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reported previously.®* This effect is modest in Cdc42 (1.1-fold,
- Fig. 2D) because the capture of Rho GTPase by ARHGDIB
depends on the active GDP/GTP exchange cycle of Rho
GTPase under steady-state conditions, which occurs ineffi-
ciently in Cdc42.

The common effector function of RhoA and Racl is the
reorganization of the actin cytoskeleton.'***33 If the ectopic
expression of ARHGDIB inhibits RhoA and Racl effector
function, the monomer-polymer actin equilibrium in ARHG-

IB-transduced cells should be shifted toward a depolymer-
ized state!®* To test this, flow cytometry using
fluorescently labeled phalloidin, which binds to F-actin, was
used to measure the amount of polymerized actin. Under
steady-state conditions, the fluorescence intensity of PM1/
ARHGDIB cells was significantly lower than in control cells
(Fig. 2E). The reduction levgls of F-actin content in PM1/
ARHGDIB cells were 142 +1.6% (N=3, p<0.05 by Student's
t-test, two-tailed; Fig. 2E) compared with the control. A sim-
ilar trend was observed in SUP-T1 cells. These data are in
agreement with the results obtained by the active Rho GTPase
capture assay and the previous findings that the over-
expression of RhoGDI in various cell lines induces the dis-
ruption of actin cytoskeleton-dependent processes.*>*” These
data indicate that the ectopic expression of ARHGDIB in T
cells suppresses the activation status of both RhoA and Racl
under steady-state tissue culture conditions,

Analysis of the viral fife cycle
in ARHGDIB-expressing T cells

Next, the mechanism by which ARHGDIB blocks HIV-1
replication was investigated. To do this, the viral entry and
production phases were examined separately.

To examine the viral entry phase, PM1/ARHGDIB cells
were infected with X4-tropic HIV-In14s Env- or VSV-G-
pseudotyped HIV-1 that produces luciferase upon the estab-
lishment of infection. In these viruses, Juciferase is under the
regulation of a long terminal repeat (LTR) or cytomegalovirus
(CMV) promoter. When the relative luciferase activity in the
control cells was set at 100%, the infection efficiency of HIV-1
Env-pseudotyped HIV-1 expressing luciferase driven by the
HIV-1 LTR promoter was 33.0%£2.6% (N=3, p<0.001 by Stu-
dent’s t-test, two-tailed; Fig. 3A). Similar results were ob-
served in MT-4 cells (data not shown). In contrast, the
infection efficiency of VSV-G-pseudotyped HIV-1 expressing
luciferase with either the HIV-1 LTR or CMV promoter was
243.2431.5% (N=3, p<0.01; Fig. 3A) or 480.3£158.1% (N =3,
p<0.05; Fig. 3A), respectively. Similarly, infection with VSV-
G-pseudotyped MLV driving the expression of luciferase with
the MLV LTR promoter was 10.0£6.4-fold more efficient in
PM1/ARHGDIB than in control cells (N =4, p <0.05; Fig. 3A).
To examine the effect of ARHGDIB on gene expression, re-
porter plasmids driving the expression of luciferase with ei-
ther the CMV or HIV-1 LTR promoter were transfected into
PMI1 cells. The LTR- and CMV-driven luciferase activities in
PM1/ARHGDIB cells were modestly increased compared
with the control cells, but not decreased (2.1%0.6-fold, and
2.4x1.6-fold for LTR- and CMV-driven constructs, six/and
four independent experiments, respectively; Fig. 3B). Taken
together, these data suggest that the inhibition of viral entry is
specific to HIV-1 Env, and the early phase of the viral life cycle
is strongly affected.
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When measured by flow cytometry, PM1/ARHGDIB cells
were found to express cell surface CD4 at levels 1.4-fold
higher than control cells (average of four independent
experiments), while the cell surface levels of CXCR4 were
0.8-fold higher (average of five independent experiments).
Considering that ARHGDIB did not affect the levels of cell
surface CD4 or CXCR4 in M T4 cells (Fig. 1B) and M8166 cells
(data not shown), and that the reduction in CXCR4 expression
in PM1 cells is relatively modest, these data suggest that
changes in the expression of viral receptors do not fully
account per se for the decreased susceptibility of PM1/
ARHGDIB cells to HIV-1n 43 Env-pseudotyped HIV-1.

To examine the production phase, proviral DNA was
transfected into PM1/ARHGDIB and the control cells, and the
viral protein expression in cells and the level of viral pro-
duction in the culture supernatant were measured. The
transfected cells were cultured in the presence of the anti-
retroviral drug efavirenz, which inhibits the replication cycle
of HIV-1, allowing the assessment of viral production in the
transfected cells. The levels of viral Gag in PM1/ARHGDIB
cells, which are cleaved by protease to yield multiple bands in
Western blot analysis with an anti-pZtLCA antibody, were
comparable to the control cells (Fig. 3C). To assess these data
quantitatively, densitometric analysis was conducted to
quantify the signals representing Pr55°8, MA-CA, and
p24°A. Then, the percentage of p24=* and MA-CA relative to
the total signal was calculated; this represented the efficiency
of Gag processing. The Gag processing efficiency was 75.5%
in PM1/ARHGDIB cells, similar to the control cells (69.9%). In
addition, the ratio of the total signal in the viral lysate to that
in the cell lysate was calculated. This reflects the efficiency of
viral production. The virus/cell intensity ratios were 0.43 and
0.56 for the controls and cells ectopically expressing ARHG-
DIB, respectively. Similar data were obtained in an indepen-
dent experiment in PM1 cells. These data suggest that the
negative effect of ARHGDIB on the viral production phase
was undetectable in T cells.

A single-round HIV-1 infection experiment was performed
in the presence of a specific ROCK inhibitor, Y27632, to test
whether the effector functions of RhoA are critical in regu-
lating HIV-1 infection. The inhibition of ROCK, a RhoA signal
mediator, reduced HIV-1 infection by 48.6+6.3% compared
with the control levels (N=4, p < 0.05 by Student’s f-test, two-
tailed; Fig. 3D). These observations suggested that the RhoA
signal triggered by HIV-1 Env-receptor interaction is involved
in the regulation of HIV-1 infection. This inhibition of ROCK
accounted for approximately 77% of the inhibition of HIV-1
infection in PM1 cells ectopically expressing ARHGDIB
(33.0% vs. 48.6%; Fig. 3A and D). These data also suggested
that Racl plays a supplementary role in the restriction of HIV-
1 infection. Taken together, this suggests that ARHGDIB
limits HIV-1 replication primarily by affecting Env-mediated
processes, most likely via receptor clustering and virus-cell
membrane fusion.’

Discussion

A handful of lymphoid-specific cellular regulators of HIV-1
replication are known, including CD4 and CCR5. However,
few hematopoietic lineage-specific inhibitors of HIV-1 repli-
cation have been identified. Recently a dendritic- and
myeloid-cell-specific restriction factor SAMHDI has been
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FIG. 3. The effect of ARHG-
DIB expression on the HIV-1
life cycle. (A) Single-round in-
fection assay using replication-
incompetent HIV-1 and MLV
expressing luciferase upon in-
tegration, pseudotyped either
with HIV-1 Env or with VSV-G.
The promoters driving the ex-
pression of Iuciferase are noted
in parentheses. Luciferase sig-
nals detected in PM1/ARHG-
DIB cells (gray) relative to
control cells {(black) are shown.
The data represent the average
and standard deviation from
three or four independent ex-
periments. Statistical signifi-
cance between each group and
the control was analyzed by
two-tailed Student’s #-test (sin-
gle asterisk, p<0.001; double
asterisk, p<0.01; and triple as-
terisk, p<0.05). (B) Transient
transfection assay to assess the
effect of ARHGDIB on reporter
gene expression. CMV- or
HIV-1 LTR-driven luciferase
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reported.”® APOBEC3 family members, which exhibit anti-
retroviral activity, may be hematopoietic cell specific,
although their expression levels in non-T cells have not been
directly examined.?*® In this study, we showed that modest
up-regulation of the hematopoietic cell-specific RhoGDI,
ARHGDIB, negatively regulated HIV-1 replication in various
T cell lines, while it appeared to have no impact on cell pro-
liferation. ARHGDIB is a constitutively expressed, lymphoid-
specific protein, Therefore, ARHGDIB could provide intrinsic
immunity against HIV-1 infection. In contrast, APOBEC3
family members are primarily interferon inducible.
RhoGDls have not been isolated as negative regulators of
HIV-1 replication in previous genetic screening studies. This

is partly because nonlymphoid cells were used to screen ge-
netic materials and the siRNA/shRNA-based gene knock-
down is not able to identify negative regulators of HIV-1
replication at high sensitivity. Moreover, previous screens
could not identify all potential factors, especially those pres-
ent in the hématopoietic cell lineage, since nonlymphoid cells
were often used. Our T cell-based screen using replication-
competent HIV-1 allowed us to identify ARHGDIB asan HIV-
1 inhibitor. ;
Rho GTPases play multiple roles in cell biology, jncludjng
actin reorganization, endocytosis, and tubulin regulation, and
ARHGDIB is a negative regulator of Rho GTPases.!1-143%4142
1t has been reported previously that inhibition of RhoA affects
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viral receptor clustering, which lowers the efficiency of virus-
cell membrane fusion and thus affects viral replication, **>°
In contrast, the Racl-PAK pathway has been shown to sup-
port virus-cell membrane fusion.**#” Both processes require
active actin reorganization.**>*#7 Interestingly, HIV-1 Env-
guided entry is supported by a Filamip A-RhoA-ROCK axis
and Arp2/3 complex, both of whir_\;,;yr:e commonly involved
in actin cytoskeletal reorganization.*** Our data link the re-
ported functions of RhoA, Racl, and RhoGDIs with the bio-
logical phenotype of ARHGDIB; inhibition of HIV-1
replication in T cells. This HIV-1 inhibitory function of
ARHGDIB is exerted via simtﬂtaneo;z's/functional restriction
of two Rho GTPases, RhoA and Rac1.t is likely that receptor
clustering and virus-cell membrane fusion are affected in T
cells ectopically overexpressing ARHGDIB. As receptor
clustering is the initial event of the HIV-1 life cycle, HIV-1
replication is attenuated in such cells regardless of the route of
HIV-1 entry. Also, in T cells ectopically overexpressing
ARHGDIB, RhoA and Racl are substantially inactivated.
However, they are not inactivated completely. Thus, these
cells are still able to support HIV-1 replication at certain levels,
contributing to the delayed HIV-1 replication phenotype in
cejls ectopically overexpressing ARHGDIB.

Some reports suggest that RhoA inhibits LTR-mediated
transcription.**#84% If this is the case, increased ARHGDIB
expression should enhance LTR-mediated transcription. In
PM1/ARHGDIB cells, HIV-1 LTR-driven luciferase activity
was slightly enhanced (Fig. 3B), which is consistent with
previously reported findings. On the other hand, HIV-1 rep-
lication was repressed in T cells, suggesting that this tran-
scriptional effect on viral replication is modest, if it occurs at
all. It is also possible that the enhancement of the luciferase
signal may be due to increased endocytic activity in PM1/
ARHGDIB cells, since the DEAE-Dextran protocol was em-
ployed for transfection, and similar levels of enhancement of
CMV-driven transcription were observed in PM1/ARHGDIB
cells as well.

Infection with VSV-G-pseudotyped HIV-1 and MLV,
which enter cells via endocytosis accompanied by the re-
arrangement of actin filaments, is augmented in PM1/
ARHGDIB cells (Fig. 3A). These findings are consistent with a
previous report demonstrating that ARHGDIB stimulates
endocytosis in cells with a lymphoid background.* The effi-
ciency of VSV-G-pseudotyped MLV infection into PM1/
ARHGDIB cells was higher than VSV-G-pseudotyped HIV-1.
During the entry phase, HIV-1 utilizes microtubules to traffic
toward the nucleus, whereas MLV does not seem to actively
do 50> As ARHGDIB potentially inhibits Rho GTPases,
thereby disturbing microtubular organization, it is possible
that HIV-1 infection is blocked by ARHGDIB at the microtu-
bule-dependent transport phase in addition to the receptor
clustering phase. Alternatively, the relatively high infectious
titers produced by the MLV vector may be responsible for the
observed phenotype.

Our findings do not negate the possibility that ARHGDIB
limits HIV-1 replication by restricting the functions of other
effector molecules. For instance, ARHGDIB has also been
shown to bind the RhoGEF protein Vav1 and the cytoskeletal
protein ezrin, both of which have been implicated in the
positive regulation of HIV-1 replication.’* >’ Thus, these fac-
tors may also, contribute to the ARHGDIB-mediated inhibi-
tion of HIV-1 replication.
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The treatment efficacy of HIV-1/AIDS by antiretroviral
drugs has greatly improved. However, the adverse effects of
antiretroviral drugs lower the quality of life of HIV-1-infected
individuals, and the emergence of drug-resistant strains is
anticipated for all of the currently available antiretroviral
drugs. Insights into HIV-1-host interaction, such as that
provided in this study, will aid in the design of novel anti-
retroviral drugs. Our findings may contribute not only to
antiretroviral drug development but also to our under-
standing of viral pathogenesis. Considering the observation
that a modest increase in ARHGDIB expression resulted in
the inhibition of HIV-1 replication, it is possible that, at the
later phase of HIV-1 infection, CD4-positive cells bearing
higher levels of ARHGDIB may be selected. Thus, ARHGDIB
levels may be useful as a progression marker of HIV-1 in-
fection. HIV-1 disease progression may be delayed in indi-
viduals who have relatively high levels of ARHGDIB in CD4-
positive T cells. These possibilities should be examined in
future studies.
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Abstract

Epstein-Barr virus (EBV), a ubiquitous B-lymphotropic herpesvirus, ectopically infects T or NK cells to cause severe diseases of
unknown pathogenesis, including chronic active EBV infection (CAEBV) and EBV-associated hemophagocytic lymphobhis-
tiocytosis (EBV-HLH). We developed xenograft models of CAEBV-and EBV-HLH by transplanting patients' PBMC to
immunodeficient mice ‘of the NOD/Shi-scid/IL-2Ry™" strain. In these models, EBV-infected T, NK, or B cells proliferated
systemically and reproduced. histological characteristics - of the two diseases. Analysis of the TCR repertoire expression
revealed that identical predominant EBV-infected T-cell clones proliferated in patients and corresponding mice transplanted
with their PBMC. Expression of the EBV nuclear antigen 1 (EBNAT1), the latent membrane protein 1 (LMP1), and LMP2, but
not EBNA2, in the engrafted cells is consistent with the latency Il program: of EBV gene expression known in CAEBV. High
levels of human cytokines, including IL-8, IFN-v, and RANTES, were detected in the peripheral blood of the model mice,
mirroring hypercytokinemia characteristic to both CAEBV and EBV-HLH. Transplantation of individual immunophenotypic
subsets isolated from patients’ PBMC as well as that of various combinations of these subsets revealed a critical role of CD4"™
T cells in the engraftment of EBV-infected T and NK cells. In accordance with this finding, in vivo depletion of CD4" T cells by
the administration of the OKT4 antibody following transplantation of PBMC prevented the engraftment of EBV-infected T
and NK cells. This is the first report of animal models of CAEBV and EBV-HLH that are expected to be useful tools in the
development of novel therapeutic strategies for the treatment of the diseases.
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Introduction

Epstein-Barr virus (EBV) is a ubiquitous y-herpesvirus that
infects more than 90% of the adult population in the world. EBV
is occasionally involved in the pathogenesis of malignant tumors,
such as Burkitt lymphoma, Hodgkin lymphoma, and nasopha-
ryngeal carcinoma, along with the post-transplantation lympho-
proliferative disorders in immunocompromised hosts. Although
EBV infection is asymptomatic in most immunologically compe-
tent hosts, it sometimes causes infectious mononucleosis (IM),
when primarily infecting adolescents and young adults [1]. EBV
infects human B cells efficiently in vitro and transform them into
lymphoblastoid cell lines (LCLs) [2]. Experimental infection of T

@ PLoS Pathogens | www.plospathogens.org

and NK cells, in contrast, is practically impossible except in limited
conditions [3,4]. Nevertheless, EBV has been consistently
demonstrated in T or NK cells proliferating monoclonally or
oligoclonally in a group of diseases including chronic active EBV
infection (CAEBV) and EBV-associated hemophagocytic lympho-
histiocytosis (EBV-HLH) [5,6,7,8,9,10]. CAEBV, largely overlap-
ping the systemic EBV' T-cell lymphoproliferative diseases of
childhood defined in the WHO classification of lymphomas [11],
is characterized by prolonged or relapsing IM-like symptoms,
unusual patterns of antibody responses to EBV, and elevated EBV
DNA load in the peripheral blood [12,13,14]. CAEBV has a
chronic time course with generally poor prognosis; without a
proper treatment by hematopoietic stem cell transplantation, the
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Author Summary

Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus
that infects more than 90% of the adult human population
in the world. EBV usually infects B lymphocytes and does
not produce symptoms in infected individuals, but in rare
occasions it infects T or NK lymphocytes and causes severe
diseases such as chronic active EBV infection (CAEBV) and
EBV-associated hemophagocytic lymphohistiocytosis (EBV-
HLH). We developed mouse models of these two human
diseases in. which EBV-infected T or: NK:lymphocytes
proliferate 'in. mouse tissues ‘and reproduce - human
pathologic conditions such as overproduction of small
proteins called “cytokines” that produce inflammatory
responses in the body. These mouse models are thought
to be very useful for the elucidation of the pathogenesis of
CAEBV and EBV-HLH as well as for the development of
therapeutic strategies for the treatment of these diseases.
Experiments with the models demonstrated that a subset
of lymphocytes - called  CD4-positive  lymphocytes are
essential for the proliferation of EBV-infected T and NK
cells. ‘This ‘result implies  that ‘removal of CD4-positive
lymphocytes or suppression of their functions may be an
effective strategy for ‘the treatment of CAEBV. and EBV-
HLH. s

majority of cases eventually develop malignant lymphoma of T or
NK lineages, multi-organ failure, or other life-threatening
conditions. Monoclonal or oligoclonal proliferation of EBV-
infected T and NK cells, an essential feature of CAEBV, implies
its malignant nature, but other characteristics of CAEBV do not
necessarily support this notion. For example, EBV-infected T or
NK cells freshly isolated from CAEBV patients, as well as
established cell lines derived from them, do not have morpholog-
ical atypia and do not engraft either in nude mice or scid mice
(Shimizu, N., unpublished results). Clinically, CAEBV has a
chronic time course and patients may live for many years without
progression of the disease [15]. Although patients with CAEBV do
not show signs of explicit immunodeficiency, some of them present
a deficiency in NK-cell activity or in EBV-specific T-cell
responses, implying a role for subtle immunodeficiency in its
pathogenesis [16,17,18].

EBV-HLH is the most common and the severest type of virus-
associated HLH and, similar to CAEBV, characterized by
monoclonal or oligoclonal proliferation of EBV-infected T (most
often CD8" T) cells [5,6]. Clinical features of EBV-HLH include
high fever, pancytopenia, coagulation abnormalities, hepatospleno-
megaly, liver dysfunction, and hemophagocytosis [19]. Overpro-
duction of cytokines by EBV-infected T cells as well as by activated
macrophages and T cells reacting to EBV is thought to play a
central role in the pathogenesis [20]. Although EBV-HLH is an
aggressive disease requiring intensive clinical interventions, it may
be cured, in contrast to CAEBV, by proper treatment with
immunomodulating drugs [21]. No appropriate animal models
have been so far developed for either GAEBYV or EBV-HLH.

NOD/ Shi-scid/IL-2Ry™" (referred here as NOG) is a highly
immunodeficient mouse strain totally lacking T, B, and NK
lymphocytes, and transplantation of human hematopoietic stem cells
to NOG mice results in reconstitution of human immune system
components, including T, B, NK cells, dendritic cells, and
macrophages [22,23]. These so called humanized mice have been
utilized as animal models for the infection of certain human viruses
targeting the hemato-immune system, including human immunode-
ficiency virus 1 (HIV-1) and EBV [24,25,26,27,28,29,30]. Xeno-
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Mouse Xenograft Models for CAEBV and EBV-HLH

transplantation of human tumor cells to NOG mice also provided
model systems for several hematologic malignancies [31,32,33]. To
facilitate investigations on the pathogenesis of CAEBV and EBV-
HLH and assist the development of novel therapeutic strategies, we
generated mouse models of these two EBV-associated diseases by
transplanting NOG mice with PBMC isolated from patients with the
diseases. In these models, EBV-infected T, NK, or B cells engrafted in
NOG mice and reproduced lymphoproliferative disorder similar to
either CAEBV or EBV-HLH. Further experiments with the models
revealed a critical role of CD4™ T cells in the in vivo proliferation of
EBV-infected T and NK cells.

Results

Engraftment of EBV-infected T and NK cells in NOG mice
following xenotransplantation with PBMC of CAEBV
patients

Depending on the immunophenotypic subset in which EBV
causes lymphoproliferation, CAEBV is classified into the T-cell
and NK-cell types, with the former being further divided into the
CD4, CD8, and y3T types. The nine patients with CAEBV
examined in this study are characterized in Table 1 and include all
these four types. Intravenous injection of 1—4x10° PBMC
isolated from these nine patients resulted in successful engraftment
of EBV-infected T or NK cells in NOG mice in a reproducible
manner (Table 1). The results with the patient 1 (CD4 type),
patient 3 (CD8 type), patient 5 (y8T type), and patient 9 (NK type)
are shown in Figure 1. Seven to nine weeks post-transplantation,
EBV DNA was detected in the peripheral blood of recipient mice
and reached the levels of 10°~10° copies/jug DNA (Figure 1A). By
contrast, no engraftment of EBV-infected cells was observed when
immunophenotypic fractions containing EBV DNA were isolated
from PBMC and injected to NOG mice (Figure 1A and Table 2).
An exception was the CD4"* T-cell fraction isolated from patients
with the CD4 type CAEBV, that reproducibly engrafted when
transplanted without other components of PBMC (Figure 1A,
Table 2). Flow cytometry revealed that the major population of
engrafted cells was either CD4™, CD8*, TCRy8or CD16"CD56",
depending on the type of the donor CAEBV patient (Figure 1B).
EBV-infected cells of identical immunophenotypes were found in
the patients and the corresponding mice that received their
respective PBMC (Figure 1B). Although human cells of multiple
immunophenotypes were present in most recipient mice, fraction-
ation by magnetic beads-conjugated antibodies and subsequent
real-time PCR analysis detected EBV DNA only in the
predominant immunophenotypes that contained EBV DNA in
the original patients (Figure 1B, Table 1). The EBV DNA load
observed in individual lymphocyte subsets in the patient 3 and a
mouse that received her PBMC is shown as supporting data (Table
S1). When PBMC from three healthy EBV-carriers were injected
intravenously to NOG mice, as controls, no EBV DNA was
detected from either the peripheral blood, spleen, or liver (data not
shown). Histological analyses of the spleen and the liver of these
control mice identified no EBV-encoded small RNA (EBER)-
positive cells, although some CD3-positive human T cells were
observed (Figure S2). Analysis of TCR Vf repertoire demonstrat-
ed an identical predominant T-cell clone in patients (patients 1
and 3) and the corresponding mice that received their PBMC
(Figure 1C). The general condition of most recipient mice
deteriorated gradually in the observation period of eight to twelve
weeks, with loss of body weight (Figure S1), ruffled hair, and
inactivity.

NOG mice engrafted with EBV-infected T or NK cells were
sacrificed for pathological and virological analyses between eight

October 2011 | Volume 7 | Issue 10 | 1002326



Mouse Xenograft Models for CAEBV and EBV-HLH

and twelve weeks post-transplantation. On autopsy, the majority
of mice presented with splenomegaly, with slight hepatomegaly in
occasional cases (Figure 2A). Histopathological findings obtained
from a representative mouse (recipient of PBMC from the patient
3 (CD8 type)) are shown in Figure 2B and reveal infiltration of
human CD3*CD207 cells to major organs, including the spleen,
liver, lungs, kidneys, and small intestine. These cells were positive
for both EBER and human CD45RO, indicating that they are
EBV-infected human T cells (Figure 2B). In contrast, no EBV-
infected T cells were found in mice transplanted with PBMC
isolated from a normal EBV carrier (Figure S2). Histopathology of
a control NOG mouse is shown in Figure S2. Morphologically,
EBV-infected cells are relatively small and do not have marked
atypia. The infiltration pattern was leukemic and identical with
chronic active EBV infection in children [34]. The architecture of
the organs was well preserved in spite of marked lymphoid
infiltration. The spleen showed marked expansion of periarterial
lymphatic sheath owing to lymphocytic infiltration. In the liver, a
dense lymphocytic infiltration was observed in the portal area and
in the sinusoid. The lung showed a picture of interstitial
pneumonitis and the lymphocytes often formed nodular aggrega-
tions around bronchioles and arteries. In the kidney, dense
lymphocytic infiltration caused interstitial nephritis. In the small
intestine, mild lymphoid infiltration was seen in mucosa.
Quantification of EBV DNA in the spleen, liver, lymph nodes,
lungs, kidneys, adrenals, and small intestine of this mouse revealed
EBV DNA at the levels of 1.5-5.1x107 copies/pg DNA. Mice
transplanted with PBMC derived from CAEBV of other types
exhibited similar infiltration of EBV-infected T or NK cells to the
spleen, liver, and other organs (Figure 2C and data not shown).

EBV-infected T- and NK-cell lines established from CAEBV
patients do not engraft in NOG mice

We established EBV-positive cell lines of CD4" T, CD8" T,
¥8T, and CD56" NK lineages from PBMGC of the patients listed in
Table 1 by the method described previously [35], and confirmed
by flow cytometry that the surface phenotypes of EBV-infected
cells in the original patients were retained in these cell lines (data
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Table 1. Patients with EBV-T/NK LPD and the results of xenotransplantation of their PBMC to NOG mice.

Patient Type of TEBV DNA load in 2Engrafted cells 'EBV DNA load
number Diagnosis Sex Age infected cells the patients in mice 3Engraftment in mice

1 CAEBY F 25 CD4 9.2x10° CD4, CD8 3/3 1.0~3.8x107
2 CAEBV M 46 CD4 1.3~7.2x10° CD4, CD8 2/2,3/3 2.6~10x10°
3 CAEBY F 35 D8 2.1~78x10° CD8, CD4 2/2, 22 1.1~33x10°
4 CAEBY M 28 D8 8.2x10° CD8, CD4 3/3 1.1~2.5%10°
5 CAEBY M 10 ¥8T 2.2x10° 3T, CD4, CD8 2/2 3.8~6.5x10°
6 CAEBV F 15 vaT 62x10° 48T, CD4, CD8 2/2 22~11x10°
7 CAEBV M 13 NK 1.1~6.7x10° NK, CD4, CD8 2/2,2/2 0.6~15x10"
8 CAEBV F 13 NK 6.3x10° NK, CD4, CD8 3/3, 2/2 0.8~1.9%10°
9 CAEBV M 8 NK 1.2~8.7x10° NK, CD4, CD8 272,33 1.8~7.2x10°
10 EBV-HLH M 10 CD8 2.8~38x10* CD8, CD4 2/2, 2/2 6.5~9.9x10%
11 EBV-HLH M 50 D8 6.2x10° CDs8, CD4 4/4 7.0~45x10*
12 EBV-HLH M 1 D8 3.1x10° CD8, CD4 2/2 6.0~9.1x10%
13 EBV-HLH M 64 CD8 3.2~3.9x10° CD8, CD4 2/2,2/2 5.0~30x10°
'EBV DNA copies/iig DNA in the peripheral blood.

EBV DNA was detected only in the cells of the underlined subsets.

3Number of mice with successful engraftment per number of recipient mice is shown for each experiment.

doi:10.1371/journal.ppat.1002326.t001

not shown). To test whether these cell lines engraft in NOG mice,
1-4%10° cells were injected intravenously to NOG mice. The
results are shown in Figure 3A and indicate that CAEBV-derived
cell lines of the CD8" T, y8T, and CD56" NK phenotypes do not
engraft in NOG mice. Neither human CD45-positive cells nor
EBV DNA were detected in the peripheral blood of the mice up to
twelve weeks post-transplantation. When the recipient mice were
sacrificed at twelve weeks post-injection, no EBV DNA could be
detected in the spleen, liver, bone marrow, mesenteric lymph
nodes, and kidneys. In contrast, the CD4" T cell lines derived from
the CD4-type patients 1 and 2 engrafted in NOG mice and
induced T lymphoproliferation similar to that induced by PBMC
isolated freshly from these patients (Figure 3A and data not
shown). These results, together with the results of transplantation
with EBV-containing subsets of PBMC, indicate that EBV-
infected T and NK cells, with the exception of those of the
CD4" subset, are not able to engraft in NOG mice, when they are
separated from other components of PBMC, suggesting that some
components of PBMC are essential for the outgrowth EBV-
infected T and NK cells in NOG mice.

Engraftment of EBV-infected T and NK cells in NOG mice
requires CD4™ T cells

To identify the cellular component required for the engraftment
of EBV-infected T and NK cells in NOG mice, we transplanted
PBMC of CAEBV patients after removing individual immuno-
phenotypic subsets by magnetic beads-conjugated antibodies. The
results are shown in Figure 3B and summarized in Table 2. With
respect to the patients 3 and 4, in whom CD8" T cells are infected
with EBV, removal of CD8" cells from PBMG, as expected,
resulted in the failure of engraftment, whereas elimination of
CD19*, CD56%, or CDI14" cells did not affect engraftment.
Importantly, elimination of CD4" cell fraction, that did not
contain EBV DNA, resulted in the failure of engraftment of EBV-
infected T cells (Figure 3B and data not shown). In the
experiments with the patients 5 and 6, in whom y38T cells were
infected, removal CD4" cells that did not contain EBV DNA, as
well as that of y3T cells, resulted in the failure of engraftment.
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Figure 1. Engraftment of EBV-infected T or NK cells in NOG mice following transplantation with PBMC of patients with CAEBV, A,
Measurement of EBV DNA levels. PBMC obtained from the CAEBV patients 1 (CD4 type), 3 (CD8 type), 5 (y8T type), and 9 (NK type) were injected
intravenously to NOG mice and EBV DNA load in their peripheral blood was measured weekly by real-time PCR. The results of transplantation with
whole PBMC or with isolated EBV DNA-containing cell fraction are shown. B. Flow-cytometric analysis on the expression of surface markers in the
peripheral blood lymphocytes of patients (a) with CAEBV and NOG mice (b) that received PBMC from them. Human lymphocytes gated by the pattern
of side scatter and human CD45 expression were further analyzed for the expression of various surface markers indicated in the figures. The results
from the patients 1, 3, 5, and 9, and the corresponding mice that received their respective PBMC are shown. Circles indicate the fractions that
contained EBV DNA. C. Analysis on the expression of TCR Vp repertoire, Peripheral blood lymphocytes obtained from the patients 1 (CD4 type) and 3
(CD8 type), and from the corresponding mice that received their respective PBMC were analyzed for the expression of VB alleles. The percentages of T
cells expressing each VP allele are shown for the patients (grey bars) and the mice (black bars).

doi:10.1371/journal.ppat.1002326.g001

Removal of CD8", CD14", CD19%, or CD56" cells did not have NK cells, removal of CD4" as well as CD56" cells resulted in the
an influence on the engraftment (Figure 3B and data not shown). failure of engraftment, whereas that of CD8*, CD19", or CD14"
Regarding the patients 8 an 9 in whom EBV resided in CD56" cells did not affect engraftment (Figure 3B and data not shown). In

@ PLoS Pathogens | www.plospathogens.org 4 October 2011 | Volume 7 | Issue 10 | e1002326



Mouse Xenograft Models for CAEBV and EBV-HLH

the patients 1 and 2, in whom CD4™ T cells were infected, only the
removal of CD4" cells blocked the engraftment of EBV-infected
cells and depletion of either CD8™, CD19%, or CD14™ cells had no
effect (Figure 3B and data not shown). These results suggested that
EBV-infected cells of the CD8", y8T, and GD56" lineages require
CD4" cells for their engraftment in NOG mice. To confirm this
interpretation, we performed complementation experiments, in
which EBV-containing fractions of the CD8" (patient 4), y8T
(patient 5), or CD56" (patient 7) phenotypes were transplanted
together with autologous CD4" cells. The results are shown in
Figure 3A and indicate that EBV-infected CD8, y8T, or CD356"
cells engraft in NOG mice when transplanted together with GD4"
cells. Similarly, when EBV-infected cell lines of the CD8", y3T,
and CD16" lineages were injected intravenously to NOG mice
together with autologous CD4" cells, these cell lines engrafted to
the mice (Figure 3A). Finally, to further confirm the essential role
of GD4" cells, we examined the effect of the OKT-4 antibody that
depletes CD4" cells in vivo [24]. PBMC isolated from the CAEBV
patient 3 (CD8 type) and the patient 8 (NK type) were injected

@ PLoS Pathogens | www.plospathogens.org

Table 2. Results of xenotransplantation with subsets of PBMC obtained from CAEBV patients.

Number Phenotype of Cell fraction Number of

of patient Diagnosis infected cells transplanted transplanted cells Engraftment

1 CAEBV cD4 PBMC 2x10° +
CD4 2x10° +
PBMC-CD4 3x10° -
PBMC-CD8 2x10° +
PBMC-CD56 2x10° +
PBMC-CD14 2x10° +
PBMC-CD19 2x10° +

3 CAEBV D8 PBMC 2x10° +
cD8 3x10° -
PBMC-CD4 3x10° -
PBMC-CD8 3x10° -
PBMC-CD56 2x10° +
PBMC-CD14 2x10° +
PBMC-CD19 2x10°

5 CAEBV ¥8T PBMC 2x10° +
¥8T 3x10° -
PBMC-CD4 3x10° -
PBMC-y3T 3x10° -
PBMC- CD8 3x108 +
PBMC-CD56 3x10° +
PBMC-CD14 3x108 +
PBMC-CD19 3x108 +

9 CAEBY NK PBMC 2x10° +
NK 3x10° -
PBMC-CD4 3x10° -
PBMC-CD8 3x10° +
PBMC-CD56 3x108 -
PBMC-CD14 3x10° +
PBMC-CD19 3x10°

1 EBV-HLH D8 PBMC 2x108 +
PBMC-CD4 4x10° -

doi:10.1371/journal.ppat.1002326.t002

intravenously to NOG mice and OKT-4 was administered
intravenously for four consecutive days starting from the day of
transplantation. The results are shown in Figure 4 and indicate
that OKT-4 can strongly suppress the engraftment of EBV-
infected T and NK cells. In the mice treated with OKT-4, no
splenomegaly was observed and EBV DNA was not detected
either in the peripheral blood, spleen, liver, or lungs at eight weeks
post-transplantation.

Analysis on the EBV gene expression associated with T or
NK lymphoproliferation in NOG mice

Previous analysis of EBV gene expression in patients with
CAEBYV revealed the expression of EBNAI, LMP1, and LMP2A
with the involvement of the Q promoter in the EBNA genes
transcription and no expression of EBNA2, being consistent with
the latency II type of EBV gene expression [36,37,38]. To test
whether EBV-infected T and NK cells that proliferate in NOG
mice retain this type of viral gene expression, we performed RT-
PCR analysis in the spleen and the liver of mice that received
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Figure 2. Pathological and immunochemical analyses on NOG mice transplanted with PBMC from CAEBV patients. A. Photographs of
a model mouse showing splenomegaly and of the excised spleen. This mouse was transplanted with PBMC from the CAEBV patient 3 (CDS8 type).
Spleen from a control NOG mouse is also shown. B. Photomicrographs of various tissues of a mouse that received PBMC from the patient 3 (CD8
type). 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. Bottom panels: EBER ISH in the spleen, kidney, lung, and small intestine.
Original magnification is x200, except for EBER/CD45R0, that is x400. C. Photomicrographs of the spleen and liver tissues obtained from NOG mice
transplanted with PBMC from the CAEBV patients 2 (CD4 type), 6 (y8T type) or 7 (NK type). Tissues were stained by EBER-ISH or by double staining
with EBER-ISH and human CD45RO0. Original magnification x600.

doi:10.1371/journal.ppat.1002326.g002
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Figure 3. Analysis on the conditions of the engraftment of EBV-infected T and NK cells in NOG mice. A. EBV-infected T or NK cells
isolated from patients with CAEBV or cell lines derived from them were injected to NOG mice in the conditions described below. Peripheral blood EBV
DNA levels were then measured weekly. Upper-left panel: 5x10° cells of EBV-infected CD4™ T, CD8" T, y3T, and CD56" NK cell lines established from
the CAEBV patients 1, 4, 6, and 8, respectively, were injected intravenously to NOG mice. Upper-right panel: 5x10° cells of the CD8" T, y6T, and CD56"
NK cell lines established from the patients 3, 6, and 8, respectively, were injected intravenously to NOG mice together with autologous CD4™ T cells
isolated from 5x10° PBMC. Bottom panel: 5x10° cells of the CD8" T, y8T, and CD56" NK fractions isolated freshly from the patients 4, 5, and 7,
respectively, were injected intravenously to NOG mice together with autologous CD4* T cells isolated from 5x10® PBMC. B. Transplantation of PBMC
devoid of individual immunophenotypic subsets to NOG mice. CD19%, CD4", CD8*, CD56", or CD14" cells were removed from PBMC obtained from
the patient 1 (CD4 type, upper-left panel), 4 (CD8 type, upper-right), 5 (y8T type, bottom-left), and 9 (NK type, bottom-right) and the remaining cells
were injected intravenously to NOG mice. Thereafter peripheral blood EBV DNA was determined weekly.

doi:10.1371/journal.ppat.1002326.g003

PBMC from the CAEBV patient 3 (CD8 type). The results are
shown in Figure 5A and demonstrate the expression of mRNAs
coding for EBNAI, LMPI1, LMP2A, and LMP2B, but not for
EBNA2. Expression of the EBV-encoded small RNA 1 (EBERI)
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was also demonstrated. EBNA1 mRNAs transcribed from either
the Cp promoter or the Wp promoter were not detected, whereas
those transcribed from the Q) promoter was abundantly detected.
These results indicate that EBV-infected T cells retain the latency
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Figure 4. Suppression of the engraftment of EBV-infected T and NK cells by the OKT-4 antibody. PBMC (5 x10° cells) isolated from the
CAEBV patient 3 (CD8 type) or 8 (NK type) were injected intravenously to NOG mice. The OKT-4 antibody (100 pg/mouse) was administered
intravenously on the same day of transplantation and the following three consecutive days. As a control, isotype-matched mouse IgG was injected. A,
Changes in the peripheral blood EBV DNA level in the recipient mice. Results with the mice transplanted with PBMC of the patient 3 (top) and of the
patient 8 (bottom) are shown. B. Photographs of the spleen of an OKT-4-treated mouse (top) and a control mouse (bottom) taken at autopsy.

doi:10.1371/journal.ppat.1002326.9004

II pattern of latent EBV gene expression after engraftment in
NOG mice. Similar analyses with NOG mice engrafted with EBV-
infected NK cells also showed the latency II type of EBV gene
expression (data not shown).

NOG mice engrafted with EBV-infected T or NK cells
produce high levels of human cytokines

In patients with CAEBV, high levels of cytokines have been
detected in the peripheral blood and are thought to play important
roles in the pathogenesis [20,39,40]. To test whether this hypercy-
tokinemia is reproduced in NOG mice, we examined the levels of
various human cytokines in the sera of transplanted mice using
ELISA kits that can quantify human cytokines specifically. The results
are shown in Figure 5B and indicate that the mice transplanted with
PBMC of the patient 3 (CD8 type) or the patient 8 (NK type)
contained high levels of RANTES, IFN-vy, and IL-8 in their sera.

Engraftment of EBV-infected T and B cells derived from
patients with EBV-HLH in NOG mice

To extend the findings obtained from the CAEBV xenograft
model to another disease with EBV" T/NK lymphoproliferation,
we transplanted NOG mice with PBMC isolated from patients

@ PLoS Pathogens | www.plospathogens.org

with EBV-HLH. Characteristics of the four EBV-HLH patients
examined in this study and the results of transplantation with their
PBMC are summarized in Table 1. EBV DNA was detected in the
peripheral blood three to four weeks post-transplantation and
rapidly reached the levels of 1x10* to 1x10° copies/ug DNA
(results of typical experiments are shown in Figure 6A). Similar to
the findings in CAEBV, EBV DNA was not detected in the
recipient mice, when CD4™ cell fraction was removed from PBMC
(Figure 6A). Immunophenotypic analyses on the peripheral blood
lymphocytes isolated from EBV-HLH patients and corresponding
recipient mice revealed that cells of an identical immunophe-
notype (CD3*CD8*CD45RO*CD19~CD4~CD45RA™CD16™-
CD567) were present and contained EBV DNA in both the
patients and corresponding mice (Figure 6C and data not shown).
The EBV DNA load observed in individual lymphocyte subsets in
the patient 10 and a mouse that received his PBMC is shown as
supporting data (Table $2). General condition of the recipient
mice deteriorated consistently more quickly, with the loss of body
weight (Figure S1), ruffling of hair, and general inactivity, than
those mice engrafted with EBV-infected T or NK cells derived
from CAEBV. The mice were sacrificed around four weeks post-
transplantation for pathological analyses. Macroscopical observa-
tion revealed moderate to severe splenomegaly (Figure 6D) in the
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Figure 5. Analyses on the latent EBV gene expression and cytokine production in NOG mice transplanted with PBMC of CAEBV
patients. A. EBV gene expression. Total RNA was purified from the spleen and liver of a mouse that received PBMC from the patient 3 (CD8 type) and
applied for RT-PCR assay to detect transcripts from the indicated genes. RNA samples from an EBV-transformed B-lymphoblastoid cell line (LCL) and
from EBV-negative Akata cell line were used as positive and negative controls, respectively. The primers used in the experiments are shown in
Materials and Methods. B. Quantification of plasma levels of human cytokines in patients with CAEBV and corresponding recipient mice. PBMC were
isolated from the patients 3 (CD8 type) and 8 (NK type) in two occasions and transplanted to NOG mice. Plasma cytokine levels of the patients were
determined when their PBMC were isolated. Plasma cytokine levels of the corresponding recipient mice, prepared on each occasion of PBMC
collection, were determined when they were sacrificed. Concentration of human IL-8, IFN-y, and RANTES were measured by appropriate ELISA kits
following the instruction provided by the manufacturer. Plasma samples from healthy adults were used as a control. The bars represent mean values
and standard errors from triplicate measurements.

doi:10.1371/journal.ppat.1002326.g005

majority of recipient mice, and slight hepatomegaly in a limited that were not seen in the mice transplanted with CAEBV-derived
fraction of them. A finding characteristic to these mice were PBMC (Figure 6D and data not shown). These hemorrhagic
massive hemorrhages in the abdominal and/or thoracic cavities, lesions may reflect coagulation abnormalities characteristic to
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HLH. Histopathological analyses revealed a number of EBER"
cells in the spleen and the liver (Figure 6E) and quantification of
EBV DNA in these tissues revealed 1.4x10" to 2.4 x10% copies/ug
of EBV DNA. When the tissues were examined by immunostain-
ing and EBER ISH, the EBER cells were shown unexpectedly to
be mostly CD45RO” and CD20* in all five transplantation
experiments with four different patients, indicating that the
majority of EBV-infected cells in these tissues are of the B-cell
lineage (Figure 6E and data not shown). EBER" large B cells were
seen scattered among numerous reactive small T cells, most of
which are CD8", in the tissues of the spleen, liver, lungs and
kidneys. A number of macrophages were also seen in these tissues.
Fractionation of mononuclear cells obtained from the liver of a
mouse transplanted with PBMC of the EBV-HLH patient 10,
followed by real-time PCR, detected EBV DNA (1.4x10' copies/
pg DNA) only in the CD19" B-cell fraction. In addition, an EBV-
infected B lymphoblastoid cell line, but not an EBV-positive T
cell line, could be established from this liver. Thus the presence of
EBV in B cells were demonstrated by three independent methods
in the tissues of EBV-HLH mice. Enzyme-linked immunosorbent
assay revealed extremely high levels of human cytokines,
including IL-8, IFN-y, and RANTES, in the sera of both the
original patients and the recipient mice (Figure 6B). The levels of
IL-8 and IFN-y were much higher than those observed in the
peripheral blood of patients with CAEBV and mice that received
their PBMC. Thus, NOG mice transplanted with EBV-HLH-
derived PBMC are distinct from those transplanted with CAEBV-
derived PBMC in the aggressive time course of the disease, internal
hemorrhagic lesions, extremely high levels of IL-8 and IFN-y in the
peripheral blood, and the presence of EBV-infected B cells in
lymphoid tissues.

Discussion

The mouse xenograft models of CAEBV and EBV-HLH
developed here represent the first recapitulation of EBV-associated
T/NK lymphoproliferation in experimental animals. Previously,
Hayashi and others inoculated rabbits with Herpesvirus papio and
succeeded in the generation of T-cell lymphoproliferative disorder
with pathological findings suggestive of EBV-HLH [41]. This
model, however, is based on an EBV-related virus and not EBV
itself, and therefore may contain features irrelevant to the original
human disease. Although the CAEBV and EBV-HLH models
described here exhibited some common features, including the
abundant presence of EBV-infected T or NK cells in the
peripheral blood, there were some critical differences between
the two models, probably reflecting the divergence of the
pathophysiology of the original diseases. First of all, in the EBV-
HLH model mouse, EBV was detected mainly in B cells in the
spleen and the liver, while it was found mainly in T cells in the
peripheral blood. This makes an obvious contrast with the
CAEBV model mouse, where EBV was detected in T or NK
cells in both the peripheral blood and lymphoid tissues. We do not
have an explanation for the apparent discrepancy in the host cell
type of EBV infection between the peripheral blood and lymphoid
tissues of the EBV-HLH model. It should be, however, noted that
histopathology of EBV-HLH tissues has not been fully investigated
and therefore it is still possible that significant number of EBV-
infected B cells are present in the lymphoid tissues of EBV-HLH
patients. Other differences between the two models include much
higher plasma levels of IL-8 and IFN-y more aggressive and fatal
outcome, and internal hemorrhagic lesions in EBV-HLH model
mice, probably reflecting the differences in the pathophysiology of
the original diseases.
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EBV-positive B-cell proliferation was not seen in CAEBV model
mice even in long-term observation beyond twelve weeks. This
seems puzzling since low but significant amount of EBV DNA was
found also in B19* B-cell fraction in most patients with CAEBV. It
should be noted that EBV-infected T or NK cell lines could be
established relatively easily from patients with GAEBV by adding
recombinant IL-2 in the medium. In contrast, establishment of
EBV-infected B LCLs from these patients has been extremely
difficult. In fact, we could establish B-LCLs from a few patients
with CAEBV only when their PBMC were cultured on feeder cells
expressing CD40 ligand. Therefore, we speculate that in the
particular context of CAEBV, both in the patient and the model
mouse, proliferation of EBV-infected B cells are somehow
inhibited by an unknown mechanism.

Analysis on the conditions of engraftment of EBV-infected T/
NK cells using these new xenograft models revealed that EBV-
infected T and NK cells of the CD8* T, TCRY8T and CD56" NK
lineages and cell lines derived from them require CD4* T cells for
their engraftment in NOG mice. Only those EBV-infected cells
and cell lines of the CD4™ T lineage could engraft in NOG mice
on their own. These findings suggest that some factor(s) provided
by CD4" cells are essential for engraftment. Soluble factors
produced by CD4” T cells may be responsible for this function and
we are currently examining cytokines, including IL-2, for their
ability to support the engraftment of EBV-infected T and NK
cells. It is also possible that cell to cell contact involving CD4* cells
is critical for engraftment. This dependence on CD4% cells
represents an interesting consistency with the previous finding
that engraftment of EBV-transformed B lymphoblastoid cells in
seid mice required the presence of CD4" cells [42,43]. It has been
speculated that T cells activated by an EBV-induced superantigen
may be involved in the engraftment of EBV-infected B
lymphoblastoid cells in scd mice [44]. Although a similar
superantigen-mediated mechanism might also be assumed in T-
and NK-cell lymphoproliferation in NOG mice, the data of TCR
repertoire analyses™ (Figure 1C and data not shown) show no
indication for clonal expansion of VP13 T cells that are known to
be specifically activated by the EBV-induced superantigen HERV-
K18. It seems therefore unlikely that this superantigen is involved
in the CD4" T cell-dependent engraftment of EBV-infected T and
NK cells. We expect CD4™ T cells and/or molecules produced by
them may be an excellent target in novel therapeutic strategies for
the treatment of CAEBV and EBV-HLH. In fact, administration
of the OKT-4 antibody that depletes CD4" cells in vivo efficiently
prevented the engraftment of EBV-infected T cells. As a next step,
we plan to test the effect of post-engraftment administration of
OKT+4.

The dependence of EBV-infected T and NK cells on CD4* T
cells for their engraftment in NOG mice suggests the possibility
that these cells are not capable of autonomous proliferation.
Consistent with this notion, EBV-infected T and NK cell lines,
including that of the GD4" lineage, are dependent on IL-2 for
their in vitro growth and do not engraft in either nude mice or scid
mice when transplanted either s.c. or i.v (Shimizu, N., unpublished
results). Clinically, CAEBV is a disease of chronic time course and
patients carrying monoclonal EBV-infected T or NK cell
population may live for many years without progression of the
disease [15]. Overt malignant T or NK lymphoma usually
develops only after a long course of the disease. Taking all these
findings in consideration, we suppose that EBV-infected cells are
not truly malignant at least in the early phase of the disease, even
when they appear monoclonal. Because infection of EBV in T or
NK cells is not unique to CAEBV and has been recognized also in
infectious mononucleosis [45,46], the critical deficiency in
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Figure 6. Engraftment of EBV-infected T and B cells in NOG mice transplanted with PBMC of patients with EBV-HLH. A. Peripheral
blood EBV DNA load. Following transplantation with PBMC or PBMC devoid of CD4* cells of the patient 11, EBY DNA was measured weekly by real-
time PCR. Results of two mice prepared in an experiment are shown. B. Cytokine levels in the peripheral blood of the patient 12 and a mouse that
received his PBMC. The levels of IL-8, IFN-y, and RANTES were measured by ELISA in triplicates and the means and the standard errors are shown. A
plasma sample of healthy person was used as a control. C. Immunophenotypic analyses on the peripheral blood lymphocytes of the EBV-HLH patient
10 (a) and a mouse that received his PBMC (b). Lymphocytes were gated by the pattern of the side scatter and the expression of human CD45, and
analyzed for the expression of the indicated markers. The circles indicate the fractions that contained EBV DNA. D. Photograph of a mouse showing
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Photomicrographs of the tissues of mice transplanted with EBV-HLH-derived PBMC. Liver and spleen tissues of a mouse transplanted with PBMC of
the patient 11 were examined by EBER-ISH (left), double staining with an anti-human CD20 monoclonal antibody and EBER-ISH (middle), and double
staining with an anti-human CD45RO monoclonal antibody and EBER-ISH (right). Original magnification x600.
doi:10.1371/journal.ppat.1002326.9006
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CAEBV may be its inability to immunologically remove EBV-
infected T and NK cells. In this context, it should be emphasized
that EBV-infected T or NK cells usually exhibit the latency II
pattern of EBV gene expression and do not express EBNA3s, that
possess immuno-dominant epitopes recognized by EBV-specific T
cells [47]. EBV-infected T and NK cells are thus not likely to be
removed by cytotoxic T cells as efficiently as EBV-infected B cells
that express EBNA3s. The reported lack of cytotoxic T cells
specific to LMP2A [17], one of the few immuno-dominant EBV
proteins expressed in the virus-infected T and NK cells, may
therefore seriously affect the host’s capacity to control their
proliferation. A genetic defect in the perforin gene was recently
identified in a patient with clinical and pathological features
resembling CAEBV, suggesting that defects in genes involved in
immune responses can result in clinical conditions similar to
CAEBV [48].

Engraftment of EBV-infected T and NK cells in NOG mice was
in most cases accompanied by co-engraftment of un-infected cell
populations. These un-infected cells might have been maintained
and induced to proliferate by certain factors produced by EBV-
infected T or NK cells. Abundant cytokines produced by these
cells may be responsible for this activity. It is also possible that the
proliferation of these un-infected cells represents immune
responses. Experiments are underway to test whether these un-
infected T cells contain EBV-specific cells. These un-infected T
cells might also be reacting to host murine tissues. Intravenous
injection of PBMC obtained from normal humans to immunode-
ficient mice including NOG mice has been shown to induce acute
or chronic graft versus host disease (GVHD) [49,50]. However,
because much less PBMC were injected to mice in the present
study as compared to those previous studies, it is not likely that
major GVHD was induced in NOG mice transplanted with
PBMC of patients with CAEBV or EBV-HLH.

CAEBYV has been treated by a variety of regimens, including
antiviral, cytocidal, and immunomodulating agents with more or
less unsatisfactory results. Although hematopoietic stem cell
transplantation, especially that with reduced intensity conditioning
can give complete remission in a substantial number of patients
[51,562], it is still desirable to develop safer and more effective
treatment, possibly with pharmaceutical agents. The xenograft
model of CAEBV generated in this study may be an excellent
animal model to test novel experimental therapies for the disease.
In fact, the OKT-4 antibody that depletes GD4" T cells in vivo
gave a promising result implying its effectiveness as a therapeutic

to CAEBV.

Materials and Methods

Ethics statement

Protocols of the experiments with materials obtained from
patients with CAEBV and EBV-HLH and from control persons
have been reviewed and approved by the Institutional Review
Boards of the National Center for Child Health and Development
and of the National Institute of Infectious diseases (NIID). Blood
samples of the patients and control persons were collected after
obtaining written informed consent. Protocols of the experiments
with NOG mice are in accordance with the Guidelines for Animal
Experimentation of the Japanese Association for Laboratory
Animal Science and were approved by the Institutional Animal
Care and Use Committee of NIID.

Patients with CAEBV and EBV-HLH

Characteristics of the nine patients with CAEBV and the four
patients with EBV-HLH examined in this study are summarized
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in Table 1. Diagnosis of CAEBV and EBV-HLH was made on the
basis of the published guidelines [19,53] and confirmed by
identification of EBV-infected T or NK cells in their peripheral
blood by flow cytometry and real-time PCR.

NOD/Shi-scid/IL2Ry™" (NOG) mice

Mice of the NOD/Shi-scid/IL-2Ry™" (NOG) strain [22] were
obtained from the Central Institute for Experimental Animals
(Kawasaki, Japan) and maintained under specific pathogen free
(SPF) conditions in the animal facility of NIID, as described [22].

Transplantation of PBMC or their subfractions to NOG
mice

PBMC were isolated by centrifugation on Lymphosepar I
(Immuno-Biological Laboratories (IBL)) and injected intravenously
to the tail vein of NOG mice at the age of 6-8 weeks. Depending on
the recovery of PBMC, 1-4 x 10° cells were injected to 2 to 4 mice in
a typical experiment with a blood sample. For transplantation with
individual cellular fractions containing EBV DNA, CD4* T cells,
CD8" T cells, and CD56" NK cells were separated with the IMag
Cell Separation Systems (BD Pharmingen) following the protocol
supplied by the manufacturer. To isolate y8T cells, CD19*, GD4*,
CD8*, CD56", and CD 14" cells were serially removed from PBMC
by the IMag Cell Separation Systems. From the remaining
CD197CD4~CD87CD536~CD14™ population, CD3* cells were
positively selected by the same kit and defined as the y8T cell
fraction. To transplant PBMC lacking individual immunopheno-
typic subsets, CD19™ CD4*, CD8*, CD36* or CD14" cells were
removed from PBMC by the IMag Cell Separation Systems and the
remaining cells were injected to mice. To prepare PBMC lacking
y8T cells, CD19*, CD4*, CD8*, CD56", and CD 14" cells isolated
from PBMC in the process of obtaining ¥8T cell fraction (see above)
were pooled and mixed with the CD197CD4"CD8 CD36™-
CDI14™ cells that did not react with anti-CD3 antibody. For
complementation experiments, an EBV-containing cell fraction and
the GD4* cell fraction were isolated from a sample of PBMC as
described above and the mixture of these two fractions were injected
to NOG mice. The approximate numbers of injected cells are shown
in Table 2.

Analysis of immunophenotypes and TCR repertoire
expression by flow cytometry

PBMC isolated from the patients and the recipient NOG mice as
described above were incubated for 30 min on ice with a mixture of
appropriate combinations of fluorescently labeled monoclonal
antibodies. After washing, five-color flow-cytometric analysis was
carried out with the Gytomics FC500 analyzer (Beckman Coulter).
The following directly labeled antibodies were used: phycoerythrin
(PE)-conjugated antibodies to CD3, CD8, and TCRa/, fluores-
cein isothiocyanate (FITC)-conjugated antibodies to CD3, CD4,
CD8, CD19, TCRVY9, TCRVS$2, and TCRY/$, and Phycoery-
thrin Texas Red (ECD)-conjugated antibody to CD45RO from
Beckman Coulter; PE-conjugated antibodies to CD16, CD40, and
CD40L, and FITC-conjugated antibody to CD56 from BD
Pharmingen. TCR V repertoire analysis was performed with the
Multi-analysis TCR Vf antibodies Kit (Beckman Coulter) accord-
ing to the procedure recommended by the manufacturer.

Treatment of mice with the OKT-4 antibody )

NOG mice were injected intravenously with 5x10° PBMC
isolated from the CAEBV patient 3 (CD8 type) or 8 (NK type) and
were subsequently injected intravenously with 100 pg of the
OKT-4 antibody on the same day of transplantation. Additional
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administration of the antibody was carried out by the same dose
and route for the following three consecutive days. Peripheral
blood EBV DNA load was then monitored every week. Mice were
finally sacrificed four weeks post-transplantation and applied for
pathological and virological analyses.

Quantification of EBV DNA by real time PCR and analysis
of EBV gene expression by RT-PCR

Quantification of EBV DNA was carried out by real-time
quantitative PCR assay based on the TagMan system (Applied
Biosystems), as described [54]. Analysis of EBV gene expression by
RT-PCR was carried out as previously described with the following
primers [55]. EBNAL: sense, gatgagcgtttgggagagetgattctgea; anti-
sense, tectegtecatggttatcac. EBINAZ: sense, agaggaggtggtaageggttc;
antisense, tgacgggtttccaagactatce. LMP1: sense, ctetecttctectectettg;
antisense, caggagggtgatcatcagta. LMP2A: sense, atgactcatctcaaca-
cata; antisense, catgttaggcaaattgcaaa. LMP2B: sense, cagtgtaatctg-
cacaaaga; antisense, catgttaggcaaattgcaaa. EBERI: sense, agcacc-
tacgcigeectaga;  antisense, aaaacatgeggaccaccage. Cp-EBNAL:
sense,cactacaagacctacgectcteeattcate; anti  sense,  tteggteteeccta-
ggeectg. Wp/Cp-EBNAL: sense, tcagagcgecaggagtccacacaaat; an-
tisense, tteggtetecectaggeeetg. Qp-EBNAL: sense, aggcgeggga-
tagcgtgegetacegga; antisense, tectegtecatggttatcac. RT-PCR prim-
ers for B-actin were purchased from Takara (Osaka, Japan).

Histopathology, EBER ISH, and immunohistochemistry

Tissue samples were fixed in 10% buffered formalin, embedded
in paraffin, and stained with hematoxylin and eosin, For
phenotypic analysis of engrafted lymphocytes, immunostaining
for CD3, CD8 (Nichirei), CD45RO, and CD20 (DAKO) was
performed on paraffin sections. EBV was detected by in situ
hybridization (ISH) with EBV small RNA (EBER) probe.
Immunohistochemistry and ISH were performed on an automated
stainer (BENCHMARK XT, Ventana Medical Systems) accord-
ing to the manufacturer’s recommendations. To determine the cell
lineage of EBV infected cells, paraffin sections were applied to
double staining with EBER ISH and immunohistochemistry.
Immediately following EBER ISH, immunostaining for CD45RO
or CD20 was performed. Photomicrographs was acquired with a
OLYMPUS BX51 microscope equipped with 40x/0.75 and 20x/
0.50 Uplan FI objective lens, a Pixera Penguin 600CL digital
camera (Pixera), and Viewfinder 3.01 (Pixera) for white balance,
contrast, and brightness correction.

Quantification of cytokines

The levels of human IL-8, IFN-y, and RANTES in plasma
samples were measured with the Enzyme-linked immunosorbent
assay (ELISA) kit provided by R&D Systems following instructions
provided by the manufacturer.
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Supporting Information

Figure S1 Changes in the body weight of NOG mice
transplanted with PBMC derived from patients with CAEBV or
EBV-HLH. Body weight of the five CAEBV mice shown in
Figure 1A (transplanted with PBMC from the patient 1, 3, 5, and
9, and with the CD4* fraction from the patient 1, respectively) and
two EBV-HLH mice shown in Figure 6A (both transplanted with
PBMC from the patient 11) were recorded weekly.

(TIF)

Figure S2 Histopathological analysis of a control NOG mouse. A. a
NOG mouse without xenograft. A 20-week old female NOG mouse
was sacrificed and examined as a reference. No human cells are
identified in these tissues. 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. Bottom panels: EBER
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transplanted with PBMC of a healthy EBV carrier. A six-week old
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from a normal EBV-seropositive person and sacrificed at eight weeks
post-transplantation for histological analysis. Liver and Spleen tissues
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in these tissues.Original magnification is x200 for both A and B.
(TTF)
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with CAEBV and a corresponding mouse derived from her
PBMC.

(DOC)

Table S2 EBV DNA load in lymphocyte subsets of a patient
with EBV-HLH and a corresponding mouse derived from his
PBMC.
(DOC)
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Human immunodeficiency virus (HIV) Gag protein targets to the plasma membrane and assembles into viral

particles. In the next round of infection, the mature Gag capsids disassemble during viral entry. Thus, Gag
plays a central role in the HIV life cycle. Using a yeast membrane-associated two-hybrid assay based on the
SOS-RAS signaling system, we developed a system to measure the Gag-Gag interaction and isolated 6
candidates for Gag assembly inhibitors from a chemical library composed of 20,000 small molecules. When
tested in the human MT-4 cell line and primary peripheral blood mononuclear cells, one of the candidates,
2-(benzothiazol-2-ylmethylthio)-4-methylpyrimidine (BMMP), displayed an inhibitory effect on HIV replica-
tion, although a considerably high dose was required. Unexpectedly, neither particle production nor matura-
tion was inhibited by BMMP. Confocal microscopy confirmed that BMMP did not block Gag plasma mem-
brane targeting. Single-round infection assays with envelope-pseudotyped and luciferase-expressing viruses
revealed that BMMP inhibited HIV replication postentry but not simian immunodeficiency virus (SIV) or
murine leukemia virus infection. Studies with HIV/SIV Gag chimeras indicated that the Gag capsid (CA)
domain was responsible for the BMMP-mediated HIV postentry block. In vitro studies indicated that BMMP
accelerated disassembly of HIV cores and, conversely, inhibited assembly of purified CA protein in a dose-
dependent manner. Collectively, our data suggest that BMIMP primarily targets the HIV CA domain and
disrupts viral infection postentry, possibly through inducing premature disassembly of HIV cores. We suggest
that BMMP is a potential lead compound to develop antiretroviral drugs bearing novel mechanisms of action.

Over 2 decades, research has developed antiretroviral ther-
apy (ART) with a combination of antiretroviral drugs for hu-
man immunodeficiency virus type 1 (HIV-1) infection (10).
ART has dramatically improved the survival of HIV-1-infected
individuals. Current ART involves a combination of inhibitors
of HIV-specific enzymes, such as protease (PR), reverse tran-
scriptase (RT), and integrase (IN). In some cases, inhibitors of
HIV-1 entry are also used. However, the emergence of HIV-1
variants resistant to antiretroviral drugs during ART stresses
the need for novel HIV-1 inhibitors against distinct targets.

Multiple screening approaches have been employed for
HIV-1 drug discovery (37) and have successfully discovered
HIV-1 inhibitors that are currently available: nucleoside ana-
logue RT inhibitors were discovered by HIV replication assays
(23) and PR inhibitors were produced by structure-based drug
design (25). In general, cell-free assays allow discovery of com-
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pounds with a relatively low 50% effective dose (EDyy,) in vitro.
However, many such compounds often fail to inhibit HIV-1
replication in in vivo assays, because they may not penetrate
the cell membrane or may easily be catalyzed in metabolic
environments. Also, possible toxic effects of the compounds
must be tested in a subsequent cell culture study. In contrast,
cell-based screens can exclude toxic compounds but have the
disadvantages of time requirements and limitations on cell
propagation in high-throughput screening.

Recently, cell-based assays using engineered cells and mi-
croorganisms have become an attractive alternative to in
vitro assays for high-throughput screening. The yeast Sac-
charomyces cerevisiae is a convenient alternative to mamma-
lian cells for this purpose. Comparative genomic analysis
has shown that approximately 30% of yeast genes have ho-
mology to the mammalian protein sequences (8), indicating
that basic cellular mechanisms are well conserved between
yeast and human cells. Yeast has been used as a model
organism for understanding biological functions of higher
eukaryotic cells, leading to accumulation of scientific knowl-
edge in yeast genetics and molecular biology. Such pioneer-
ing research has allowed the development of molecular
technologies (e.g., two-hybrid assay and galactose induc-
tion), genetically modified cells (e.g., temperature sensitivity
and conditional lethality), and cell selection systems (e.g.,
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