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Epstein—Barr virus (EBV) and Kaposi sarcoma-associated herpesvirus
(KSHV) comprise the oncogenic human +y-herpesvirus family and are
responsible for 2-3% of all tumours in man. With their prominent
growth-transforming abilities and high prevalence in the human population,
these pathogens have probably shaped the human immune system through-
out evolution for near perfect immune control of the respective chronic
infections in the vast majority of healthy pathogen carriers. The exclusive
tropism of EBV and KSHV for humans has, however, made it difficult in
the past to study their infection, tumourigenesis and immune control
in vivo. Mice with reconstituted human immune system components (huma-
nized mice) support replication of both viruses with both persisting latent
and productive lytic infection. Moreover, B-cell lymphomas can be induced
by EBV alone and KSHV co-infection with gene expression hallmarks of
human malignancies that are associated with both viruses. Furthermore,
cell-mediated immune control by primarily cytotoxic lymphocytes is
induced upon infection and can be probed for its functional characteristics
as well as putative requirements for its priming. Insights that have been
gained from this model and remaining questions will be discussed in this
review.

This article is part of the theme issue ‘Silent cancer agents: multi-disciplinary
modelling of human DNA oncoviruses’.

1. Introduction

The two human v-herpesviruses Epstein—Barr virus (EBV or HHV4) and
Kaposi sarcoma-associated herpesvirus (KSHV or HHVS8) are among the
seven viruses that the World Health Organization has classified as class I carci-
nogens (besides human papilloma virus (HPV), Merkel cell polyomavirus
(MCPyV), hepatitis B and C viruses and human T-cell lymphotropic virus 1
(HTLV-1)) [1-3]. In addition, only one bacterium (Helicobacter pylori) and
three parasites (Schistosoma haematobium, Opisthorchis viverrini and Clonorchis
sinensis) have been suggested to cause cancers in humans [4]. These infection-
associated malignancies are estimated to make up 20% of the tumour load in
humans and of the 11 implicated pathogens only five are thought to have
direct growth-transforming properties, namely encode oncogenes (EBV,
KSHV, HPV, MCPyV and HTLV-1). In vivo models that would allow for
tumour induction upon infection exist so far only for EBV, KSHV and HTLV-1
[5-8], and most of those that use the human pathogens and not related viruses
in monkeys and rodents, are based on mice with reconstituted human immune
system components (humanized mice). In order to reconstitute most human
immune system compartments with minimal graft-versus-host disease, hemato-
poietic progenitor cells (HPCs) are injected into genetically modified mice that
lack mouse lymphocytes either with or without a human thymic transplant,
and these give rise to most human leucocyte compartments [9].

© 2019 The Author(s) Published by the Royal Society. Al rights reserved.
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By conservative estimates, 10% of infection-associated
tumours can be attributed to EBV and KSHV with a yearly
incidence of 200000 new virus-associated cancers for EBV
alone [10]. EBV is also the only human oncogenic pathogen
that can directly transform its main host cell, the human B
cell, in vitro and therefore has the strongest directly tumour-
inducing abilities of all cancer-associated pathogens [11].
This is particularly surprising, because EBV is also the most
widely distributed member of these human oncogenic patho-
gens and human viruses in general, with more than 90% of
the adult population being persistently infected. Moreover,
the infection programmes that can be found in EBV-
associated malignancies, namely latency I in Burkitt lym-
phoma and 10% of gastric carcinomas, latency II in the 50%
of EBV-associated classical Hodgkin lymphoma and naso-
pharyngeal carcinoma and latency III in diffuse large B-cell
lymphomas and post-transplant lymphoproliferative dis-
orders, are also found in distinct differentiation stages of
human B cells in healthy EBV carriers [12,13]. All eight
latent EBV proteins and the non-translated RNAs are
expressed in infected naive B cells (latency III), whereas
only the nuclear antigen 1 (EBNA1) and the latent membrane
proteins (LMP1 and 2) plus non-translated RNAs are
expressed in germinal centre B cells (latency II). Homeostati-
cally proliferating memory B cells reduce EBV gene
expression even further to only EBNAl and the non-
translated RNAs (latency I). Infected quiescent memory B
cells express only non-translated EBV RNAs (latency 0) and
probably serve as the reservoir for long-term viral persistence
[14]. From this site, cognate antigen recognition by the B-cell
receptor and ensuing plasma cell differentiation are thought
to trigger lytic EBV replication [15]. These premalignant
states of oncogenic EBV gene expression programmes are see-
mingly kept in check by immune control, which will be
discussed in further detail below.

KSHYV, on the other hand, is much less growth-transform-
ing in vitro and has even difficulties establishing persistent
infection in its main host cells, namely B and endothelial
cells in vitro [16,17]. In vivo it is, however, associated with
the vascular tumour Kaposi sarcoma (KS) and the two
B-cell neoplasms primary effusion lymphoma (PEL) and
multicentric Castleman’s disease (MCD). Only in vitro propa-
gated PEL cell lines keep the KSHV genome [18]. This
difficulty in establishing persistent infection is also reflected
in its low seroprevalence (less than 10%) in most geographical
regions of the world, including Europe and the USA. Seropre-
valence is, however, significantly higher in sub-Saharan
Africa (greater than 50%) [18]. Viral gene expression varies
greatly in established PEL cell lines and KSHV-associated
malignancies. While the core latency antigens, latency-
associated nuclear antigen (LANA), viral cyclin (vCYC) and
viral FLICE inhibitory protein (VFLIP) plus non-translated
RNAs are expressed in all KSHV-associated tumours,
expression of other KSHV genes is variable and often
includes at least a minimal set composed of K1, K15 and
the viral G-protein-coupled receptor homologue [18].
However, lytic KSHV protein expression is additionally
found in many KSHV-associated malignancies and may be
required for the respective tumours [19]. As for EBV, the
increased incidence of KSHV-associated malignancies in
immunocompromised individuals is taken as an indication
that immune control constrains KSHV pathogenesis in
persistently infected individuals, but the nature of this

protective immune response is less well understood n

than for EBV.

In addition to their growth-transforming abilities, EBV
and KSHV have also developed various strategies to escape
immune responses [20]. These include targeting of interferon
regulatory factors (IRFs) by KSHV and nearly complete EBV
episome methylation to avoid innate immune detection,
thereby inhibiting type I interferon production [21,22], down-
regulation of activating ligands for natural killer (NK) cells by
viral miRNAs or KSHV ubiquitin ligases [23-25], inhibiting
major histocompatibility complex (MHC) restricted antigen
presentation by viral miRNAs, KSHV ubiquitin ligases and
lytic EBV proteins that block peptide loading or MHC traf-
ficking [26-28] and regulation of the cytokine and
chemokine network by virally encoded cytokines, chemo-
kines or soluble cytokine receptors, like KSHV vIL-6 and
EBV vIL-10 [29,30]. Despite these immune evasion mechan-
isms, KSHV and EBV are efficiently immune controlled in
most immunocompetent virus carriers.

Thus, EBV and KSHYV are two of the 11 oncogenic patho-
gens in humans and encode oncogenes. These viruses and
their new in vivo models of tumourigenesis and immune con-
trol will help us gain better understanding of the complexity
of herpesviral infection, the characteristics of B-cell lympho-
mas that are induced by them and which protective entities
of the virus-specific immune responses may control these
tumour viruses in healthy EBV and KSHYV carriers. These
aspects will be discussed in this review.

2. Infection of humanized mice by Epstein—Barr
virus and Kaposi sarcoma-associated
herpesvirus

Both viruses seem to be transmitted predominantly via saliva
in humans [31-33]. The next steps, however, remain some-
what enigmatic. Epithelial cell
postulated, but virus in saliva is more prone to infect B

infection has been

cells, and polarized epithelia have been shown to be primar-
ily susceptible to EBV infection from the basolateral side
[34,35]. These findings would argue that EBV infects epithelia
during shedding and is transported across mucosal epithelia
during primary or frequent reinfections in humans [36,37].
Even less is known about how KSHV overcomes the mucosal
epithelial barrier. Since humanized mice are only reconsti-
tuted with human immune system components, all
epithelia are of mouse origin. Accordingly, epithelial cell
infection with EBV and KSHV cannot be addressed in this
model. However, if systemic infection of humanized mice
would occur upon virus deposition at mucosal surfaces,
this could indicate that these viruses are indeed transported
across mucosal barriers without directly infecting them.
Human B cells are a reservoir for both viruses [14,38], and
this part of their life cycle can be modelled for EBV and
KSHYV in humanized mice. EBV viral load increases in blood
and secondary lymphoid organs up to four weeks after intra-
peritoneal EBV infection of humanized mice and is exclusively
localized to human B cells [8,39-41]. Evidence for all EBV
latency programmes and limited lytic EBV replication can
be found [40,42-44]. By comparing recombinant EBVs
that are either sufficient or deficient in the immediate early
gene product BZLF1, which is required for lytic cycle
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Figure 1. Requirements for persistence, lytic replication and lymphomagenesis as revealed by mutant EBV infection and KSHV co-infection of humanized mice. EBV
infection of B cells establishes different latent EBV infection programmes (0, I, Il and Ill) in B-cell differentiation stages of healthy EBV carriers and reactivates from
the memory B-cell pool into lytic replication. Lymphoproliferations develop in humanized mice primarily from latency Ill infected B cells. EBV nuclear antigen 3A and
3C (EBNA3A and 3(), or latent membrane protein 1 and 2 (LMP1 and 2) deficient viruses are compromised in B-cell lymphoma establishment. EBNA3B-deficient EBV
causes lymphomas at increased frequencies. EBNA3A and 3C-deficient viruses block transition into complete latency Il but allow direct access to persistence in
latency 0. BZLF1-deficient EBV cannot access lytic replication and KSHV co-infection increases lytic replication of wild-type EBV. Inhibitory interactions are indicated
by blocked lines, e.g. BZLF1~, and activating interactions by large arrows, e.g. KSHV. This figure was created in part with modified Servier Medical Art templates,
which are licensed under a Creative Commons Attribution 3.0 unported license: https:/smart.servier.com. (Online version in colour.)

transactivation, it was shown that lytic EBV replication only
transiently contributes to viral loads in immunocompetent
humanized mice [40] (figure 1). However, lytic EBV replica-
tion can be increased by using viruses with similarities to
those found in nasopharyngeal carcinoma [45,46]. In some
instances, increased lytic reactivation could be traced to
polymorphisms in the BZLF1 gene. In addition to the
BZLF1-deficient virus other recombinant EBV strains have
further revealed surprising aspects of EBV infection. While
LMP1 is required to transform B cells during EBV infection
in vitro, LMP1 knock-out viruses were found to persist in B
cells with CD4™" T-cell help in vivo [47] (figure 2 and table 1).
Similarly, LMP2-deficiency does not abolish EBV persistence
in vivo, and even a knock-out virus for both latent membrane
proteins is capable of establishing chronic infection in huma-
nized mice [55]. Even prior to LMP1 expression, which can be
delayed by more than one week during primary B-cell infec-
tion in vitro, the EBNA3A and predominantly the EBNA3C
proteins are required to rescue EBV-infected B cells from
EBNAZ2-induced proliferation triggered cell death [56,57].
Surprisingly, both EBNA3A and 3C-deficient viruses can
persist in humanized mice [58,59]. In immunocompetent
humanized mice, infection with EBNA3A and 3C-deficient
viruses was restricted to secondary lymphoid tissues and
persisted for at least three months. At this time point, primar-
ily non-translated EBV RNA without latent protein

expression could be detected in EBV-infected B cells. This
infection programme is reminiscent of EBV infection in quies-
cent memory B cells in humans and the reservoir of long-term
EBV persistence [14]. Interestingly, this EBV reservoir was
reached without any significant LMP1 expression along the
way, while EBNA2 expression and associated proliferation
was readily detectable after five weeks of infection. This indi-
cates that EBV persistence can be reached without prior
establishment of the complete latency III programme
(figure 1), possibly via an extrafollicular route. These studies
suggest that EBV can access all of its latent and lytic infection
programmes after B-cell infection in humanized mice and
that mutant EBVs can be used to enhance or diminish the
individual components of this complex infection compo-
sition. This should allow us to dissect the individual
contributions of EBV antigens to EBV infection in much
more detail.

KSHV seems to only transiently infect humanized mice
and persists only in less than 20% of these animals for at
least one month [8,60]. However, upon EBV co-infection
KSHV is maintained in the majority of animals [8]. Four
weeks after infection KSHV is mainly found in B cells,
especially in those that also express the non-translated
RNAs of EBV. This suggests that KSHV can persist in EBV-
infected B cells in humanized mice. These dual-infected B
cells can be cultured from double-infected humanized mice
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Figure 2. Components of EBV-specific immune control in humanized mice. Innate and adaptive lymphocyte populations restrict different stages of EBV infection. NK
cells and Iytic EBV antigen-specific (D8 T cells like those recognizing BMLF1-derived epitopes restrict virus-producing cells. EBV latency lll-driven lymphoprolifera-
tions are mainly restricted by cytotoxic (D8 T cells, while (D4™ T cells may support lymphomagenesis under certain circumstances, like, for example, LMP1-
deficient EBV infection. NKT cells might preferentially target EBV latency Il and V9 V82T cells recognize mainly B cells with EBV latency I. Immune restrictions
are indicated by blocked lines, e.g. NK, and lymphocyte help as large arrows, e.g. (D4 T. Solid lines represent main functions, while broken lines indicate that the
respective lymphocytes can have restricting or supporting functions. This figure was created in part with modified Servier Medical Art templates, which are licensed
under a Creative Commons Attribution 3.0 unported license: https:/smart.servier.com. (Online version in colour.)

Table 1. Lymphocyte-mediated restriction of EBV infection in humanized mice.

lymphocyte population targeted EBV programme select references
NK cells restricting lytic EBV replication [41,48]

NTells — stimulated by EBV Iétency Il and restricting'E'BV Iympho'm'as . ' [49]” o

Vy9 Va2 T cells stimulated by EBV latency | and restricting EBV lymphomas [50,51]

8" oBTels  resticting lytic and latent EBV infecion ~ [395-54]
(4" of T cells restricting lytic and latent EBV infection, but in some conditions [39,43,47]

also supporting EBV-associated lymphomagenesis and latency I/11

in vitro and demonstrate broad expression of KSHV genes, 3. Tumours that can be modelled after infection
including high levels of the KSHV non-translated RNA )

pan, lytic KSHV gene products as well as the latent KSHV with EpStem —Barr virus and Kap05| sarcoma-
gene products LANA, vCYC and vFLIP. Therefore, KSHV aSSOCiatEd herpESVirUS

persistence during EBV co-infection provides us with the

opportunity to interrogate the function of a wide variety of Infection of humanized mice with the human tumourviruses

KSHV gene products in vivo. EBV and KSHV generates autologous lymphomas and
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enables us to investigate the requirements for their develop-
ment and immune control. High-dose EBV infection (10°
infectious virus particles) leads to lymphoproliferative lesions
in 20-30% of the infected animals [8,40,41]. These tumours
are B-cell lymphomas with latency III EBV gene expression
which disseminate from the spleen to liver, kidney, lymph
nodes and pancreas [8,39]. Although latent EBV antigens
are presumably responsible for the transformation of the
tumour cells, the competence of the virus to switch into
lytic replication seems important for tumour formation
[40,44,61,62]. Recombinant BZLF1-deficient EBV establishes
fewer tumours, especially in secondary sites like liver and
kidney [40,44]. In the tumour microenvironment, mainly
early lytic EBV gene expression is detected and this may con-
tribute to inflammation that supports lymphoma
establishment. Consistent with this, a virus with increased
lytic EBV replication was more tumourigenic than the wild-
type [62]. This increased lymphomagenicity owing to lytic
EBV replication was also observed during co-infection of
EBV with KSHYV [8]. While even repeated biweekly infection
with KSHV alone did not result in virus-associated pathol-
ogies [60], co-infection resulted in tumour formation in the
majority of animals. Double-infected cell lines that could be
rescued from these infections presented with hallmarks of
PELs, a tumour that is always associated with KSHV and in
90% of cases additionally with EBV [17]. A defining charac-
teristic of PEL is plasma cell differentiation [63—-66].
Similarly, tumour cell lines derived from KSHV and EBV
dual-infected humanized mice exhibited a plasma cell signa-
ture, which in turn resembled the gene expression in
established human PEL cell lines [8]. Accordingly, the
respective tumour cell lines could also be efficiently rescued
from the peritoneal cavity. While very broad KSHV gene
expression with latent and lytic gene products could be
detected in these double-infected B-cell lines, they also
displayed increased lytic EBV gene expression [8] (figure 1).
This increased lytic replication contributed to lymphomagen-
esis, because double-infection of KSHV with BZLF1-deficient
EBV reduced tumour formation to levels of single infection
with wild-type EBV. Furthermore, clinical PEL and dual-
infected lymphoproliferative disease samples also displayed
increased immediate early (BZLF1) and late (VCA) protein
expression, compared to only EBV-associated lymphomas
[8]. Moreover, it has been reported that the inhibition of
lytic herpesvirus replication was able to prevent KS in
patients and has been used to treat individual PEL cases
[19,67-70]. These studies suggest that humanized mice
develop B-cell lymphomas after EBV single or co-infection
with KSHV with similarities to the respective human hemato-
logic malignancies, and that lytic EBV replication contributes
to tumour formation.

The tumour microenvironment that is most likely stimu-
lated by lytic reactivation also significantly contributes to
the robustness of EBV-associated malignancy development.
Along these lines, it was reported that LMP1-deficient EBV
can cause lymphomas, but requires CD4" T-cell help for lym-
phomagenesis [47]. Since LMP1 mimics constitutive CD40
signalling [71], CD40 L on CD4* T cells might engage this
signalling and provide the necessary tumourigenic microen-
vironment. Such support from the microenvironment,
which seems to be mainly provided by differentiated cord
blood-derived T-cell compartments in humanized mice, can
even overcome LMP1 and LMP2-deficiency for B-cell

lymphoma formation [55]. These cord blood-derived T-cell
compartments exert EBV-specific immune control only after
blocking inhibitory immune receptors [52], but might
mediate microenvironmental help that even allows
EBNA3C-deficient EBV to cause B-cell lymphomas [59]. By
contrast, in humanized mice with HPC-derived human
immune system compartments, EBNA3A and 3C-deficient
viruses rarely cause lymphomas, and T cells seem to mediate
significant immune control even without inhibitory immune
checkpoint blockade [58]. These T cells seem to reconstitute
from neonatal EBV-negative HPCs and are primed by EBV
infection in vivo [39]. This immune control is also dependent
on T-cell homing into the tumour microenvironment, because
the loss of T-cell homing after infection with an EBNA3B-
deficient EBV leads to increased lymphoma formation
[72,73] (figure 1). The resulting tumours resemble diffuse
large B-cell lymphomas (DLBCLs), in part owing to their
lack of lymphocyte infiltrates. Indeed, EBNA3B mutations
have been found in a small subset of DLBCLs [72,74]. The
EBV-transformed B cells without EBNA3B that could be
expanded from infected humanized mice produced less T-
cell chemoattractants, primarily CXCL9 and CXCL10 [72].
Restoring CXCL10 expression rescued immune control of
these lymphoma cells. These findings suggest that huma-
B-cell lymphomas with
transcriptional similarities to human tumours after EBV and
KSHYV infection, and, also, that contributions of the tumour

nized mice can model

microenvironment to lymphomagenesis can be studied.

4. Innate immune control of Epstein—Barr virus
in huNSG mice

In contrast with peripheral blood mononuclear cell transfer
models in scid or scid common gamma chain deficient mice,
which only support transient, mostly T-cell engraftment,
often even at the cost of graft-versus-host disease [9], huma-
nized mice allow for the long-term reconstitution of nearly
all human immune system compartments, albeit some at
lower frequencies than in humans [48,75,76]. With respect
to EBV infection, primarily NK cells, innate lymphocyte
that recognize tumours and virus-infected cells with a variety
of germ-line encoded activating and inhibitory receptors,
have been found to expand during both symptomatic pri-
mary infection, called infectious mononucleosis (IM), and in
humanized mice [41,77-80]. Early differentiated, killer
immunoglobulin-like receptor (KIR)-negative NK cells
accumulate during IM and remain an enlarged population
of the NK cell repertoire for several months after sympto-
matic primary infection [80,81]. This NK cell population
primarily targets lytically EBV replicating B cells [41,80,82]
(figure 2 and table 1). NK cell depletion in humanized mice
leads to elevated viral loads and tumourigenesis starting at
four weeks after EBV infection [41]. KIR-negative NK cells
decrease in frequency during the first decade of human life
[80,83] and their dwindling numbers might contribute to
the enhanced vulnerability towards lytic EBV replication
resulting more often in IM when the primary EBV infection
is delayed into adolescence. KIR absence can in part be com-
pensated by mismatching KIR recognition of human
leucocyte antigens as is the case in semi-allogeneic bone
marrow transplantation, and this allows for improved EBV-
specific immune control [48]. Thus, NK cells provide
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important innate immune control of lytic EBV replication,
which, when left unchecked, contributes to IM development.

In addition to lytic EBV replication, innate lymphocytes
also control latent EBV infection. Vy9 V82T cells can be
expanded in addition to NK cells by Burkitt lymphoma
cells from around 50% of healthy donors [84]. This expansion
is driven by T-cell receptor (TCR) recognition of mevalonate
metabolites restricted by CD277 (BTN3A1l) on Burkitt
lymphoma cell lines, as well as NKG2D on the innate lym-
phocytes. Stimulating these Vy9 V&2T cells prior to EBV
infection restricts transformed B cells in humanized mice
and this lymphoproliferative B cell recognition was also
mediated by TCR and NKG2D [50]. Moreover, adoptive
transfer of Vy9 V82T cells also prevented tumourigenesis
after EBV infection when given up to five days after virus
inoculation and still reduced tumour burden more than
three weeks after initial infection [51]. These findings suggest
that nearly every second healthy donor can expand Vy9 V82T
cells upon stimulation with EBV-infected B cells and that
these innate lymphocytes restrict EBV-associated tumouri-
genesis, possibly by preferentially targeting latency I
(figure 2 and table 1).

In addition to yd T and NK cells, invariant NKT cells have
been described to recognize EBV-positive Hodgkin lym-
phoma and nasopharyngeal carcinoma cell lines [49]. NKT
cells primarily carry invariant Va24-Ja18/VB11 TCRs and
recognize glycolipids presented on CD1d molecules [85].
While CD1d is downregulated on transformed B cells with
EBV latency III, NKT cells can inhibit B-cell transformation
by EBV and target transformed B cells after CD1d expression
has been restored pharmacologically [86]. Adoptive transfer
of NKT cells restricts tumour outgrowth after EBV-trans-
formed B-cell transfer in a humanized mouse model [49].
Thus, NKT cells might preferentially target B cells with
EBV latency II infection (figure 2 and table 1). As such they
contribute to a quite comprehensive innate immune control,
during which NK cells additionally target lytic EBV replication
and yd T cells EBV latency L

5. T-cell responses to Epstein—Barr virus
infection in huNSG mice

The most dramatic effect of EBV infection in humanized mice
is a fulminant 10-fold expansion of CD8" T cells in blood and
secondary lymphoid organs [39]. The extent and the kinetic
of this expansion, four to six weeks after primary EBV infec-
tion, is quite comparable to IM in college students [78,81].
Cytotoxic CD8" T cells are considered to be the main
protective immune entity against transition from the
premalignant latently infected B cells of healthy EBV carriers
to EBV-associated lymphomas. This notion stems
from increased EBV-associated tumourigenesis after T-cell-
targeted immune suppression, as seen, for example, during
human immunodeficiency virus (HIV) infection [87],
therapeutic immune suppression [88] or in primary immuno-
deficiencies resulting from genetic mutations in the
lymphocyte cytotoxic machinery, TCR signalling molecules
and co-stimulatory molecules on cytotoxic T cells [89,90].
Some of the EBV-associated malignancies that emerge
under these immune suppressive conditions can be treated
by adoptive transfer of in vitro expanded EBV-specific T
cells [91]. Furthermore, CD8" T-cell depletion significantly

elevates viral loads and EBV-associated lymphoma formation
in humanized mice [39,53,54] (figure 2 and table 1). Fulmi-
nant CD8" T-cell expansion is cut in half when BZLFI1-
deficient virus is used for infection, suggesting that half of
the expanding CD8" T cells are directed against lytic EBV
antigens [40]. Adoptive transfer of CD8* T-cell clones against
one early lytic (BMLF1) and one latent EBV antigen (LMP2)
do not dramatically improve this immune control [40]. Only
at three weeks after infection of humanized mice, when
lytic EBV replication significantly contributes to overall
viral loads, adoptive transfer of an early lytic EBV antigen-
specific CD8" T-cell clone (anti-BMLF1) can suppress this
lytic EBV replication, while the transfer of an LMP2-specific
CD8" T-cell clone did not influence EBV infection [40]
(figure 2). This CD8" T cell response in humanized mice
requires some molecular interactions that have been
identified as crucial for protection by primary immunodefi-
ciencies that predispose for EBV pathology. It requires the
co-stimulatory receptor 2B4, a member of the signalling lym-
phocytic activation molecule (SLAM) protein family that is
targeted by mutations in the SLAM-associated protein
(SAP) leading to X-linked lymphoproliferative disease type
1 (XLP1) [92]. Blocking of 2B4 leads to elevated viral loads
and tumourigenesis after EBV infection of humanized mice
[53]. This treatment shows no additional effect when CD8"
T cells are depleted, suggesting that 2B4 is primarily required
on CD8" T cells during EBV-specific immune control in
humanized mice. Thus, CD8" T cells are one major protective
immune entity against EBV infection in humanized mice.

Depletion of CD4" T cells mirrors CD8" T-cell depletion
with respect to its effects on viral loads [39]. However, the
impact is less pronounced with respect to tumour formation,
suggesting that CD8" T cells can still control EBV-induced
lymphomas quite well in humanized mice without much
CD4* T-cell help. Why CD4* T cells alone do not efficiently
control EBV-transformed B cells in vivo is less clear. EBV-
specific CD4™ T cells, which are primarily Th1 polarized in
healthy EBV carriers [93,94], can efficiently target EBV-trans-
formed B cells [95,96]. This cytotoxic potential applies to both
EBV-specific CD4™ T cells of healthy EBV carriers and huma-
nized mice [39,97]. Moreover, the affinity of EBV-specific
CD4* T-cell clones is sufficient to directly recognize naturally
processed epitopes on MHC class II molecules and vacci-
nation of humanized mice allows for the priming of EBV-
specific CD4* T cells with exquisite affinity [75]. This high
affinity does not require additional external peptide pulsing
to reach maximal recognition of EBV-transformed B cells,
which is necessary for most CD4" T-cell clones from healthy
EBV carriers [75,98]. However, expansion of these EBV-
specific CD4" T cells after EBV infection or vaccination is
moderate [39,75,99] and therefore probably cannot efficiently
restrict EBV-driven lymphomagenesis in the absence of CD8*
T cells. Additionally, CD4" T cells may also play a supportive
role in the development of EBV-induced lymphomas as dis-
cussed above, and the loss of this help might cancel
protective functions out. Thus, humanized mice prime pro-
tective CD4" and CD8" T-cell responses after EBV
infection, but humoral immune responses are poorly devel-
oped in this model and only occasionally IgM, but no IgG
responses can be observed against EBV antigens [99].

While it is clear that T cells are important for protection in
both the primary immune response to EBV as well as in the
control of persistent infection, there is variation in the
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phenotype of memory subsets which are established follow-
ing infection as well as the localization of these subsets
within the body. How this variation contributes to immune
control, however, is incompletely understood.

In the acute phase of infection, circulating EBV-specific
T cells obtained from the peripheral blood have a uniform
effector phenotype (CD45RA” CCR7 ™ IL-7R™ CD27"CD28"),
downregulating expression of the CD45RA isotype, as well
as the lymphoid homing receptor CCR7 and IL-7R, important
in long-term memory T-cell maintenance which is similar to
that observed in the primary immune responses to other
viruses [100-102]. However, as the primary immune
response subsides distinct CD8" T-cell subsets with pheno-
types reminiscent of early (CD45RA™CD27"CD28%) and
late (CD45RA ™/ ~CD27 CD28"/ ") memory are established.
Interestingly, these subsets are enriched for latent and lytic
viral epitopes, respectively [103]. A similar distinction has
also been observed for CD4" T cells; while the majority of
EBV-specific CD4" T cells express both CD27 and CD28,
those recognizing lytic antigens tend to re-express CD45RA,
a hallmark of the effector memory T cells with CD45RA re-
expression (TEMRA) subset [94].

Latent and lytic epitope-specific T cells further tend to be
preferentially localized to distinct tissue sites following infec-
tion of humans. In paired bone marrow and blood samples,
CD8* T cells specific to lytic antigens were enriched in the
bone marrow compared to the blood while those specific to
latent antigens were equivalent between the two sites [104].
Similarly, the tonsils of long-term EBV carriers (no IM)
were enriched for both lytic (2-5 fold) and latent (10-20
fold) epitope-specific CD8" T cells compared to the blood.
Interesting, tonsils from recovered IM patients demonstrated
only a minimal enrichment of latent epitope-specific T cells in
the tonsils relative to the blood and lytic epitope-specific T
cells were present at greater frequencies in the blood com-
pared to the tonsils [102]. Lytic epitope-specific cells further
tend not to re-express CCR7, suggesting preferential mainten-
ance in the circulation rather than in the lymphoid tissues
[103,105].

Of interest, tonsillar T cells were further found to express
the mucosal homing and retention marker CD103, which has
since been shown to be a robust marker of the recently
described tissue resident memory (TRM) T-cell subset [106].
EBV-specific T cells with a TRM phenotype have been
observed in additional studies in both the tonsils and
spleen [107,108]. It is additionally worth noting, at least in
the circulation, that the virus-specific T-cell repertoire gener-
ated in the primary immune responses and maintained in the
persistent phase of infection appears to be relatively stable
with little variation observed over the course of several
years in one study [109]. While it is presently unclear whether
differences exist in the abilities of these distinct subsets to
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