation. CMV-specific T 
cells (CMVSTs) were selected either using HLA-peptide multimers or streptam-
ers, or by magnetic isolation of T cells that secrete interferon (IFN)-γ in response 
to antigen stimulation (gamma capture) (Cobbold et al. 2005; Peggs et al. 2011; 
Feuchtinger et al. 2004). Even using large starting blood volumes, the VST num-
bers recovered are generally small allowing only small doses of cells to be infused 
(Cobbold et al. 2005; Peggs et al. 2011; Uhlin et al. 2012). The silver lining to this 
drawback was finding that a very few VSTs could expand exponentially in HSCT 
recipients and control disease. Less than 104 tetramer-selected CMVSTs per kg of 
patient body weight were able to expand in patients and eliminate CMV viremia 

Fig. 3  Ex vivo generation of 
EBVSTs for clinical studies. 
a For most clinical studies, 
EBVSTs have been generated 
using LCLs as antigen-
presenting cells (APCs).  
b In an effort to increase 
the frequency of T cells for 
type 2 latency antigens, DCs 
and LCLs have been used as 
APCs that are modified with 
recombinant adenoviruses 
expressing LMP2 or LMP1 
and LMP2. c EBVST 
generation not requiring 
LCLs or recombinant 
adenoviruses. For additional 
details see text
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(Cobbold et al. 2005). Similarly, a mean of 21 × 103/kg CMV pp65-specific 
gamma-captured T cells eliminated CMV viremia in 83 % of patients (Feuchtinger 
et al. 2010).

One problem with tetramer/streptamers selection is that these are limited to sin-
gle epitopes presented by single HLA alleles, so that multiple clinical grade rea-
gents would be required for the treatment of all patients and a lack of reagents 
for the selection of CD4-positive T cells. This may be overcome as more reagents 
including class II multimers become available. By contrast, the ‘gamma capture 
strategy’ is not HLA-dependent and can use whole antigen to activate polyclonal 
CD4+ and CD8+ T cells. This is ideally suited to CMV and adenovirus, since all 
seropositive individuals recognize pp65 and immediate early (IE) of CMV and 
hexon and penton of adenoviruses and T cells with these specificities have proved 
protective. However, the antigen specificity of EBVSTs is broad and highly HLA-
dependent, and there are no universally dominant EBV antigens, so that an even 
wider range of clinical grade tetramers/streptamers would be required to cover 
all individuals. Further, it is not clear which antigen or antigens are required to 
induce protective T cells, and T cells elicited by LCLs recognize a range of 
latency antigens, early lytic cycle antigens, and phosphoproteins and studies using 
LCL-activated T cells did not identify critical target antigens for tumor recogni-
tion (Cobbold et al. 2013; Linnerbauer et al. 2014). However, two recent studies 
used donor-derived IFN-γ-captured EBVSTs in HSCT recipients with PTLD or 
viremia (Table 1) (Moosmann et al. 2010; Icheva et al. 2013). In one of these stud-
ies, patients received EBNA1-specific T cells, which expanded in 8 of 10 patients 
between 3 and 45 days after transfer and produced clinical and anti-viral responses 
in seven (Icheva et al. 2013). This was an important finding, since EBNA1 is 
poorly presented by MHC class I and hence has not been considered an ideal tar-
get antigen (Steigerwald-Mullen et al. 1995; Levitskaya et al. 1997).

2.4  Rapid Expansion of EBVSTs from Donor Blood  
for Adoptive Transfer

Rapid selection strategies require large amounts of donor blood that cannot always 
be obtained from unrelated donors and in some donors the frequency of VSTs is 
limiting. Gerdemann et al. (2013) developed a rapid expansion strategy in which 
small numbers of donor PBMCs were stimulated for 10 days with autologous den-
dritic cells transfected with DNA plasmids expressing EBNA1, LMP2, and the 
immediate early lytic cycle antigen, BZLF1 as well as pp65 and IE of CMV and 
hexon and penton of adenovirus in the presence of interleukin (IL)-4 and IL-7. 
The total manufacturing time including 7 days for dendritic cell (DC) manufacture 
was 17 days plus 7 days for quality-control testing (Gerdemann et al. 2009, 2012). 
PBMCs expanded by about 1.5 logs in 9–11 days, so that starting with 15 × 106 
PBMCs, a median of 212.5 × 106 VSTs was obtained, more than sufficient for 
the infusion of 5–20 × 106 VSTs per m2. 10 patients were treated for 12 viral 
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infections, including four patients with EBV reactivations. 80 % of patients had 
CRs and a single patient whose EBV load did not respond to T-cell infusion did 
not develop PTLD.

This rapid expansion strategy was shortened by using overlapping peptide 
libraries (pepmixes) as a source of antigen instead of plasmids. These could be 
pulsed directly onto PBMCs eliminating the requirement for DCs and 7 days of 
culture. Pepmixes comprising 15-mers overlapping by 11 amino acids that span 
the entire protein sequence of the antigen of interest contain all possible class-
I-restricted epitopes and many class-II-restricted epitopes (Kern et al. 2000). 
Papadopolou infused pentavirus-specific T cells targeting EBV, CMV, adeno-
viruses, BKV, and human herpes virus (HHV) 6 into 8 patients with 18 viral 
infections including 5 with PTLD or EBV viremia. CRs were observed in 80 % 
of patients, including all 5 with EBV (Papadopoulou et al. 2014). The EBV pep-
mixes used spanned EBNA1, LMP2, and BZLF1. Although EBNA1 and LMP2 
are not the strongest antigens, they are recognized by most individuals and are 
expressed in most EBV-associated malignancies and EBNA1 strongly induces 
CD4-positive T cells. BZLF1 was included as a strong antigen recognized by most 
donors that may mediate elimination of productively infected cells before they 
can release infectious virus and therefore should help control virus spread after 
HSCT. Together, these antigens induced T cells able to eliminate bulky PTLD 
(Papadopoulou et al. 2014).

2.5  Off the Shelf, Third-Party T Cells

Even 10 days of culture may be too long to wait to treat a patient with rapidly 
progressive PTLD, and in the case of HSCT recipients, the stem-cell donor is 
not always available or willing to provide additional blood and the donor may 
be seronegative or cord blood. Further, patients developing PTLD after solid 
organ transplant do not have a healthy donor. Haque et al. therefore established 
a bank of 60 LCL-activated EBVST lines and used them to treat 33 transplant 
recipients with PTLD occurring after SOT (31) or HSCT (2) (Haque et al. 
2002, 2007). All patients had failed standard therapies, and EBVST lines were 
selected based on best HLA match and ability to kill patient LCLs if available. 
64 % of patients showed tumor responses at 5-week post-infusion and 14 (42 %) 
had CRs. Responses correlated with the number of HLA matches and the pres-
ence of CD4+ T cells. The major anticipated toxicity was graft rejection or 
GVHD, but no adverse events were observed. TCR spectratyping in 5 patients 
revealed the presence of donor T cells for up to 7 days, but major T-cell expan-
sion and persistence, as observed with donor T cells in the post-HSCT setting, 
was not observed. Subsequently, other third-party banks have been established 
at Memorial Sloan-Kettering Cancer Center (MSKCC) (Barker et al. 2010; 
Doubrovina et al. 2012) and Baylor College of Medicine (BCM), (Leen et al. 
2013) and a new bank consisting of EBVSTs from New Zealanders has been 
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established and used by the Edinburgh group to avoid potential transmission 
of Creutzfeld-Jacob disease (Vickers et al. 2014). Our (BCM) bank comprised 
32 lines with specificity not only for EBV, but also for CMV and adenovirus. 
Eighteen lines, selected for their ability to recognize the culprit virus through 
the shared HLA allele(s), were administered to 50 patients (23 for CMV, 18 for 
adenovirus, and 9 for EBV) in a multicenter trial. Responses to all viruses were 
observed in around 75 % of recipients at 6 weeks of post-infusion and of the 
responders; only 4 patients recurred or progressed. Despite the HLA dispari-
ties between donor and recipient, de novo GVHD occurred in only two patients. 
Together, these results support the development of third-party banks in the trans-
plant setting, since the cells are rapidly available, safe, and have high efficacy. 
The mechanism of action of third-party T cells is however mysterious since they 
do not expand in the peripheral blood like EBVSTs given to HSCT recipients. It 
is possible T cells may remain active at tumor sites or may create an inflamma-
tory response that induces endogenous tumor-specific T cells specific for non-
viral antigens.

3  T Cells for Type 2 Malignancies

3.1  LCL-Activated EBVSTs for the Treatment  
of Type 2 Latency Malignancies

NPC and the T- and B-cell lymphomas occurring outside the transplant setting 
express only EBNA1, LMP1, LMP2, and the BARF1 gene products at the pro-
tein level, while EBERs and miRNAs are also expressed but not translated (type 
2 malignancy) (Gilligan et al. 1991; Brooks et al. 1992; Decaussin et al. 2000; 
Chiang et al. 1996; Herbst et al. 1991; Pallesen et al. 1991). LCL-activated 
EBVSTs are usually dominated by T cells specific for early lytic cycle antigens 
and EBNA’s 3A, 3B, and 3C, with unpredictable activity toward type 2 latency 
antigens (Steven et al. 1997; Pudney et al. 2005). This problem is exacerbated 
in patients with malignancies, since T cells specific for tumor antigens may be 
suppressed or anergized by the tumor microenvironment (Fogg et al. 2009). 
Nevertheless, LCL-activated EBVSTs were evaluated in patients with Hodgkin’s 
lymphoma (HL) and NPC (Louis et al. 2010; Chia et al. 2014; Bollard et al. 2004; 
Chua et al. 2001; Lucas et al. 2004; Comoli et al. 2005; Secondino et al. 2012; 
Straathof et al. 2005a). In 14 patients with multiple-relapsed HL, EBVSTs were 
able to control B-symptoms and reduce peripheral blood EBV load (Bollard et al. 
2004). Two patients with minimal disease had CRs, one had a partial response and 
five had stable disease (Table 3).

Our group also infused EBVSTs into twenty-three patients with recurrent/
refractory NPC (Louis et al. 2010; Straathof et al. 2005a). Three of 4 patients 
with locoregional disease had CRs. By contrast, only 1 CR was observed in 11 
patients with metastatic disease (Louis et al. 2010). Comoli et al. reported control 
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of disease in 6 of 10 patients with stage 4 NPC and similar results in a later study 
that used lymphodepleting chemotherapy prior to EBVST infusion in 11 patients 
(Comoli et al. 2005; Secondino et al. 2012). In a larger study in Singapore, 35 
patients received up to six doses of EBVSTs after four cycles of gemcitabine 
and carboplatin producing a response rate of 71.4 % with 3 CRs and 22 partial 
responses (Chia et al. 2014). The 2-year and 3-year overall survival (OS) rates 
were 62.9 and 37.1 %, respectively. Tumor responses correlated with the presence 
of LMP2-specific T cells in the infused cell line. Tessa Therapeutics has started a 
phase III trial to compare the efficacy of this strategy with chemotherapy alone.

3.2  Targeting T Cells to Type 2 Latency Antigens

To increase the frequency of T cells specific for type 2 latency antigens, our 
group used APCs overexpressing LMP1 and/or LMP2 from recombinant adeno-
virus (Ad) vectors encoding either LMP2 alone (Ad5f35.LMP2) or LMP2 and 

Table 3  Selected T-cell therapy clinical studies for type 2 malignancy

Allo Allogeneic; Auto Autologous; ATCs Activated T cells; Chemo chemotherapy; CR Complete 
response; CRu Complete response undefined; DCs Dendritic cells; NR no response; OS Overall 
survival; PR Partial Response; Pro Prophylaxis; Thr Therapy

T-cell product Production method Comment

HL and NHL

Auto EBV-specific Ts LCL Thr (n = 14): 2 CR, 1 PR, 5 SD 
(Bollard et al. 2004)

LCL/Ad5f35.LMP2 or Ad5f35.
ΔLMP1-I-LMP2

Thr (n = 21): 11 CR, 2 PR (Bollard 
et al. 2007, 2014)

DCs and ATCs/K562cs loaded 
with pepmixes for E1ΔGA, 
LMP1, LMP2, BARF1

Clinical study in progress

Allo EBV-specific 
Ts

LCL T cells (n = 3): 3 PR; Chemo + T cells 
(n=3): 1 SD, 2 PR (Lucas et al. 2004)

NPC

Auto EBV-specific Ts LCL Brisbane experience (n = 4): 4 NR 
(Chua et al. 2001)
Pavia experience: T cells (n = 10): 2 
PR, 4 SD; Chemo + T cells (n = 11): 
6 SD (Comoli et al. 2005; Secondino 
et al. 2012)
BCM experience (n = 15): 3 CR, 2 
CRu, 2 PR, 3 SD (Louis et al. 2010; 
Straathof et al. 2005a)
Singapore experience (n = 35): 
Chemo + T cells; 3 CR, 22 PR; 3-year 
OS: 37.1 % (Chia et al. 2014)

Monocytes modified with 
Ad5f35.E1ΔGA-LMPpoly

As adjuvant (n = 16); prolonged OS in 
comparison with patients (n = 8) who 
did not receive T cells (Smith et al. 2012)
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a non-toxic, truncated from of LMP1 (Ad5f35.ΔLMP1-I-LMP2) to stimulate 
PBMCs (Gahn et al. 2001; Gottschalk et al. 2003). DCs in the first stimulation 
proved essential to ensure the activation of anergic LMP1- and LMP2-specific 
T cells from patient PBMCs, differing from healthy donors in this respect. 
Subsequent stimulations used LCLs transduced with the same Ad vectors to pro-
duce sufficient antigen-specific T cells for infusion. In our hands, this protocol has 
evolved over time and our ability to reactivate and expand LMP-specific T cells 
from patients has been improved by the incorporation of cytokines and supe-
rior media formulations. Nevertheless, LMP-specific T cells could not always be 
detected, although LCL killing was almost always observed (Bollard et al. 2014).

We performed two clinical trials using these LMP-directed T cells in patients 
with EBV-associated HL and non-Hodgkin lymphoma (NHL), including NKT 
lymphoma; the first trial targeted LMP2 alone, and the second targeted LMP1 and 
LMP2 (Bollard et al. 2007, 2014). When the two trials are considered together, 50 
patients received LMP-targeted T-cell lines. Twenty-nine patients received LMP-
targeted EBVSTs as adjuvant therapy after autologous HSCT or chemotherapy 
and 28 remained in remission for a median of 3.1 years and although 8 patients 
died during this time, deaths resulted from complications of prior chemotherapy. 
Twenty-one patients received T-cell therapy for active disease and of 13 patients 
with objective responses, 11 were complete. EBVSTs could be generated in 91 % 
of patients and LMP1 and/or LMP2 specificity was detected in about 66 %. After 
infusion, increases in LMP-specific activity could be detected in the majority of 
responders and epitope spreading to non-viral tumor antigens was detected only in 
responders (Bollard et al. 2014).

In an Australian study, EBVSTs enriched in LMP- and EBNA1-specific T cells 
generated by stimulation of PBMCs with monocytes transduced with an Ad vector 
encoding HLA-class-I-restricted LMP1 and LMP2 epitopes and the n-terminus of 
EBNA1 (Ad5f35.E1ΔGA-LMPpoly) were given as an adjuvant to sixteen patients 
with NPC, and these patients had a prolonged median OS in comparison with 
patients (n = 8), who did not receive cells (523 vs. 220 days) (Smith et al. 2012).

3.3  Overcoming Problems with Manufacturing  
Using LCLs as APCs

The generation of LCLs for use as APCs adds at least 6 weeks to the EBVST man-
ufacturing time with an additional four weeks to expand T cells and 2 weeks for 
quality-control (QC) testing. During this time, patients may progress and become 
ineligible for infusion. Further, EBV-LCLs cannot be generated from patients who 
have received the B-cell depleting monoclonal antibody Rituxan®, and while this 
was not a problem in early studies, this drug has become standard of care for patients 
with B-cell malignancies. Finally, the presence of live EBV is a regulatory hurdle, 
particularly in European and some Asian countries even though it has not presented a 
problem in hundreds of patients who have received LCL-activated T cells.
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Pepmixes can also be used to generate EBVSTs for the adoptive immunother-
apy of type 2 latency malignancies. Again, in our hands, DCs were required for the 
first stimulation of PBMCs with pepmixes from most patients (Ngo et al. 2014), 
and since DCs are limiting, especially in patients, for the second stimulation we 
developed an antigen-presenting complex comprising pepmix-pulsed, autologous 
activated T cells (ATCs), and HLA-negative K562 costimulatory cells (K562cs) 
from a master cell bank to replace autologous LCLs (Ngo et al. 2014). ATCs 
upregulate HLA class II molecules and therefore can present peptide epitopes in 
association with HLA class I and class II, while HLA class-I- and class-II-nega-
tive K562cs cells have been gene-modified to express the costimulatory molecules 
CD80, CD86, CD83, and 4-1BB ligand (Suhoski et al. 2007). Using this antigen-
presenting complex, we have generated T-cell lines with specificity for LMP1, 
LMP2, EBNA1, and BARF1 from patients with lymphoma and NPC and are cur-
rently evaluating them clinically in patients with lymphoma. Of note, the result-
ant T-cell lines, even from healthy donors, rarely recognize all four antigens, but 
T cells specific for at least one and up to 4 antigens can be generated from most 
patients.

Improving media formulations, the addition of cytokines and the use of gas-
permeable GRex culture vessels have further reduced the manufacturing time 
by increasing the rate of T-cell expansion, so that pepmix-activated EBVST for 
the treatment of patients with type 2 malignancies can now be manufactured and 
released in about one month: seven days for DC differentiation and maturation, 
16 days for T-cell expansion, and 7–14 days for QC (Table 4).

Table 4  Release criteria for pepmix-activated EBVSTsa

aT cells are fully characterized for research purposes and to develop potency and purity criteria 
for later phase studies

Test Method Release  
criterion

Specification

Antigen-specific  
function

Elispot No Recognition of type 2 
latency antigens

Antigen-specific  
function

Chromium release No Killing of LCLs and 
pepmix-pulsed targets

Phenotype subset and 
memory markers

Flow cytometry No None

Killing of autologous 
targets

Chromium release Yes <10 % killing at E:T 
ratio of 20:1 in a 4 h 
assay

Phenotype Flow cytometry Yes <0.1 % K562 cells

Identity HLA PCR Yes HLA identical with 
blood

Mycoplasma MycoAlert PCR Yes Negative

Endotoxin Endosafe PCR Yes <5.0 EU/ml

Fungus and bacteria Bactec and CFR  
sterility

Yes Negative at 7–21 days
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While the pepmix strategy provides a more specific T-cell product, caveats 
may be that T cells specific for non-viral phosphoproteins that are reactivated 
by LCLs (Cobbold et al. 2013), and may be important clinical target antigens 
(Linnerbauer et al. 2014). Thus, EBV-LCL-activated EBVSTs have been shown 
to recognize uninfected B-cell blasts, but not other autologous cells (Linnerbauer 
et al. 2014). Further, T cells specific for early lytic antigens is present in LCL-
activated T-cell lines (Pudney et al. 2005). These T cells may play an important 
role in the control of malignancies that support even low levels of virus replica-
tion, since lytic cycle antigens are abundant relative to latent cycle antigens and 
may be cross-presented by other tumor cells after death of even a minority of lyti-
cally infected cells.

4  T Cells for Type 1 Malignancies

BL and GC express type 1 latency, thus provide only EBNA1 and BARF1 as 
target antigens for T cells (Rowe et al. 1987; Xue et al. 2002; Seto et al. 2005; 
Fiorini and Ooka 2008). EBNA1 contains a glycine alanine repeat (GAr) that 
was shown to prevent EBNA1 transfer to the endoplasmic reticulum for process-
ing and presentation on HLA class I molecules; transfer of the GAr domain to 
other immunogenic proteins conferred resistance to processing and presenta-
tion, and deletion of the GAr from EBNA1 increased its immune recognition in 
LCLs (Levitskaya et al. 1995; Lee et al. 2004). Later it was suggested that the 
purine-rich mRNA sequence encoding the GAR reduced the rate of EBNA1 trans-
lation initiation and the availability of protein for processing and that it was the 
nucleotide sequence, not the amino acid sequence that reduced EBNA1 presenta-
tion (Yin et al. 2003; Apcher et al. 2010; Tellam et al. 2012). Regardless, it was 
assumed for a long time that EBNA1 would not be a good target for CD8-positive 
cytotoxic VSTs. More recently, several groups showed that EBNA1 could be pre-
sented on specific HLA class I alleles, for example HLA B35, perhaps due to pro-
cessing from defective ribosomal products (DRiPs) (Lee et al. 2004; Voo et al. 
2004; Munz 2004). Further, EBNA1 contains numerous HLA-class-II-restricted 
epitopes (Munz 2004; Munz et al. 2000; Leen et al. 2001) and CD4-positive T 
cells were shown to kill BL cell lines in vitro (Munz et al. 2000; Paludan et al. 
2002). EBNA1-specific T-cell clones were also able to inhibit the outgrowth of 
EBV-infected B cells in vitro (Nikiforow et al. 2001), so that EBNA1 may in fact 
be an ideal target antigen, being expressed in all EBV-positive malignancies and 
inducing CD4-positive helper/killer T cells and some CD8-positive VSTs (Munz 
2004). However, as yet, no clinical trials have evaluated T-cell therapy for either 
EBV-positive BL or GC.
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5  Genetic Modifications to Improve Antitumor  
Activity of T Cells

While the adoptive transfer of EBVSTs is an effective therapy for PTLD post-
HSCT, EBVSTs have been less effective for PTLD in SOT recipients and for 
type 2 latency malignancies for a number of reasons. Most SOT recipients 
receive immunosuppressive medications that inhibit T-cell function, and are not 
lymphodepleted, a prerequisite for significant in vivo expansion of adoptively 
transferred T cells. For type 2 malignancies, the limited array of EBV antigens 
expressed, lack of lymphoid space to expand, and the immunosuppressive tumor 
microenvironment are key factors that may limit EBVST efficacy. Several genetic 
modifications have been evaluated as potential countermeasures to these road-
blocks (Table 5) and are discussed in this section.

5.1  Rendering T-Cell Resistant to Immunosuppressive 
Medications

Most SOT recipients receive immunosuppressive medications such as FK506, 
rapamycin, or mycophenolate mofetil (MMF) to prevent graft rejection. 
Ricciardelli et al. showed that overexpression of a calcineurin A mutant in 

Table 5  Genetic modifications to improve antitumor activity of T cells

CAR Chimeric antigen receptor; FKBP FK-binding protein; IMDH inosine monophosphate dehy-
drogenase; mTOR mammalian target of rapamycin; Rapa rapamycin

Goal Genetic modification

Rendering T-cell resistant  
to immunosuppressive Thr

Molecules conferring resistance: Calcineurin A 
mutant (Brewin et al. 2009; Ricciardelli et al. 2014); 
rapa-resistant mTOR (Huye et al. 2011); mutant 
IMDH II (Jonnalagadda et al. 2013)
Gene silencing: FKBP12 (De et al. 2009)

Enhancing T-cell expansion Cytokines: IL-15 (Perna et al. 2013)
Cytokine receptors: IL-7Rα (Vera et al. 2009; Perna 
et al. 2014)

Rendering T-cell resistant to  
immunosuppressive tumor environment

Cytokines: IL-12 (Wagner et al. 2004; Pegram et al. 
2012; Chinnasamy et al. 2012), IL-15 (Perna et al. 2013)
Dominant-negative receptors (DNR): TGFβ RII DNR 
(Bollard et al. 2002; Foster et al. 2008)
Chimeric cytokine receptors: TGFβ RII/TLR4 
(Watanabe et al. 2013); IL-4/IL-7 (Leen et al. 2014); 
IL-4/IL-2 (Wilkie et al. 2010)
Silencing negative regulators: FAS (Dotti et al. 2005)

Enhancing T-cell homing to tumor sites Chemokine receptors: CCR4 (Di Stasi et al. 2009)

Redirecting T cells to non-EBV  
antigens

CARs: CD30 (Savoldo et al. 2007), CD70 (Shaffer 
et al. 2011), GD2 (Pule et al. 2008; Louis et al. 2011)
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EBVSTs provided resistance to the calcineurin inhibitor FK506 and restored their 
ability to eliminate established LCLs in NOD/SCID/IL2rγnull mice in the pres-
ence of FK506 (Ricciardelli et al. 2014). This strategy is under evaluation clini-
cally. De Angelis et al. produced similar results by silencing the expression of 
FK-binding protein 12 in EBVSTs (De et al. 2009). Huye et al. (2011) expressed 
a rapamycin-resistant mTOR in CD19-specific chimeric antigen receptor (CAR)-
modified T cells that synergized with rapamycin in the elimination of B-cell lym-
phoma, a strategy that could be adapted to EBVSTs for SOT recipients receiving 
this drug (Huye et al. 2011). Lastly, investigators have rendered T-cell resistant to 
MMF by expressing a mutant inosine monophosphate dehydrogenase II in T cells 
(Jonnalagadda et al. 2013). Any of these strategies should improve the ability of 
T cells to function in patients receiving immunosuppressive drugs to prevent graft 
rejection and are at elevated risk for viral infections.

5.2  Enhancing T-Cell Expansion in Vivo

While administration of lymphodepleting chemotherapy such as cyclophospha-
mide and/or fludarabine prior to T-cell infusion enhances the in vivo expansion of 
adoptively transferred T cells (Dudley et al. 2008), this approach lacks specific-
ity and carries the risk of serious adverse events. Vaccination post-T-cell transfer 
enhances the expansion of adoptively transferred T cells in preclinical models 
(Song et al. 2010); however, there is no commercially available EBV vaccine to 
adapt this approach to cell therapy with EBVSTs. To test this concept in humans, 
we are currently evaluating the potency of commercially available varicella zos-
ter virus vaccines to boost adoptively transferred varicella-specific T cells in vivo. 
Systemic administration of IL-2 has shown promise in patients with melanoma 
to promote T-cell expansion in vivo. However, systemic administration of IL-2 is 
associated with serious toxicities such as capillary leak (Rosenstein et al. 1986). In 
addition, IL-2 potentially expands inhibitory, regulatory T cells (Tregs) that could 
potentially inhibit the antitumor activity of infused EBVSTs. To overcome this 
limitation, investigators have explored the use of IL-15. While IL-15 shares the 
growth-promoting effects of IL-2 on effector T cells and does not preferentially 
promote Treg expansion, its systemic administration is also toxic, preventing its 
wider use (Conlon et al. 2014). Therefore, investigators have genetically modified 
EBVSTs to express IL-15. Genetically modified EBVSTs expressing IL-15 at low 
levels produced autocrine expansion in an antigen-dependent fashion (Perna et al. 
2013) and were resistant to Treg-mediated immunosuppression (Perna et al. 2013). 
Transgenic expression of cytokine receptors that sensitize EBVSTs to cytokines 
with low systemic toxicity is another potential strategy to enhance T-cell expan-
sion. For example, expressing IL-7Rα on EBVSTs restores their sensitivity to 
IL-7, a cytokine that has an encouraging safety profile in humans (Vera et al. 2009; 
Perna et al. 2014; Sportes et al. 2008).
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5.3  Rendering T-Cell Resistant to the Immunosuppressive 
Tumor Microenvironment

Hodgkin Reed Sternberg (HRS) cells, NHL, and NPC cells have developed—like 
other malignant cells—an intricate system to suppress the immune system (Leen 
et al. 2007; Rabinovich et al. 2007; Cruz-Merino et al. 2012; Fogg et al. 2013; 
Mrizak et al. 2015; Chen et al. 2007). For example, they (1) secrete immunosup-
pressive cytokines such as transforming growth factor (TGFβ) or IL-10; (2) recruit 
immuonsuppressive cells such Tregs- or myeloid-derived suppressor cells; (3) 
express molecules on the cell surface that suppress immune cells including FAS 
ligand (FAS-L) and PD-L1; and (4) create a metabolic environment (e.g., high lac-
tate, low tryptophan) that is immunosuppressive.

TGFβ expression is employed by many tumors as an immune evasion strat-
egy since it promotes tumor growth, limits T-cell effector function, and activates 
Tregs (Yang et al. 2010). These detrimental effects of TGFβ can be overcome by 
modifying T cells to express a dominant-negative TGFβ receptor type II (DNR), 
which lacks its intracellular signaling domain (Bollard et al. 2002; Foster et al. 
2008). DNR expression blocks TGFβ-signaling and restores T-cell effector func-
tion in the presence of TGFβ. A clinical study evaluating this strategy is in pro-
gress for patients with EBV-positive NHL and preliminary results indicate that 
DNR-modified EBVSTs benefit patients who failed therapy with unmodified 
EBVSTs (Bollard et al. 2012). Preclinical studies have further shown that not 
only is it possible to render T-cell resistant to the detrimental effects of TGFβ, 
but also to convert the ‘negative’ TGFβ signal into a ‘positive’ signal by express-
ing a chimeric cytokine receptor in T cells, which consists of the extracellular 
domain of the TGFβ receptor type II and the endodomain of toll-like receptor 
(TLR) 4. Transgenic expression of this chimeric cytokine induced T-cell activa-
tion and expansion in the presence of TGFβ and in the absence of growth-pro-
moting cytokines (Watanabe et al. 2013). Similar approaches have been developed 
to ‘convert’ the inhibitory effects of IL-4 on T cells (Leen et al. 2014; Wilkie  
et al. 2010).

Silencing negative regulators or transgenic expression of cytokines is other 
strategy to render EBVSTs resistant to the immunosuppressive microenvironment. 
For example, HRS cells as well as NPC cells express FAS-L, and preclinical stud-
ies have shown that silencing FAS-expression in EBVSTs renders T-cell resistant 
to the FAS-mediated apoptosis (Dotti et al. 2005). As mentioned in the Sect. 5.2, 
transgenic expression of IL-15 renders EBVSTs resistant to Tregs (Perna et al. 
2013). Transgenic expression of another cytokine, IL-12, is also actively being 
explored to render T cells resistant to the immunosuppressive tumor microenvi-
ronment (or to convert the environment to one more conducive to T-cell growth) 
(Wagner et al. 2004; Pegram et al. 2012; Chinnasamy et al. 2012).
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5.4  Enhancing T-Cell Homing to Tumor Sites

T-cell homing to tumor sites depends on the secretion of chemokines by the tumor 
and expression of the corresponding chemokine receptors on T cells. Often, there 
is a ‘chemokine/chemokine receptor mismatch’ limiting T-cell homing to tumor 
sites. HL cells secrete thymus- and activation-regulated chemokine (TARC) and 
macrophage-derived chemokine (MDC), which both preferentially attract inhibi-
tory T cells such as Tregs and T helper (TH)2 cells that express the correspond-
ing chemokine receptor CCR4, but not CCR4 negative, CD8-positive cytotoxic 
T cells. In a preclinical HL xenograft model, transgenic expression of CCR4 on 
effector T cells that were specific for the HL antigen CD30 showed improved 
migration toward tumor sites and antitumor activity, indicating that this approach 
could potentially improve the antitumor activity of EBVSTs (Di Stasi et al. 2009). 
Of note however, EBV-positive lymphomas often express RANTES that is induced 
by LMP1 and recruits CCR5-expressing effector T cells (Buettner et al. 2007).

5.5  Redirecting T Cells to Non-EBV Antigens

Redirecting EBVSTs to non-EBV antigens is actively being explored not only to 
enhance their antitumor activity against EBV-positive malignancies, but also to 
broaden their utility for malignancies that are not virus-associated and lack strong 
viral antigens. CARs, which consist of an antigen-binding domain, most com-
monly derived from a MAb, a transmembrane domain, and intracellular domain 
signaling domains (Dotti et al. 2014) can redirect EBVSTs to tumor antigens, 
since CARs do not interfere with the native T-cell receptor expressed on EBVSTs. 
In addition, CARs recognize cell surface antigens in an MHC-independent fash-
ion, rendering the CAR/antigen recognition immune to commonly used immune 
evasion strategies such as downregulation of MHC class I expression or defects in 
the antigen processing machinery of tumor cells. Antigens that have been explored 
for type 2 malignancies include CD30 and CD70, which are expressed on HRS or 
NPC cells, respectively (Savoldo et al. 2007; Shaffer et al. 2011). A clinical study 
with CD30-specific CAR T cells is in progress.

Since latently infected memory B cells maintain infused EBVSTs in EBV-
seropositive patients (Heslop et al. 2010), our group expressed a CAR directed 
to GD2 (a disialoganglioside) on EBVSTs and gave them to 11 children with 
advanced neuroblastoma (Pule et al. 2008; Louis et al. 2011). Three of them had 
complete responses while an additional two with bulky tumors showed substan-
tial tumor necrosis. This approach has been adapted to prevent and treat recurrent 
CD19-positive B-cell malignancies with CD19-specific CAR-modified VSTs post-
HSCT (Cruz et al. 2013).
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In summary, gene transfer is an attractive approach to enhance the antitumor 
activity and broaden the scope of EBVSTs. While the majority of approaches 
have, as yet, only been evaluated in preclinical studies, the encouraging results 
obtained so far warrant further active exploration of this modified approach 
to immunotherapy with EBVSTs. While gene transfer has resulted in malig-
nant transformation of hematopoietic stem cells (Hacein-Bey-Abina et al. 2010; 
Cavazzana-Calvo et al. 2012), no such event has been observed in more than 500 
patients, who received T cells that were genetically modified with retroviral or len-
tiviral vectors (Bonini et al. 2011). Nevertheless, some of the discussed genetic 
modifications such as transgenic expression of cytokines might increase the risk of 
autonomous T-cell growth and/or transformation. Thus, depending on the inserted 
transgene, inclusion of an inducible suicide gene is advisable so that selective 
T-cell death can be induced in the event of unwanted toxicities. In this regard, sev-
eral inducible suicide systems have been developed and evaluated in preclinical or 
clinical studies. For example, T cells that express an inducible, modified caspase 9 
gene can be effectively ablated in preclinical models and in patients by administra-
tion of a ‘chemical inducer of dimerization’ (Straathof et al. 2005b; Di Stasi et al. 
2011). Other strategies include the expression of a cell surface antigen on T cells 
such as truncated CD20 or EGFR, which allows the elimination of T cells with 
FDA-approved MAbs (Vogler et al. 2010; Wang et al. 2011).

6  Combinatorial T-Cell Therapy

Combining EBVSTs with other therapies is an attractive approach to increase their 
antitumor activity. For example, type 2 and type 1 malignancies can potentially be 
rendered more sensitive to EBVST-mediated killing by inducing the expression of 
immunodominant, lytic EBV antigens. In preclinical studies, several agents includ-
ing chemotherapy, histone deacetylase inhibitors, or proteasome inhibitors have 
shown promise in inducing the expression of lytic cycle antigens (Feng and Kenney 
2006; Feng et al. 2004; Shirley et al. 2011). However, clinical experience indicate 
so far that the induction of EBV lytic antigens with currently available agents in 
type 2 malignancies is either limited in humans (Chan et al. 2004; Wildeman et al. 
2012) or requires their continued infusion to be effective (Perrine et al. 2007).

Combining EBVSTs with MAbs that block immune-cell-intrinsic checkpoints 
is another strategy to enhance their antitumor activity. In this regard, MAbs that 
block the inhibitory receptor CTLA-4 on T cells or the interaction between the 
inhibitory receptor PD-1 and its ligand (PD-L1) have shown promising anti-
tumor activity as single agents in early Phase clinical studies for patients with 
solid tumors and HL (Hodi et al. 2010; Topalian et al. 2012; Brahmer et al. 2012; 
Moskwa et al. 2014). While CTLA-4 blockade or PD-1/PD-L1 blockade has not 
been combined with the adoptive transfer of T cells including EBVSTs in humans, 
these MAbs enhance the antitumor activity of adoptive T-cell therapies in preclini-
cal models (John et al. 2013).
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7  Conclusions

EBVSTs have been explored as prophylaxis and therapy for EBV-associated 
malignancies for more than two decades. While most successful for PTLD 
post-HSCT, clinical studies have also demonstrated their therapeutic poten-
tial for PTLD post-SOT and type 2 malignancies including HL, NHL, and NPC. 
Advances in the production technology of EBVSTs and renewed interest of bio-
tech companies should facilitate later phase clinical studies. Lastly, gene transfer 
and approaches to combine EBVSTs with other targeted therapies hold the prom-
ise to further improve their antitumor activity. Giving the recent advances in the 
field, we hope that EBVSTs will become an integral part of our treatment arma-
mentarium against EBV-positive malignancies in the near-future.
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Abstract Over the last century, the development of effective vaccine approaches 
to treat a number of viral infections has provided the impetus for the continual 
development of vaccine platforms for other viral infections, including Epstein–
Barr virus (EBV). The clinical manifestations associated with EBV infection 
occur either following primary infection, such as infectious mononucleosis, or 
following an extended period of latency, primarily the EBV-associated malignan-
cies and potentially including a number of autoimmune disorders, such as mul-
tiple sclerosis. As a consequence, two independent vaccine approaches are under 
development to prevent or control EBV-associated diseases. The first approach, 
which has been widely successful against other viral infections, is aimed at induc-
ing a viral neutralisation antibody response to prevent primary infection. The sec-
ond approach focuses upon the induction of cell-mediated immunity to control 
latent infected cells in persistently infected individuals. Early clinical studies have 
offered some insight into the potential efficacy of both of these approaches.
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Abbreviations

EBV  Epstein–Barr virus
IM  Infectious mononucleosis
HL  Hodgkin’s lymphoma
MS  Multiple sclerosis
PTLD  Post-transplant lymphoproliferative disease
DLBCL  Diffuse large B cell lymphoma
NK/TL  NK/T cell lymphoma
NPC  Nasopharyngeal carcinoma
GC  Gastric carcinoma
VLP  Virus-like particle
DC  Dendritic cell
EBNA  EBV nuclear antigen
LMP  Latent membrane protein
DTH  Delayed-type hypersensitivity
MVA  Modified Vaccinia Ankara
APC  Antigen-presenting cell
LCV  Lymphocryptoviruses

1  Introduction

Research over the past five decades has provided significant insight into 
Epstein–Barr virus (EBV) in the context of disease and aspects of both humoral 
and cellular immunity that will likely be critical mediators for effective vac-
cine development (see Fig. 1 for a timeline of important events in EBV vaccine 
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development). The clinical manifestations associated with EBV infection indi-
cate that the development of an EBV vaccine could have a potentially significant 
impact upon a wide range of diseases. Primary symptomatic EBV infection is 
associated with 500 cases per 100,000 individuals per year in the USA and typi-
cally arises in adolescents and in young adults (Luzuriaga and Sullivan 2010). 
While most of these cases are self-limiting, many patients will endure infectious 
mononucleosis (IM)-associated symptoms for up to 6 months post-diagnosis and 
severe complications will develop in some individuals. IM is also associated with 
a threefold increased risk of developing EBV-associated Hodgkin’s lymphoma 
(HL) (Hjalgrim et al. 2003), and potentially a twofold increase risk of developing 
multiple sclerosis (MS) (Handel et al. 2010). In developed countries including the 
USA, an effective prophylactic vaccine delivered during adolescence to seronega-
tive individuals could therefore have a profound effect on not only IM, but also on 
the risk of developing other EBV-associated complications, including HL and MS, 
and other potentially EBV-associated autoimmune diseases (Hanlon et al. 2014).

EBV infection is also associated with a range of malignancies of both B cell 
and epithelial cell origin, which often arise many years after primary infection. 
In addition to EBV-associated HL, which affects 33,000 worldwide annually (de 
Martel et al. 2012), EBV is associated with rarer B cell malignancies including 
post-transplant lymphoproliferative disease (PTLD) and diffuse large B cell lym-
phoma (DLBCL), and with NK/T cell lymphoma (NK/TL), endemic in regions of 
Asia. EBV is also associated with 100 % of undifferentiated nasopharyngeal car-
cinoma (NPC) also endemic in south-east Asia and to a lesser extent in Northern 
Africa, with an annual incidence of 72,000 cases (de Martel et al. 2012). Although 
less definitively shown to be associated with EBV, estimates suggest that 7–10 % 
of all gastric carcinoma (GC) cases worldwide are EBV-associated (Murphy et al. 
2009; Fukayama 2010). The prevalence of NPC and GC suggest there is signifi-
cant potential for the development of vaccines to prevent these malignancies. EBV 
seropositivity reaches close to 100 % in childhood in regions where EBV malig-
nancies are endemic (Xiong et al. 2014), suggesting that prophylactic vaccina-
tion to prevent EBV infection in these areas will require early childhood delivery 
and the establishment of lifelong immunity. However, given our comprehensive 
understanding of EBV latency in the different malignancies, vaccine approaches 
that directly target the induction of cellular immunity to control latently infected 
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malignant cells offer an attractive alternative option to treat these diseases. This 
chapter will discuss the distinct prophylactic and therapeutic approaches to EBV 
vaccine development, their clinical assessment and strategies aimed at improving 
the efficacy of these approaches.

2  Prophylactic Vaccination to Prevent EBV Infection

As with all infectious agents, the most effective mechanism to prevent EBV-
associated diseases would be the development of a vaccination approach to pre-
vent infection and induce sterilising immunity (see Fig. 2 for a summary of the 
current and future vaccine strategies being explored for EBV-associated diseases). 
This would offer the dual benefit of preventing disease associated with primary 
lytic infection, such as infectious mononucleosis, and by preventing the estab-
lishment of latent infection, would also likely impact upon the development of 
EBV-associated malignancies. Despite the development of a number of vaccine 
approaches, one of which reached phase II clinical studies, it is as yet unclear how 
sterilising immunity against EBV infection could be achieved. This is primarily a 
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consequence of our lack of a definitive understanding of the route and mechanism 
of primary infection. Despite this, recent developments have suggested that while 
current vaccination approaches may be unable to prevent asymptomatic infection 
with EBV, they do have the capacity to control viral infection and prevent disease 
associated with primary infection.

2.1  Clinical Assessment of gp350 as a Vaccine Candidate

Following the identification of EBV in Burkitt’s lymphoma (Epstein et al. 1964), 
it was evident very quickly that infection of primary B cells could be neutral-
ised by antibodies from immune individuals targeting cell membrane antigens 
(Pearson et al. 1970). The subsequent isolation of the EBV membrane antigen 
gp350 (Hoffman et al. 1980) lead the first likely vaccine antigen candidate. Since 
its initial identification, the focus of the majority of clinical EBV vaccine stud-
ies has been on the induction of a gp350 neutralisation antibody response. As a 
major component of the outer membrane of EBV, gp350 binds to the CD21 mol-
ecule on the surface of B cells, promoting B cell infection. Although, gp350-
deficient virus can still infect B cells, infection is less efficient, and neutralisation 
of B cell infection is predominantly mediated by gp350-specific antibodies. The 
first clinical study involving gp350 was performed in China using a recombinant 
vaccinia strain encoding gp350 in a small cohort of children (Gu et al. 1995). A 
gp350-speciifc antibody response was detectable in seronegative individuals and 
could be boosted in seropositive children. Despite this, no further studies were 
undertaken with this approach, likely due to safety concern with the vaccinia 
vector. Subsequent gp350 vaccine approaches have employed recombinant pro-
tein expressed in Chinese hamster ovary cells (Jackman et al. 1999). Formulated 
in combination with the AS04 adjuvant system, initial phase I/II studies demon-
strated the immunogenicity and safety of gp350 vaccination. Three doses of 50 µg 
of gp350 in AS04 delivered at 0, 1 and 5 months were sufficient to induce gp350 
neutralising titres similar to that seen in seropositive individuals (Moutschen 
et al. 2007). In a subsequent placebo-controlled double-blinded phase II study in 
181 seronegative adults, 98.7 % of vaccinees displayed gp350 seroconversion by 
6 months (Sokal et al. 2007). This gp350 seroconversion correlated with a reduced 
incidence of IM compared to placebo controls. While 8 of 90 individuals receiving 
the placebo developed IM, only 2 of 86 individuals receiving gp350/AS04 devel-
oped IM, a demonstrable efficacy rate of 78 %. Despite these encouraging results, 
no evidence of protection against asymptomatic infection was detected, although 
the overall number of total EBV infections in the gp350/AS04 group was reduced 
compared to placebo, and no phase III studies are currently planned to test the 
 efficacy of the gp350/AS04 formulation in a larger cohort.

Another recent phase I clinical study investigated the use of a gp350 vaccine 
in a cohort of children awaiting kidney transplant (Rees et al. 2009). The ration-
ale of this approach is that pre-existing gp350-specific immunity in seronegative 
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children will reduce viral burden upon primary infection following transplanta-
tion and the subsequent risk of developing PTLD due to immunosuppression. In 
this study, EBV-seronegative children received three to four doses of either 12.5 
or 25 µg of gp350 formulated in 0.2 % alhydrogel. The vaccine was well toler-
ated, and all evaluated patients in both dose ranges generated gp350-specific anti-
body responses. However, only 4 of 13 patients generated a neutralising antibody 
response following gp350, and the vaccination did not appear to have an impact 
on viral titres post-transplantation. These observations suggest that while this 
gp350/alhydrogel formulation was safe, the poor immunogenicity, as measure 
by the induction of EBV-neutralisation, suggests that an improved formulation is 
needed to see any potential efficacy in this cohort of patients.

The observations from the clinical evaluations of gp350 suggest that it is safe and 
well tolerated. One clear limitation of the current vaccine formulations, particularly 
in alhydrogel, is the effectiveness of neutralising antibody induction against gp350. 
While the AS04 formulation was capable of generating a neutralising antibody 
response in all recipients, protective efficacy was only evident after administration of 
the third dose (Sokal et al. 2007), suggesting that efficient induction of a neutralising 
antibody response required administration of all three doses. New vaccine formula-
tions that increase the titre and rate of gp350-specific neutralising antibody induc-
tion may therefore offer a mechanism to improve the efficacy of the current vaccine 
formulations. This may require improved adjuvant combinations or antigenic mod-
ifications to improve the immunogenicity of gp350. One recent novel gp350 vac-
cine formulation that improved antibody titres in pre-clinical studies used tetrameric 
gp350 in alum or alum and CpG (Cui et al. 2013). In both settings, tetrameric gp350 
induced significantly higher antibody titres than the monomeric gp350, boosted 
gp350-specific T cell immunity and improved viral neutralisation titres.

2.2  Are There Other Viral Neutralisation Targets?

As with all members of the Herpesviridae family, EBV has a number of surface 
glycoproteins that play a role in viral attachment and entry, and function differ-
entially to promote infection of different cell types, particularly epithelial cells. 
However, unlike the well-established in vitro model of B cell infection, in vitro 
models of EBV epithelial infection are not as well developed, and it still has not 
been definitively proven that the oropharygeal epithelial cells are the site of pri-
mary infection, with some models still proposing that locally infiltrating B cells 
may also be the primary cell infected (Rickinson et al. 2014). Nevertheless, it has 
been shown that infection of epithelial cell is not dependent upon gp350 interac-
tion with CD21, but is dependent upon other surface glycoproteins including the 
gHgL complex and gB (Wang et al. 1998; Haan et al. 2001; Tugizov et al. 2003; 
Tsao et al. 2012), which may offer alternative targets in vaccine development. 
However, work investigating the immunogenicity of these other potential antibody 
targets in the context of vaccine development has only recently commenced.
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One approach that may offer more neutralising antibody targets, in addition 
to gp350, is an EBV virus-like particle (VLP) (Ruiss et al. 2011). VLPs have the 
potential advantage over recombinant antigens because they can mimic the natural 
structure of the virion, while still containing no viral DNA. Their main potential 
limitation is the more complex manufacturing requirements compared to single 
recombinant antigens. To generate an EBV-VLP, Ruiss and colleagues produced 
a dedicated cell line that provides all of the essential viral genes required for the 
production and release of the VLPs, but without packaging of the viral DNA. 
Vaccination of animals with the EBV-VLP induced high EBV-specific antibody 
titres that were capable of neutralising EBV infection of human B cells in vitro. 
More recent studies by Pavlova and colleagues developed a series of EBV mutants 
in order to optimise VLP production, demonstrating that deletion of the BLFL1 
and BRRF1A genes provided optimal for the production of DNA-free EBV-VLPs 
(Pavlova et al. 2013).

3  T Cell-Mediated Immunity as a Target of EBV Vaccines

The role of T cell-mediated immunity in controlling EBV-infected cells was first 
identified by Moss and Rickinson in the 1970s. Their observations demonstrated 
that the outgrowth of in vitro transformed B cells by EBV was restricted in EBV-
seropositive individuals and was dependent upon cytotoxic T cells (Moss et al. 
1978; Rickinson et al. 1979). Since these early observations, a significant amount 
of research has focused upon understanding the role of T cell immunity in control-
ling latent EBV infection and has lead to the definition of a significant number 
of CD4+ and CD8+ T cell determinants associated with both the lytic and latent 
stages of EBV infection (Burrows et al. 2011; Khanna et al. 1999). While the dra-
matic expansion of EBV-specific CD8+ T cells during IM provides co-incidental 
evidence that T cell immunity plays an important role in restricting viral growth 
during primary exposure (Callan et al. 1996; Hislop et al. 2002), the association 
of EBV infection with post-transplant lymphoma’s (PTLD) has provided the most 
compelling evidence that T cell immunity is critical for the effective control of 
EBV infection (Smets et al. 2002; Sherritt et al. 2003; Sebelin-Wulf et al. 2007).

3.1  A Prophylactic T Cell-Mediated Vaccine for EBV

Following primary EBV exposure in transplant patients, active immunosuppres-
sion can lead to a failure to prime T cell immunity to latently expressed antigens, 
likely resulting in the uncontrolled proliferation of EBV-infected B cells and the 
development of PTLD. Effective immune control can be instigated by the adop-
tive transfer of T cells specific for latent antigen (Bollard et al. 2012; Rooney et al. 
1995; Khanna et al. 1999), providing compelling evidence that T cells are critical 
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mediators of immune control of latently infected cells. While it is unlikely that 
pre-existing T cell immunity induced following vaccination will have the capac-
ity to prevent the establishment of latent infection, it is likely that used in the right 
context such an approach could have a significant impact upon primary sympto-
matic infectious mononucleosis and in preventing PTLD in seronegative transplant 
recipients, predominantly children, who receive a seropositive graft. The only 
study to specifically investigate the induction of a cell-mediated immune response 
following vaccination used a single EBV nuclear antigen (EBNA) 3-encoded 
HLA-B8-restricted epitope, FLRGRAYGL, formulated with tetanus toxoid and 
Montanide ISA 720 (Elliott et al. 2008). The vaccine was well tolerated, and 
epitope-specific T cell responses could be detected in 8 of 9 vaccine recipients. 
While a similar rate of seroconversion following exposure to EBV was evident 
in both the immunised and the placebo control group, all four vaccinated indi-
viduals who seroconverted in the vaccine group were asymptomatically infected, 
whereas one of two individuals in the placebo control group who seroconverted 
had primary symptomatic infection. Although this study was too small to con-
clusively determine whether the induction of T cell immunity prevented primary 
symptomatic infection, it does demonstrate the feasibility of inducing cell-medi-
ated immunity in healthy vaccine recipients by targeting antigens associated with 
EBV latency. Such an approach would likely require the inclusion of multiple viral 
determinants to provide more broad coverage in ethnically distinct populations. 
In the context of a prophylactic vaccine for EBV-associated PTLD, particularly 
following solid organ transplantation, the inclusion of a T cell component will 
likely be critical due to primary infection of recipient B cells occurring following 
transplantation of infected cells within the organ, bypassing the mucosal surfaces 
whereby pre-existing humoral immunity plays its most critical role in restricting 
viral entry. Once infection is established, antibody-mediated neutralisation has 
also likely a very limited role in controlling the spread of the latently infected B 
cells that drive PTLD.

3.2  Latency Programs in Malignancies Associated  
with Immunocompetent Individuals

While an efficient vaccination approach to boost immunity in transplant patients 
to prevent PTLD would likely succeed due to the atypical nature of EBV T cell 
immunity in transplant patients, and the prophylactic success demonstrated fol-
lowing adoptive therapy of EBV-specific T cells into transplant recipients, the 
malignancies that arise in otherwise immunocompetent individuals are much more 
prevalent, accounting for >90 % of all EBV-associated malignancies (de Martel 
et al. 2012). Unlike PTLD whereby the EBV latency III gene expression profile 
includes expression of the full array of latent genes, including EBNA1-6 and latent 
membrane protein (LMP) 1 and 2, the latency II type malignancies which include 
NPC and GC, as well as EBV-associated HL and EBV-associated NK/TL, express 
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a limited array of latent antigens, restricted to EBNA1 and LMP1&2. This limited 
gene expression pattern provides unique challenges to the development of thera-
peutic vaccine approaches targeting the latency II malignancies, predominantly 
due to the well-established poor immunogenicity of these antigens.

3.3  Immunisation of NPC Patients with Dendritic  
Cell-based Vaccines

The first clinical study evaluating the targeting of either the LMP antigens or 
EBNA1 was a dendritic cell (DC)-based vaccine trial that incorporated defined 
epitopes from LMP2 (Lin et al. 2002). Sixteen NPC patients received four injec-
tions of peptide-pulsed monocyte-derived DC at weekly intervals. A boost in the 
LMP2-specific T cell response was evident in 9 of 16 patients following treat-
ment, which was associated with a partial clinical response in 2 of these patients. 
A similar recent study using LMP2-pulsed DC also showed an increase in the 
LMP2 response, while this did not correlate with a reduction in the peripheral 
EBV load, there was evidence that the induction of a delayed-type hypersensitivity 
(DTH) response did correlate to a reduction in EBV load (Li et al. 2013). Another 
approach using DC involved transduction with an adenoviral vector encoding a 
truncated LMP1 (ΔLMP1) and full-length LMP2 (Chia et al. 2011). In this phase 
II study, 9 of 12 NPC patients generated a DTH response. Although no change 
in frequency of peripheral LMP-specific T cells was detected, three patients did 
show a clinical response. These observations suggest that the induction of a LMP-
specific T cell response is possible following DC vaccination. However, it is 
unlikely that the broad application of DC vaccination for EBV-associated malig-
nancies is practical, particularly given the cost associated with personalised DC 
preparation, which is likely to be prohibitively expensive in a number of coun-
tries where NPC is endemic. A more appropriate approach is likely to incorporate 
the delivery of immunological determinant from LMP1&2 and EBNA1 in a viral 
 vector or formulated with adjuvants already licensed for human use.

3.4  Viral Vectors for the Delivery of LMP1&2 and EBNA1

The most advanced viral vector vaccine candidate to date targeting EBNA1 and 
the LMP antigens is the Modified Vaccinia Ankara (MVA) vector developed by 
Taylor and Colleagues. The MVA vector is an attenuated strain of the vaccinia 
virus and has been used clinically in a number of vaccine trials targeting other 
pathogens. It has also been shown to have a good safety record with the capac-
ity to induce T cell and B cell responses in human subjects (Parrino et al. 2007). 
The MVA construct, termed MVA-EL, has been designed to encode a fusion pro-
tein of the 3’ half of the EBNA1 gene and the full-length LMP2 gene. Pre-clinical 
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observations with this vector demonstrated that it could efficiently expand both 
EBNA1- and LMP2-specific CD4+ and CD8+ T cells from the peripheral blood 
lymphocytes of EBV-seropositive individuals (Taylor et al. 2004). The MVA-EL 
vector has now been evaluated for safety in two Phase I clinical trials. The first 
study was a dose-escalation trial in Hong Kong, using NPC patients in remis-
sion at least 12 weeks post-primary therapy (Hui et al. 2013). In all, 18 patients 
were treated with three doses of MVA-EL over a period of 9 weeks. While some 
adverse events were recorded following vaccination, these were primarily grade 
1 in most patients and grade 2–3 in only 3 patients. In addition to the assessment 
of safety, the amplification of LMP2- and EBNA1-specific T cell responses was 
also assessed in these donors. These observations revealed that 12 of 18 patients 
and 9 of 18 patients demonstrated at least a twofold increase in IFN-γ ELISPOT 
response to EBNA1 and LMP2, respectively, following the full three cycles of 
vaccination. Response rates were also higher in those patients who received the 
highest dose of 5 × 108 pfu. In some individuals, these increase responses were 
shown to correspond to defined CD4+ and CD8+ epitopes in EBNA1 and LMP2 
and were maintained for more than 14 weeks post the final dose. The MVA-EL 
vector has also been assessed in EBV+ NPC patients in the UK (Taylor et al. 
2014).

One potential limitation of using full-length LMP1&2 and EBNA1 antigens 
is the poor natural immunogenicity of these antigens. As a consequence, most 
constructs under development, including MVA-EL, encode an EBNA1 construct 
deficient in the glycine–alanine repeat (Taylor et al. 2004; Smith et al. 2006). 
Similarly, both LMP1 and to a lesser extent LMP2A are known to be presented 
inefficiently in the context of EBV-infected cells, potentially limiting the efficacy 
of any vaccine candidate encoding the full-length antigens (Smith et al. 2009a, b; 
Gavioli et al. 2002). The potential to promote oncogenic transformation may also 
limit the potential use of full-length LMP proteins in any EBV vaccine (Dawson 
et al. 2012). As a consequence, vaccine strategies are underdevelopment that not 
only limit this potential oncogenicity, but also improve immunogenicity. The 
ΔLMP1 construct used in the DC vaccine approach was designed to improve the 
immunogenicity of LMP1 by removing the first transmembrane domain prevent-
ing LMP1 aggregation and boosting presentation via the MHC class I pathway 
(Gottschalk et al. 2003). Although this approach was largely ineffectual at induc-
ing significant T cells responses following DC vaccination, the adenoviral vec-
tor encoding the ΔLMP1 has been shown in vitro to be efficient at inducing the 
expansion of LMP1 T cells responses. Furthermore, considering the efficacy ade-
noviral vaccine vectors have shown in other systems, a direct vaccination approach 
rather than infection of DC in vitro would likely offer a better outcome for the 
induction of LMP1 and 2 responses using the Ad-ΔLMP1/LMP2A vector.

The approach our group has undertaken to avoid the poor immunogenicity and 
any oncogenic potential of LMP1&2 has been to use defined CD8+ T cell epitopes 
from LMP1&2 encoded in a single recombinant polyepitope construct. Work 
nearly two decades ago demonstrated that when encoded end to end without any 
intervening flanking residues, CD8+ T cell epitopes could be efficiently processed 
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and presented via the MHC class I pathway to CD8+ T cells (Thomson et al. 
1995). Many subsequent pre-clinical animals studies have shown that polyepitope 
constructs can be used effectively to induce T cell responses following delivering 
in a number of different vector platforms, including recombinant vaccinia vec-
tors, adenoviral vectors and DNA-based vaccines (Smith et al. 2006; Thomson 
et al. 1995, 1996, 1998). Our initial studies demonstrated that immunisation with a 
recombinant vaccinia polyepitope construct comprising LMP1 HLA A2-restricted 
epitopes could induce CD8+ T cell responses in HLA A2 transgenic mice which 
were protective against challenge in a model tumour setting (Duraiswamy et al. 
2003). Our subsequent studies have focused upon developing a LMP1&2 poly-
epitope encoding T cell epitopes that would provide coverage across broad HLA-
types, including those prevalent in regions where EBV-associated malignancies are 
endemic. Encoded in a modified adenoviral vector, the LMP1&2 polyepitope is 
capable of efficiently inducing the expansion of CD8+ T cells from a wide range 
of HLA type (Duraiswamy et al. 2004). This vector has since been modified to 
encode the EBNA1 gene with a deletion in the glycine–alanine repeat, generating 
the AdE1-LMPpoly vector (Smith et al. 2006). The AdE1-LMPpoly can efficiently 
induce the activation of both LMP1&2 and EBNA1 T cells from healthy individu-
als and patients with EBV-associated malignancies. Our pre-clinical animal stud-
ies in HLA A2 transgenic mice have demonstrated that the AdE1-LMPpoly vector 
is very efficient at inducing both CD8+ and CD4+ T cell responses including in 
settings of immunodeficiency (Smith et al. 2008), and we are optimistic that this 
approach would be effective at inducing strong T cell immunity in patients with 
EBV-associated malignancies given our recent success at generating T cells from 
both NPC and lymphoma patients using the AdE1-LMPpoly vector (Smith et al. 
2006, 2012).

3.5  Recombinant EBV Antigens and in Vivo Targeting  
of Antigen-Presenting Cells

Another vaccine approach potentially applicable to the induction of cellular 
immune responses is the use of recombinant EBV antigens. Subunit vaccines 
based upon recombinant proteins offer improved safety profiles compared to vac-
cine vectors; however, the successful use of recombinant antigens will likely be 
dependent upon the efficient delivery of antigen to professional antibody-present-
ing cells (APCs). One approach under development to target antigen to APCs is 
the use of recombinant antibody-antigen fusion proteins that target surface recep-
tors on professional APCs. Observations by Gurer et al. (2008) demonstrated 
that an anti-DEC205-EBNA1 fusion protein promoted DC-activation of EBNA1-
specific CD4+ and CD8+ T cell responses that could restrict the outgrowth of 
EBV-transformed B cells. They also demonstrated in a humanised mouse model 
the induction of EBNA1-specific IFN-γ production following vaccination and 
have more recently shown that this targeting of DCs likely occurs via CD141+ 
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DCs that are thought to function as the critical cross-presenting cell in the acti-
vation of human T cell responses (Meixlsperger et al. 2013). Recent observa-
tions have shown that the DEC205 is expressed on the surface of EBV-infected 
cells, and the EBNA1 fusion protein also has the capacity to directly target EBV-
transformed B cells in vitro, inducing the proliferation of EBNA1-specific T cells, 
offering the potential to directly target EBV-infected cells in vivo, potentially 
boosting immune recognition of transformed B cells (Leung et al. 2013). The 
EBV-VLP discussed earlier may also have the capacity to target EBV antigens to 
EBV-infected B cells in vivo via gp350 (Pavlova et al. 2013). This approach has 
been shown to induce the activation of EBV-specific CD4+ T cells following in 
vitro loading of EBV-transformed B cells with VLP.

3.6  Challenges in the Development of a Vaccine  
for EBV-Related Malignancies

A major challenge to the efficacy of any vaccine targeting LMP1&2 and EBNA1 
will be the capacity of the T cell response generated to recognise the EBV-
infected malignant cells. As outlined earlier, LMP1&2 and EBNA1 efficiently 
avoid immune recognition by cytotoxic T cells. Immune recognition of EBNA1 
is restricted via self-regulation of protein translation by the glycine–alanine repeat 
(Tellam et al. 2004, 2008), while restriction of LMP1 processing and presentation 
appears to be associated with its ability to form large self-aggregates and through 
the destruction of T cell epitopes by the immunoproteasome (Smith et al. 2009; 
Gavioli et al. 2002). Although the mechanisms by which LMP2 avoid immune rec-
ognition are not full-delineated, there is evidence that LMP2 also avoids recogni-
tion by T cells (Smith et al. 2009). These mechanisms likely play a critical role 
in the efficient establishment of EBV infection, promoting the survival of latently 
infected cells and restricting recognition of EBV-transformed B cells by cyto-
toxic T lymphocytes in particular. These evasion mechanisms are also likely criti-
cal mediators that enable the survival of malignant cells expressing these foreign 
antigens. Despite these in vitro observations, it remains to be determined what 
impact this restricted recognition has upon the immune surveillance of LMP1&2 
and EBNA1 expressing cells in vivo. Additionally, the majority of these studies 
have been performed on EBV-infected B cells, with very little analysis performed 
on infected epithelial lines or with EBV-bearing malignant cells. Another con-
sequence of the poor natural immunogenicity, in addition to a low frequency of 
LMP1&2 and EBNA1 memory T cells, is the functional/phenotypic inferiority of 
these cells relative to T cells recognising the EBNA3 antigens (Smith et al. 2009). 
These phenotypic differences may also rendered LMP1&2 and EBNA1-specific T 
cells more susceptible to tumour-mediated immune regulation (Smith et al. 2009; 
Gandhi et al. 2006, 2007). Therefore, a vaccine approach that improves the fre-
quency of LMP1&2 and EBNA1 may also improve the functionality of these cells, 
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increasing their capacity to potential traffic to sites of malignancy, promoting 
effector functions that can kill malignant cells and potentially enhancing resistance 
to some tumour-mediated immune evasion mechanisms. Larger clinical studies are 
therefore required to definitively prove if a vaccine approach targeting LMP1&2 
and EBNA1 can both improve the functionality of specific T cells and consequen-
tially lead to better tumour control.

4  Animal Models for EBV Vaccine Development

Effective vaccine development in most settings has been dependent upon the abil-
ity to test vaccine formulations in animal challenge settings. This has remained a 
potential obstacle in EBV research due to the host tropism of EBV. Animal models 
used to assess direct efficacy of vaccines against EBV have primarily been based 
upon the use of other primate species found to be permissive to EBV infection, 
including both cotton-top tamarins and common marmosets, which were used in 
early gp350 vaccine studies (Epstein et al. 1985; Emini et al. 1989). These studies 
demonstrated that vaccination with different gp350 formulations induced neutral-
ising antibodies and were efficacious against EBV challenge. Despite these prom-
ising observations, the cotton-top tamarin is no longer an ethically viable model 
primarily due to their critically endangered status; and both models require a high 
dose of viral challenge via a non-physiological route to establish infection.

Recent observations have also suggested that rabbits can be infected with 
EBV, offering another potential model to test the efficacy of EBV vaccines (Kanai 
et al. 2010; Takashima et al. 2008). Rabbits are a well-established model for vac-
cine development and offer obvious advantages over the use of the previously 
described primate models of EBV infection. However, the establishment of infec-
tion in rabbits required intravenous inoculation, and it seems unlikely that the 
pathogenesis of EBV infection in rabbits will closely resemble that of humans, 
potentially restricting their potential use in the development of any EBV vac-
cine, particularly those designed to treat EBV-related lymphomas. The humanised 
mouse offers another potential model system to assess the therapeutic efficacy of 
EBV vaccines. Severely immunocompromised mice can be reconstitution with 
human haematopoietic cell lineages following transfer of CD34+ progenitor cells 
(Traggiai et al. 2004). The efficient reconstitution of human B cells provides a 
source for EBV infection in humanised mice (Traggiai et al. 2004), which can 
replicate some of the hallmarks of primary human EBV infection and the devel-
opment of EBV-associated lymphoproliferative disease (Yajima et al. 2008). EBV-
infected humanised mice have also been shown to develop symptoms similar to 
those seen hemophagocytic lymphohistiocytosis patients (Sato et al. 2011) and can 
develop EBV-specific cell-mediated and humoral immune response (Yajima et al. 
2008; Strowig et al. 2009). Humanised mice may therefore offer a robust system 
to test the use of vaccines in a therapeutic setting following the establishment of 
infection. It remains to be determined whether the reconstitution of the immune 
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components, including T and B cells and dendritic cells populations, that are criti-
cal mediators in the induction of adaptive immune responses, will be sufficient to 
promote effective immunity following vaccination in humanised mouse models. It 
is also evident, given the lack of human epithelial cells and requirement for infec-
tion via the intraperitoneal route, that current humanised mouse models may not 
be appropriate for testing current and future prophylactic vaccines targeting the 
induction of neutralising antibody responses and the establishment of mucosal 
immunity.

Other potentially more appropriate models to develop EBV vaccines rely on 
the use of comparative studies with related lymphocryptoviruses (LCVs) in their 
host primate species. While not offering a direct mechanism to test EBV-specific 
vaccination, these models offer a potential platform to investigate the role of 
different immunological parameters in promoting protection against EBV fol-
lowing immunisation. The most developed model involves the use of the rhesus 
LCV, whose ORFs share approximately 75 % homology with EBV, and encodes 
genes homologous with all ORFs in EBV (Moghaddam et al. 1997; Rivailler et al. 
2002). Rhesus macaques can be challenged orally with rhesus LCV, and persis-
tent infection can be detected in B cells and in the oropharyngeal compartment 
(Moghaddam et al. 1997). Despite the similarities with EBV, rhesus LCV does not 
induce the immortalisation of B cells in vitro, although it has been associated with 
lymphoma development in immunocompromised macaques. Studies by Cohen and 
colleagues have investigated the impact of both antibody and T cell-based vac-
cines on rhesus LCV infection (Sashihara et al. 2011). Immunisation with rhesus 
gp350 was shown to be protective against viral challenge, reducing viral load fol-
lowing infection and seroconversion to LCV viral capsid antigen. This study also 
demonstrated the induction of T cell responses against EBNA3A and EBNA3C. 
Studies by others have also demonstrated that vaccination of rhesus macaques can 
boost the endogenous response to the EBNA1 homologue following vaccination 
(Silveira et al. 2013; Leskowitz et al. 2014), a potential model for the development 
of therapeutic vaccines to treat EBV-associated malignancies. The rhesus model 
therefore offers the potential to further develop correlates of protection potentially 
relevant to EBV infection.

5  Future Developments in EBV Vaccine Research

It is apparent that while a great magnitude of research over the last five decades 
has significantly advanced our understanding of EBV virology, immunology and 
related diseases, the challenges in the development of EBV-targeted vaccines 
remain. As outlined in this chapter and summarised in Fig. 2, a number of vac-
cine approaches are underdevelopment for the prevention/treatment of most EBV-
associated diseases. An effective vaccination program could potentially have 
significant benefit for the treatment and prevention of a range of EBV-associated 
diseases, and early clinical studies have provided evidence that vaccination may 
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offer an effective measure to prevent EBV-associated diseases (Cohen 2015; 
Balfour 2014; Kanekiyo et al. 2015). Further studies into the immunological com-
ponents critical to the establishment of EBV immunity, particularly the role of B 
cell immunity during primary infection (Panikkar et al. 2015a; Hagn et al. 2015), 
and the implementation of more appropriate animal models will also hopefully 
provide further insight into the immune mechanisms and target antigens that are 
critical to prevent/control infection (Panikkar et al. 2015b). However, it is also 
apparent that the advancement of any potential further EBV vaccine strategies will 
require the translation of these findings into more clinical studies.
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Abstract Epstein-Barr virus (EBV) DNA in blood can be quantified in periph-
eral blood mononuclear cells, in circulating cell-free (CCF) DNA specimens, or 
in whole blood. CCF viral DNA may be actively released or extruded from viable 
cells, packaged in virions or passively shed from cells during apoptosis or necrosis. 
In infectious mononucleosis, viral DNA is detected in each of these kinds of speci-
mens, although it is only transiently detected in CCF specimens. In nasopharyngeal 
carcinoma, CCF EBV DNA is an established tumor marker. In EBV-associated 
Hodgkin lymphoma and in EBV-associated extranodal NK-/T-cell lymphoma, 
there is growing evidence for the utility of CCF DNA as a tumor marker.
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Abbreviations

EBV  Epstein-Barr virus
PBMC  Peripheral blood mononuclear cells
CCF  Circulating cell-free
NK  Natural killer
HIV  Human immunodeficiency virus
IM  Infectious mononucleosis
CAEBV  Chronic active Epstein-Barr virus
IL-6  Interleukin-6
TNF-α  Tumor necrosis factor alpha
HAART  Highly active antiretroviral therapy
MGUS  Monoclonal gammopathy of uncertain significance
PTLD  Post-transplantation lymphoproliferative disorder
NPV  Negative predictive value
NPC  Nasopharyngeal carcinoma
PPV  Positive predictive value
PFS  Progression-free survival
DFS  Disease-free survival
OS  Overall survival
CR  Complete response
PET/CT  Positron emission tomography/computed tomography
HSCT  Hematopoietic stem cell transplantation
HLH  Hemophagocytic lymphohistiocytosis
DLBCL  Diffuse large B-cell lymphoma
ENKTL  Extranodal NK-/T-cell lymphoma
PTCL  Peripheral T-cell lymphoma
PCNSL  Primary CNS lymphoma
LDH  Lactate dehydrogenase
HL  Hodgkin lymphoma
CSF  Cerebrospinal fluid
BAL  Bronchoalveolar lavage

1  Introduction

Measurement of viral nucleic acids in blood now plays an important role in the 
diagnosis and management of a variety of viral diseases including HIV and hepa-
titis B and C among others. For EBV DNA, there are three approaches to quanti-
tation that have been investigated: measurements in whole blood, measurements 
in peripheral blood mononuclear cells (PBMC), and measurements in plasma 
or serum. DNA in plasma or serum falls into the broader category of circulating 
cell-free (CCF) DNA. CCF DNA has been increasingly appreciated as providing 
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a window on cellular compartments that are distinct from cells circulating in the 
blood. It is now clear that there are situations in which measurements of viral 
sequences in CCF DNA yield very different information than measurements of 
viral DNA in PBMC.

This chapter reviews the literature with regard to EBV measurements in various 
blood specimens in health and disease. It also touches on viral DNA in other body 
fluid specimens. The chapter concludes with some thoughts about the interpreta-
tion of quantitative EBV DNA measurements in various settings.

1.1  Replication of EBV DNA

EBV DNA replicates by two distinct mechanisms (Hammerschmidt and Sugden 
2013). In latently infected cells, EBV DNA is generally present as a closed cir-
cular nuclear plasmid. Replication proceeds in synchrony with cell cycle and 
requires only a single viral protein, EBNA1. Replicated plasmids segregate to 
daughter cells with mitosis. Latency viral replication is not inhibited by antiviral 
agents such as acyclovir, ganciclovir, or their congeners. Lytic viral replication 
proceeds through double-stranded multigenome length linear concatemers that 
are cleaved to give rise to genomes that can be packaged in virions. The process 
requires many viral proteins including the viral DNA polymerase. Lytic replication 
is inhibited by antiviral agents that inhibit the viral DNA polymerase including 
acyclovir and ganciclovir, although lytic EBV replication is less sensitive to inhi-
bition than herpes simplex or varicella zoster virus (Coen et al. 2014).

1.2  CCF DNA

CCF DNA is present in healthy individuals but increases with tissue injury such 
as stroke, myocardial infarction, surgery, or inflammation, and also with tissue 
growth and development as accompanies normal pregnancy or neoplasia (Diaz and 
Bardelli 2014). Important differences in the character of DNA associated with cir-
culating cells versus CCF DNA are illustrated by studies of noninvasive prenatal 
testing. In plasma, the ratio of fetal to maternal DNA is nearly 1000-fold greater 
than the ratio of fetal to maternal cells in the blood (Bischoff et al. 2005). The 
CCF fetal DNA predominantly derives from DNA released from the fetus rather 
than from fetal cells in the maternal circulation. Furthermore, cells detected in the 
maternal circulation may reflect past pregnancies, whereas CCF DNA is short-
lived and reflects the active gestation. Monitoring CCF DNA after 9- to 10-weeks 
of gestation has proven more sensitive and specific than invasive screening tests 
(Lo et al. 2014).

Processes of apoptosis and necrosis in tumors also result in cellular debris and 
release of CCF tumor DNA (Sausen et al. 2014; Diaz and Bardelli 2014). The 
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amount of circulating DNA derived from tumor is a function of tumor burden, 
vascularity, location, cell turnover, and the efficiency with which cellular debris 
is cleared by infiltrating phagocytes. In some instances, more than 90 % of CCF 
DNA is tumor derived and tumor DNA is present in excess of 100,000 DNA 
copies per mL of plasma. Although CCF tumor DNA can be detected in early-
stage cancers, it is more abundant in late-stage cancers. CCF tumor DNA can be 
detected in >75 % of patients with a variety of advanced cancers (Bettegowda 
et al. 2014). In situations where cancer cells or cancer-related cells sharing a par-
ticular genetic or epigenetic pattern also circulate in the blood, their detection may 
indicate tumor, but in some instances reflects the presence of long-lived biologi-
cally inactive cells. Like fetal cells from a previous pregnancy, these long-lived but 
possibly inert cells do not indicate the presence of a growing malignancy. In con-
trast, the short half-life of CCF DNA including tumor DNA (approximately 2 h) 
means that the tumor cells from which the CCF tumor DNA derives are turning 
over. Long-lived cells that are not cycling cannot account for CCF DNA.

2  Healthy EBV Seropositives and Infectious 
Mononucleosis

2.1  Healthy EBV Seropositives

In healthy EBV-seropositive individuals, viral DNA is present as nuclear dou-
ble-stranded DNA plasmids in resting memory B lymphocytes (Decker et al. 
1996; Thorley-Lawson et al. 2013). There are typically approximately 1–50 
EBV-infected cells per 1000,000 B lymphocytes (Khan et al. 1996). While there 
is variation in the number of infected B lymphocytes among individuals, these 
numbers appear to be stable over time (Khan et al. 1996; Stevens et al. 2007). 
EBV DNA levels in mouthwash samples from EBV-seropositive children and 
adults correlate with levels in PBMCs in some but not all series (Yao et al. 
1991; Hug et al. 2010). CCF EBV DNA is detected in only a minority (0–4 %) 
and, if present, is typically at low levels (Wagner et al. 2001, 2002; Pajand  
et al. 2011).

2.2  Infectious Mononucleosis

During acute infectious mononucleosis (IM), EBV DNA is readily detected in 
PBMC and is almost exclusively found within B lymphocyte fractions (Calattini 
et al. 2010; Fafi-Kremer et al. 2004; Cheng et al. 2007; Balfour and Verghese 
2013; Fafi-Kremer et al. 2005; Hadinoto et al. 2008). The EBV DNA in PBMCs 
has been shown to decrease between day 0 and day 30, but rises again in the 
majority of patients at day 60 and/or day 90, when most are asymptomatic. EBV 
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DNA is also often detected in plasma of IM patients, but is very transient and 
becomes undetectable in most people within a couple of weeks of symptom onset 
(Wagner et al. 2001; Cheng et al. 2007; Pitetti et al. 2003; Yamamoto et al. 1995; 
Teramura et al. 2002). In one series, EBV DNA was detected in the plasma of 
95 % of IM patients at diagnosis, decreased by day 3 in most patients, and became 
undetectable in all patients by day 15 (Fafi-Kremer et al. 2005). In another series, 
IM patients had no EBV DNA detected in plasma by day 7 (Fafi-Kremer et al. 
2004). A third study demonstrated that 100 % of IM patients had EBV DNA in 
plasma during the acute phase of illness (first 14 days), but only 44 % had EBV 
DNA detected in plasma during the convalescent phase (days 15–40) (Yamamoto 
et al. 1995). By contrast, all patients had EBV DNA detected in PBMCs during 
both phases. The highest copy number was seen in plasma specimens collected 
within 7 days of symptom onset.

The effects of acyclovir or its prodrug valacyclovir have been studied in IM 
patients in a series of trials. A meta-analysis of 5 randomized controlled trials 
found a significant reduction in the rate of oropharyngeal EBV shedding at the 
end of the therapy but no difference in EBV shedding 3 weeks after discontinua-
tion of therapy (Torre and Tambini 1999). In a more recent study, in people with 
IM treated with valacyclovir, EBV DNA copy number in saliva decreased during 
therapy and rebounded after treatment, while EBV DNA copy number in whole 
blood was stable (Vezina et al. 2010). Taken together, these results suggest that in 
IM patients, EBV DNA in the saliva is largely virion DNA, while EBV DNA in 
the blood is predominantly latent viral DNA.

In most patients, IM is a self-limited illness. In rare patients, IM is fatal. In one 
report, patients with fatal IM had 100-fold higher copy number in plasma as com-
pared to those who survived (Yamamoto et al. 1995).

3  Immunocompromised Patients

In immunocompromised patients, increased numbers of latently infected lympho-
cytes are detected in the circulation (Babcock et al. 1999; Wagner et al. 2002; Fafi-
Kremer et al. 2004; Yang et al. 2000; Calattini et al. 2010; Gotoh et al. 2010). The 
number of EBV genome copies in each infected B lymphocyte varies from indi-
vidual to individual and in relation to underlying immune function. As in healthy 
seropositives, in transplant recipients and in HIV patients EBV DNA in the cel-
lular fraction is predominantly harbored by CD19(+) resting B lymphocytes 
(Calattini et al. 2010; Gotoh et al. 2010; Babcock et al. 1999). In chronic active 
EBV (CAEBV), viral DNA can also be detected in plasma cells/plasmablasts, 
monocytes, or in the T cells (Calattini et al. 2010).

In HIV patients, EBV DNA is present in whole blood at levels higher than in 
healthy, HIV-seronegative patients (Stevens et al. 2002, 2007; Petrara et al. 2012). 
EBV DNA levels do not correlate with CD4 count or, in some series, HIV viral 
load. In one study, EBV DNA copy number in PBMCs was higher in patients 
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with detectable HIV viremia and corresponded to higher levels of pro-inflamma-
tory cytokines such as IL-6 and TNF-α and higher numbers of activated B cells 
(Petrara et al. 2012). HIV patients with no EBV DNA detected at one time point 
were unlikely to have EBV DNA detected at time points years later while those 
who had elevated EBV DNA in PBMCs had detectable levels on follow-up spec-
imens, indicating some stability in levels over time (Stevens et al. 2007). When 
compared to banked specimens collected during HIV monotherapy, highly active 
retroviral therapy (HAART) does not seem to decrease the copy number of EBV 
DNA in whole blood (Stevens et al. 2002). In a study of HIV patients treated with 
HAART, EBV DNA copy number in PBMCs was noted to stay stable or increase 
as CD4 counts improved (Righetti et al. 2002). For those who had an increase in 
EBV DNA copy number in PBMCs with CD4 count recovery, a rise in IgG levels 
was also observed (Righetti et al. 2002). In a separate study, EBV DNA copy num-
ber in B cells was found to be several fold higher in HIV patients with persistent 
monoclonal gammopathies (MGUS) as compared to HIV patients with transient 
MGUS and HIV patients without MGUS (Ouedraogo et al. 2013). In hospitalized 
AIDS patients without lymphoma or with EBV(−) lymphomas, EBV DNA copy 
number in plasma is typically low if detected, with no clear relationship between 
EBV DNA copy number and HIV viral load or CD4 count (Fan et al. 2005).

In cancer patients without EBV-associated tumors, CCF EBV DNA is detected 
more frequently in patients receiving chemotherapy, particularly T-cell-depleting 
agents or in those with opportunistic infections (Martelius et al. 2010; Ogata 
et al. 2011). In healthy individuals, CCF EBV DNA is more frequently detected 
in the elderly perhaps reflecting age-related immune senescence (Stowe et al.  
2007).

4  EBV-Associated Tumors

4.1  Nasopharyngeal Carcinoma (NPC)

EBV DNA quantification in PBMCs has no clinical utility as a tumor marker in 
NPC (Shao et al. 2004). By contrast, CCF EBV DNA is an established tumor 
marker in undifferentiated NPC (Leung et al. 2014; Lin et al. 2004, 2007; Kalpoe 
et al. 2006; Shao et al. 2004). More than 90 % of untreated NPC patients have 
EBV DNA detectable in plasma compared to only a small percentage of healthy 
controls. As a screening tool for NPC, plasma EBV DNA quantification is highly 
sensitive and specific, with both high PPV and NPV (O et al. 2007). Plasma EBV 
DNA copy number has been shown to be positively correlated with tumor stage 
(Ma et al. 2006; Sun et al. 2014; Wang et al. 2013; Lin et al. 2007; Hou et al. 
2011; Ferrari et al. 2012). In studies that have evaluated plasma and serum EBV 
DNA levels, both appear to be sensitive and specific for NPC and correlate well 
with each other, although there are discrepancies between plasma and serum levels 
(Jones et al. 2012). In meta-analyses of plasma and serum EBV DNA assessment 
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for the diagnosis of NPC and its utility in distinguishing those with disease from 
healthy individuals, plasma has been shown to perform better than serum (Liu 
et al. 2011; Han et al. 2012).

4.1.1  Screening

In Southern China, EBV DNA in CCF DNA has been investigated for screening 
for NPC (Ji et al. 2014). With a cutoff of 0 copies/mL plasma, EBV DNA was 
87 % sensitive for detecting NPC within a one year, with a PPV of 30 % and NPV 
of 99.3 %, although sensitivity was lower for early-stage disease. In Hong Kong 
in an evaluation of prospective screening, individuals with EBV DNA detected in 
plasma at enrollment and at two-week follow-up were referred for further evalu-
ation with nasal endoscopy (Chan et al. 2013). NPC was diagnosed in 15 % of 
these patients.

4.1.2  Prognosis

CCF EBV DNA is detectable in the plasma in NPC patients at the time of diag-
nosis or relapse, but is rarely detectable in NPC patients during periods of remis-
sion (Fan et al. 2004). In several series, median plasma EBV DNA copy number 
for untreated NPC patients with stage II–IV disease ranges from a few hundred 
to a few thousand copies/mL (Lin et al. 2007; Leung et al. 2014; Tan et al. 2006). 
Pre-treatment plasma EBV DNA levels of >1500 copies/mL have been associ-
ated with inferior progression-free survival (PFS), disease-free survival (DFS), 
and overall survival (OS) in many studies including prospective cohorts (Wei et al. 
2014; Wang et al. 2013; Lin et al. 2004, 2007). The association between high pre-
treatment plasma EBV DNA levels and inferior OS has also been demonstrated 
in NPC cohorts using other cutoffs (Chai et al. 2012). Pre-treatment plasma EBV 
DNA levels have been shown to be a prognostic marker for treatment response 
and distant metastasis-free survival (Li et al. 2013; An et al. 2011; Hsu et al. 2012; 
Wang et al. 2010; Leung et al. 2003). In one study, the probability of distant fail-
ure in NPC patients was significantly higher in those with pre-treatment EBV 
DNA copy number of >4000 copies/mL plasma (Leung et al. 2003). In patients 
with relapsed NPC, preoperative plasma EBV DNA copy number corresponded 
to tumor burden, positive surgical margins, and subsequent systemic metastasis 
(Chan and Wong 2014).

4.1.3  Detecting Residual or Relapsed Disease After Therapy

EBV DNA in plasma after local radiotherapy is associated with the pres-
ence of distant metastatic disease (Lin et al. 2004, 2007; Twu et al. 2007; Hou 
et al. 2011; An et al. 2011; Chan et al. 2002). Persistent plasma EBV DNA one 
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week after therapy was associated with inferior OS and DFS compared to those 
with undetectable EBV DNA in their plasma after therapy (Lin et al. 2004). In 
another study, post-treatment levels of >500 copies/mL plasma were associ-
ated with inferior PFS and OS (Chan et al. 2002). Return of plasma EBV DNA 
positivity after therapy has been associated with subsequent relapse, and patients 
who develop distant metastatic disease have been shown to have corresponding 
increases in EBV DNA copy number in plasma on serial evaluation (Ferrari et al. 
2012; Kalpoe et al. 2006; Chan et al. 2004b). At the end of therapy, those achiev-
ing a complete response (CR) had EBV DNA copies remain below 500 copies/
mL, while those in apparent CR who later relapsed had EBV DNA copy num-
ber increase from <500 copies/mL at the end of therapy to >500 copies/mL 
2–16 months prior to clinically detectable relapse (Chan et al. 2004a). PET/CT has 
been shown to be valuable in detecting distant metastatic disease in patients with 
low degree of spread to regional lymph nodes but high EBV DNA copy number 
in plasma (Tang et al. 2013). In treated NPC patients in remission who were pro-
spectively monitored for relapse with serial plasma EBV DNA measurements, all 
patients with EBV DNA in plasma on follow-up were found to have disease recur-
rence on PET, whereas no recurrences were detected in patients with undetectable 
EBV DNA in the plasma, even if there were symptoms or radiographic findings 
suggestive of potential relapse (Wang et al. 2011).

4.1.4  EBV DNA Copy Number Kinetics

Intraoperative plasma EBV DNA levels were checked one hour after NPC resec-
tion and were found to be undetectable in most patients and significantly lower 
than preoperative levels in remaining patients (Chan and Wong 2014). One week 
post-op, all patients had undetectable EBV DNA in plasma. This finding rein-
forces the conclusion that in NPC patients, viral DNA detect in CCF DNA is not 
derived from circulating tumor cells nor from virions released from lymphocytes. 
Since the viral DNA disappears with excision of the tumor, the tumor itself must 
be the source of the viral DNA.

Molecular investigations have investigated whether the CCF EBV DNA was 
encapsidated (virion) DNA or was DNA released from cells. Three techniques 
have been used to make this differentiation. Ultracentrifugation will pellet viri-
ons but not free DNA. Virions but not free DNA will be relatively protected from 
DNase digestion. Finally, DNA released from apoptotic cells is exposed to nucle-
ases that clip DNA not protected by nucleosomes. The result is DNA fragment 
lengths that are 180–200 bps or multiples thereof forming a characteristic “lad-
der” on sizing gels. All three approaches to distinguishing viral sequences released 
from latently infected cells and virion DNA have shown that very little if any of 
the DNA detected is virion DNA.

The clearance rate of plasma EBV DNA with treatment has been found to be 
prognostic for response and overall survival (Hsu et al. 2012; Wang et al. 2010). 
Plasma EBV DNA half-life at a cutoff of >7 or 8 days also predicted treatment 
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response and OS in patients with metastatic or relapsed disease (Hsu et al. 2012; 
Wang et al. 2010). On multivariate analysis, pre-treatment plasma EBV DNA 
levels in combination with assessment of half-life added additional prognos-
tic information for OS (Hsu et al. 2012). Serial assessment of EBV DNA copy 
number in plasma showed a decline to undetectable levels within three weeks 
of starting therapy in responding patients (Kalpoe et al. 2006). In another study, 
most patients had undetectable EBV DNA in plasma after four weeks of ther-
apy and the presence of EBV DNA in plasma at this mid-treatment time point 
was associated with inferior PFS, OS, and distant failure (Leung et al. 2014). In 
patients with metastatic NPC, those whose EBV DNA in plasma became unde-
tectable after one cycle of chemotherapy had better survival than the others (An 
et al. 2011).

4.2  EBV Post-Transplant Lymphoproliferative Disease 
(EBV-PTLD)

In lung transplant patients, EBV DNA copy number in whole blood was associ-
ated with lower rates of graft rejection (Ahya et al. 2007). Similarly, in heart trans-
plant patients, detectable EBV DNA levels in whole blood were associated with 
higher drug levels of calcineurin inhibitors (Doesch et al. 2008). Thus, some have 
used EBV DNA copy number in blood as a marker of adequate immunosuppres-
sion in transplant recipients.

A rise in EBV DNA in PBMCs can be observed weeks prior to the onset of 
clinical symptoms or signs suggestive of EBV-PTLD providing the rationale for 
the monitoring strategies leading to preemptive interventions employed by some 
transplant centers (Meerbach et al. 2008). However, detection of EBV DNA in 
PBMCs of transplant patients is not associated with EBV-PTLD in most cases. 
EBV DNA copy number thresholds that should lead to the initiation of preemp-
tive interventions are not well established. The organ transplanted, the particular 
immunosuppressive regimen, and host factors may all be important (Tsai et al. 
2008; Meerbach et al. 2008; Ono et al. 2008; Wagner et al. 2002). While EBV 
DNA in the PBMCs of transplant patients is not diagnostic or highly predictive 
of EBV-PTLD, the absence of EBV DNA in PBMCs has a high NPV (Tsai et al. 
2008).

CCF EBV DNA is not routinely detected in transplant recipients. However, 
it may be detected after intensified pharmacologic immunosuppression for graft 
rejection, antithymocyte globulin, or T-cell-depleted stem cell transplant (Barkholt 
et al. 2005; van Esser et al. 2001; Haque et al. 2011). A progressive rise to high 
levels is usually indicative of EBV-PTLD (Loginov et al. 2006). In comparison 
with PBMCs, EBV detection in plasma has superior specificity, PPV, and NPV 
and comparable sensitivity in detecting EBV-PTLD (Tsai et al. 2008; Ruf et al. 
2012; van Esser et al. 2001).
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When monitored after hematopoietic stem cell transplant (HSCT), cell-free 
EBV DNA is typically not detected until ~60 days after transplant, occurring after 
engraftment and with the recovery of lymphocyte counts (Clave et al. 2004; van 
Esser et al. 2001). In pediatric transplant patients with chronically elevated EBV 
DNA copies in whole blood (>5000 copies/mL for >60 months), none developed 
PTLD and the majority did not have EBV DNA detected in plasma (Gotoh et al. 
2010). In adult transplant patients, EBV DNA was detected in 24 % of whole 
blood specimens but only 6 % of plasma specimens (Wada et al. 2007). In another 
study of transplant patients monitored for PTLD, EBV DNA was commonly 
detected in the whole blood and was often persistent, but was not associated with 
EBV-PTLD unless EBV DNA was also detected in the plasma (Tsai et al. 2008). 
Several studies report that among transplant patients who develop systemic EBV-
PTLD, all have EBV DNA detected in plasma at diagnosis (Wada et al. 2007; 
Ishihara et al. 2011; Tsai et al. 2008; Meerbach et al. 2008). Conversely, EBV 
DNA is rarely detected in the plasma of transplant patients without EBV-PTLD, 
with EBV(−) PTLD, or with central nervous system (CNS)-only EBV-PTLD 
(Tsai et al. 2008). In screening for EBV-PTLD, the NPV associated with a plasma 
EBV DNA copy number <1000 copies/mL can be as high as 100 % (van Esser 
et al. 2001; Ruf et al. 2012). At diagnosis, patients often have cell-free EBV DNA 
copy numbers upward of 10,000 copies/mL (Wagner et al. 2001; Haque et al. 
2011; van Esser et al. 2001). CCF EBV DNA can be detected weeks in advance 
of the development of clinical signs and symptoms of EBV-PTLD (van Esser 
et al. 2001). Furthermore, patients with a log increase in plasma EBV DNA copy 
number are at increased risk for developing EBV-PTLD, speaking to the potential 
value of serial measurements. However, while the copy number is predictive, CCF 
EBV DNA quantification alone is inadequate for diagnosis.

Whereas EBV DNA levels can often be elevated in whole blood, PBMCs, and 
B lymphocyte fractions even during PTLD-free episodes, clinically meaning-
ful fluctuations in EBV DNA levels that correspond to PTLD disease activity and 
treatment response are more reliably observed in plasma (Ruf et al. 2012; Wagner 
et al. 2001). With treatment of EBV-PTLD, plasma EBV DNA has been shown to 
decline or become undetectable in responding patients (Tsai et al. 2008; Savoldo 
et al. 2006). In solid organ transplant patients at high risk for EBV-PTLD or with 
PTLD who were treated with autologous EBV-specific cytotoxic T cells, EBV 
DNA copy number in plasma was detectable prior to therapy, transiently increased 
early in therapy, and then declined in line with clinical response (Savoldo et al. 
2006). In HSCT patients treated preemptively for EBV-PTLD with a single dose 
of rituximab if they had EBV DNA >1000 copies/mL plasma, EBV DNA became 
undetectable in plasma at a median of eight days in responding patients (van Esser 
et al. 2002).

It is worth considering the detection of cytomegalovirus DNA versus EBV 
DNA in CCF in the post-transplant setting. Detection of cytomegalovirus DNA is 
always indicative of active lytic replication. In the absence of resistance mutations, 
cytomegalovirus DNA will always clear with inhibitors of lytic viral replication. 
In contrast, latently infected EBV lymphocytes may increase in number without 
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lytic replication. Cell turnover alone such as occurs in neoplasia will result in 
release of viral DNA fragments into CCF blood. Although these DNA fragments 
may be indicative of EBV-associated pathology, they are typically not responsive 
to inhibition with antivirals. Furthermore, the viral DNA need not reflect the pres-
ence of infectious virions at all and whereas it is entirely appropriate to refer to 
cytomegalovirus “viral load,” referring to the EBV DNA debris from proliferating 
cells as “viral load” is misleading and should be avoided. The term “EBV copy 
number” is less likely to be misinterpreted as an indication of infectious virions in 
the blood.

4.3  EBV(+) Lymphomas and Lymphoproliferative Disorders

CCF EBV DNA has been investigated as a potential tumor marker in patients with 
EBV(+) lymphoma and other EBV-associated diseases. Patients with untreated 
EBV(+) lymphomas or EBV-associated hemophagocytic lymphohistiocyto-
sis (EBV-HLH) consistently have EBV DNA detected in plasma, often at high 
copy number (Martelius et al. 2010; Lei et al. 2001, 2002; Kanakry et al. 2013; 
Musacchio et al. 2006; Donati et al. 2006; Gallagher et al. 1999; Elazary et al. 
2007; Teramura et al. 2002; Morishima et al. 2014; Suwiwat et al. 2007; Beutel 
et al. 2009). Across EBV(+) lymphomas of B-, T-, and NK-cell lineage, EBV 
DNA has been demonstrated to be detectable in the plasma prior to therapy in the 
majority of patients and to be markedly elevated in many (Machado et al. 2010; 
Au et al. 2004; Kanakry et al. 2013). By contrast, immunocompetent patients with 
EBV(−) lymphomas rarely have EBV DNA detected in plasma (Au et al. 2004; 
Machado et al. 2010; Kanakry et al. 2013).

In diffuse large B-cell lymphoma (DLBCL), EBV DNA is detected in the 
plasma of the majority of patients with EBV(+) tumors but not in patients with 
EBV(−) tumors or in healthy controls (Morishima et al. 2014). In EBV(+) extran-
odal NK-/T-cell lymphoma (ENKTL), more patients had EBV DNA detected in 
plasma than in PBMCs at diagnosis (Suzuki et al. 2011). In patients with EBV(+) 
peripheral T-cell lymphoma (PTCL) or EBV(+) T-cell proliferative diseases, 
EBV DNA is commonly detected in plasma, at significantly higher levels than 
seen in patients with EBV(−) PTCL or lymphoproliferative diseases (Suwiwat 
et al. 2007). On DNase I digestion, EBV DNA in plasma became undetectable or 
very low in all patients studied, suggesting that the circulating viral DNA is not 
encapsidated and is likely tumor derived (Suwiwat et al. 2007). In patients with 
HIV-associated EBV(+) lymphomas, EBV DNA was detected in plasma or serum 
in all patients in two series, but was undetectable in the plasma of HIV(+) con-
trols matched for CD4 count and HIV viral load (Fan et al. 2005; Ouedraogo et al. 
2013). However, in EBV(+) primary CNS lymphoma (PCNSL), EBV DNA may 
be detected in the plasma in only a minority of patients and at low copy number 
(Bossolasco et al. 2002, 2006; Fan et al. 2005), perhaps reflecting a “brain–blood” 
barrier for tumor DNA.
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In many EBV(+) lymphomas, CCF EBV DNA has been shown to fall to unde-
tectable levels for those achieving remission, to remain elevated in those with 
refractory disease, and to rise prior to clinically detectable relapse (Au et al. 2004; 
Machado et al. 2010; Lei et al. 2001; Martelius et al. 2010; Jones et al. 2012). 
By contrast, changes in cellular EBV DNA over time were not associated with 
response in patients with EBV(+) lymphomas (Jones et al. 2012). In patients with 
B-cell malignancies and high EBV DNA copy number in plasma, a rapid decrease 
in copy number has been shown to occur with rituximab treatment (Martelius et al. 
2010). As rituximab targets CD20(+) B lymphocytes, it should be noted that a 
fall in EBV DNA copy number in PBMCs after rituximab may not as accurately 
reflect tumor response (Yang et al. 2000). In patients with HIV, EBV DNA was 
detected in plasma in all patients with untreated EBV(+) lymphomas and fell 
to undetectable in the majority of responding patients, some as quickly as three 
weeks into therapy (Fan et al. 2005).

In ENKTL, CCF EBV DNA copy number at diagnosis correlated with lactate 
dehydrogenase (LDH) and disease stage, with high copy number found to be asso-
ciated with inferior treatment response rates and DFS (Au et al. 2004; Lei et al. 
2002; Kwong et al. 2014; Ito et al. 2012). In patients with early-stage ENKTL 
treated with radiotherapy, high EBV copy number in pre-treatment plasma (> 500/
mL) was associated with B symptoms, high LDH values, and inferior OS (Wang 
et al. 2012a). In another study, plasma EBV DNA copy number of 0, <1000 cop-
ies/mL, and >1000 copies/mL stratified patients into three prognostic groups for 
OS, with high copy number patients having the worst outcomes (Suzuki et al. 
2011). CCF EBV DNA has also been shown to be a marker of disease status in 
patients with ENKTL where changes in plasma EBV DNA levels on serial assess-
ment corresponded to degree of treatment response (Suzuki et al. 2011; Lei et al. 
2002). Plasma EBV DNA positivity appears to be an early indicator of relapse in 
ENKTL, as patients in apparent clinical remission but with elevated EBV DNA in 
plasma have been observed to subsequently relapse (Lei et al. 2002). Furthermore, 
patients with detectable EBV DNA in plasma after therapy had inferior PFS and 
OS outcomes, where undetectable EBV DNA in plasma after chemotherapy was 
the best predictor of good OS (Kwong et al. 2014; Wang et al. 2012b). While 
plasma specimens have been more frequently studied in ENKTL, whole blood 
and plasma EBV DNA measurements have been shown to be highly correlated 
(Ito et al. 2012). However, pre-treatment plasma EBV DNA appears to be a better 
indicator of clinical stage, B symptoms, performance status, and prognosis than 
PBMC measurements in these patients (Suzuki et al. 2011).

In patients with classical Hodgkin lymphoma (HL), detection of EBV DNA in 
plasma is highly specific for EBV(+) disease and appears promising as a prog-
nostic marker and indicator of treatment response. EBV DNA copy number in 
plasma was higher in HL patients with advanced disease, higher prognostic scores, 
and B symptoms (Hohaus et al. 2011). In one study, EBV DNA was detectable in 
the plasma of all untreated patients with EBV(+) HL and was undetectable in all 
responding EBV(+) HL patients after therapy, as well as patients with EBV(−) 
HL (Gandhi et al. 2006). By contrast, there was no association between EBV 
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DNA copy number in PBMCs and EBV(+) HL disease activity (Gandhi et al. 
2006). In a study of children with EBV(+) HL, 85 % had EBV DNA detectable in 
plasma prior to therapy and those with post-treatment plasma specimens and com-
plete response had no EBV DNA detectable after therapy (Sinha et al. 2013). In 
adults with HL, plasma EBV DNA status was closely concordant with tumor EBV 
status by tissue-based techniques and pre-treatment plasma EBV DNA positivity 
was associated with inferior PFS on multivariate analysis (Kanakry et al. 2013). 
At month six of therapy, patients who were plasma EBV DNA-positive had sig-
nificantly inferior PFS compared to those who were plasma EBV DNA-negative 
(Kanakry et al. 2013). Other studies have also shown that declines in plasma 
EBV DNA copy number are associated with treatment response, while increases 
in plasma EBV DNA copy number precede disease relapse (Spacek et al. 2011). 
Plasma EBV DNA copy number has also been associated with higher numbers of 
tumor-associated macrophages and soluble CD163 levels, both of which may also 
have prognostic significance in HL (Jones et al. 2013; Hohaus et al. 2011). There 
is evidence to suggest that very little of the EBV CCF DNA detected in Hodgkin 
lymphoma is virion DNA (Ryan et al. 2004) and we (Kanakry, Ambinder) have 
unpublished data to corroborate these findings.

Aggressive NK leukemia is EBV(+), and in one series, all patients had 
EBV DNA detected in their serum at diagnosis (Zhang et al. 2013). Those who 
responded to chemotherapy had a decrease in serum EBV DNA copy number 
post-therapy, with undetectable post-treatment levels only observed in patients 
with a clinical complete remission (Zhang et al. 2013). Serum EBV DNA levels 
were noted to rise one to two weeks prior to clinically detectable relapse (Zhang 
et al. 2013).

In CAEBV patients undergoing HSCT, plasma EBV DNA copy number at 
diagnosis of CAEBV was significantly higher in those who died after transplant 
as compared to survivors (Gotoh et al. 2008). Patients who had a disappearance 
of clinical symptoms of CAEBV after HSCT had an accompanying decrease in 
EBV DNA in the plasma, whereas patients who had relapsed/refractory disease 
did not have a decrease in EBV DNA in the plasma (Gotoh et al. 2008). In EBV-
HLH patients, EBV DNA was no longer detected in the plasma at four months in 
patients responding to therapy, although EBV DNA copy number prior to therapy 
or at two months did not distinguish responders from non-responders (Teramura 
et al. 2002). Taken together, CCF EBV DNA is a promising potential biomarker 
of EBV-associated lymphomas and lymphoproliferative disorders which may have 
diagnostic and prognostic value akin to its clinical utility in NPC, although further 
studies are still needed.
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5  Other Patient Populations and Other Body Fluids

5.1  Critical Illness

CCF EBV DNA is less often detected in the absence of an EBV-associated cancer 
or lymphoproliferative disorder (Fafi-Kremer et al. 2004; Hakim et al. 2007). In 
hospitalized non-transplant patients, EBV DNA is rarely detected in plasma and, 
when detected, is typically observed in patients who are critically ill or immuno-
compromised by HIV, immunosuppressive drugs, or malignancy (Martelius et al. 
2010). In one prospective series, one-third of patients with sepsis had EBV DNA 
detectable in plasma, whereas in non-septic critically ill patients and healthy 
controls, EBV DNA was detected in plasma in 5 % and 0.6 % of cases, respec-
tively (Walton et al. 2014). Septic patients who were plasma EBV DNA-positive 
were more likely than plasma EBV DNA-negative septic patients to have fungal 
infections (Walton et al. 2014). Detection of EBV DNA in plasma correlated with 
longer intensive care unit stay, but did not correlate with mortality risk scores.

5.2  Malaria

The relationship between endemic Burkitt lymphoma and malaria remains poorly 
understood but has generated interest in possible interplay between the parasitic 
illness and the viral infection. In children with acute Plasmodium falciparum 
infection, EBV DNA is detected more frequently and at higher copy number than 
in plasma from children without malaria (Donati et al. 2006). Treatment of malaria 
has been reported to be associated with decreases in EBV DNA copy number 
in plasma (Chene et al. 2011; Donati et al. 2006). In whole blood, EBV DNA is 
more frequently detected among those with a history of severe malaria infection 
compared to those with a history of mild malaria infection and whole blood EBV 
DNA levels have been shown to be correlated with the number of malaria attacks 
(Yone et al. 2006). However, whether malaria is associated with more virions in 
the blood or the release of viral DNA from latently infected cells has not yet been 
determined.

5.3  Other Body Fluids

It is quite common to periodically detect EBV DNA in the saliva of EBV-
seropositive individuals (Ling et al. 2003). Seasonal variation of EBV DNA shed-
ding has been demonstrated, with higher frequency of shedding in spring and 
fall (Ling et al. 2003). In college students followed longitudinally and diagnosed 
with primary EBV infection, EBV DNA was undetectable in the saliva prior to 
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the onset of symptoms but became detectable in the oral cell pellet at diagno-
sis, remaining positive for a median of 175 days (Balfour and Verghese 2013). 
In the oral supernatant of these IM patients, EBV DNA copy number was lower 
and detected more transient (Balfour and Verghese 2013). In patients with HIV, 
EBV DNA is very commonly detected in the saliva, even among those on effective 
antiretroviral therapy (Jacobson et al. 2009; Griffin et al. 2008). However, patients 
with lower HIV RNA viral loads or those on HAART have been shown to have 
EBV DNA less frequently detected in saliva and, if detected, present at lower copy 
number (Ling et al. 2003; Griffin et al. 2008). In some studies, EBV DNA is fre-
quently detected in saliva regardless of CD4 count (Jacobson et al. 2009), while 
other studies have shown HIV patients with higher CD4 counts to be less likely 
to shed EBV DNA in saliva (Griffin et al. 2008). Patients with endemic BL have 
been shown to have high EBV DNA copy number in saliva, with a frequency of 
detection of 100 % in one series (Donati et al. 2006).

In HIV-PCNSL, EBV DNA is detected in cerebral spinal fluid (CSF) in over 
75 % of patients, but does not correlate with EBV DNA copy number in plasma 
(Bossolasco et al. 2002, 2006). In patients with imaging studies showing central 
nervous system mass lesions, the presence of viral DNA in the CSF is viewed 
by many as adequate to establish a diagnosis of PCNSL. EBV DNA can also be 
detected in the CSF of patients with central nervous system involvement by an 
EBV(+) tumor, such as leptomeningeal involvement by NPC (Ma et al. 2008).

In NPC patients, EBV DNA was detected in the urine of 56 % of untreated 
patients and patients with EBV DNA in urine had significantly higher plasma 
EBV DNA copy numbers (Chan et al. 2008). Urine and plasma values were posi-
tively correlated and it is presumed that small DNA fragments from plasma are 
filtered through the glomerulus into the urine.

In lung transplant patients, EBV DNA was detected in 44 % of patients’ bron-
choalveolar lavage fluid (Bauer et al. 2007). By contrast, EBV DNA was detected 
in 5 % of BAL fluid specimens from healthy controls. Over 33 % of lung trans-
plant patients had both EBV and CMV detected in BAL fluid, and EBV and CMV 
DNA copy number in BAL fluid were positively correlated. The clinical implica-
tions of EBV DNA in BAL fluid of transplant patients, however, are not clear.

6  Summary

EBV is associated with many diseases but most often not associated with any dis-
ease at all. EBV DNA can be measured in PBMC, serum or plasma, or in whole 
blood. As a tool for basic investigation, measuring EBV DNA in PBMC and in 
other cellular fractions has provided important insights into the biology of per-
sistence and the role of the resting memory B cell. In the most sensitive assays, 
viral DNA can be detected in PBMC in almost all subjects who have been 
infected. Among organ transplant recipients, higher copy number of viral DNA 
in PBMC may be indicative of the level of immunosuppression achieved and is 
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perhaps useful in guiding pharmacologic immunosuppression. However, pre-
sent evidence suggests that most of the viral DNA even in immunocompromised 
patients is not in lymphoblastoid-like immortalized cells but is in resting memory 
B cells. In any case, absent or very low viral DNA copy number in PBMC makes 
a diagnosis of EBV-PTLD unlikely. Although high copy number should raise sus-
picion for EBV-PTLD and may be useful in guiding adjustment of immunosup-
pression in the organ transplant setting, high copy number alone is not adequate 
for diagnosis. Typically, the addition of acyclovir or ganciclovir has little if any 
impact on viral copy number in PBMC insofar as at least a large fraction of the 
viral DNA is latent. In patients with EBV-PTLD, the administration of rituxi-
mab or other anti-B-cell therapy typically eliminates measurable copy number in 
PBMC even when the EBV-PTLD continues to progress and thus further meas-
urements in PBMC have little value. In other settings such as patients with HIV 
infection and lymphoma, in patients with NPC, or in patients with HL, EBV copy 
number in PBMC does not seem promising with regard to either tumor diagno-
sis or monitoring. Measurement of viral sequences in CCF DNA is a very differ-
ent measurement insofar as viral DNA is not detected in most seropositives in the 
absence of disease. However, the viral sequences detected in CCF DNA may be 
either virion DNA or may be DNA released from cells. As with detection of viral 
DNA in PBMC, inhibition of viral lytic replication does not impact on viral DNA 
sequences released in association with turnover of latently infected cells. It is per-
haps worth noting that some virion DNA is present in patients with acute IM and 
some in patients with CAEBV, although the relative contributions of EBV from 
latently infected cells versus that from virion DNA have not yet been well defined. 
In NPC and HL, present evidence suggests that in most instances, the viral 
CCF DNA derives from tumor cells and is not packaged as virions. Persistence 
of CCF DNA appears to correlate closely with the presence of residual tumor. In 
NPC, assays of CCF DNA have become fairly standard in tumor monitoring. This 
is not yet the case in HL but seems a promising path for further investigation. EBV 
DNA is assayed in whole blood in many settings. This has the virtue of identi-
fying high copy number in either cells or CCF DNA and of involving minimal 
processing. And on the other hand, assay of whole blood obscures the differences 
between compartments. In particular circumstances, assay of body fluids, particu-
larly cerebrospinal fluid in patients with HIV and central nervous system lesions 

Table 1  EBV DNA in blood compartments

PBMC
Latent infection in lymphocytes
Lytic infection in lymphocytes including cell-associated virions
Plasma or Serum
Virions
Lytically replicated DNA released from cells
Latently replicated DNA released from lymphocytes by processes of apoptosis, necrosis,  
and secretion
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on imaging, may be useful to establish a diagnosis of primary central nervous  
system lymphoma (see Tables 1 and 2).
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