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Abstract
Epstein-Barr virus (EBV) maintains a lifelong infection. According to the germinal center model
(GCM), latently infected B cells transit the germinal center (GC) to become resting memory cells.
Here, the virus resides quiescently, occasionally reactivating to infect new B cells, completing the
cycle of infection. The GCM remains the only model that explains EBV biology and the
pathogenesis of lymphoma. Recent work suggests modifications to the model notably that the
virus contributes only modestly to the GC process and predictions from mathematical models that
quiescence within memory B cells shapes the overall structure of viral infection but is not essential
for persistence. Rather, it is the cycle of infection which allows viral persistence at the very low
levels observed.

Introduction
Epstein-Barr virus is a human herpesvirus with striking biological properties. It persists in a
quiescent state in resting memory B lymphocytes[1] for life in virtually every human being,
yet it is also a potent transforming virus in vitro for B cells and is associated with several
important lymphomas, specifically Burkitt's, Hodgkin's disease and immunoblastic
lymphoma[2]. These properties have been satisfactorily explained by a model of viral
infection and persistence, the germinal center model (GCM) [3]. The GCM proposes that
EBV persists by exploiting normal B cell biology. This involves the virus passing through a
cycle of infected stages, each employing a discrete viral gene transcription program. These
stages are summarized in Figure 1. Each stage of the cycle has been demonstrated
experimentally [1,4,5] and, with the exception of the memory compartment, is potentially
regulated by the immune response [6]. Thus, the GCM accounts for all the latent and lytic
stages of the virus and thereby provides an explanation for the origin of EBV-associated
lymphomas (for a detailed discussion see [2]). It is widely believed that epithelial cell
infection amplifies the levels of infectious virus prior to shedding [7].

Since its description 13 years ago, experimental evidence has consistently supported the
GCM, however the model now needs updating in light of recent publications.

LMP1, LMP2, and the Germinal Center
The evidence that small numbers of EBV-infected cells reside and participate in the GC is
unequivocal [8,9]. What role the virus plays in this process is less clear. Latently infected
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GC B cells express LMP1 and LMP2, and an abundance of evidence from transgenic mouse
and in vitro studies has shown that they have the signaling capacity to allow GC B cells to
survive and differentiate in the absence of T cell help and antigen[10,11]. But do they? If
true, the resulting latently infected memory B cells should not have undergone antigen
selection and this in turn should be reflected in the somatic hypermutation (SHM) patterns
of their expressed immunoglobulins. However, the observed patterns are very similar to
those of antigen-selected memory B cells, suggesting that the impact of LMP1 and LMP2 on
the cells as they traverse the GC is modest[12-14]. Minor differences were noted, the most
interesting being that the EBV-infected memory B cells expressed immunoglobulins with a
reduced rate of self-reactivity[14]. This is surprising, given suggestions that EBV may play a
role in autoimmunity[15], and actually raises the possibility that EBV has evolved to
minimize this risk.

In contrast, published work in transgenic models has demonstrated potent biological effects
for LMP1 and LMP2, including exclusion of B cells from the GC and lymphoma
development with LMP1[16] and complete rescue of surface Ig negative B cells and
predisposition to autoimmune disease [17] with LMP2 [10]. However, we have criticized
these experiments because expression of a viral signaling protein independent of the context
of the whole viral genome is equivalent to a proto-oncogene that normally provides a
physiologic function and only becomes pathogenic when expression is deregulated. In
particular, LMP1 and LMP2 are always expressed together in vivo and their signaling
capabilities overlap. Consequently, recent analysis of a double transgenic [18] was important
because here LMP1 and LMP2 did not demonstrate their potent activities. Their expression
had little or no detectable effect on the GC process and cells transited the GC normally.
Thus, in vivo and transgenic experiments now agree that the combined impact of these two
proteins is modest.

Together this work supports a counter-intuitive consensus that EBV+ B cells remain subject
to antigen selection despite the well-characterized capabilities of LMP1 and LMP2a to
circumvent it. If the EBV default program does not function to autonomously drive infected
GC B cells into the memory compartment, what advantage does it provide to the virus? It
may simply act as insurance to ensure the survival of EBV-infected cells in the competitive
environment of the GC. Alternatively, signals from LMP1 and LMP2 may ensure that the
infected cells become memory rather than plasma cells. An intriguing possibility is that they
provide signals that reduce polyreactivity, thus lowering the risk of developing autoimmune
disease associated with acute infection[14]. However, these results may have a wider
implication, namely that SHM patterns are not a reliable measure of antigen driven selection
and the process of producing EBV-infected memory B cells is antigen independent after all.

Alternate Models
Direct Infection of Naïve B Cells

It has been reported that when EBV infects naïve B cells in vitro it drives them to undergo
SHM [19]. This led the authors to speculate that latently infected memory B cells could be
produced directly from infected naïve B cells without the need for the GC. However, unlike
the latently infected memory B cells seen in vivo, the cells produced in vitro have not
undergone class switch recombination and presumably do not express antigen-selected
patterns of SHM. Thus, these observations, like many in vitro studies, are of little value
unless confirmed in vivo. In this case, they may be an artifact of the known ability of EBV
latent proteins to induce AID [20]. The more interesting speculation is that infection of naïve
B cells in vivo also initiates the GC process, but the cells need to migrate into and through a
GC to emerge as class switched memory B cells with antigen-selected patterns of SHM. In
support of this, the authors themselves observed that the in vitro infected cells could undergo
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class switching. However, T cell help provided by LMP1 seemed inadequate; exogenous T
cell help was required – a signal known to arise in the GC in vivo. This work again suggests
a modest signaling role for LMP1. In this type of scenario, the role of LMP1 and LMP2
could be to provide the minimal antigen and T cell help necessary to activate the newly
infected naïve B cell and push it to the GC, where the default program takes over to ensure
survival and differentiation into memory.

Direct Infection of Memory B Cells
Although proposed over 10 years ago by Rajewsky and coworkers [21,22], no further
evidence or explanation of the mechanism behind this model has been produced and model
predictions were incorrect when tested experimentally, instead supporting the GCM. Thus,
infected GC B cells express the viral default transcription program in vivo [4,8] (as
predicted by the GCM), not the growth program (as predicted by the direct infection model
[23]), and in a transgenic mouse model one of the EBV latent proteins expressed in the GC
(LMP2a) was able to drive B cells to form GCs in the absence of antigen [24]. Ironically,
evidence of antigen selection in the expressed immunoglobulin genes of latently infected
memory B cells[12], not predicted by the GCM, is most easily explained by the direct
infection model. Although some minor differences in mutation rates and autoreactivy were
noted as compared to normal memory B cells, these could easily reflect variations in
repertoire between the targets of infection (limited to the mucosal B cells of Waldeyer's ring
for example) and the general memory population.

Infection of Marginal Zone Memory B Cells
One piece of evidence supporting the GCM was the consistent absence of the virus from
marginal zone memory B cells (IgD+IgM+CD27+) [13,25]. These are thought to arise
through an extrafollicular mechanism and the absence of EBV from this population supports
the notion that B cells latently infected with EBV transit the GC. Recently this has been
challenged [26]. However, this paper used an indirect method to measure infected cell
numbers and also reported levels of infection in GC memory B cells estimated at ～2 logs
too high, suggesting a technical issue with the assay, and it remains unproven that EBV can
access this population in either acute or chronic infection. This is not the case in individuals
with XLP. These patients fail to produce GC derived memory B cells but harbor latent virus
in the IgD+IgM+CD27+ subset ([27] and our laboratory unpublished). This raises the
possibility that EBV may access/remain in these cells only if the cells are denied access to
GC maturation.

EBV and Tumorigenesis
Lymphoma

The GCM provided the first and, to date, only explanation for the origin of the EBV-
associated lymphomas and the reason they express restricted patterns of latent proteins [2].
The model predicted that Hodgkin's disease (default program) arises from an EBV-infected
GC B cell and Burkitt's lymphoma (EBNA1 only program) from a memory B cell. Recent
bioinformatics and genomics analysis however indicate a GC origin also for BL [28]
(specifically from centroblasts). However, BL is an extrafollicular tumor, so together with
the EBV data we need to amend the interpretation of BL as a GC B cell that has left the
follicle to become a resting memory B cell but is unable to do so because of constitutively
activated c-myc; thus, it retains a GC cellular phenotype but attains the memory EBV
phenotype.
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Carcinoma and Epithelial Cell Infection
EBV is also associated with carcinomas, including nasopharyngeal and gastric. Unlike the
lymphomas, the GCM has little to say about the origin of the carcinomas. As an extension of
the GCM, there is good evidence that the mucosal epithelium of Waldeyer's ring plays an
important role in amplifying the virus as it leaves [7], and perhaps also as it enters the body.
However, we lack insights into:

a. what, if anything, viral replication in the epithelium has to do with
carcinomagenesis. Specifically, is it a risk factor that this tissue is continuously
exposed to high titers of virus throughout lifetime?

b. whether the tumor is derived from an as yet unidentified reservoir of latent
epithelial cell infection that is also critical for persistence.

c. if NPC, for example, arises because, of all the epithelial tissues in the buccal and
nasopharyngeal areas, it alone has a peculiar susceptibility to transformation by
EBV.

miRNAs
One enigma of EBV-associated tumors is that they do not express the transcription program
associated with viral driven proliferation – the growth program. BL is particularly striking
expressing only the EBNA1 protein. The tumors do express the large number of miRNAs
encoded in the BART region [29]. Although these miRNAs are dispensable for B cell
transformation in vitro, it is clear from recent work that they collectively confer an increased
resistance to apoptosis [30,31], as indeed does EBNA1 [32]. Furthermore, a subset of ～10
BART miRNAs that are restricted to the growth program in vivo are aberrantly expressed in
all of the tumors [29] suggesting that the BART miRNAs may confer survival/growth
advantages to the tumors. Indeed this has recently been confirmed for both Burkitt's
lymphoma [33] and the carcinomas (in preparation). Taken together, these results suggest
that the BART miRNAs play a crucial role in vivo for both tumor and normal cell survival
and growth.

Mathematical Modeling
Studies on EBV are severely hampered by the lack of an amenable animal model. One
alternate approach is to develop mathematical models [34-40]. We have developed a
rigorous mathematical description of the GCM which we call the cyclic pathogen model
(CPM) (Figure 2) [35]. Solution of the equations describing CPM revealed one and only one
solution that was stable and biologically meaningful. We proposed that this describes EBV
persistence [41]. Applying biologically credible values for the controlling parameters of
CPM, the model successfully predicted stable infection that closely resembles persistent
EBV infection. Specifically, the model correctly predicted the observed patterns of cytotoxic
T cell regulation and the values for the infected germinal center and memory populations.
Crucially, the model predicts that viral quiescence in the memory compartment dictates the
pattern of persistence but is not a requirement; it is the cycle of infection that explains
persistence and provides the stability that allows EBV to persist at extremely low levels.
This shifts the focus away from a single infected stage, the memory B cell, to the whole
cycle of infection to explain persistent infection. It will be important now to try and develop
experimental approaches that will distinguish between these two interpretations of the
mechanism behind the GCM of persistence.
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Conclusions
In conclusion, the GCM remains, after 13 years, the only consistent model to explain the
diverse biology of EBV and has withstood repeated attempts to disprove it. Currently the
major unanswered questions pertain to the exact relationship between EBV and the GC, and
the exact role of LMP1 and LMP2 in that process. Is the role of EBV essentially passive as
the cells transit the GC or does the virus play an active role? Perhaps the central issue
remains determining if the cells are specific for and selected by antigen (consistent with the
patterns of SHM but difficult to explain), or is the EBV system challenging the notion that
patterns of SHM can be used to predict if a cell population has undergone antigen section.
The work on mathematical modeling of persistence reveals the strengths and weaknesses of
that approach. The modeling makes a strong case for the cycle of infection being the basis
for persistence rather than quiescence in the memory compartment. But an experimental test
that distinguishes these possibilities is now required. This is crucial because the predicted
targets of anti-viral treatments will be different for the two approaches. Lastly, the
outstanding challenge to the modeling is whether it can now be used to make sensible,
testable statements about who is and who is not at risk for EBV-associated tumors,
particularly PTLD.
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Highlights

• We summarize and update the germinal center model of Epstein-Barr virus
persistence.

• We discuss the weaknesses and strengths of alternate models.

• The role of LMP1 and LMP2 in the germinal center process needs further study.

• The role of EBV-infected GC B cells in lymphomagenesis needs to be
understood.

• Mathematical modeling has provided fresh insights into EBV persistence.
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Figure 1.
The Germinal Center Model (GCM) of EBV persistence.
Infectious virus enters the lymphoid tissue of Waldeyer's ring and then crosses the epithelial
barrier where it directly infects naive B cells, activating them into proliferating latently
infected Blasts expressing all nine known latent proteins (the growth transcription program).
These cells then move into the germinal center (GC) to participate in the GC reaction. Here
they express a more restricted pattern of latent proteins, the default program. Eventually
these cells leave as latently infected memory B cells that either only express the viral
genome tethering protein EBNA1 (the EBNA1 only program) or no viral proteins at all (the
latency program). The memory compartment has been considered the site of long-term
persistence because the virus is quiescent [42] and therefore invisible to the immune
response. At any time a small subset of latently infected memory B cells initiates lytic
reactivation in association with terminal differentiation signals [5,43]. Reactivation of the
virus is subdivided into three phases; Immediate early when the transcription factors
initiating viral replication are expressed, Early when the proteins involved in viral DNA
replication are produced, and Late when viral DNA and structural proteins are assembled
into virions [44]. This process results in the release of infectious virus that may be shed into
saliva for infectious spread or infect new naive B cells, thus completing the cycle.
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Figure 2.
Diagrammatical Representation of the Cyclic Pathogen Model (CPM).
CPM is a mathematical description of the GCM. The CPM consists of a cycle of infected
stages (blue circles based on the biological GCM illustrated in Figure 1.) For CPM there are
6 stages: Blast, GC, Memory, Immediate Early, Early and Late infected B cells, each of
which is potentially controlled by a distinct CTL response (red circles). Note that the single
lytic stage in the GCM is broken down into three discrete stages which are known to be
recognized independently by the immune response. Note also that under biological
conditions the late [45] and GC [46] stages are not always recognized by CTL and there is
never a CTL response against the memory stage however the model allows analysis of
theoretical conditions for example where the memory compartment is regulated by CTL.
Each stage progresses to the next stage (blue arrows). Late lytic B cells release free virions
which produce new infected Blasts. The latter has an amplification factor since loss of a
single Late lytic cell produces many infected Blasts (small blue circle). Each infected
population may have an inherent rate of proliferation or death (double green arrows). Each
stage promotes proliferation of its cognate CTL population (if present) (curved blue arrows)
and is in turn controlled by those CTLs (red inhibitory arrows). These CTLs (if present)
have an inherent rate of loss in the absence of stimulation (not shown in diagram).
B. Equations of the CPM. For each stage there are two equations governing the rate of
change of the infected population Si and the CTL population Ti for a total of 12 equations.
Solution of these equations at steady state reveals one and only one solution that is stable
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and biologically credible. The parameters in these equations give the rates of the processes
described above. Except for the rate of loss of CTLs (b), these parameters are stage-specific.
C. Correspondence between the parameters of the equations in B. and processes shown in
diagram A
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