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Abbreviations

EBV Epstein–Barr virus
IM Infectious mononucleosis
LPD Lymphoproliferative disease
RA Rheumatoid arthritis
LCL Lymphoblastoid cell line
CTL Cytotoxic T lymphocyte
EBNA EBV nuclear antigen
LMP Latent membrane protein
EBER EBV-encoded small RNA
BART BamHI-A rightward transcript
CAEBV Chronic active EBV infection
PBMC Peripheral blood mononuclear cells
HSC Hematopoietic stem cell
HLH Hemophagocytic lymphohistiocytosis
XLP X-linked lymphoproliferative disease
HA Hemagglutinin
NOG NOD/Shi-scid Il2rgnull

BRG Balb/c Rag2-/-Il2rg-/-

NSG NOD/LtSz-scid Il2rg-/-
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39.1  Introduction

Epstein–Barr virus (EBV), a lymphotropic γ herpesvirus, was first identified in a 
primary culture of Burkitt lymphoma [1]. Although subsequent studies indicated 
that EBV is etiologically involved in a number of human malignancies, the virus 
was found to be a ubiquitous virus latently infecting more than 90 % of the adult 
population worldwide [1]. Primary EBV infection occurs most often in childhood 
and is usually asymptomatic or accompanied by only nonspecific flu-like symp-
toms. Between 25 and 75 % of primarily EBV infection in adolescence and young 
adulthood results in the development of infectious mononucleosis (IM) [1]. In a 
restricted fraction of hosts, EBV is involved in the pathogenesis of a wide variety 
of diseases, including lymphomas, carcinomas, B-cell lymphoproliferative diseases 
(LPDs) in immunocompromised hosts, and T- and NK-cell LPDs endemic mainly in 
east Asia [1]. In addition, EBV has been implicated in various autoimmune diseases 
including rheumatoid arthritis (RA) [2]. EBV has a unique biological activity to 
transform B lymphocytes into continuously proliferating lymphoblastoid cell lines 
(LCLs). EBV-transformed lymphoblastoid cells are normally removed by the vi-
rus-specific cytotoxic T lymphocytes (CTL) [3], but in immunocompromised hosts 
such as transplant recipients and AIDS patients, they may proliferate unlimitedly to 
cause B-cell LPDs such as posttransplant lymphoproliferative disease (PTLD) and 
AIDS-associated lymphomas.

EBV has a genome of approximately 170 kbp encoding more than 80 genes. 
EBV-transformed LCLs express six nuclear proteins (EBV nuclear antigens (EB-
NAs) 1, 2, 3A, 3B, 3C, and LP), three membrane proteins (latent membrane pro-
teins (LMPs) 1, 2A, and 2B), and two sets of untranslated RNAs (EBV-encoded 
small RNAs (EBERs) 1 and 2, and BamHI-A rightward transcripts (BARTs)) [4]. 
EBV-infected cells observed in the virus-associated malignancies and LPDs exhibit 
various patterns of viral gene expression that are characteristic of the respective dis-
eases. These patterns can be categorized into three groups: latency I, characterized 
by the expression of EBNA1, EBERs, and BARTs, is seen in Burkitt lymphoma and 
gastric carcinoma; latency II, characterized by the expression of EBNA1, LMP1, 
LMP2A, EBERs, and BARTs, is found in CAEBV, Hodgkin lymphoma, and na-
sopharyngeal carcinoma; latency III, characterized by the expression of all EBV-
encoded proteins and RNAs identified in EBV-transformed LCLs, is observed in 
PTLD and AIDS-associated lymphomas [1].

Humans are the only natural host of EBV, but several new-world monkeys and 
rabbits can be infected with the virus experimentally [5–8]. Cotton-top tamarins that 
develop B-cell lymphomas following EBV infection were used for the evaluation of 
a candidate vaccine against the virus [9]. They are, however, endangered species and 
cannot be used in large numbers. A rhesus monkey lymphocryptovirus homologous 
to EBV was shown to reproduce key features of human EBV infection, including oral 
transmission, atypical lymphocytosis, and lymphadenopathy [10, 11]. Rhesus mon-
keys are thus a promising animal model, although they have disadvantages common 
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to primate models, including limited accessibility and high costs. Small animal mod-
els for EBV infection were not available until the development of humanized mice.

39.2  EBV Pathogenesis in Humanized Mice

39.2.1  B-Cell Lymphoproliferative Disease

EBV studies with humanized mice started with scid-hu PBL mice. In 1988, Mosier 
and others demonstrated that intraperitoneal transplantation of peripheral blood 
mononuclear cells (PBMC) isolated from EBV-infected healthy carriers induced 
EBV-positive B-cell lymphomas in C.B-17 scid mice [12]. Similar transplantation 
of PBMC derived from EBV-uninfected donors did not cause lymphomas but sub-
sequent infection with EBV resulted in B-cell lymphomas [13]. Pathological and 
virological studies demonstrated that these B-cell lymphomas are similar to EBV-
associated B-cell LPD in immunocompromised hosts [14, 15]. This early human-
ized mouse model of EBV-associated B-cell LPD provided various insights into 
EBV-induced lymphomagenesis. For example, a critical role for CD4+ T cells in 
in vivo proliferation of EBV-infected B cells was revealed in this model [16, 17]. 
The scid-hu PBL mouse model also revealed the involvement of human IL-10 and 
CXCL12/CXCR4 signaling in lymphomagenesis by EBV [18, 19]. Analysis on the 
IFN-γ gene polymorphism indicated that the A/A genotype for the base + 874 was 
more prevalent in donors of PBMC that generated aggressive lymphoproliferation 
in scid-hu PBL mice [20]. Biological studies showed that the IFN-γ allele with 
adenosine at + 874 was associated with inefficient CTL restimulation, probably ex-
plaining the above finding [20]. A study with NOD/scid mice transplanted with 
human PBMC revealed an important role of plasmacytoid dendritic cells in cellular 
immune responses against EBV [21].

Although scid-hu PBL mice were the remarkable first small animal model of 
EBV-associated B-cell LPD, they had disadvantages including inability to mount 
primary immune responses and a tendency to develop graft-versus-host disease. 
These disadvantages were removed in new-generation humanized mouse models 
that were prepared by transplanting human hematopoietic stem cells (HSC) to im-
munodeficient mice of various strains (e.g. NOD/Shi-scid Il2rgnull (NOG), Balb/c 
Rag2-/-Il2rg-/- (BRG), and NOD/LtSz-scid Il2rg -/- (NSG)) [22–25]. Models for EBV 
infection based on new-generation humanized mice are summarized in Table 39.1. 
Traggiai and others reconstituted human T cells, B cells, and dendritic cells in BRG 
mice and demonstrated that these mice can be infected with EBV and develop B-
cell lymphoproliferation [23]. Characterization of EBV-induced LPD in humanized 
mice and its comparison to the original human disease was performed by Yajima 
and others [26] (Figure 39.1). They showed that the development of LPD in EBV-
infected humanized NOG (hu-NOG) mice were dependent on viral dose; mice in-
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Mouse strain, 
age on trans-
plantation, 
irradiation

Human cells 
and/or tissues 
transplanted, 
route of trans-
plantation

Human 
immune 
system 
components 
reconstituted

EBV strain 
used, route of 
inoculation

Features of 
EBV infection 
reproduced

Reference

NOD/scid, 
8–10 weeks, 
325 cGy γ 
irradiation

CD34+ cells 
isolated from 
cord blood, 
intravenous

B cells, 
myeloid cells

Akata and 
EGFP- 
tagged B95-8, 
intrasplenic

B-cell LPD in 
latency II

[31]

Balb/c 
Rag2-/- IL-
2rg-/- (BRG), 
newborn, 
4 Gy γ 
irradiation

CD34+ cells 
isolated from 
cord blood, 
intrahepatic

B, cells, T 
cells, den-
dritic cells

B95-8, 
intraperitoneal

B-cell prolifera-
tion, presumably 
EBV-specific 
T-cell response

[23, 63]

NOD/scid, 
6–8 weeks, 
325 cGy γ 
irradiation

Fetal thymus, 
fetal liver, 
liver-derived 
HSC (BLT 
mouse)

B cells, 
T cells, 
monocytes/
macrophages, 
dendritic cells

Akata, 
intrasplenic

Human MHC-
restricted T-cell 
response to EBV 
detected by 
ELISPOT assay

[22]

NOD/Shi-
scid IL-2rgnull 
(NOG), 6–8 
weeks, no 
irradiation

CD34+ cells 
isolated from 
cord blood, 
intravenous

B cells, 
T cells, 
NK cells, 
monocytes/
macrophages, 
dendritic cells

Akata, 
itravenous, 
intraperitoneal

B-cell LPD, latent 
infection, erosive 
arthritis resem-
bling RA, EBV-
specific T-cell 
responses, IgM 
Ab to p18BFRF3

[26, 50, 
51]

NOD/Shi-
scid IL-2rgnull 
(NOG), new-
born, 10 cGy 
X irradiation

CD34+ cells 
isolated from 
cord blood, 
intrahepatic

B cells, 
T cells, 
NK cells, 
monocytes/
macrophages, 
dendritic cells

Akata, 
intravenous

IFN-γ cytokin-
emia, hemo-
phagocytosis, 
systemic infiltra-
tion of CD8 + T 
cells, signs of 
HLH

[43]

NOD/LtSz-
scid IL-2rg-/- 
(NSG), 2–5 
days, 100 cGy 
irradiation

CD34+ cells 
isolated from 
fetal liver, 
intrahepatic

B cells, 
T cells, 
NK cells, 
monocytes/
macrophages, 
dendritic cells

Unspecified, 
intraperitoneal

B-cell LPD, 
EBV-specific 
T-cell responses, 
establishment 
of EBV-specific 
T-cell clones

[29]

NOD/LtSz-
scid IL-2rg-/- 
(NSG) with 
HLA-A2 
transgene, 
2–5 days, 
100–150 cGy 
irradiation

CD34+ cells 
isolated from 
fetal liver, 
intrahepatic

B cells, 
T cells, 
NK cells, 
monocytes/
macrophages, 
dendritic cells

Unspecified 
intraperitoneal

EBV-specific 
T-cell responses 
restricted by 
HLA-A2

[29, 58]

Table 39.1   Humanized mouse models of EBV infection and associated diseases. (Reproduced 
from pathogens 2, 153–176, 2013. Reproduced under Creative Commons Attribution (CC BY) 
license)
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oculated with more than 102 50 % transforming dose (TD50) tended to develop LPD 
whereas those inoculated with less than 101 TD50 mostly remained asymptomatic. 
They demonstrated the latency III type EBV gene expression, expression of B-cell 
activation markers and germinal center markers, as well as the histology of diffuse 
large B-cell lymphoma (DLBCL), indicating that EBV-induced LPD closely resem-
bling PTLD and AIDS-associated lymphomas was reproduced (Figure 39.1) [26]. 
It is interesting that EBV-infected B cells morphologically similar to Hodgkin cells 
and Reed–Sternberg cells were occasionally seen in EBV-induced LPD in hu-NOG 
mice (Figure 39.1c). EBV-induced B-cell LPD with similar characteristics was 
also reproduced in humanized NSG (hu-NSG) mice and BLT NSG mice [27–30]. 
One of the earliest new-generation humanized mice was prepared by transplanting 
NOD/scid mice with human HSC, resulting in reconstitution of B cells and myeloid 
cells but not T cells [31]. Note that B-cell LPD generated in these mice following 
EBV infection exhibited the latency II type EBV gene expression [31].

Preclinical studies of experimental therapies for EBV-associated LPD have been 
carried out so far mainly in scid-hu PBL mice. The list of tested regimens includes 
anti-CTLA-4 antibody [32], rituximab and IL-2 in combination [33], GM-CSF and 
IL-2 in combination [34], low-dose IL-2 [35], and the combination of CD13/CD19-
bispecific antibody, CD28 specific antibody, and autologous T cells [36]. Ganciclo-
vir induced complete regression of B-cell tumors in C.B-17 scid mice generated by 
transplantation of EBV-transformed LCL cells harboring a thymidine kinase gene 
driven by EBNA2 [37]. Gurer and others prepared a fusion protein of EBNA1 and 
the heavy chain of antibody against DEC-205, an endocytic receptor on dendritic 
cells, and showed that vaccination of hu-NSG mice with this fusion protein primed 
EBNA1-specific T cells and induced anti-EBNA1 antibodies [38].

Mouse strain, 
age on trans-
plantation, 
irradiation

Human cells 
and/or tissues 
transplanted, 
route of trans-
plantation

Human 
immune 
system 
components 
reconstituted

EBV strain 
used, route of 
inoculation

Features of 
EBV infection 
reproduced

Reference

NOD/LtSz-
scid IL-2rg-/- 
(NSG), 
6–10 week 
old, 2–3 Gy 
irradiation

Fetal thymus, 
fetal liver, 
liver-derived 
HSC (NSG-
BLT mouse)

B cells, T 
cells, no 
description 
of other 
components

B95-8 
recombinants 
(BZLF1 
knocked-out 
or enhanced 
BZLF1 
expression), 
intraperitoneal

B cell lymphoma 
with type I, type 
IIb, or type III 
latency, latent 
infection, EBV-
specific T-cell 
responses

[27, 28]

Table 39.1 (continued)
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Fig. 39.1   EBV-induced lymphoproliferative disease in humanized NOG mice. a Photograph of an 
EBV-infected mouse showing tumors in the cervical area. b Photographs of spleens, liver, lymph 
node, and kidney from EBV-infected mice with lymphoproliferative disorder. The upper-left panel 
shows the spleen from an uninfected mouse. c Photomicrographs of HE-stained tissues of lympho-
proliferative disorder. An arrow indicates a Reed–Sternberg-like cell and arrowheads Hodgkin-
like cells. d Immunohistochemical staining for lymphocyte surface markers ( CD3, CD20, CD23, 
and Mum1) and EBV-encoded proteins ( LMP1 and EBNA2), as well as in situ hybridization for 
EBER in a lymph node of a mouse bearing lymphoproliferative disorder. The bottom-right panel 

 

represents double staining for EBER and CD20. e and f RT-PCR detection of latent-cycle (e) and 
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39.2.2  EBV-HLH

Primary EBV infection can be complicated, although in rare occasions, by hemo-
phagocytic lymphohistiocytosis (HLH), a serious hyperinflammatory condition as-
sociated with highly activated but ineffective immune responses [39]. Monoclonal 
proliferation of EBV-infected T or NK (most often CD8+ T) cells have been con-
sistently observed in EBV-HLH [40, 41]. Overproduction of cytokines by EBV-
infected T or NK cells as well as by activated macrophages and T cells reacting to 
the virus is thought to play a central role in the pathogenesis [42]. Sato and others 
described systemic organ infiltration of activated CD8+ T cells, IFN-γ cytokinemia, 
normocytic anemia, thrombocytopenia, and hemophagocytosis in EBV-infected 
hu-NOG mice, where EBV was found restrictedly in B cells [43]. Based on these 
findings, they proposed that EBV-infected hu-NOG mice may be a useful model of 
EBV-HLH. EBV-HLH associated with proliferation of the virus-infected B cells 
has been recently described in patients with X-linked lymphoproliferative disease 1 
(XLP-1) and XLP-2 [44]. Using the same EBV-infected hu-NOG mice, Yajima and 
others observed predominantly B-cell LPD [26]. Because there were a number of 
differences in the protocols of Sato et al. [43] and Yajima et al. [26], including the 
sex of NOG mice, age at transplantation of HSC, and the route of transplantation, 
these differences might explain the different results. As described later, xenogenic 
transplantation of PBMC obtained from patients with EBV-HLH also reproduced 
cardinal features of this disease including proliferation of EBV-infected T cells and 
hypercytokinemia [45].

39.2.3  Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a common autoimmune disease associated with pro-
gressive disability and systemic complications [46]. Evidence for the involvement 
of EBV in the RA pathogenesis includes increased EBV-infected B cells in patients’ 
peripheral blood, infiltration of EBV-specific activated CD8+ T cells in affected 
joints, and impaired functions of patients’ T cells to suppress the outgrowth of EBV-
transformed B cells [47]. Furthermore, cynovial EBV infection with the expression 
of viral proteins including LMP1 has been repeatedly observed in RA lesions [48, 
49]. These lines of evidence are, however, rather circumstantial and direct evidence 

lytic-cycle (f) EBV gene expression in tumors from EBV-infected hNOG mice. Spleen tumors 
from three different mice were examined for the expression of EBNAs 1 and 2, LMPs 1, 2A and 2B, 
EBER1, BZLF1, BMRF1, and BLLF1. RNA samples from LCL e and anti-IgG-treated Akata cells f 
were used as positive controls, and those of EBV-negative Akata cells (e and f) were used as nega-
tive controls. Assays were done with (+) or without (−) reverse transcriptase (RT) in f. Expression 
of GAPDH was examined as reference. g Double staining of EBER and CD20 in the spleen of a 
hu-NOG mouse persistently infected with EBV without developing lymphoproliferative disorder. 
EBER is stained navy in the nucleus and CD20 is stained brown in the membrane. (Reproduced 
from [26], by permission of Oxford University Press)
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for the causal relationship has been missing, primarily because of the lack of an ap-
propriate animal model. Recently, Kuwana and others reported that EBV-infected 
hu-NOG mice developed erosive arthritis with massive synovial cell proliferation 
and infiltration of human CD4+ T cells, CD8+ T cells, B cells, and macrophages 
[50]. A histological structure termed pannus, particularly characteristic to RA and 
involved in the destruction of bone tissues, was found in the arthritis lesions of hu-
NOG mice. These results, although restricted to histopathological findings, indicate 
that EBV triggers the development of erosive arthritis morphologically resembling 
RA in humanized mice and suggest that the virus is responsible for the development 
of RA in humans as a trigger. Further studies are required to clarify whether this 
arthritis in mice is generated by a similar mechanism as that for the original human 
disease. Effects of antibodies specific to cytokines such as TNF-α, IL-1, and IL-6, 
that are known to be involved in the pathogenesis of RA, can be readily tested in 
this model. Inasmuch as there is a strong association between certain HLA types 
and RA, it will be an interesting experiment to test whether humanized mice pre-
pared with HSC with high-risk HLA types have an increased frequency of arthritis 
following infection with EBV. The search for signs of other autoimmune diseases 
such as multiple sclerosis, Sjögren syndrome, and systemic lupus erythematosus in 
EBV-infected hu-NOG mice is underway.

39.3  Immune Responses to EBV in Humanized Mice

New-generation humanized mice mount a primary immune response to EBV [22, 
23]. The spleen of humanized BRG (hu-BRG) mice contained an increased number 
of T cells after infection with EBV and CD8+ T cells isolated from them proliferated 
vigorously upon stimulation with autologous EBV-transformed LCL [23]. In BLT 
mice developed by Melkus et al. [22], transplanted human thymus tissues enabled 
restriction of T cells by human MHC and hence efficient EBV-specific T-cell re-
sponses. These pioneering works were followed by more detailed descriptions of 
EBV-specific T-cell responses in humanized mice of various strains [26, 29, 43, 51]. 
EBV-specific CD4+ and CD8+ T-cell clones were established from EBV-infected 
hu-NSG mice and found to lyse HLA-matched LCLs [29]. Antibodies specific to 
the human MHC class-I inhibited the production of IFN-γ by CD8+ T cells that were 
isolated from EBV-infected BLT or hu-NOG mice and stimulated with autologous 
LCL, indicating that these T cells recognized EBV epitopes presented by the human 
MHC class I [22, 26]. In accordance with these results, human MHC class I tetra-
mers presenting EBV epitopes identified EBV-specific CD8+ T cells in hu-NOG 
mice [43]. Depletion of either CD4+ or CD8+ T cells by administration of anti-
CD4 or anti-CD8 antibody, respectively, caused more aggressive proliferation of 
EBV-infected cells and reduced the life span of infected mice, indicating that T-cell 
responses induced in humanized mice play a protective role [29, 51]. More directly, 
CD8+ T cells isolated from EBV-infected hu-NOG mice suppressed transformation 
of autologous B cells by EBV [51]. EBV infection of hu-NOG and hu-NSG mice 
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induced marked proliferation of CD8+ T cells, but only a minor fraction of them 
appeared to be EBV-specific [26, 29, 43, 51]; the nature of the remaining part of 
proliferating CD8+ T cells is not clear. One study with NOD/scid mice transplanted 
with human fetal thymic cells demonstrated an important role for EBV-induced 
CD8+ NKT cells in the suppression of tumorigenesis by EBV-associated Hodgkin 
lymphoma and nasopharyngeal carcinoma cells [52].

It is a puzzling question how EBV-specific T-cell responses restricted by human 
MHC were induced in humanized mice that did not have human thymus tissues 
transplanted [26, 29, 43, 51]. T-cell responses specific to other viruses including 
HIV-1 [53], an adenovirus vector expressing HCG glycoproteins [54], HSV-2 [55], 
and influenza virus [56] have also been induced in humanized mice without human 
thymic tissues. Regarding this issue, experiments with humanized NOG I-A-/- mice 
performed by Watanabe and others suggested that although murine MHC plays a 
major role in the positive selection of T cells in humanized mice, human HSC-
derived cells, conceivably B cells or dendritic cells, are also involved in the positive 
selection, possibly explaining T-cell restriction by human MHC observed in human-
ized mice [57]. This problem of T-cell education was averted in humanized mice 
expressing human MHC; NSG-derived mouse strains with a human HLA-A2 trans-
gene that were reconstituted with HSC having the same HLA allele mounted effi-
cient EBV-specific T-cell responses restricted by the particular HLA type [29, 58].

Antibody responses to EBV were analyzed in hu-NOG mice and found much 
less efficient than T-cell responses [26]. Only 3 out of 40 mice produced IgM an-
tibody to P18BFRF3, a major component of the viral capsid antigen (VCA). No IgG 
antibody to EBV-encoded proteins was detected. This inefficiency in antibody re-
sponses, especially that in the IgG response, appears common to humanized mouse 
models of other viruses including HIV-1 [53, 59, 60]. The finding that transfer of 
functional human T cells expressing TCR specific to hemagglutinin (HA) improved 
HA-specific IgG responses in hu-NOG mice suggests that suboptimal interactions 
between T and B cells underlie the inefficient production of antigen-specific IgG 
antibodies in these mice [57]. Better antibody responses in BLT mice support this 
notion [61, 62].

39.4  Persistent EBV Infection in Humanized Mice

EBV establishes asymptomatic persistent infection in human hosts that is dependent 
on T-cell immunosurveillance. In immunocompetent hosts, EBV-transformed cells 
with expression of highly immunogenic viral proteins are efficiently removed by 
CTLs and the virus is found persisting in memory B cells where all viral protein 
expressions are shut down. Yajima and others reported that the majority of hu-NOG 
mice inoculated with low doses of EBV (< 101 TD50) did not develop LPD and sur-
vived up to 6 months without any apparent signs of diseases [26]. EBV DNA was 
detected in the peripheral blood only for the first several weeks following inocula-
tion and thereafter remained undetectable throughout the course of observation. 
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Upon autopsy at 6 months postinfection, no macroscopic pathological changes were 
observed, but occasional EBER-positive cells were found in their spleen and liver, 
indicating that EBV persisted in the mice. These EBER-positive cells were CD20-
positive B cells, but their morphology did not resemble that of resting memory B 
cells (Figure 39.1g) [26]. mRNAs coding for EBNA1, EBNA2, LMP1, and LMP2A 
were detected by RT-PCR analyses of RNA obtained from the spleen or liver of 
these persistently infected mice, indicating the presence of latency III cells (Yajima 
et al. unpublished results). Persistent EBV infection in hu-NOG mice therefore does 
not completely reproduce EBV latency in humans. Because proper differentiation 
of memory B cells requires intricate interactions of B and T cells that have not been 
reproduced in current humanized mice [57], reproduction of bona fide EBV latency 
in memory B cells may require more sophisticated humanized mice. Nevertheless, 
it is an interesting question how immune responses are involved in the induction 
and maintenance of persistent EBV infection in hu-NOG mice. It is interesting that 
the blood EBV DNA level fluctuated in a few persistently infected mice and there 
the rise in the EBV DNA level was immediately followed by the increase in CD8+ T 
cells and subsequent decline of the EBV DNA level, suggesting an effective T-cell 
control of EBV-infected cells [51]. If this persistent infection can be disrupted and 
EBV-positive LPD is induced by certain immunosuppressive regimens, it will be an 
excellent model of EBV-associated LPD in immunocompromised hosts.

The exact mechanism by which EBV establishes latent infection in memory B 
cells is not clear. Cocco and others examined EBV gene expression, surface marker 
expression, and hypermutation of the IG gene variable region in a single cell level in 
lymphoid tissues of EBV-infected hu-BRG mice [63]. Although they found mainly 
EBV-infected naïve B cells in the mantle zone, they identified infected cells in la-
tency II that carried mutations in Ig genes in germinal centers. They proposed that 
these results support the previously presented hypothesis that EBV infects naïve 
B cells and induces their differentiation into memory B cells via germinal center 
reactions.

39.5  EBV Reverse Genetics in Humanized Mice

A number of EBV mutants with their particular genes knocked-out by homologous 
recombination have been prepared and revealed specific functions of these genes 
[4]. Mutations of certain EBV genes, however, did not generate any new phenotype 
in in vitro experiments, although strong conservation of these genes among natural 
EBV isolates suggests that they have important functions. EBNA3B is a representa-
tive of such genes; the EBNA3B knock-out virus retained its capacity to transform 
B cells and its role in the EBV life cycle is not known. Recent work by White 
and others demonstrated that an EBNA3B-KO EBV mutant induced more aggres-
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sive LPD in hu-NSG mice as compared with wild-type EBV, suggesting a tumor 
suppressor-like function of this gene [30]. B cells transformed by this mutant virus 
secreted less T-cell chemoattractant CXCL10 and thereby escaped T-cell–mediated 
killing. EBNA3B might thus function as a safety guard so that the virus should not 
be a life-threatening harm to the host.

BZLF1 is an immediate-early gene of EBV and acts as a switch from the latent 
to lytic cycle of EBV infection. Knocking out the BZLF gene did not affect the in 
vitro transforming activity of EBV and its involvement in lymphomagenesis was 
first elucidated in experiments with humanized mice. Ma and others generated EBV 
recombinants with the BZLF1 gene knocked out or with enhanced BZLF1 expres-
sion and demonstrated that BZLF1 enhanced EBV-induced lymphomagenesis in 
NSG-BLT mice, although the exact mechanism was not clear [27, 28].

There are a number of EBV genes, such as BHRF1 (encoding an Bcl-2-like anti-
apoptotic protein) [64], BXLF1 (encoding EBV thymidine kinase) [65], and BCRF1 
(encoding a cytokine highly homologous to human IL-10) [66], loss-of-function 
mutants of which exhibit no or only minor phenotype alteration in in vitro studies. 
Examination of these EBV mutants in humanized mice might reveal their critical 
roles in the EBV life cycle and pathogenesis.

39.6  Mouse Xenograft Models of EBV-Associated T/
NK-Cell LPD

Chronic active EBV infection (CAEBV) is a disease with high morbidity and mor-
tality characterized by prolonged IM-like symptoms and elevated EBV DNA load 
in the peripheral blood [67–69]. Similar to EBV-HLH, monoclonal or oligoclonal 
proliferation of EBV-infected T or NK cells is consistently observed in this dis-
ease. In EBV-infected hu-NOG mice, however, EBV infection of neither T nor NK 
cells was recognized. To recapitulate CAEBV and EBV-HLH, Imadome and others 
transplanted PBMC isolated from patients to NOG mice and recapitulated major 
features of the two diseases, including systemic monoclonal proliferation of EBV-
infected T or NK cells and hypercytokinemia [45] (Figure 39.2). Experiments with 
these models showed that EBV-infected T and NK cells did not engraft if CD4+ T 
cells (whether or not infected with EBV) were removed from PBMC. When CD4+ 
T cells were depleted in vivo just following transplantation of PBMC by admin-
istrating the OKT-4 antibody specific to CD4, engraftment of EBV-infected cells 
was consistently prevented [45]. Furthermore, administration of the antibody after 
engraftment of EBV-infected cells was also effective and reduced peripheral blood 
EBV DNA load to an undetectable level, suggesting that therapeutic approaches tar-
geting CD4+ T cells might be possible (Imadome and others, unpublished results).
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Fig. 39.2   A xenograft mouse model of chronic active EBV infection. a Photographs of a model 
mouse showing splenomegaly and of the excised spleen. This mouse was transplanted with PBMC 
from a CAEBV patient of the CD8 type. Spleen from a control NOG mouse is also shown. b 
Photomicrographs of various tissues of the mouse shown in a. Upper panels: liver tissue was 
stained with hematoxylin-eosin ( HE), antibodies specific to human CD3 or CD20, or by ISH with 
an EBER probe; the rightmost panel is a double staining with EBER and human CD45RO. Bot-
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