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Abstract
The Epstein-Barr virus (EBV) is a B-lymphotropic gamma herpes virus associated with a number of malignancies. Most EBV-
related cancers present complex medical management challenges; thus it has been essential to develop preclinical in vivo
models allowing for the study of pathogenesis, prevention, and treatment of these diseases. Early in vivo models used
nonhuman primates; however, such models were limited by the inability of EBV to achieve viral latency, availability, and cost.
Immunodeficient mouse strains emerged as efficient models that allow for engraftment of human mononuclear cells and
controlled evaluation of EBV-driven lymphoproliferative disease (EBV-LPD). By using highly immunodeficient strains of mice
such as severe combined immune deficiency (SCID) and NOD/LtSz-scid ILrg−/− (NOG) mice, investigators have developed
efficient platforms for evaluating pathogenesis of benign (HLH) and malignant (EBV-LPD) diseases associated with EBV.
Humanized murine chimeric models have been essential tools for evaluating preventive strategies with vaccine and adoptive
cellular approaches, as well as development of experimental therapeutic strategies. Manipulation of the human immune cells
before engraftment or mutation of viral lytic and latent genes has enhanced our understanding of the oncogenic nature of EBV
and the complexity of human immune responses to EBV. In this review,we discuss how the EBVmurinemodels have evolved to
become essential tools for studying the virology of EBV as it relates to human EBV-LPD pathogenesis, the immunobiology of
innate and adaptive responses, and limitations of these models.

Key words: Epstein-Barr virus; hu-PBL-SCID; humanized mice; mouse models; review

Introduction
The Epstein-Barr virus (EBV) is a human B-lymphotrophic
gamma herpes virus that infects more than 90% of the world’s
population. Infection with EBV can lead to benign conditions
such as infectious mononucleosis or malignant diseases such
as Burkitt’s lymphoma, nasopharyngeal carcinoma, Hodgkin’s
lymphoma, and post-transplant lymphoproliferative disorders
(PTLD) (Cohen 2000). EBV-associated lymphoproliferative disor-
ders (EBV-LPD) represent a heterogeneous spectrum of diseases
that share a great degree of complexity involving viral (latent,

lytic gene expression) and host (immunity, signal transduction,
epigenetics) factors. Thus it has become essential to develop in
vivo, preclinical models to allow for a comprehensive, integrated
approach to evaluate pathogenesis and experimental therapeu-
tic strategies of these diseases.

Several features of EBV-LPD have presented challenges to the
development of useful animal models that provide an accurate
representation of the human disease. These challenges include
(1) narrow tropism for human B lymphocytes, (2) biphasic latent
and lytic virus cycles, and (3) relevance of innate and adaptive
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immune networks to disease surveillance and pathogenesis.
To meet such challenges, various strains of immunodeficient
mice engrafted with human tissues and/or lymphocytes have
emerged to provide scientists with tools for modeling EBV-LPD.
The latent nature of EBV within the memory B cell compartment
has led to development of humanizedmurinemodels that gener-
ate spontaneous EBV-LPD. Other models that focus on active in-
fection of engrafted EBV-negative systems have also provided the
scientific community with the opportunity to evaluate EBV-LPD
pathogenesis and immune-based preventive and therapeutic
approaches.

EBV and Associated Diseases
Denis Burkitt, a British surgeon working in Africa in the 1950s,
observed the increased frequency of childhood lymphoma in
equatorial Africa, where malaria was known to be endemic. This
observation led him to suggest a relationship linking endemic
lymphoma with vector-borne agents (Burkitt 1962). The quest for
infectious agents led to the discoveryof herpesvirus particles from
several Burkitt’s lymphoma biopsies by Epstein, Barr, and Achong
(Epstein et al. 1965). Thiswork led to EBV being thefirst humanon-
cogenic herpesvirus to be described. Subsequent serologic studies
identified EBV as the etiologic agent of infectious mononucleosis
(Henle et al. 1968).

EBV belongs to the gamma subgroup of herpesviruses that
includes two distinct genera: gamma 1 (Lymphocryptovirus) and
gamma 2 (Rhadinovirus). EBV is amember of the gamma 1 herpes-
virus genus that demonstrates a narrow tropism to naive human
B lymphocytes. The EBV genome is approximately 172,000 base
pairs in length and can assume both linear (in lytic activation)
and episomal (latent) conformations. The virus genome contains
terminal repeat sequences thatmediate circularization during la-
tent infection, a feature that can be used to examine the clonality
of EBV-LPD (Raab-Traub and Flynn 1986).

Primary infection with EBV occurs in epithelial cells of the
nasopharynx where the virus ultimately gains access to naive B
cells in tonsillar lymphoid tissue. Infection of B cells occurs by
binding of the viral glycoprotein (gp) 350 to CD21 and Human Leu-
kocyte Antigen (HLA) class II molecules on the B cell surface. This
typically results in latent infection, and the virus expresses genes
of the viral latency III program where nine EBV latent proteins
(EBV nuclear antigen [EBNA] 1, 2, 3A, 3B, 3C, and LP, and latent
membrane protein [LMP] 1, 2A, and 2B) are expressed. Latency III
infection drives B cell immortalization and proliferation of B lym-
phoblasts that eventually differentiate into memory B cells
through the germinal center reaction. Primary infection leads to
expression of oncogenic latent gene products that drive a self-lim-
ited lymphoproliferative disorder (infectious mononucleosis in
some individuals); however, latency III geneproductsare alsohigh-
ly immunogenic and serve as primary targets for an efficient adap-
tive immune response (Paludan and Munz 2003). Although
humans have evolved to control EBV infection, EBV ultimately es-
tablishes lifelong persistence within the host memory B cell com-
partment. Once memory B cells exit the germinal center, the viral
genome becomes heavily methylated, which leads to transcrip-
tional silencing of all latency proteins (latency 0) or limited expres-
sion of EBNA1 that effectively maintains the EBV episome (latency
1) and promotes its replication and passage to B proliferation of
memory B cells. In the germinal centers transition, EBV expresses
latency II, and only three latency proteins are expressed—EBNA1,
LMP1, and LMP2A (Heslop 2009). The EBV noncoding RNAs
(EBERs) are abundantly expressed in all EBV latency states and
serve as specific biomarkers to identify EBV-LPDs.

Persistenceand reactivation arehallmarks of EBV survivalwith-
in itshumanhost; a coexistencehas evolved in immunocompetent
humans. However, in select populations (Asian, immunodeficient),
EBV can transform B lymphocytes and epithelial cells. Each EBV-
associated disease demonstrates distinct patterns of latent gene
expression (Table 1). Up to 200,000 new cases of EBV-relatedmalig-
nances are reported each year, and the virus has been estimated to
cause 2% of all human cancers (Cohen et al. 2011). The prevalence
of EBV-associated malignancies varies with geographical region,
individual age, and immunocompetent status. (Andreone et al.
2003; Deeken et al. 2012; Grufferman and Delzell 1984; Kotton and
Fishman 2005; Parkin 2006).

Early Preclinical Models of EBV-Associated
Diseases
Although it is clear that EBV demonstrates a narrow tropism for
humans, antibodies specific for various EBV-encoded proteins
have been detected in nonhuman primate species. This led to
the discovery that several nonhuman primates harbor viruses be-
longing to the gamma 1 herpesvirus genus and are homologues to
EBV (Mosier 1996). Certain NewWorldmonkeys, such as the com-
mon marmoset (Callithrix jacchus) and cotton-top tamarin (Sagui-
nus oedipus) are susceptible to experimental infection with EBV.
Experimental infection of the common marmoset with EBV led
to virus persistence in the peripheral blood leukocytes (PBLs) of in-
fected animals. These animals developed an infectious mononu-
cleosis–like syndromewith B cell lymphocytosis but did not go on
to develop EBV-LPD (Farrell et al. 1997). Cotton-top tamarins in-
fectedwith EBVdeveloped EBV-LPDwithunrestricted viral latency
(Miller et al. 1977). These early findings led to attempts to develop
vaccination strategies using the cotton-top tamarin as a host to
deliver the lytic glycoprotein gp350. Although this approach led
to protection against developing EBV-driven lymphomas, it had
no prophylactic effect in preventing EBV infection (Sokal et al.
2007). The endangered status of such nonhuman primate species,
high cost, limited availability, and inability of EBV to establish la-
tency in the B cell compartment led investigators to explore other
model systems.

Rodents are the preferred models in biomedical research be-
cause they are small in size, inexpensive, and easier to manage.
However, rodents are not susceptible to EBV infection, and there
are unknown lymphcryptoviruses in rodents (Davison 2010). The
closest rodent virus to EBV is themurine ɣ-herpes virus 68 (MHV-
68) (Ehlers et al. 2007; Flano et al. 2002). Yet, MHV-68 ismolecular-
ly distinct from EBV, and the host immune responses toward the

Table 1 Epstein-Barr virus (EBV) latency programs, patterns of EBV
latency genes expressed, and EBV-associated diseases

Latency
program

Gene expressed EBV-associated diseases

Latency 0 EBERs None
Latency I EBERs and EBNA1 Burkitt’s lymphoma

Gastric carcinoma
Latency II EBERs, EBNA1, and LMP2 Hodgkin’s lymphoma

Nasopharyngeal carcinoma
Latency III EBERs, EBNA-1, -2, -3A,

-3B, -3C, and -LP,
LMP1, LMP2

Infectious mononucleosis
Post-transplantation
lymphoproliferative
disorders

EBER, EBV noncoding RNAs; EBNA, EBV nuclear antigen; LMP, latent membrane

protein.
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two viruses are also different (Ehlers et al. 2010). In the early
1980s, Bosma and colleagues led the field in the discovery and ex-
perimental use of immunodeficientmice for studying cancer and
infectious diseases (Bosma et al. 1983; Bosma and Carroll 1991).
These early models of immunodeficient mice, which lacked suf-
ficient adaptive cellular immune subsets (B and T lymphocytes),
were found to be incapable of rejecting xenogeneic cellular and
tissue grafts, including human mature PBLs, human hematopoi-
etic precursor cells (HPCs), and fetal tissues.

Emergence of Murine Models to Study EBV-LPD
Severe Combined Immunodeficient Mouse Xenograft
Model

Development of the hu-PBL-SCID Model
The severe combined immunodeficiency (SCID) mutation is an
autosomal recessive mutation that impairs the rearrangement or
repair of B and T cell receptors; therefore mice with the scid/scid
phenotype lack mature B and T cells (Bosma et al. 1983). Thus
thesemicewere found to readily accept cross-species tissue grafts
(xenografts). Intraperitoneal injection of human PBL in the CB17
in-bred strain with the SCID mutation allowed for engraftment
of human immune cells as measured by the detection of human
immunoglobulin (Mosier et al. 1988). The hu-PBL-SCID model
was originally developed out of the need to create a small animal
model to study human immunodeficiency virus (HIV) biology and
potential therapeutic approaches. Early studies, however, revealed
human-chimeric mice to show evidence of EBV reactivation, pre-
sumably from co-engrafted memory B lymphocytes. Several
groups followed up on these findings and found that some hu-
PBL-SCID mice eventually developed spontaneous human, EBV+

B cell LPDs (Cannon et al. 1990; Mosier et al. 1992; Okano et al.
1990) (Figure 1), indicating that perhaps this model would be
attractive for studying the pathogenesis of EBV-LPD.

Most mononuclear cell subsets can be detected in the intraper-
itoneal space up to three weeks after engraftment but not in mu-
rine thymus or secondary lymphoid organs. Four weeks after
injection of PBLsC, human T and B lymphocytes are the only cell
types that can be recovered from murine spleen, liver, lung, and
mesenteric lymph nodes (Tary-Lehmann et al. 1995). More than
90% of engrafted cells were T lymphocytes (including both CD4+

and CD8+ subsets) that appeared to express a mature activated
phenotype (HLA-DR+ and CD45RO+) and show specificity for
mouse major histocompatibility complex (MHC) antigens (Tary-
Lehmann et al. 1994). Engrafted T cells recovered from SCID mice
were found to be anergic; however, after prolonged culture in
low-dose interleukin 2 (IL-2), these cells showed capacity to regain
antigen responsiveness (Tary-Lehmann and Saxon 1992; Tary-
Lehmann et al. 1995).

EBV-LPD in the hu-PBL-SCID Model
Injection of human PBLs from EBV-seropositive donors into the
SCID mice produces spontaneous EBV-associated LPD of human
B cell origin (Mosier et al. 1990). EBV-LPD in SCIDmice is reproduc-
ible, and it is highly analogous to B cell lymphomas that arise in
organ transplant recipients and acquired immune deficiency syn-
drome patients (Rowe et al. 1991). B cell tumors in chimeric mice
are either monoclonal, oligoclonal, or polyclonal in nature. Inter-
estingly, the clonalityandefficiencyof lymphomagenesis is highly
variable among donors. Mononuclear cells from donors that are
EBV seropositive do not give rise to EBV-LPDwith equal efficiency.
Donors can be categorized into three types: high incidence (75–
100% engrafted mice develop EBV-LPD), intermediate incidence
(10–74% EBV-LPD), and no incidence (0% EBV-LPD) (Picchio et al.
1992). The tumors are characterized by up-regulation of B cell ac-
tivation surface antigens such as CD23 and CD39 and expression
of adhesion molecules ICAM-1 and LFA-3. The disease is often
highly disseminated in nature, involving the spleen, liver, bone
marrow, and occasionally the central nervous system. Karyotypic
analysis of the tumorcells reveals no chromosomal abnormalities.
The Latency III program, where nine latent genes are expressed, is
observed universally (Rowe et al. 1991).

EBV Pathogenesis in the hu-PBL-SCID Model
The lymphomagenesis in hu-PBL-SCID mice is a virus-driven
process, presumably involves activation of B cells with differenti-
ation into plasma cells and release of infectious virions that can
infect bystander B cells (Mosier 1996). Outgrowth of latently in-
fected, transformed B cells leads to lymphomagenesis that can
be polyclonal, oligoclonal, or monoclonal in nature. In high-inci-
dence donors, efficient EBV-LPD outgrowth is almost certainly
due to deficits in human adaptive cellular surveillance. CD4+ Th
cells in particular have been found to provide vital support of ef-
ficient lymphomagenesis by driving B cell activation, immuno-
globulin production, and, ultimately, transformation (Baiocchi
and Caligiuri 1994; Veronese et al. 1992). Cell depletion ex-
perimentations showed that injection of purified B cells only
were poorly engrafted and failed to produce tumors in SCID
mice (Veronese et al. 1992). Efficiency of lymphomagenesis was
also impaired in presence of immunosuppressive agents such
as cyclosporine A (CsA), which prevented T cell activation in
the xenogeneic environment (Coles et al. 1994). In vitro and/or
in vivo treatments with anti-CD3 immunotoxin also significantly
reduced EBV-LPD development (Clinchy and Vitetta 1998). More-
over, tumor incidence is significantly reducedwhen CD4+ T help-
er cells are removed from the PBL inoculum (Baiocchi and
Caligiuri 1994; Johannessen et al. 2000; Veronese et al. 1992).

After tumor formation,malignant B cells become independent
of T cell help and produce their own growth factors that drive

Figure 1 The hu-PBL-SCID model.
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proliferation through an autocrine fashion. In situ studies con-
firmed that cytokines such as IL-2, IL-4, IL-6, IL-10, and interferon
ɣ (IFNɣ) are expressed by the tumor cells themselves (Johannessen
et al. 2000). The hu-PBL-SCID mice that developed EBV-LPD
showed significant elevation of serum huIL-10 levels compared
with mice that did not develop EBV-LPD (P = .005). The EBV+

tumor samples expressed transcript for huIL-10 and huIL-10 re-
ceptor, expressed huIL-10 protein by immunohistochemical stain-
ing, and showed specific binding of recombinant (r) huIL-10. IL-10
prevented programmed cell death and promoted proliferation of
EBV-transformed ex vivo tumor cells at concentrations found in
vivo. Thus, huIL-10 [and perhaps IL-6; unpublished data (R. Baioc-
chi)] production by EBV+ tumor cells may contribute directly to
malignant outgrowth of EBV-LPD in this model (Baiocchi et al.
1995).

The hu-PBL-SCID Model as a Platform for Targeted and
Immunomodulatory Therapy
The hu-PBL-SCID model has been particularly useful to assess
novel preventive and treatment approaches for EBV-LPD, some
ofwhichhave been translated to the clinical setting. The antiviral
agent ganciclovir (GCV) has been tested in SCIDmice and showed
an inhibitory effect on tumor formation in treatedmice. The drug
inhibited B cell lymphoma development after active EBV infec-
tion (Boyle et al. 1992), a strategy that is commonly used in
patients with PTLD. This preclinical work has led to translation
of a targeted antiviral approach in patients with primary central
nervous system PTLD (Roychowdhury et al. 2003) and systemic
PTLD using the histone deacetylase (HDAC) inhibitor sodium bu-
tyrate to induce lytic gene activation, which allows for targeting
of the EBV protein kinase BGLF4 by GCV (Perrine et al. 2007).

Utilityof adoptive cellular therapywith EBV-specific cytotoxicT
lymphocytes (CTLs) has been evaluated in the hu-PBL-SCIDmodel.
Intravenous or intraperitoneal injections of EBV-CTLs prevent or
delay EBV-LPD in the hu-PBL-SCIDmodel (Boyle et al. 1993). Autol-
ogousCTLsactivityagainst EBV-related lymphoma isHLA-restricted
and EBV-specific as shown by CTL chemotaxis to autologous tu-
mors in SCID mice (Lacerda et al. 1996). Although the majority of
EBV-specific CTLs were characterized as CD3+/CD8+/CD4− T cells
(Lacerda and O’Reilly 1997), the protective effect of these effector
cells was reliant on the presence of helper CD4+ T cells. Enhanced
protection has also been reported when mice were treated with
autologous EBV-specific CTLs and polyethylene glycol-modified
recombinant human IL-2 (PEG-IL-2) (Buchsbaum et al. 1996).

The hu-PBL-SCIDmodel has served as a useful platform to ex-
perimentally test cytokine immunotherapy. Daily injection of low-
dose PEG-IL-2 (500 IU, subcutaneous, twice a day) into SCID mice
engraftedwith human PBLs fromEBV+ high-incidence donors pre-
vented EBV-LPD in more than 75% of engrafted animals. Murine
natural killer (NK) cells were necessary for this PEG-IL-2–mediated
protection outcome because protection was lost whenmurine NK
cells were depleted. Moreover, human CD8+ T cells offered the
cellular immunity required for PEG-IL-2–mediated protective ef-
fect against EBV-LPD in the model (Baiocchi and Caligiuri 1994).
Another cytokine immunotherapy experimentally tested in the
hu-PBL-SCID model was combination granulocyte-macrophage
colony-stimulating factor (GM-CSF) and IL-2. Treatment with
GM-CSF and IL-2 promoted the expansion of EBV-specific CD8+ T
cells in vivo (Baiocchi et al. 2001), and the combination cytokine
therapy was capable of prolonging survival even in the absence
of murine NK cells. Experimental depletion of human leukocyte
subsets from the PBLs demonstrated that human NK cells, CD8+

T cells, and monocytes were essential for the protective effects
of the combination cytokine therapy (Baiocchi et al. 2001).

Limitations of the hu-PBL-SCID Model
The hu-PBL-SCIDmodel has several limitations. There is variation
in the number of human cells that can repopulate the SCID mice
engrafted with human PBLs (Mosier et al. 1988). Moreover, the
SCID mice in the model have intact innate immunity, which can
compromise engraftment of human cells. The level of human
cell engraftment is very low, with only 0.01–0.1% of human cells
being detected in peripheral blood and tissues (Tary-Lehmann
et al. 1995). Additionally, transfer of mature human cells is not al-
ways well tolerated and can lead to graft-versus-host disease
(Murphy et al. 1992). Furthermore, T cells engrafted in this model
fail to function without exogenous immune-based support (i.e.,
cytokine/antibodies). Finally, the variation in EBV-LPD among do-
nors makes it difficult to establish a consistent pool of donors for
reliable, reproducible results.

New Generation Humanized Mouse Models of EBV-LPD

Background Strains and Model Types
The two main background strains of mice used in the humanized
mouse model for EBV infection are the Bagg albino (BALB/c) and
nonobese diabetic (NOD) mice. Genetic manipulations such as
scid gene (Bosma et al. 1983) and the recombination-activating
gene (rag) mutations were introduced to the recipient strains to fa-
cilitate engraftment of human cells and to enhance the function of
engrafted cells. The Rag proteins are essential for V(D)J recombina-
tion in early stages of lymphoid development. Mutation in the rag
genes preventsmouse B and T cells somatic recombination (Mom-
baerts et al. 1992; Shinkai et al. 1992). Additional genetic alterations
added to these background strains included the common gamma
chain mutation (Shultz et al. 2007). The common gamma chain is
found inmany cytokine and cell signaling receptors, and knockout
mutations of this gene eliminate signaling from IL-2, IL-4, IL-7, IL-9,
IL-15, and IL-21, which severely impairs the development of innate
and adaptive immunity as well as neutrophils and dendritic cells
(DCs). The most frequent strains with multiple mutations used
for EBV infection modeling are NOD-LtSz-scid IL-2rg−/− (NSG),
NOD/Shi-scid IL-2rgnull (NOG), and Balb/c Rag2−/−IL-2rg−/− (BRG)
(Munz 2015) (Figure 2).

Mice in the EBV humanized mouse model are injected with
human CD34+ hematopoietic progenitor cells (HPCs) and subse-
quently infected with EBV. Unlike mature blood cells engraftment,
the naive human cells are well tolerated in the mice and almost
universally EBV negative. A robust immunocompetent model of
humanized mice was generated by transplantation of fetal liver
and thymus organoids under the kidney capsule along with the
HPCs from the autologous fetal liver (BLT model) (Melkus et al.
2006). An earlier model using fetal tissue transplantation is the
SCID-Hu mice (McCune et al. 1988) led to sluggish peripheral
blood engraftment. Injection of human HPCs in the BLT model
can overcome the difficulty of robust peripheral engraftment en-
countered with the SCID-Hu mice model. Development of human
T cells in the BLTmodel shows efficient and intact HLA restriction,
which enhances the adaptive immune responses (Figure 2). How-
ever, the BLTmouse strain is technically very challenging to devel-
op andmaintain, is expensive, and is available in a limited number
of states given legislation precluding use of such models.

Human Immune System Components Reconstituted
Transplantation of human CD34+ HPCs into SCID mice leads to
reconstitution of human myeloid and lymphoid cells approxi-
mately three months after engraftment. Approximately 60% of
the cells in the peripheral blood and spleen of engrafted mice
are CD45+ human cells (Pearson et al. 2008). The B and T cells
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comprise themajority of humanmononuclear cells found recon-
stituted in engraftedmice (up to 90%); however the B cell to T cell
ratio is aberrantly skewed. The B cell to T cell ratio has been
reported to be up to 1:2 (Strowig et al. 2009). The majority of
T cells are CD4+ cells, and all subsets of the T lymphocytes
were detected, including αβ and γδ T cells, as well as earlier thy-
mic T cell stages (Traggiai et al. 2004). Other human cells reconsti-
tuted in the model are NK cells (approximately 5%), monocytes
(approximately 3%), and DCs (approximately 2%).

Variation in engraftment rates of human cells have been re-
ported and are likely reflective of differences in the percentage
of CD34+ HPCs across the donor pool. Additionally there are var-
iations in the source of human CD34+ HPCs, including cord blood,
adult peripheral blood, bone marrow, or human fetal liver. An
additional variable in these models includes mouse age, with
higher level of T cells engraftment reported in newborn mice
comparedwith adult animals (Pearson et al. 2008). Moreover, dif-
ferent murine strains demonstrated variation in percentages of
human cell reconstitution. For example, myeloid cells in NOD
mice (in contrast with BALB/c mice) express the myeloid cell in-
hibitory receptor, signal regulatory protein α (SIRP-α). The SIRP-α
receptor promotes the development of a human bone marrow–

like microenvironment, which allows for recognition of the
human leukocyte surface antigen CD47 on engrafted human
cells. This association between engrafted cell populations and
microenvironment prevents phagocytosis by murine myeloid
cells and ultimately enhances the efficiency of reconstitution in
vivo (Takenaka et al. 2007). Human cells reconstitution in BRG
mice is only 20% of the total cells in peripheral blood and spleen
(Takenaka et al. 2007). However, more recent work evaluating ge-
netic manipulations of the SIRP-α gene in BALB/c background
mice overcome this issue (Strowig et al. 2011).

Immune Responses to EBV in Humanized Mice
Humanized mice are capable of mounting both innate and adap-
tive immune responses in the context of EBV infection (Yajima
et al. 2008). Innate immunity, driven in large part by NK cells, is
a critical factor in controlling EBV lytic replication and limiting
the virus’s ability to infect neighboring bystander B cells. Anti-
body depletion of NK cells from humanized mice infected with

EBV increased the level of EBV lytic replication and led to a higher
rate of EBV-LPD comparedwith controls. Lymphomas developing
in NK-depleted mice are often monoclonal and widely dissemi-
nated throughout the animals (Chijioke et al. 2013). Interestingly,
NK depletion showed no effect on latent EBV infection. No signif-
icant difference was observed between NK depletion and nonde-
pletion groups in tumor formationwhenmicewere infected with
an EBV mutant strain lacking the key lytic switch gene, BZLF1
(Chijioke et al. 2013).

Humoral immune responses in humanizedmice are very lim-
ited because most B lymphocytes are naive or in transitional
stage upon engraftment. There is no development of human sec-
ondary lymphoid organs in humanized mice, which diminishes
an efficient germinal center, somatic hypermutation, and class
switching. Upon EBV infection, humanized mice can only gener-
ate EBV-specific immunoglobulin M (IgM) antibody and mainly
against the EBV BFRF3 protein (Yajima et al. 2008). However, the
amount of antibody produced is very low, approximately 1000-
fold less than the average levels in an adult human (Traggiai
et al. 2004).

Humanized mouse adaptive cellular immune responses to-
ward EBV have been well established and characterized. Human-
ized mice can generate both CD4+ and CD8+ T cell responses
against EBV lytic and latent antigens (Traggiai et al. 2004) and
diminish EBV-driven cellular transformation. Depletion of CD4+

and CD8+ T cells impaired the immune control against EBV and
led to high levels of EBV viremia. However, deletion of CD4+ Th
cells alone led to high viral load but had no effect in tumor devel-
opment. Infection of BLT mice with EBV led to the expansion of
human memory T cells (CD45RA−CD27+) in peripheral blood
that mimics spontaneous human immune responses that occur
in acute EBV infection (Melkus et al. 2006).

EBV-Associated Diseases in Humanized Mice
Both lytic and latent EBV infection can be established in human-
ized murine models, yet lytic replication is not required to estab-
lish latency in humanizedmice. This is nicely illustrated by using
amutant strain of EBV that lacks the lytic antigen BZLF1 that still
shows capacity to establish latency in B cells (Ma et al. 2011).

Figure 2 Humanized mice model of Epstein-Barr virus (EBV) infection.
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Humanized mice infected with EBV have been shown to in-
duce EBV-LPD with consistent latency III gene expression profile
where all nine latency proteins are expressed (Yajima et al. 2008).
Another EBV-associated malignancy that is recapitulated in the
humanized mice is the diffuse large B cell lymphomas (DLBCLs).
The EBV EBNA3Bmutant strain developedDLBCLs upon infection
in humanized mice (White et al. 2012). Lack of EBNA3B protein
compromised the production of the chemokine CXCL10, and
therefore tumors induced by EBANA3Bmutant strain showed re-
duced T cell infiltration within the tumor microenvironment
(White et al. 2012). The disease was also reported in humanized
NSG mice infected with an EBV strain that lacks the BZLF1 lytic
protein (Ma et al. 2011). Interestingly, the numbers of mice that
develop the disease are less than the wild-type strain. Addition-
ally, infection with EBVmutant strain with enhanced expression
of BZLF1 lytic antigen (superlytic strain) also developed DLBCLs,
but the ability of the superlytic strain to induce DLBCLs was sim-
ilar to the wild type (Ma et al. 2012). These intriguing findings
point toward lytic infection as a potential driving factor for
EBV-induced lymphomagenesis.

Sato and colleagues (2011) reported the induction of EBV-
associated hemophagocytic lymphohistiocytosis (HLH) in NOG
mice intrahepatically infected with the EBV Akata strain (Sato
et al. 2011). In this study, humanized mice infected with the
Akata strain of EBV experienced thrombocytopenia, hepercytoki-
nemia, and erythrocytopenia, which mimics HLH pathology in
humans. Infiltration of activated CD8+ T cells was reported in
most organs, especially the spleen and liver. The level of viral
load was highly correlated with the frequency of CD8+ T cells
and with the level of IFNγ cytokine in the blood (Sato et al.
2011). HLH is a disease associated with high mortality that fre-
quently is treated with intensive chemotherapy (HLH94 proto-
col). This model therefore provides investigators with a unique
opportunity to explore novel, less toxic, and more effective
approaches to this challenging condition.

Humanized Mouse Models as a Platform to Assess Prevention
of EBV-LPD
Humanized mice are susceptible to EBV, and they can generate
both innate and adaptive immune response toward the virus.
Therefore, they provide a potentially useful platform to experi-
mentally test EBV vaccine candidates and to boost the immune
system with a variety of immune modulatory agents. The utility
of antigen-presenting cells such as DCs has been tested to
enhance immune cell specificity to EBV-LPD. Gurer and collea-
gues (2008) targeted the DC receptor DEC-205 with anti-DEC-205
antibody fused to recombinant EBNA1 antigen to boost the
humanized immune responses. Intraperitoneal injection of
humanized mice with anti-DEC-205-EBNA1 and Polyinosinic:
polycytidylic acid (polyI:C) adjuvant generated EBNA1-specific
CD4+ and CD8+ T cells. Moreover, vaccination with αDEC-205-
EBNA1 elicited EBNA1-specific IFNγ secreted T cells. Immunized
mice also generated humoral immune responses, and IgM
antibody specific for EBNA1 antigen has been detected. More im-
portant, the vaccine efficiently controlled the outgrowth of trans-
formed B cells. Another study targeted specific subset of DCs,
CD141+ cDCs, by using double-stranded RNA (ds-RNA) as adju-
vant. Endocytic receptor DEC-205 is highly expressed by cDCs,
and vaccination with αDEC-205-EBNA1 and ds-RNA adjuvant
generated EBNA-specific CD4+ T cells (Meixlsperger et al. 2013).

Limitations of Humanized Murine Models of EBV-LPD
Anobvious limitation of the humanizedmice is the lackof human
epithelial cells, the entry site of EBV in human primary infection.

This limits modeling the EBV normal route of infection through
the oropharyngeal site. Another limitation to the model is the
limited development of the germinal center and secondary lym-
phoid organs because this leads to impaired humoral responses.
Humanized mice can only develop EBV-specific IgM antibodies
specific for a limited number of described antigens and incom-
pletely recapitulate the complex latency programs by demonstrat-
ing restriction to latency III. With the exception of the BLT model,
T cells in the humanized model are educated within the mouse
thymus, which impairs cellular immune responses. The BLT
model allows for the development of robust T cell responses. How-
ever, the major drawbacks of this model include the high costs,
technically intensive nature, requirement of human fetal tissues,
and legislative challenges present in many states.

Conclusions
Suitable animal models that recapitulate human EBV-associated
malignancies are vital tools to gain better understanding of dis-
ease pathogenesis and development of novel preventive and
therapeutic strategies. There is now abundant evidence that
human-murine chimeric model systems can serve as useful
models to study EBV-LPD. In contrast to other higher-order verte-
brate models, murine models are cost effective, have relatively
short latency periods for development of EBV-LPD, and have
the capacity to simultaneously examine viral and human
immune factors. Immunodeficient mouse strains constituted
with human mononuclear cells and or tissues provide a well-
controlled and reproducible approach to model EBV-LPD and
have been vital to the discovery and translation of targeted ther-
apeutics (monoclonal antibodies, epigenetic modifiers, antivi-
rals) and immune-based preventive and therapeutic strategies.
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