Chapter 2
Epstein—-Barr Virus: Pathogenesis
and Host Immune Response

S. David Hudnall

Introduction

EBV is a human herpesvirus of the gamma-herpesvirus subfamily, genus
Lymphocryptovirus with a ubiquitous worldwide distribution. Humans are the only
known natural host for EBV, although Old World primate species harbor related
lymphocryptoviruses [1-4]. EBV was first identified by electron microscopy of a
biopsy of endemic African Burkitt lymphoma [5], and later identified as the cause
of heterophile antibody positive infectious mononucleosis [6, 7]. In addition to
endemic Burkitt lymphoma, EBV has been associated with a wide variety of other
neoplasms, including non-Burkitt lymphoma, carcinoma, follicular dendritic cell
sarcoma, and smooth muscle tumors [8—11]. In addition to malignant tumors, EBV
is also associated with a variety of nonmalignant conditions including infectious
mononucleosis, oral hairy leukoplakia [12], hemophagocytic syndrome [13], and
chronic active EBV infection [14].

Permanently transformed B-cell lines harboring EBV can be obtained from the
blood of patients with acute infectious mononucleosis, from Burkitt lymphoma tis-
sue, and following in vitro EBV infection of normal peripheral blood B cells [15-
17]. Much of our knowledge of the role of latent genes in B-cell transformation and
lymphomagenesis has been obtained through the use of these readily available cell
lines. Although only B cells appear to be efficiently infected and transformed
in vitro, the host cell range for EBV in vivo includes T cells, plasma cells, epithelial
cells, and mesenchymal cells [18]. The double-stranded EBV DNA genome
sequenced from several isolates varies in size from 168 to 184 kbp and encodes
for nearly 100 protein-coding genes [19-21]. The genome, flanked by tandem
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Fig. 2.1 Epstein—Barr virus genome (Adapted from Young & Rickinson [151])

approximately 500 base pair terminal repeat units [terminal repeats (TR)], contains
5 largely unique regions (from left to right UR1-5) alternating with 4 internal tan-
dem repeat units (from left to right IR1-4) (Fig. 2.1). The EBV DNA genome, pack-
aged in the virion as a linear molecule, undergoes circularization in the nucleus. The
extra-chromosomal circular DNA molecule, known as the episome, forms by fusion
within the terminal repeat regions [22]. In order to maintain the pool of latent-
infected cells, episomal EBV undergoes host cell DNA polymerase-dependent
duplication during the synthesis (S) phase of the cell cycle, thus ensuring partition-
ing of virus to all daughter cells [23]. In contrast, upon lytic activation, viral DNA
polymerase-dependent replication yields several hundred copies of viral DNA per



2 Epstein—Barr Virus: Pathogenesis and Host Immune Response 9

Fig. 2.2 Epstein—Barr virus Linear viral
structure dsDNA

Envelope

Tegument
Nucleocapsid

EBV receptor
gp350,"220
Virusin saliva "‘.. — /.
/ \ Plasma cell {lytic}
" ve)
Oral \ 'J v... Memory B cells (latency 0/1)

transmission
Pharyngeal ° °
epithelium o °
a0 0® L
Naive B cells
({latency II1) .

Germinal center B cells
{latency 11}

Fig. 2.3 Epstein—Barr virus life cycle

cell, each of which is encapsidated and enveloped for release as a mature virion
[24-26] (Fig. 2.2).

Two EBV subtypes, EBV-1 and EBV-2, differ in genetic sequence, geographic
distribution, and biologic properties [27, 28]. The genetic sequences primarily differ
in the latent genes EBERI, EBER2, EBNA2, EBNA3, and EBNA-LP. In most parts
of the world the EBV-1 strain predominates (80-90 %), with EBV-2 more often
isolated in equatorial Africa, New Guinea, and from immunocompromised AIDS
patients. Both strains can be recovered from the oropharynx of healthy persons from
the developed world [27]. While EBV-1 isolates transform B cells in vitro with
much greater efficiency than EBV-2 isolates [29], and are more commonly isolated
from tumors [30], no clear difference in disease risk has been described.

Following initial exposure to infectious saliva, EBV likely undergoes a brief
period of lytic replication in oral and nasal epithelium [31-33] (Fig. 2.3). Subsequent
infection of naive B cells within subjacent tonsillar lymphoid tissues leads to a brief
“pre-latent” period of lytic and latent gene expression prior to epigenetic repression
of viral genes [34]. This brief pre-latent period is marked by limited expression of
a small set of lytic genes with regulatory function, excluding lytic genes essential
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for DNA replication and virion assembly. It is likely that by promoting cell growth
and inhibiting apoptosis, pre-latent lytic gene products, including BART miRNA,
viral BCL-2 homologs, and BZLF1, contribute to the early survival of EBV-infected
B cells [35]. Following epigenetic repression of the full complement of lytic genes
and a subset of latent gene promoters [34, 36], rapid growth of latent-infected B
cells is induced by expression of the full growth-promoting complement of latency
genes, i.e., the latency III program [37]. Expression of the full complement of lytic
and latent antigens by infected epithelial cells and B cells triggers a vigorous
humoral and cellular immune response that leads to suppression of viral replication
[38—40]. Latent-infected B cells persist by switching from the highly immunogenic
latency III program to the less immunogenic latency II program, with virus gene
expression restricted to three proteins, EBNA-1, LMP-1, and LMP-2A [41].
EBNA-1 maintains the viral genome [42], while LMP-1 and LMP-2A maintain cell
growth while preventing apoptosis [43, 44]. The absence of EBNA-2-mediated
transactivation allows for latency II B cells to adopt a germinal center B-cell pheno-
type and, in so doing, survive germinal center and/or extrafollicular proliferation
and maturation into EB V-infected memory B cells [45, 46]. EB V-infected memory
B cells persist by switching from the latency II program to the latency 0 program,
with near-complete absence of viral gene expression, with only intermittent LMP-2a
expression [45, 47, 48]. The EBV-positive resting memory B cells circulate in the
blood, seeding lymphoid tissues throughout the body. Plasmacytic differentiation of
EBV-positive memory B cells leads to end-stage viral replication [45, 49, 50].
Intermittent virus replication in oral and nasal tissues also leads to low-level shed-
ding of virus in saliva and lifelong persistence of IgG anti-VCA antibody and EB V-
specific cytotoxic T cells (CTL), more frequently directed against lytic antigens
than latent antigens [51].

EBYV Latent Genes

Given the importance of B-cell latency to virus persistence, a great deal of attention
has been devoted to the classic latency genes, including six nuclear proteins (EBNA-
1, 2, 3A, 3B, 3C, LP), three membrane proteins (LMP-1, 2A, 2B), and two small
noncoding RNAs (EBER-1, EBER-2) (reviewed in [52]) (Table 2.1). Other EBV
genes expressed during some forms of latency include BART (BamHI A fragment
rightward transcripts) transcripts, BHRF1 (BamHI R rightward reading frame 1)
region transcripts, BARF-0 (BamHI A fragment rightward reading frame 0) tran-
script, and BARF-1 (BamHI A fragment rightward reading frame 1) protein. EBV
infection of human peripheral blood B cells in vitro leads to the outgrowth of latent-
infected transformed (so-called immortalized) lymphoblastoid B cells that express
the full complement of latency genes (latency III). Using this in vitro model of EBV
transformation, 4 of the 11 classic latent genes (EBNA-2, EBNA-3A, EBNA-3C, and
LMP-1) have been demonstrated to be essential for in vitro B-cell transformation
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Table 2.1 Epstein—Barr virus latency gene function

Gene Function

EBER-1 and EBER-2  Block apoptosis and induce IL-10 production
EBNA-1 Maintains EBV episome copy number
EBNA-2 Enhances expression of viral and cellular genes
EBNA-3A Limits EBNA-2 mediated transactivation
EBNA-3B Blocks p53 and Rb activity

EBNA-3C Limits EBNA-2 mediated transactivation
EBNA-LP Cooperates with EBNA-2 in transactivation
LMP-1 Activates signaling pathways and blocks apoptosis
LMP-2A Blocks lytic activation

LMP-2B Enhances lytic activation

BART miRNA Blocks regulators of proliferation and apoptosis
BHRF-1 miRNA Inhibits latency III gene expression

BARF-0 RNA Inhibits Notch signaling

BARF-1 Activates NF-kB and cyclin D1

[53-55]. While not essential for B-cell transformation, EBNA1 markedly enhances
the rate of transformation [56]. Three patterns of EBV latency defined by differen-
tial expression of the latent genes have been described in infected B cells [57]—
latency I with expression of EBNAT1 only, latency II with expression of EBNA1 and
LMPI1, and latency III with expression of EBNA1, EBNA2, EBNA3 (A-C),
EBNA-LP, LMP1, and LMP2. More recently a fourth form of latency termed
latency O has been described in quiescent memory B cells, with EBV gene expres-
sion limited to intermittent expression of LMP-2a [58].

EBER-1 and EBER-2 RNA

Two small related noncoding EBER (EBV early RNA) genes (EBER-1 and EBER-2)
of uncertain function are highly expressed in all EBV-infected cells [59]. There
are approximately 107 copies of EBER RNA in each infected cell, with an approx-
imate EBER-1 to EBER-2 ratio of 10:1. EBER RNA is localized to the nucleus,
bound to three cellular proteins La, L22, and EAP [60—64]. Interestingly, La pro-
tein, which functions in stabilization of tRNA, is a common autoantigen in both
Sjogren syndrome and systemic lupus erythematosus [65]. While not essential for
EBV-mediated B-cell transformation in vitro, the EBERs do enhance B-cell trans-
formation in vitro [66] and contribute to growth of EBV-associated lymphoid and
epithelial tumors [67, 68]. EBER-mediated effects that may contribute to tumor
growth include up-regulation of IL-10 [69] and insulin-like growth factor (IGF-1)
production [68], and inhibition of alpha interferon (IFNa)-mediated apoptosis
[70, 71].
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EBNA-1

In type I and type Il latency, EBNA1 transcription is initiated by the BamH1Q latency
promoter (Op), while in latency III EBNA-1 transcription is initiated by the Cp and
Wp promoters [72]. The DNA-binding EBNA-1 protein binds tightly to the viral
latent origin of replication (oriP) region and tethers circular virus DNA molecules
(episomes) to metaphase chromosomes, enabling episome duplication once per syn-
thesis (S) cell cycle phase, and ensuring that all daughter cells remain EBV positive
[73]. By maintaining a pool of infected cells within the host, EBNA-1 ensures
lifelong asymptomatic viral persistence without the need for lytic production of
infectious virus, an immune-stimulating event that threatens viral persistence.
Furthermore, EBNA-1, by virtue of a glycine-alanine repeat domain that inhibits
proteasome-mediated degradation and MHC class I-restricted presentation, evades
immune recognition by CD8+ T cells even as it functions to ensure viral DNA
persistence in latent-infected cells [74]. Although its primary function is in mainte-
nance of latent virus, EBNA-1, unlike other EBNA, is also expressed during lytic
activation via the alternative Fp promoter. While not essential for B-cell transforma-
tion, EBNA-1 nevertheless enhances outgrowth of EBV-transformed B cells in vitro,
induces B-cell lymphoma in EBNA-1 transgenic mice [75], and protects EBV-
negative Burkitt lymphoma cells from p53-mediated apoptosis. Also, EBNA-1
inhibition induces apoptosis of EBV-positive Burkitt lymphoma cells [76]. Thus, in
addition to its primary role in maintaining latency, EBNA-1 likely contributes to
latent persistence and EBV-related lymphoid neoplasia by inhibiting apoptosis of
EBV-infected B cells.

EBNA-2

EBNA-2 is expressed during latency III and is essential for EBV-mediated B-cell
transformation in vitro. EBNA-2 mimics the actions of a constitutively active Notch
receptor by binding to the DNA-binding protein RBP-Jk/CBF1 and transactivating
several cellular and viral genes, including CD21 (EBV receptor), CD23, c-fgr,
c-myc, LMP-1, and LMP-2 [77-82].

EBNA-3

The three EBNA-3 genes (3A, 3B, and 3C) are located in tandem and transcribed
under the control of the latency III promoters Cp and Wp. Unlike EBNA-3A and
EBNA-3C, EBNA3B is not essential for in vitro EBV-mediated B-cell transforma-
tion [53]. All three EBNA-3 proteins repress EBNA-2 mediated transactivation by
competing for binding to RBP-Jk/CBF1 [83]. Overexpression of EBNA-3A in
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lymphoblastoid cells leads to decreased c-myc expression and growth arrest. In spite
of its nonessential role in the phenomenon of in vitro EBV-mediated B-cell transfor-
mation, EBNA-3B likely contributes to cell transformation by virtue of binding to
pS53 and RB [84]. In cooperation with EBNA-2, EBNA-3C up-regulates expression
of the EBV receptor CD21 and LMP-1 [85-87], and cooperates with the Ras onco-
gene in the transformation of rodent cells [88].

EBNA-LP

EBNA-LP (EBNA leader protein), which is transcribed early at initiation of B-cell
infection, cooperates with EBNA-2 in the transcriptional activation of several latent
viral genes as well as cellular genes, including c-myc [89].

LMP-1

LMP-1 (latent membrane protein 1) is a transmembrane protein expressed in latency
II and IIT that mimics the effect of a constitutively activated CD40-like TNF (tumor
necrosis factor) receptor [90]. As such, LMP-1 expression leads to activation of
several signaling pathways (NF-kB, Jak/Stat, MAP kinase, PI3K/Akt) that lead to
cytokine production and inhibition of apoptosis [44, 91-97]. LMP-1, which is
essential for lymphoblastoid B-cell transformation in vitro, induces transformation
of rodent fibroblasts with tumor formation in nude mice [98]. LMPI transgenic
mice develop epidermal hyperplasia, B-cell hyperplasia, and B-cell lymphomas
[99]. These results indicate that LMP] is very likely a true viral oncogene.

LMP-2A and LMP-2B

The latent membrane protein LMP-2A, expressed in latency II and III, blocks lytic
activation of EBV induced by cross-linking of surface IgM, CD19, or class Il MHC
[100, 101]. By preventing lytic activation of B cells, LMP-2A maintains latent per-
sistence and long-term survival of EBV-infected B cells. By inhibiting NF-kB,
LMP-2A inhibits proinflammatory cytokine production of EBV-infected B cells
[102]. Furthermore, LMP-2A likely contributes to EBV-positive B-cell survival by
inhibiting TGFp-mediated apoptosis. In epithelial cells, LMP-2A induces prolifera-
tion in vitro and tumor formation in nude mice, and thus may contribute to the
development of EBV-positive lymphocyte-rich carcinomas. The closely related
EBV protein LMP-2B appears to function as an LMP-2A antagonist by enhancing
the switch in EB V-infected B cells from latency to lytic activation [103].



14 S.D. Hudnall

BART RNA

EBYV encodes for 29 miRNA transcripts from the BamHI A (BART) and BamHI R
(BHRFI) regions [104]. BART transcripts (BamH1 A rightward transcripts) are a
small family of alternatively spliced miRNA transcripts expressed in both lymphoid
and epithelial cells during all phases of EBV infection, and are particularly abun-
dant in nasopharyngeal carcinoma [105-108]. At least six BART transcripts are
present in EBV-positive lymphoid and epithelial cells [109]. During latency, BART
transcripts appear to target a variety of regulators of cell proliferation and apoptosis
[109, 110]. BART miRNA likely blocks apoptosis by inhibiting expression of the
apoptotic protein caspase-3 [111]. While some BART transcripts encode putative
open reading frames, no BART-encoded proteins have yet been detected in EB V-
infected human cells [108].

BHRF1 RNA

BHRFI (BamH1 H rightward reading frame 1) region transcripts are produced
during all phases of infection in both lymphoid and epithelial cells. BHRFI region
miRNA transcripts suppress latent protein expression during latency type III,
thereby enhancing cell survival by limiting immunogenicity [112]. BHRF1 miRNA
also inhibits apoptosis and promotes cell proliferation of newly infected B
cells [35].

BARF-0 RNA

The BARF-0 (BamH]1 A rightward frame 0) gene encodes for an miRNA transcript
in nasopharyngeal carcinoma that interferes with Notch signaling [113].

BARF-1

The BARF-1 (BamHI A rightward frame 1) gene encodes for a latent protein
expressed in EBV-associated nasopharyngeal carcinoma and gastric carcinoma as
well as in latent-infected B cells [114-116]. BARF-1 protein, with homology to
human colony-stimulating factor 1 (CSF-1) receptor and ICAM-1, is capable of in
vitro transformation of epithelial cells [117, 118]. By up-regulation of NF-kB and
cyclin D1, and down-regulation of p21 WAF1, BARF-1 may facilitate EBV-induced
gastric cancer progression [119]. Thus, BARF-1, like LMP-1, appears to function as
an oncogene, at least in EBV-associated carcinoma.
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Patterns of Latent Gene Expression

Four distinct patterns of latent EBV gene expression have been described (Fig. 2.4).
Type O latency, seen in memory B cells of healthy carriers, is characterized by
EBV gene expression limited to noncoding EBER RNA and (transiently) LMP-2A
protein [58]. Type I latency, typical of African Burkitt lymphoma and primary
effusion lymphoma, is characterized by expression of EBNA-I protein, EBER
RNA, and BART-1 RNA [57, 116]. Type II latency, typical of nasopharyngeal car-
cinoma, gastric carcinoma, T cell lymphoma, Hodgkin lymphoma, and latent-
infected germinal center B cells [41] is characterized by expression of EBER,
EBNA-1, LMP-1, and LMP-2. Type III latency, typical of in vitro transformed B
cells and non-Hodgkin B-cell lymphoma, is characterized by expression of all
classic latent genes including EBER, all 6 EBNA genes (1, 2, 3ABC, LP), LMP-1,
and LMP-2 [57]. While ten latent EBV genes are active in EBV-transformed B
cells, only a few are required for in vitro B-cell transformation (reviewed in [52]).
LMP-] and BARF-I are the only latent genes that have clearly been shown to
exhibit oncogenic activity [119, 120].

EBYV Lytic Genes

The lytic viral genes encode for proteins involved in replication, cleavage, and pack-
aging of viral DNA, and assembly of the capsid, tegument, and envelope. The tem-
poral sequence of lytic gene expression begins with the immediate early genes,
defined as viral genes whose transcription proceeds in the absence of protein syn-
thesis. The two immediate early genes BZLF and BRLFI encode for transcription
factors that are required for lytic replication [121]. Binding of BZLF1 to the virus
Iytic origin of replication (oriLyf) initiates lytic virus replication, with participation
by DNA-binding protein BALF2, DNA polymerase BALFS5, DNA polymerase
accessory protein BMRF1, and helicase-primase components BBLF2/3, BBLF4,

LatencyO Latencyl Latencyll Latencylll
EBNA1
\ EBNA1L EBNA2
| A LMP2 EBNA-LP
LMP1

LMP2

Fig. 2.4 Epstein—Barr virus latency patterns
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and BSLF1 [26]. BZLF1-mediated transactivation of fully methylated lytic genes is
preceded by epigenetic changes to target gene promoters [122]. BZLF1 also binds
to a subset of cellular genes, inhibiting the expression of NF-kB and p53 [123, 124].
The early lytic genes are those viral genes whose transcription proceeds in the
absence of viral DNA synthesis. The early EBV gene BSMLFI (SM), which is
essential for EBV replication, enhances the stability and export of intronless viral
RNA to the cytoplasm [125, 126]. The early viral genes BHRF1 and BALFI are bcl-
2 homologs that likely prevent apoptosis during the critical early phase of viral
replication [127]. Other early genes include those responsible for DNA replication,
including the viral DNA polymerase gene BALF5. Late lytic genes, defined as those
viral genes for which transcription is dependent upon viral DNA synthesis, encode
for proteins that make up the infectious virus particle, the virion, including nucleo-
capsid, tegument, and envelope glycoproteins. The most abundant envelope glyco-
protein gp350/220 binds to the B-cell EBV receptor [complement C3d receptor
(CR2), CD21] [128]. Some evidence suggests that asf; integrin may serve as an
alternative EBV receptor on epithelial cells [129].

Cellular Homology Genes

At least six EBV genes, BALFI (bcl2-like), BARF-1 (CSFIR and ICAM-like),
BCRF1 (IL10-like), BDLF-2 (cyclin Bl-like), BHRF1 (bci2-like), and BZLFI
(jun/fos-like) share sequence homology with human genes [130-135]. These viral
homolog genes may have been appropriated from the primate genome to provide a
survival advantage to EB V-infected host cells, particularly during the early stages of
primary infection.

Host Response to EBV Infection

Primary EBV infection triggers a humoral immune response, an innate NK cell
response, and a CTL response [38, 40, 136, 137]. Shortly after infection, rapid rise
and fall of IgM anti-VCA (virus capsid antigen) antibody is soon followed by IgG
anti-VCA antibody that persists at a low titer for life. Antibodies to early antigens
[diffuse (EA-D), methanol-resistant and restricted (EA-R), methanol-sensitive] as
well as EBNA-2 rise and fall with convalescence, while antibodies to EBNA-1
develop only after convalescence and persist at a low titer for life (reviewed in
[138]). Antibodies to the gp350 envelope protein, known as membrane antigen
(MA), rise slowly during acute infection and persist after convalescence. The
asymptomatic post-convalescent carrier state is characterized by persistent IgG
antibody to VCA, MA, and EBNA-1. Virus reactivation occurring in immunocom-
promised virus carriers is marked by rising titers of IgG anti-VCA and anti-EA
antibody, and accompanied by a rise in viral load in blood as detected by real-time
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quantitative EBV PCR. In addition to virus-specific antibodies, patients with EBV-
associated infectious mononucleosis rapidly and transiently develop heterophile
antibodies, low titer IgM antibodies of unknown primary specificity that agglutinate
heterologous (sheep, horse, cow) red blood cells [139]. Heterophile antibodies are
both sensitive and specific for EBV-associated infectious mononucleosis since they
are not usually seen in infectious mononucleosis syndromes associated with other
infections. Patients with nasopharyngeal carcinoma specifically develop high titer
IgA anti-VCA and EA-D antibodies [140].

The EBV-specific T cell response in acute primary infection (infectious mono-
nucleosis) is dominated by CD8+ CTL with lytic antigen specificity, with a pro-
portional increase in latent antigen specificity following recovery [141]. Lytic
proteins targeted by EBV-specific CD8+ T cells are most often immediate early
or early proteins rather than late proteins [142]. The CD8+ T-cell response to
latent antigens is largely targeted to EBNA-3 proteins (3A, 3B, 3C) [143, 144].
The change in CD8+ T-cell antigen specificity likely reflects the biology of infec-
tion—acute primary infection initiated by a burst of lytic replication followed by
immune suppression of lytic replication and establishment of a persistent pool of
latent-infected B cells. In contrast to the CD8+ T-cell response, less is known
about the CD4+ EBV-specific T-cell response during infectious mononucleosis.
In a recent tetramer study of EBV epitope frequencies of CD4+ T cells in infec-
tious mononucleosis, the most common epitopes included EBNA-2 and lytic anti-
gens [145]. In studies of virus carriers, both lytic and latent antigen-specific
CD4+ memory T cells have been detected in blood [146, 147]. In one study EBV-
specific CD4+ T cells were almost entirely lytic antigen-specific [148]. In con-
trast to CD8+ T cells, lytic antigens targeted by cytotoxic CD4+ T cells include
not only immediate early and early lytic proteins but also late lytic proteins [145].
In contrast to the dominance of EBNA-3 latent antigen specificity of CD8+ T
cells, CD4+ T cells are more often directed against EBNA-1, EBNA-2, and
EBNA-3C [149, 150].
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