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A novel animal model of Epstein-Barr virus—associated hemophagocytic
lymphohistiocytosis in humanized mice
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EBV-associated hemophagocytic lympho-
histiocytosis (EBV-HLH) is a rare yet dev-
astating disorder caused by EBV infec-
tion in humans. However, the mechanism
of this disease has yet to be elucidated
because of a lack of appropriate animal
models. Here, we used a human CD34*
cell-transplanted humanized mouse
model and reproduced pathologic condi-
tions resembling EBV-HLH in humans. By
10 weeks postinfection, two-thirds of the
infected mice died after exhibiting high
and persistent viremia, leukocytosis,

IFN-y cytokinenemia, normocytic anemia,
and thrombocytopenia. EBV-infected mice
also showed systemic organ infiltration
by activated CD8* T cells and prominent
hemophagocytosis in BM, spleen, and
liver. Notably, the level of EBV load in
plasma correlated directly with both the
activation frequency of CD8* T cells and
the level of IFN-y in plasma. Moreover,
high levels of EBV-encoded small RNA1
were detected in plasma of infected mice,
reflecting what has been observed in pa-
tients. These findings suggest that our

EBV infection model mirrors virologic,
hematologic, and immunopathologic as-
pects of EBV-HLH. Furthermore, in con-
trast to CD8* T cells, we found a signifi-
cant decrease of natural killer cells,
myeloid dendritic cells, and plasmacytoid
dendritic cells in the spleens of infected
mice, suggesting that the collapse of bal-
anced immunity associates with the pro-
gression of EBV-HLH pathogenesis.
(Blood. 2011;117(21):5663-5673)

Introduction

EBYV is a human-specific double-stranded DNA virus that belongs
to Gammaherpesvirinae.! EBV is one of the most commonly found
viruses in humans, infecting 90% of adults worldwide.! Primary
infection of EBV can manifest into infectious mononucleosis,
which is a condition characterized by lymphadenopathy and the
appearance of atypical CD8" T cells in the peripheral blood
(PB).12 Infectious mononucleosis is usually a self-limiting and
nonlife-threatening condition that does not require specific treat-
ment.}:2 However, EBV infection can also result in serious condi-
tions such as Burkitt lymphoma, Hodgkin lymphoma, and other
B-cell lymphomas.!? Among the disorders induced by EBV
infection, hemophagocytic lymphohistiocytosis (HLH) is one of
the most devastating.

HLH is an immunopathologic entity characterized by an
uncontrolled activation of the immune system.>> In patients
with HLH, persistent activation of CD8* T cells and innate
immune cells lead to the overproduction of proinflammatory
cytokines such as IFN-y and TNF-o.. The elevated concentra-
tion of the proinflammatory cytokines drives further prolifera-
tion and activation of CD8* T cells and macrophages/
histiocytes.? Activated macrophages/histiocytes engulf blood
cells, a process called hemophagocytosis, and cause erythrocyto-
penia and thrombocytopenia.>> Activated CD8" T cells invade
organs systemically, causing hepatomegaly, splenomegaly, in-
flammation, and organ failure.¢

The mortality rate of HLH can be as high as 50% even with
treatment.® Currently, there are no specific therapies against HLH>¢
and options for HLH therapy are limited to supportive care and
combined immunosuppressive regimens. However, the latter treat-
ment can lead to complications such as life-threatening infections.

HLH can be categorized into 2 types, congenital HLH and
acquired HLH. Congenital HLH is associated with predisposing
genetic mutations, whereas acquired HLH is not. In one example of
congenital HLH, mutations in PRF1 (encodes Perforin) cause
impaired cytolytic granule formation, which leads to the develop-
ment of HLH.”® X-linked lymphoproliferative syndrome (XLP) is
also one of the congenital HLHs and is followed by primary EBV
infection. Genetic mutations in SAP/SH2D1A (encodes SLAM-
associated protein [SAP])® or XIAP/BIRC4 (encodes X-linked
inhibitor-of-apoptosis [XIAP])!? are responsible for XLP. Dysfunc-
tion of SAP can cause multiple immune impairments, including
inefficient effector function of HLA-restricted EBV-specific CTLs,!!
whereas dysfunction of XIAP leads to the deregulation of lympho-
cyte homeostasis.!?

To reproduce the pathogenesis of congenital HLH, representa-
tive mouse models have been reported.’>!* For instance, Sap
(encodes Sap, the ortholog of SAP/SH2D1A in human) knockout
mice,' and Prf (encodes Perforin) knockout mice!? exhibit XLP-
like disorders after infection with lymphocytic choriomeningitis
virus (LCMV). These LCMV-infected knockout mice showed
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persistent activation of CD8* T cells, elevated proinflammatory
cytokines, including IFN-y and TNF-« in plasma, and high rates of
mortality.’>13 LCMV-infected Prf knockout mice also displayed
hepatosplenomegaly, anemia, and activation of phagocytes.2

In contrast to congenital HLH, acquired HLH is not associated
with any genetic defects but can be triggered by malignancies
and/or infections.>* As an animal model of acquired HLH, it has
been recently reported that a conventional mouse infected with
Salmonella enterica serotype typhimurium exhibits HLH-like
disorders.'* However, bacterial infection-associated HLH only
represents a small fraction of infection-associated HLH in hu-
mans.” EBV is responsible for up to 70% of infection-associated
HLH in humans.’ Therefore, it is important to reproduce the
pathogenesis of EBV-HLH in experimental models with human
immunity.

To reproduce human immunity and the diseases caused by
human-specific pathogens such as HIV-1 and EBV in animals,
humanized mouse models have been generated by transplanting
human CD34* hematopoietic stem cells (hHSCs) into lines of
immunodeficient mice.!¢?! Previous studies on EBV infection in
humanized mouse models were successful in reproducing EBV-
associated B-cell malignancies'®?! and/or human immune re-
sponses against EBV antigens.!”18202! However, none so far has
shown EBV-HLH in humanized mice.

In this study, we demonstrate a humanized mouse model of
EBV-HLH. The infection of newborn immunodeficient mice
xenofransplanted with hHSCs (NOG-hCD34 mice) with EBV
resulted in cardinal features of HLH, including hemophagocytosis,
erythrocytopenia, thrombocytopenia, hypercytokinemia, CD8*
T-cell activation/proliferation and organ infiltration, and histiocyte
proliferation. Moreover, the disease severity, IFN-y production,
and CD8* T-cell activation correlated with EBV DNA production.

Methods

Generation of NOG-hCD34 mice

NOD/ShiJic-scid v, /= (NOG) mice? were obtained from the Central
Institute for Experimental Animals, The mice were maintained under
specific pathogen-free conditions and were handled in accordance with the
Regulation on Animal Experimentation at Kyoto University. Fresh human
cord blood was obtained with the parent’s written informed consent from
healthy full-term newborns, and CD34" hHSCs were purified and trans-
planted into NOG mice as previously described.?*?> HLA class I typing was
performed by an HLA laboratory, and the results are summarized in
supplemental Table 1 (available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article). Body weights of mice
were routinely measured, and the mice were anesthetized and killed when
the weights became < 75% of their maximum weight or at 10 weeks
postinfection (wpi).

Virus preparation and infection

EBV (strain Akata) was prepared and titrated as described previously.2®
One thousand TDsy of EBV solution or RPMI (for mock-infection) was
intravenously inoculated into NOG-hCD34 mice between 13 and
16 weeks of age.

PB collection and isolation of nucleated cells from organs

PB was collected weekly as described previously.?*?5 Mononuclear
cells (MNCs) in PB (PBMCs), spleen, BM, liver, lung, kidney, and
ascitic lavage fluid were collected as previously described.?*25 Human
leukocytes were further purified from the MNCs by the use of Ficoll-Paque
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(Pharmacia), and murine leukocytes were purified from the MNCs by the
use of lympholyte-M (Cedarlane Ltd).

Hemocytometry

The levels of leukocytes, erythrocytes, platelets, hematocrit, and hemoglo-
bin in PB and the levels of mean cell volume (MCV), mean cell hemoglobin
(MCH), and mean cell hemoglobin concentration (MCHC) in erythrocytes
were measured by Celltac « MEK-6450 (Nihon Kohden Co).

Flow cytometry and cell sorting

Flow cytometry was performed with FACSCalibur and FACSCanto (BD
Biosciences) as previously described.?*252728 Anti-human CD45RA-
biotin, CD45RO-APC, HLA-DR-PE, Ki67-PE (BD Biosciences), CD11c-
APC, CD56-FITC, FOXP3-PE (BioLegend), CD3-PE, CD4-PE, CD8-
FITC, CD8-APC, CDI19-FITC (Dakocytomation), CD45-biotin
(eBiosciences), CD38-biotin, CD303-FITC (Miltenyi Biotec), and anti—
murine CD45-PE (ImmunoTech) antibodies were used. For detection of
biotinylated antibodies, streptavidin-conjugated PerCP (BD Biosciences)
was used. Human CD4*, CD8*, CD19*, and murine CD45% cells were
sorted from splenic MNCs by FACSAria (BD Biosciences). The purity of
each population was > 95%.

Tetramer staining

PE-conjugated HLA-A*2402 tetramers mounted with 5 different EBV
antigen peptides (derived from BRLF1, BMLF1, LMP2, EBNA3A, and
EBNA3B) and PE-conjugated HLA-A*2402 tetramers mounted with
HIV-1 Gag antigen peptides were purchased from medical and biologic
laboratories, and the staining was performed according to manufacturer’s
protocol,

Histologic analyses

Preparation of frozen organ sections was conducted as previously de-
scribed? H&E staining, Berlin blue staining, Giemsa staining, and
nonspecific esterase (NSE) staining were performed by conventional
methods, respectively.

Immunostaining and in situ hybridization

Immunostaining was performed as previously described.?* Rabbit anti—
human CD8 (Lab Vision), mouse anti-human CD68 (BD Biosciences),
anti-human CD20 (Dakocytomation), anti-ZEBRA (Santa Cruz Biotechnol-
ogy), and anti-gp110 (C1.50-1) monoclonal antibodies were used as primary
antibodies, and appropriate secondary antibodies were used for detection.
In situ hybridization for EBV-encoded small RNAs (EBERs) was per-
formed by Kyodo Byori Inc.

PCR and RT-PCR

DNA was extracted from whole PB (30 uL), plasma (30 wL), human
MNCs, and murine MNCs with the QlAamp DNA Micro kit (QIAGEN) or
DNeasy Blood and Tissue kit (QIAGEN). EBV genomic DNA was
quantified by real-time PCR as previously described,® and EBV quantified
viral DNA control (Advanced Biotechnologies) was used as the standard,
The cell number was also quantified by real-time PCR with the use of
TaqMan (-actin control reagents (Applied Biosystems), and quantified
PBMC genomic DNA was used as the standard. RNA was extracted by the
use of RNeasy Mini kit (QIAGEN). Primers used for RT-PCR are listed in
supplemental Table 2.

Quantification of cytokines and EBV-encoded small RNA1 in
plasma

Quantification of IFN-y and TNF- in 10 pL of plasma was performed by
the use of cytometric bead array system according to the manufacture’s
protocol (BD Biosciences). Quantification of IFN-B was performed by the
use of a human IFN-B ELISA kit (PBL Biomedical Laboratories).
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Figure 1. Fatal outcome of EBV-infected NOG-hCD34 mice with persistent viremia, expansion of CD8* T cells, and hepatosplenomegaly in the absence of B-cell
proliferative disorders. (A) Quantification of EBV DNA in the PB of EBV-infected mice. Number at the top of each gray bar represents the number of analyzed EBV-infected
mice at each time point. (B} Survival curve. Kaplan-Meier survival curve of mock-infected mice (n = 15) and EBV-infected mice (n = 28) is shown. Statistical significance in the
survival rate (P = .000077) between mock-infected mice and EBV-infected mice was determined by log-rank test. (C) The difference in the viremia and the survival rate
between male and female recipient mice. (Left) The level of EBV DNAIn the PB of EBV-infected male mice (n = 20} and EBV-infected female mice (n = 8). Asterisks represent
statistic significance (P < .05 by Welch t test) versus the value obtained from EBV-infected female mice. (Right) Survival curve. Kaplan-Meier survival curve of EBV-infected
male mice (n = 20) and EBV-infected female mice (n = 8) is shown. Statistical significances in the survival rate between EBV-infected male mice and EBV-infected female
mice until the indicated wpi were determined by log-rank test. (D) Longitudinal analysis on human PBMC composition. PB was routinely collected from mock-infected mice
(n = 5) and EBV-infected mice (n = 12) and was analyzed by flow cytometry. Results are presented as the average percentages in human CD45* leukocytes.
(E) Hepatosplenomegaly in EBV-infected mice. Representatives of spleens and livers of a mock-infected and 2 EBV-infected mice are shown. Scale bars in panel E represent
5 mm. (F) Human MNC numbers in multiple organs. The cell numbers of CD19™ B cells (left) and CD8* T celis (right) in spleen, liver, BM, lung, kidney, and ascitic lavage fluid
of mock-infected mice (n = 4) and EBV-infected mice (n = 7) are shown. Asterisks represent statistic significance (P < .05 by Welch t test) versus the value obtained from the
mock-infected mice. (G) Immunostaining for CD8, CD68, and CD20. Representatives of spleen (top) and liver (bottorn) of EBV-infected mice, respectively, are shown. CD8*
cells (left) and CD20* cells (right) are shown in green, CD68* cells (left) are shown in red, and nuclei were shown in blue by staining with Hoechst. (H) in situ hybridization for
EBERs. Representatives of spleen (left) and liver (right) of EBV-infected mice were shown. EBERs were shown in brown. Areas enclosed with squares are enlarged in bottom
right of the panel. Scale bars in panels G and H represent 50 um.

EBV-encoded small RNA1 (EBER1) in plasma was quantified as previ-

‘bed 31
ously described. Results

Statistic analyses High mortality from EBV infection with systemic organ

infiltration by CD8* T cells in the absence of EBV-associated
B-cell proliferative disorders

Statistic differences were determined by paired t test, Student t test, or
Welch t test, and P < .05 was considered statistically significant. The
log-rank test was adopted to determine the statistical significance of
survival rates (Figure 1B-C). To determine the statistically significant
correlation, the Spearman rank correlation coefficient (r;) was adopted
(Figure SE-G). Data are presented as mean = SEM.

Newborn NOG mice were transplanted with hHSCs via intrahe-
patic injection to generate NOG-hCD34 mice. Twenty-eight NOG-
hCD34 mice, which were reconstituted from 7 separate individual
cord blood donors, respectively, were inoculated with EBV via an

Ethics statement intravenous injection between 13 and 16 weeks after hHSC trans-

All protocols involving human subjects were reviewed and approved by the
Kyoto University Institutional Review Board. Informed written consents
from the human subjects were obtained in this study in accordance with the
Declaration of Helsinki.

plantation. Large amounts of EBV DNA were first detected at 3 wpi
and then plateaued until 10 wpi, at which time, all mice were killed
for analysis (Figure 1A). EBV infection was fatal for most mice,
and 71.4% of the infected mice either died or were killed because
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of severe weight loss by 10 wpi (Figure 1B). Interestingly,
during 5-7 wpi, 20 male mice infected with EBV showed greater
viremia and died more rapidly than 8 EBV-infected female mice
(Figure 1C).

Yajima and colleagues®! have previously reported that human-
ized NOG mice (hNOG mice) infected with EBV died within
10 wpi. In their study, infected hNOG mice exhibited tumors
containing EBV-positive B cells, which is consistent with EBV-
associated B-cell lymphomas.?! Therefore, we first set forward to
look for signs of B-cell proliferative disorders in PB and organs of
EBV-infected NOG-hCD34 mice. As shown in Figure 1D, how-
ever, B-cell expansion in PB was not found after EBV infection,
whereas expansion of CD8" T cells was observed. Gross examina-
tion of spleen and liver of EBV-infected mice showed hepatospleno-
megaly (Figure 1E). MNCs were isolated from spleen, liver, ascitic
lavage, BM, and kidneys, and the number of CD19* B cells and
CD8* T cells were determined by flow cytometry. If the EBV-
infected NOG-hCD34 mice had B-cell proliferative disorder, this
analysis would show drastic increase of CD19* B cells rather than
CD8" T cells. However, flow cytometry revealed systemic organ
infiltration by CD8" T cells in infected mice, as shown by a 10-fold
increase in spleen and BM and a 100-fold increase in liver, Iung,
kidney, and ascitic lavage (Figure 1F). In contrast, the only organ
that showed a significant increase in the number of B cells in
infected mice was liver (Figure 1F). Moreover, immunostaining
showed that the infiltrating and/or expanded cells in spleen and
liver of EBV-infected mice primarily consisted of CD8* T cells
and CD68* histiocytes, with occasional CD20* B cells (Figure
1G), and that B-cell tumors in infected mice were not detected.
Taken together, these findings are inconsistent with B-cell prolifera-
tive disorders in EBV-infected NOG-hCD34 mice.

It is well known that EBV-associated malignant B-cell lympho-
mas are infected with EBV.! To assess the presence of EBV-
infected cells in infected mice, in situ hybridization for EBERs,
which are viral RNAs expressed in all EBV-infected cells,! was
applied. As shown in Figure 1H, EBER-positive cells were
detected in both spleen and liver of infected mice. However, the
frequency of EBER-positive cells (< 1/20 of infiltrating lympho-
cytes) was lower than previously reported.?! This result provides
additional evidence that the B-cell proliferation caused by EBV
infection in our study was modest and negligible. Taken together,
these results strongly suggest that the EBV-infected NOG-hCD34
mice in our study died in a manner distinctly different from
EBV-associated B-cell lymphoma-dependent death.

Hemophagocytosis in BM, spleen, and liver of EBV-infected
NOG-hCD34 mice

The expansion of and infiltration by CD8" T cells together with the
large number of histiocytes in spleen and liver (Figure 1D,E,G)
prompted us to look into the immunopathology for the cause of the
high mortality. HLH is a fatal immunopathologic condition that can
be caused by EBV infection, and infiltration of CD8* T cells into
multiple organs and histiocyte proliferation are common in patients
with EBV-HLH.}*315 Cardinal laboratory findings for HLH in-
clude hemophagocytosis, cytopenia, hypercytokinemia, and hyper-
ferritinemia.® To explore this possibility, we set out to examine the
presence of hemophagocytosis in BM of infected mice by NSE
staining. As observed in both the spleen and liver of infected mice
(Figure 1G), a large number of granule-containing histiocytes was
detected in BM (Figure 2A). In addition, Giemsa staining revealed
that these histiocytes contained multiple intracellular erythrocytes
(Figure 2B). However, granule-residing and/or hemophagocytosed
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histiocytes were scarcely detected in BM of mock-infected mice
(data not shown).

H&E staining confirmed that a large number of histiocytes
resided in spleen and hepatic sinusoids of infected mice compared
with those of mock-infected mice (Figure 2C), which supports the
immunostaining result (Figure 1G). Moreover, Berlin blue staining
revealed that these histiocytes in spleen and hepatic sinusoids of
infected mice contained intracellular hemosiderin, which was
derived from engulfed erythrocytes (Figure 2D). Taken together,
these results demonstrate the presence of prominent hemophagocy-
tosis in BM, spleen, and hepatic sinusoids of EBV-infected
NOG-hCD34 mice.

Normocytic anemia and thrombocytopenia in EBV-infected
NOG-hCD34 mice

Cytopenia of more than 2 kinds of blood cells such as erythrocytes
and platelets is one of the current diagnostic criteria for HLH.? To
investigate whether cytopenia occurred in EBV-infected mice, the
PB of 10 EBV-infected and 7 mock-infected mice was routinely
analyzed. As shown in Figure 3B-E and also summarized in Table
1, we found that the numbers of erythrocytes and platelets,
hematocrit level, and hemoglobin concentration decreased in PB of
EBV-infected mice, suggesting erythropenia and thrombocytope-
nia. However, the values of MCV, MCH, and MCHC in PB of
EBV-infected mice were comparable with those in mock-infected
mice (Figure 3F-H). These results directly indicate that normocytic
anemia occurred in EBV-infected NOG-hCD34 mice.

In addition to the normocytic anemia, viremia (Figure 3A) and
leukocytosis (Figure 3I), which was predominantly CD8* T cells
(Figure 1D), also were observed in EBV-infected mice. Moreover,
EBV-infected mice eventually showed severe weight loss (Figure
3J). To assess the time course of pathologic events observed in
EBV-infected mice, the obtained results from 10 EBV-infected
mice were summarized in Table 1. Interestingly, leukocytosis was
firstly observed after the appearance of viremia (1.60 = 0.48 weeks
after viremia). Then, erythropenia, thrombocytopenia, and a de-
crease in hemoglobin were followed by leukocytosis
(1.88 = 0.48 weeks, 2.13 + 0.72 weeks, and 2.14 + 0.46 weeks
after viremia, respectively). Finally, weight loss was detected
(2.89 = 0.65 weeks after viremia). Taken together, these results
suggest that the normocytic anemia in EBV-infected mice occurred
after EBV replication and leukocytosis, ultimately leading to a
morbid condition.

Organ infiltration and aberrant IFN-y production by activated
non-EBV-specific CD8* T cells

Because CD8* T-cell activation is thought to play an important role
in HLH pathogenesis,>> the activation status of CD8* T cells in
infected mice was analyzed. As shown in Figure 4A, CD8* T cells
dramatically increased in PB after EBV infection. This increase
was attributed to the expansion of CD45RO" memory subsets, and,
in particular, CD45RO*CD38*HLA-DR™ activated subsets (Fig-
ure 4C-D). CD45RA™ naive CD8" T cells displayed no increase
after infection (Figure 4B). Moreover, the numbers of the activated
CD8* T cells isolated from all analyzed organs of infected mice
increased at least 10-fold compared with those of mock-infected
mice (Figure 4E). Furthermore, splenic CD8* T cells were stained
for Ki67, a nuclear antigen expressed exclusively in proliferating/
activated cells.?® As shown in Figure 4F, the percentage of splenic
CD8* T cells positive for Ki67 in EBV-infected mice was approxi-
mately 2-fold greater than that in mock-infected mice.
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Figure 2. Hemophagocytosis in EBV-infected NOG-
hCD34 mice. (A-B) Hemophagocytosis in the BM of A
EBV-infected mice. The specimens of the BM fluid smear
of EBV-infected mice were prepared and assessed by
NSE staining (A) and Giemsa staining (B). (A) NSE stain-
ing. Histiocytes (brown) and neutrophils (blue) were
stained. Areas enclosed with squares (i-iii) indicate the
histiocytes with granules and are, respectively, enlarged
in panels i through iii. (B) Giemsa staining. A representa-
tive histiocyte with phagocytosis is shown. Arrowheads
indicate engulfed erythrocytes. (C-D) Hemophagocyto-
sis in the spleen and hepatic sinusoid of EBV-infected
mice. Tissue sections were assessed by H&E stain-
ing (C) and Berlin blue staining (hemosiderin staining;
D). (C) H&E staining. Representatives of spleen (top)
and liver (bottom) of mock-infected mice (left) and EBV-
infected mice (right) are shown. Areas enclosed with
squares are enlarged in the bottom right of each panel
and indicate morphologically activated histiocytes.
(D) Berlin blue staining. Representatives of spleen (top)
and liver (bottom) of EBV-infected mice are shown. Note
that the cells stained with blue indicate hemosiderin-
containing hemophagocytic histiocytes. Scale bars in
panels C and D represent 50 um.
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Proinflammatory hypercytokinemia is another hallmark feature
of HLH.? In addition, it is known that activated CD8* T cells can
produce proinflammatory cytokines such as IFN-y and TNF-a,
which promote activation/proliferation of CD87 T cells and histio-
cytes. 361213 To investigate this issue, the expression levels of
IFNG (encodes IFN-y) and TNFA (encodes TNF-a) in splenic
CD8* Tcells of EBV-infected and mock-infected mice were
assessed. As shown in Figure 4G, IFNG was significantly elevated
in CD8* T cells of infected mice, whereas TNFA was not. Next, the
concentrations of IFN-y and TNF-« in plasma were longitudinally
assessed. A significant elevation of plasma IFN-y concentration in
infected mice was first detected at 4 wpi and was maintained at a
high level (Figure 4H). In contrast, plasma TNF-« concentrations
in infected mice were almost comparable with those in mock-
infected mice (Figure 41). Furthermore, to assess the dynamics of
virus replication, CD8* T-cell activation, and IFN-y hypercyto-
kinemia in EBV-infected mice, the obtained results from
8 EBV-infected mice were summarized in Table 2. It is worth
noting that the activation/expansion of CD8* T cells in PB and
the elevation of plasma IFN-y concentrations were first detected
just after the appearance of viremia and occurred concurrently
(0.38 = 0.18 weeks and 0.50 = 0.19 weeks after viremia, respec-
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tively). These findings suggest that CD8* T-cell activation and
IFN-v hypercytokinemia are elicited after EBV replication.

Because it has been known that EBV-specific HLA-restricted
CTLs are easily induced by EBV infection,'-* the activation of
CD8* T cells found in our EBV-infected mice may be because
of a specific immune response against EBV antigens. To assess
the immunologic specificity of the activated CD8* T cells
against EBV, we isolated splenic human MNCs from 7 EBV-
infected and 4 mock-infected mice. These mice underwent
transplantation with hHSCs possessing HLA-A*2402 (supple-
mental Table 1), which is one of the dominant HLA class I
alleles for EBV antigen presentation.> Specificity of the CD8*
T cells for EBV antigens was evaluated by the use of HLA-
A*2402 tetramers coupled with 5 different EBV peptides.
HLA-A*2402 tetramers coupled with HIV-1 peptides were used
as a negative control. As shown in Figure 4], we detected
HLA-A*2402-restricted EBV-specific CD8" T cells only in
EBV-infected mice, although the frequency was quite low
(0.22% * 0.09%).%* However, HLA-A*2402-restricted HIV-1—
specific CD8* T cells were not found (Figure 4J). These results
suggest that the expansion of activated CD8* T cells was not
directly because of EBV-specific antigen recognition.

— 180 —



From bloodjournal.hematologylibrary.org at Keio University Shinanomachi Media Center on March 13, 2012. For

personal use only.

5668 SATO et al BLOOD, 26 MAY 2011 - VOLUME 117, NUMBER 21
A EBV DNA B Erythrocytes C Platelets D Hematocrit E Hemogiobin
3 8 - /./ tg, 12 § 164 604 204
s 7 o’ y/‘ £ Z 12 & 504
3 4 ; 8 L g '
72—31 . . / % ; % 8 é%h < ,
2 & [ 1
§ 4 . ,,; s ,,: 4 o 30
<3l 4 T - S — 20l 5
012345678910 0123456788910 0123456789t 012345678910 012345678910
Wopi Wpi Woi Wpt Wpi
F MCV G MCH H MCHC l Leukocytes J Body weight
80 30 50 - 301
3 20 P
40 2 3 @
= 15 / =
60+ 20 = 30 Wm,.o € £
= Peas-t-8999C o | BEPetFEl o T £ < '
& E N » 10 @ 2
40 10 : 8 y o ©Mock o
54 o 804
10 @ o
&) , HEY
O e ———— 0 i O Y 7! ey

Wpi

0 T v
012345678910
Wpi

012345676810
Woi

Wpt

Wopi

Figure 3. Viremia, normocytic anemia, thrombocytopenia, leukocytosis, and severe weight loss in EBV-infected NOG-hCD34 mice. (A) EBV load in the PB of
3 representative EBV-infected mice. (B-1) Longitudinal analyses of hematopoietic cells in PB. PB was routinely collected from mock-infected and EBV-infected mice, and the
numbers of erythrocytes (B), platelets (C), and leukocytes (I) were measured by hematometry. Hematocrit (D), hemoglobin concentration (E), and the values of MCV (F),
MCH (G), and MCHC (H) were also measured by hematometry. (J) Change on body weight. The body weights of mock-infected and EBV-infected mice were routinely
measured and are shown as the ratio to the initial weight. Results from mock-infected mice (n = 7) are presented in means * SEM, and representative results of
3 EBV-infected mice are, respectively shown. Each color represents the result from an identical EBV-infected mouse.

Relevance of EBV load, IFN-y hypercytokinemia, and CD8*
T-cell activation in respect to the morbid condition in
EBV-infected NOG-hCD34 mice

1t is known that EBV rarely infects T cells and can cause a T-cell
proliferative disorder.1311:35 This disorder is known as chronic
active EBV infection (CAEBV) and HLH can be accompanied by
CAEBV.131135 To assess whether T cells are infected with EBV in
NOG-hCD34 mice, splenic MNCs were sorted into human CD4+,
CD8*, CD19*, and murine CD45" fractions and the amount of
EBV DNA in each fraction was quantified. When the murine
CD45* fraction was used as the background control, no significant
amount of EBV DNA was detected in human CD4* and CD8*
fractions (Figure 5A). However, a large amount of EBV DNA
(> 70 copies/cell) was detected in human CD19* B-cell fraction
(Figure 5A). Although it is known that EBV infection in T cells
induce the proliferation of the infected cell,!1135 the number of
EBER-positive cells was small (Figure 1H), and the level of viral
DNA in either CD4* T cells or CD8* T cells was comparable with

that of the background sample (Figure 5A). Therefore, these results
suggest that the EBV-associated T-cell proliferative disorder is not likely
caused in infected mice and that the pathogenesis observed in EBV-
infected NOG-hCD34 mice is distinct from CAEBV-like disorder.

MNCs were isolated from spleen, liver, ascitic lavage, BM, and
kidneys, and the amount of viral DNA was assessed. As shown in
Figure 5B, large amounts of EBV DNA were detected in all organs
assessed, showing systemic and productive replication of EBV. In
addition, immunostaining revealed the expression of lytic viral
proteins, ZEBRA (derived from bzIfl), and gp110 (derived from
balf4), in both spleen and liver (Figure 5C). Moreover, RT-PCR
revealed that not only latent viral genes (Imp1, Imp2a, and ebnaZ2a)
but also Iytic viral genes (bzlfl, balf2, bxlfl, barfl, belfl, and bllfl)
were expressed in spleen of infected mice (Figure 5D). These
results demonstrate that productive EBV replication takes place in
infected NOG-hCD34 mice.

Clinical studies have shown that patients with EBV-HLH and a
high viral load go on to have a worse prognosis than those with a

Table 1. Summary of the time points when hematologic disorders and severe weight loss were first observed*

Mouse no.t VLE Leukocytosis§9 Erythropenia8]

Thrombocytopenia§| HGB decrease§]| Weight loss§]|

i

' LB . )
8 (+3)
oee
GBHY)
3(=0)
e ey
5(+1)
B0

| 213072

. ~ "2;?"—:5‘i 046 i

HGB indicates hemoglobin; VL, viral load; and wpi, weeks postinfection.

*The time points when infected mice showed significant differences to mock-infected mice are presented as wpi.

1The results from mice no. 2, 7, and 9 are shown in Figure 3.
1The wpi when EBV DNA was firstly detected is presented.
§The values in parentheses represent the difference of each parameters to VL.

TThe wpi when the value was more than the average of mock-infected mice + SD is presented.
{The wpi when the value was more than the average of mock-infected mice — SD is presented.
**The differences to VL (represented in parentheses) are summarized and presented as average = SEM.
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Figure 4. Expansion and activation of CD8* T cells and IFN-y hypercytokinemia in EBV-infected NOG-hCD34 mice. (A-D) Dynamics of human CD87 T cells in PB. PB
was routinely collected from mock-infected mice (n = 5) and EBV-infected mice (n = 12) and was analyzed by flow cytometry. Percentages of CD8" cells (A), CD8*CD45RA*
cells (B), CD8*CD45R0* cells (C), and CD8*CD45R0O*CD38+HLA-DR* cells (D) in PBMCs are, respectively shown. (E) Expansion of activated CD8" T cells in multiple
organs of EBV-infected mice. The cell numbers of CD8* CD45RO*CD38+HLA-DR* cells (activated CD8* T cells) in the spleen, liver, BM, lung, kidney, and ascitic lavage fluid
of mock-infected mice (n = 4) and EBV-infected mice (n = 7) are shown. (F) Ki67 expression in CD8" T celis. (Left) Representatives of splenic CD8* T cells of mock-infected
and EBV-infected mice. Values on quadrants represent the percentages of CD8* T cells positive for Ki67. (Right) The percentages of Ki67* cells in splenic CD8" T cells of
mock-infected mice (n = 4) and EBV-infected mice (n = 7) are shown. (G) mRNA expression in CD8" T cells. Splenic CD8* T cells of mock-infected mice (n = 6) and
EBV-infected mice (n = 9) were isolated by cell sorting. The expression levels of IFNG (left) and TNFA (right) were analyzed by real-time RT-PCR and were normalized to that
of GAPDH. Results are presented as the fold change compared with the value in mock-infected mice. (H-1) Longitudinal quantification of IFN-y and TNF-« in plasma. Plasma
was routinely collected from mock-infected mice (n = 4) and EBV-infected mice (n = 7), and the concentrations of IFN-y (H) and TNF-« (1) were quantified by cytokine bead
array system. (J) Detection of EBV-specific HLA-A*2402—restricted CD8" celis. Splenic human MNCs isclated from mock-infected mice (n = 4) and EBV-infected mice (n = 7)
were stained with an anti-CD8 antibody and either HLA-A*2402 EBV tetramers or HLA-A*2402 HIV-1 tetramers (as a negative control of the assay) and were analyzed by flow
cytometry. Representatives (left) and the percentages of CD8* T cells positive for the tetramers in mock-infected and EBV-infected mice (right) are shown. Asterisks in panels
A, C, D, and H represent statistic significance (P < .05 by Student ¢ test) versus the value obtained from the mock-infected mice, and daggers represent statistic significance
(P < .05 by paired t test) vs the initial value. Asterisks in panel E represent statistic significance (P < .05 by Welch t test) versus the value obtained from the mock-infected
mice. Asterisks in panel F, G, and J represent statistic significance (P < .05 by Student { test) versus the value obtained from the mock-infected mice.

low viral load.* To investigate whether the relevance between viral
load and immune activation is observed in our model, we compared
the level of EBV DNA and IFN-y concentration in plasma and
Ki67 expression in splenic CD8* T cells to one another in each
infected mouse. As shown in Figure 5E, the percentage of Ki67+*
cells in splenic CD8* T cells significantly correlated with the

Table 2. Summary of the time points when immunologic disorders
and severe weight loss were first observed*®

VLT  Activated CD8%§

Mouse no. IFN-y1$

Weight loss§||

Mouse 12
q}iouse 14

Mouse 16

VL indicates viral load; and wpi, weeks postinfection.

*The time points when infected mice showed significant differences to mock-
infected mice are presented as wpi.

1The wpi when EBV DNA was firstly detected is presented.

1The values in parentheses represent the difference of each parameters to VL.

§The wpi when the parcentage CD8+*CD45RO*CD38*HLA-DR™ cells in PBMCs
of each infected mouse was more than the average of that of mock-infected mice
+ SDis presented.

9The wpi when the concentration of IFN-y in plasma of each infected mouse was
more than the average of mock-infected mice + SD is presented.

[[The wpi when the value was more than the average of mock-infected mice — SD
is presented.

*The differences to VL (represented in parentheses) are summarized and
presented as average = SEM.

concentration of IFN-y in plasma. In addition, we found that the
EBYV load in plasma positively and significantly correlated with
both the percentage of splenic Ki67*CD8* T cells (Figure 5F) and
plasma IFN~-y concentration (Figure 5G). Moreover, the infected
mice that were killed before 10 wpi because of severe weight loss
tended to exhibit greater amounts of EBV DNA copies, IFN-y
concentrations, and Ki67 expression in CD8* T cells than the
infected mice that survived until 10 weeks (Figures S5E-G).

Decrease in the number of natural killer cells, myeloid dendritic
cells, and plasmacytoid dendritic cells in the spleen and
EBER1 detection in the plasma of EBV-infected mice

To further investigate the dynamics of EBV-HLH-like disorders in
infected mice, we assessed the proportion of human leukocytes in
the spleen. As shown in Figure 6A, the numbers of naive, memory,
and regulatory CD4* T cells in the spleen of infected mice were
comparable with those in mock-infected mice. However, we found
a significant decrease in the number of natural killer (NK) cells,
myeloid dendritic cells (MDCs), and plasmacytoid dendritic cells
(PDCs) in the spleen of infected mice (Figure 6B-C). Moreover, we
quantified the concentration of IFN-f in the plasma of infected
mice and found that the level of IFN- in infected mice was
comparable with that in mock-infected mice (Figure 6D). Further-
more, the level of IFN-B in plasma did not correlate with the levels
of EBV DNA, IFN-y concentration, or Ki67 expression in CD8*
T cells (data not shown). These data suggest that IFN-B is not
associated with the progression of the EBV-HLH-like disorder.

It was also reported that high levels of EBER1 were detected in
plasma or sera of EBV-HLH patients.3! We quantified the amount
of EBERI in the plasma of 14 infected mice and found that high
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Figure 5. Productive EBV replication and the relevance between EBV infection and immune activation in infected NOG-hCD34 mice. (A) Distribution of EBV DNA in
splenic human MNCs. Splenic MNCs were isolated from EBV-infected mice (n = 7), and human leukocytes (CD4*, CD8*, and CD19* cells, respectively) and murine CD45*
leukocytes (mCD45* cells, as the background control) were separated by cell sorting. Results are presented in EBV copies per cell of each cell populations. Asterisk represents
statistic significance (P < .05 by Student ¢ test) versus the value obtained from mCD45* cells. n.s. indicates no statistical significance. (B) Systemic EBV replication in muitiple
organs. DNA was extracted from the human MNCs that were isolated from spleen, liver, BM, lung, kidney, and ascitic lavage fluid of EBV-infected mice (n = 7), and the copy
number of EBV DNA was measured. (C) Immunostaining for ZEBRA and gp110. Representatives of spleen (top) and liver (bottom) of EBV-infected mice are shown. ZEBRA
and gp110 were shown in green, and nuclei were shown in blue by staining with Hoechst. Areas enclosed with squares are enlarged in bottom right of each panel. Scale bars
represent 50 pm. (D) Expression of EBV genes. RNAwas extracted from splenic human MNCs of 5 EBV-infected mice, a mock-infected mouse, and anti-lgG-stimulated Akata
cells (“Lytic Akata”), and the expression of EBV latent genes (imp1, Imp2a, and ebna2a) and EBV lytic genes (bzIf1, balf2, bxif1, barf1, bcif1, and biiff) was determined by
RT-PCR. As the internal control, GAPDH expression was also determined. IE indicates immediate early gene; E, early genes; and L, late genes. (E-G) Correlation between viral
load in plasma, activation frequency of CD8* T cells, and the level of IFN-y in plasma. The percentage of Ki67* cells in splenic CD8* T cells (x-axis) and the concentration of
IFN-y in plasma {y-axis; E), the percentage of Ki67* cells in splenic CD8* T cells (x-axis) and EBV DNA copies in plasma (y-axis; F), and the concentration of IFN-v in plasma
(x-axis) and EBV DNA copies in plasma (y-axis; G) are, respectively shown. Red dots represent the results from the EBV-infected mice exhibited severe weight loss and were
killed before 10 wpi (n = 13), whereas gray dots represent the resuits from the EBV-infected mice survived until 10 wpi (n = 5). The lines present exponential approximation.
Spearman rank correlation coefficient (r;) was adopted to determine statistically significant correlation between each value.

levels of EBER1 were detected in 8 infected mice (Figure 6E).
Notably, the level of EBER1 in plasma of infected mice was almost
comparable with or greater than that of patients.3! However, the
level of EBER1 in plasma did not correlate with disease severity
and the clinical/laboratory features of disease (data not shown).

Discussion

To simulate EBV pathogenesis in vivo, several experimental
animal models have been established.364! In addition, hHSC-
transplanted humanized mouse models have been used for EBV
studies.’62! In this study, we established a novel humanized mouse
model of EBV infection. NOG-hCD34 mice, which were newborn
NOG mice transplanted with hHSCs, displayed a condition that has
a different pathology from B-cell lymphomas when infected with
EBV. Further investigations of EBV-infected NOG-hCD34 mice
demonstrated the following: (1) hepatosplenomegaly; (2) CD8*
T-cell activation and organ infiltration; (3) IFN-y hypercytokine-
mia; (4) normocytic anemia; (5) thrombocytopenia; (6) histiocyte
proliferation; and (7) hemophagocytosis in BM, spleen, and liver.
These 7 features displayed by EBV-infected NOG-hCD34 mice are
strongly indicative of EBV-HLH. To the best of our knowledge,
this is the first report demonstrating the pathogenesis of EBV-HLH
in an animal model. In addition to the establishment of a novel
model for EBV-HLH, we also found a significant correlation

between viral replication and hyperimmune activation in infected
mice. Furthermore, a significant decrease of type I IFN-producing
cells such as MDCs, PDCs, and NK cells was observed in spleen of
infected mice. Taken together, these findings suggest that produc-
tive EBV replication induces hyperactivation of CD8* T cells, and
that the breakdown of balanced immunity associates with disease
progression.

Murine models of congenital HLH have shed light on the
pathogenesis of this poorly understood disorder.'2!3 For instance,
Prf knockout mice developed HLH after LCMYV infection, result-
ing in the death of most infected mice.!2 Interestingly, the
importance of CD8* T-cell activation and IFN-y on the pathogene-
sis of HLH was also suggested in the same study.’? As previously
reported,>61213 we found an augmented expression of IFNG in
splenic CD8* T cells of EBV-infected mice. In addition, we found
that the activation/expansion of CD8* T cells in PB and IFN-y
cytokinemia occurred concurrently in infected mice (Table 2),
suggesting that CD8" T-cell activation and IFN-y production take
place in an orchestrated and synergistic manner in EBV-infected
mice. After the expansion of CD8* T cells and IFN-y hypercytoki-
nemia, normocytic anemia and thrombocytopenia were subse-
quently observed (Table 1). In fact, it was reported that proinflam-
matory cytokines, including IFN-y, have the potential to activate
macrophages/histiocytes and trigger hemophagocytosis both in
vitro* and in vivo.#3 Our results suggest that overproduced IFN-y
elicited histiocyte activation, leading to hemophagocytosis and
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Figure 6. Decrease in the number of NK cells, MDCs, and PDCs and the
detection of EBERT and type | IFN in the plasma of infected NOG-hCD34
mice. (A-C) Human MNC numbers in spleen. The cell numbers of CD4* T-cell
subset (whole, CD4*CD45%; naive, CD4"CD45RA*CD45*; memory,
CD4+CD45RO*CD45%; Treg, CD4+FOXP3+CD45+; A), NK cell (CD56*CD3-CD45%;
B), and DC subset (MDC, Lineage [CD3-CD14~CD19~CD56-CD303"JHLA-
DRhiehCD11chiehCD45+; PDC, CD303*CD45%; C) in spleen of mock-infected mice
(n = 6) and EBV-infected mice (n = 6) are shown. Asterisks represent statistic
significance (P < .05 by Welch ttest) versus the value obtained from the mock-
infected mice. (D) Quantification of IFN-B in plasma. The concentration of IFN-B in
the plasma of mock-infected mice {n = 5) and EBV-infected mice (n = 14) was
quantified by ELISA. n.s. indicates no statistical significance. (E) Quantification of
EBERT1 in plasma. The concentration of EBER1 in plasma of 8 EBV-infected mice and
a mock-infected mouse was quantified as previously described.3" The mouse
numbers correspond with those in Tables 1 and 2.

anemia, and that CD8" T cells and IFN-y played a pivotal role in
promoting HLH.

In contrast to IFN-vy, type I IFNs (eg, IFN-B) are well-known to
possess the robust potential to suppress virus replication, including
EBV.# Recently, Iwakiri et al*! have documented that EBER1
released from EBV-infected cells stimulates MDCs in a Toll-like
receptor 3 (TLR3)-dependent manner and induces type I IFN
production. In addition to MDCs, it was reported that NK cells also
express TLR3 and are activated by TLR3 ligands.** Moreover,
PDCs are involved in anti-EBV immunity by the secretion of type I
IFN through TLRY pathways.*> These reports suggest that type I
IFN produced by NK cells, MDCs, and PDCs through TLR3 and/or
TLRY signaling has the potential to suppress EBV-associated
immunopathologic disorders. However, we found that NK cells,
MDCs, and PDCs in the spleen of infected mice were severely
decreased. Furthermore, we did not observe IFN-$ hypercyiokine-
mia in infected mice. These findings suggest that the depletion of
type I IFN-producing cells such as NK cells, MDCs, and PDCs
resulted in the absence of the induction of type I IFN production,
which contributes to the progression of the EBV-HLH-like disorder
in infected NOG-hCD34 mice.

Although the initial trigger of the CD8% T-cell activation
causing the hyperimmune state in our EBV-infected mouse model
remains unclear, several plausible explanations include direct
and/or indirect CD8" T-cell activation by EBV-derived ligands.
Reinforcing this assumption was our finding of a low frequency®
of HLA-A*2402-testricted EBV-specific CTLs in the spleen of
infected NOG-hCD34 mice, although their levels were comparable
with previous reports.’#202! In addition, TLR3 is expressed on
CD8* Tecells and induces a signaling cascade in these cells
resulting in IFN-vy secretion without enhancing CTL activity.* As
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mentioned previously, EBER1 is able to trigger TLR3 signaling,
and we detected high levels of EBER1 in the plasma of EBV-
infected NOG-hCD34 mice at amounts comparable with EBV-
infected patients (Figure 6E).3! Therefore, it is possible that
EBER1/TLR3 signaling in CD8" T cells may be one of the triggers
to induce IFN-y hypercytokinemia. Furthermore, when NOG-
hCD34 mice were inoculated with heat-inactivated EBYV, an
absence of viremia, hyperimmune activation, anemia, and severe
weight loss were observed (data not shown), suggesting that the
agent(s) that triggered the hyperimmune activation in infected mice
are derived from EBYV replication. Moreover, we found that EBV
DNA was detected in PB before CD8* T-cell activation and that the
level of plasma EBV load positively correlated with the level of
CD8* T-cell activation. In fact, a clinical study reported that
EBV-HLH patients with a high viremia tend to exhibit a worse
prognosis than those with a low viremia.* Therefore, our data
suggest that productive EBV replication is essential for hyperacti-
vation of CD8* T cells, which can lead to severe disorders.

In contrast to the EBV-infected humanized NOG mice display-
ing the EBV-HLH phenotype shown in our study, similar EBV-
infected humanized NOG mice have exhibited EBV-associated
B-cell proliferative disorders.?®?! The different disease outcomes
may be attributed to the different experimental approaches taken in
conducting the studies. For instance, we used 20 male and 8 female
NOG mice as hHSC recipients and found that the male mice
exhibited higher levels of viremia and died more rapidly than
female mice (Figure 1C). However, the previous studies used only
female NOG mice as hHSC recipients.?>?! Why male mice were
more susceptible to a fatal outcome is unclear, however, a previous
study has also observed a similar effect. Transgenic mice express-
ing hepatitis C virus core proteins had severe disorders and greater
mortality in male transgenic mice compared with female transgenic
mice.* Therefore, it is conceivable that the sex difference of the
recipient NOG mice may be one of the underlying reasons why our
findings varied from previous studies.?®?! In addition, it was
reported that their hNOG mice seem to have the potential to
reproduce humoral immune responses against EBV2! and HIV-1.47
However, we have previously shown that our NOG-hCD34 mice
were not capable of producing antibodies against HIV-1% and are
unlikely to produce antibodies against EBV (data not shown).
Thus, the difference in the potential of humoral immunity may also
play a role in the EBV pathogenesis. Moreover, it is worth noting
that EBV-HLH is a disease that tends to develop in children and
young adults.* In this study, we transplanted hHSCs into newborn
NOG mice and inoculated them with EBV at a relatively younger
age period (13-16 weeks of age). However, the authors of the
previous study used older NOG mice for hRHSC transplantation and
inoculated them with EBV at relatively older ages (20-38 weeks of
age).2021 Because the age for EBV infection appears to be one of
the critical determinants for the development of EBV-HLH in
humans,!# the difference in the age of humanized mice used for
EBYV infection may be a plausible explanation for the different
pathologic outcomes caused by EBYV infection. Overall, our system
is more adept to simulate and reflect EBV-HLH pathogenesis in a
manner relevant to what is observed humans compared with the
previous study.

In conclusion, the model of acquired HLH we have generated in
our humanized NOG mice will provide us with clues to elucidate
how HLH is caused by EBV infection. Moreover, our model can
also be used to develop and evaluate novel therapies targeting
EBV-HLH. On the basis of not only on the current data, but on
previous murine studies,'>!3 depletion of CD8* T cells as well as
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neutralization of IFN-y might prove useful in amelioration of
disease. Furthermore, it will be interesting to evaluate the effects of
B-cell-depleting antibodies on disease progression.
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Background

To understand how myelodysplastic syndrome cells evolve from normal stem cells and gain
competitive advantages over normal hematopoiesis, we established a murine xenograft model
harboring bone marrow cells from patients with myelodysplastic syndromes or acute myeloid
leukemia with myelodysplasia-related changes.

Design and Methods

Bone marrow CD34" cells obtained from patients were injected, with or without human mes-
enchymal stem cells, into the bone marrow of non-obese diabetic/severe combined immuno-
deficient/IL2R ™ hosts. Engraftment and differentiation of cells derived from the patients were
investigated by flow cytometry and immunohistochemical analysis.

Results

Co-injection of patients’ cells and human mesenchymal stem cells led to successful engraftment
of patient-derived cells that maintained the immunophenotypes and genomic abnormalities of
the original patients. Myelodysplastic syndrome-originated clones differentiated into mature
neutrophils, megakaryocytes, and erythroblasts. Two of the samples derived from patients
with acute myeloid leukemia with myelodysplasia-related changes were able to sustain neo-
plastic growth into the next generation while these cells had limited differentiation ability in
the murine host. The hematopoiesis of mice engrafted with patients’ cells was significantly
suppressed even when human cells accounted for less than 1% of total marrow mononuclear
cells. Histological studies revealed invasion of the endosteal surface by patient-derived CD34*
cells and disruption of extracellular matrix architecture, which probably caused inhibition of
murine hematopoiesis.

Conclusions

We established murine models of human myelodysplastic syndromes using cells obtained from
patients: the presence of neoplastic cells was associated with the suppression of normal host
hematopoiesis. The efficiency of engraftment was related to the presence of an abnormality in
chromosome 7.

Key words: xenograft, MDS, NOG mouse, niche, MSC.
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Introduction

Myelodysplastic syndromes (MDS) are a heterogeneous
group of clonal hematopoietic disorders originating from
primitive hematopoietic cells and some of the least stud-
jed hematopoietic malignancies due largely to difficulties
in creating an in vivo model suitable for studying the biol-
ogy of MDS since these syndromes cause variable degrees
of morphological dysplasia in non-lymphoid lineages and
accompanying hematopoietic failure.”” The prognosis of
MDS patients is generally poor with an approximately
25% risk of the disease evolving into acute myeloid
leukemia (AML).> A wide variety of cytogenetic abnormal-
ities is recognized in nearly half of MDS patients.*®
Although a multi-step process of disease development has
been proposed,®” the current understanding of the molec-
ular pathogenesis of this disease is limited and, conse-
quently, the precise mechanisms of how MDS cells evolve
from normal hematopoietic cells remain unclear.

Mouse models of human diseases have been proven to
be useful tools for elucidating the biology of various dis-
eases and for evaluating the efficacy of evolving therapy.”
The successful establishment of murine xenograft models
for human AML has yielded empirical evidence for the
existence of so-called ‘cancer stem cells’, a minor subpop-
ulation of cells responsible for maintenance of neoplastic
proliferation."™ In addition, recent studies demonstrated
that chemotherapy-resistant leukemic stem cells reside in
the endosteal region of bone marrow."" These findings
helped to clarify how acute leukemia cells are maintained
and propagated in vivo; however, little is known about the
behavior of MDS cells in the bone marrow microenviron-
ment partly because of the difficulties in obtaining a suit-
able in vivo model for this disease. The reason for the selec-
tive outgrowth of MDS clones and the concurrent
decrease in normal hematopoietic stem cells in patients
does, therefore, remain elusive.

To establish a murine model of human MDS, which
would undoubtedly be of benefit in the study of the
pathology and biology of MDS, we transplanted bone
marrow CD34" cells from patients with MDS and acute
myeloid leukemia with myelodysplasia-related changes
(AML-MRC) and human mesenchymal stem cells (MSC)
as auxiliary cells in murine bone marrow using an estab-
lished intramedullary co-transplantation method.

Design and Methods

Patients and preparation of human cells

The experimental protocol of this study was approved by the
Institutional Review Board of Tokai University, School of
Medicine, and all human samples were handled accordingly. Bone
marrow samples were obtained from six patients with MDS, eight
patients with AML-MRC, and four healthy individuals after
obtaining written informed consent. The clinical characteristics
and immunophenotypes of the patients are summarized in Online
Supplementary Tables S1 and S2, respectively. CD34" cells were
selected using the CD34 Progenitor Cell Isolation Kit (Miltenyi
Biotec, Sunnyvale, CA, USA) according to the manufacturer’s
instructions as described previously.'® The purity of the selected
bone marrow CD34+ cells was always more than 95%. Human
MSC were purchased from Lonza Walkersville Inc. (Walkersville,
MD, USA) and cultured according to the directions supplied by
the company. In some experiments, MSC were established from

the CD34 fraction of patients’ cells. The ability of the cells to dif-
ferentiate into adipocytes, chondrocytes and osteoblasts was
assessed and confirmed in vitro as described previously' before the
cells were used for this study (data not shown).

Antibodies

The following monoclonal antibodies were used for flow
cytometry: anti-CD7 (4H9), -CD11b (D12), -CD13 (L138), -CD14
(M P9), -CD19 (5J25C1), -CD36 (CB38(NL07)), -CD38 (HRB7), -
CD56 (MY31), -CD61 (VI-PL2), -CD64 (10.1), and -HLA-DR
(L243, all from BD Biosciences, San Jose, CA, USA); anti-CD33
(WM33), -CD34 (581), -CD41b (P2), -CD45 (.33), and CD117
(95C3, all from Coulter/Immunotech, Marseille, France); and MPO
(MPO-7, DACO, Denmark).

The following antibodies were used for tissue immunostaining:
anti-CD15 (80HS5, 1:150, Coulter/Immunotech); antd-CD31 (1:100,
TECNE Corporation, Minneapolis, MN, USA); anti-CD34 (My10,
1:20), -CD45 (2D1, 1:200), and -CD38 (HIT2, 1:100, all from BD
Biosciences); anti-glycophorin A JC159, 1:400) and -CD61(Y2/51,
1:1000, both from DACO); anti-fibronectin (1:400, Sigma, St
Louis, MO, USA); and anti-PCNA (1:200, abcam, Cambridge, UK).

Experimental animals, lentiviral gene transduction,
and cell transplantation

Non-obese diabetic/severe combined immunodeficient/IL2R =
(NOG) mice were maintained in sterile microisolator cages in the
animal facility of Tokai University School of Medicine. The mice
were irradiated with 250 c¢Gy from an X-ray irradiator (HW-300,
Hitex, Osaka, Japan) 24 h prior to intramedullary transplantation
of cells. All procedures were approved by the Animal Care
Committee of Tokai University. The MSC were transduced with
the GFP gene as described previously.”

Analysis of human cells

The mice were killed humanely 8 to 16 weeks after transplan-
tation, and the entire bone marrow contents of the injected tibiae
were collected in phosphate-buffered saline containing 0.5%
bovine serum albumin and 0.5 M EDTA. The total number of
bone marrow mononuclear cells was counted for each bone of
individual experimental animals. The number of non-human bone
marrow cells was obtained by calculation. Aliquots of cells were
used to examine the percentages of cells expressing human cell
surface antigens. A four-color flow cytometric analysis was con-
ducted using FACSCaliber. Quadrants were set to include at least
97% of the isotype-negative cells. The proportion of each lineage
was calculated from 10,000 events acquired using the CELLQuest
software package. The remaining cells were saved for secondary
transplantation, cytospin preparation for morphological examina-
tion, chromosomal analysis and fluorescence # situ analysis (FISH).
Chromosomal analysis was conducted using a conventional
method in the clinical laboratory of the University Hospital, while
the FISH analysis was performed at SRL Inc. (Tokyo, Japan). The
preparation of the bone marrow for histological studies, immuno-
fluorescent staining and enzyme immunohistochemistry were
performed as described previously.™ Images of stained slides were
captured using an LSM510 META confocal microscope with a
63X/1.2 numeric aperture c-Apochromat objective lens (Carl
Zeiss, Jena, Germany) and an Olympus Ax80 microscope with a
20X/0.70 numeric aperture UplanApo lens equipped with a DP71
digital camera (Olympus, Japan). Images were transferred to
Adobe Photoshop CS4 (Adobe Systems, San Jose, CA, USA)

Histological analysis of hone
For serial transplantation experiments, the percentage of cells in
the endosteal region (within 5 cells’ distance) was obtained by
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counting the cells in the entire field of bone specimens under the
light field microscope. More than five slides were examined for
each transplant.

Statistics

Data are presented as the mean + standard deviation. The two-
sided P value was determined by testing the null hypothesis that
the two population medians are equal. P values less than 0.05
were considered to be statistically significant.

Results

Engraftment of myelodysplastic syndrome-originated
human hematopeietic cells in murine bone marrow

We previously reported that intramedullary injection of
cord blood hematopoietic stem cells along with human
MSC improved engraftment of human cells in the murine
microenvironment.”® We, therefore, transplanted bone
marrow CD34" cells, which included hematopoietic stem
cells and primitive progenitors, obtained from six patients
with MDS, eight patients with AML-MRC and four
healthy individuals, into the bone marrow of NOG mice
with or without human MSC. Flow cytometric analysis
detected the presence of human CD45" cells, at varying
frequencies, in the bone marrow of 8/8, 12/23, and 4/4
recipient mice injected with bone marrow CD34" cells
from the MDS patients, the AML-MRC patients, and the

Table 1. Engraftment of bone marrow CD34" cells obtained from MDS and AML-MRC patien

Axenograft model of human MDS

healthy individuals, respectively (Table 1). As expected,
transplantation of MSC alone did not result in hematopoi-
etic engraftment (data not shown). Further lineage analysis
revealed a CD33" myeloid dominant differentiation, 60%
or more, in three of six MDS cases (3/8 mice engrafted)
and three of eight AML-MRC cases (9/12 mice engrafted),
suggesting the engraftment of MDS-originated cells (Table
1; patients 2, 5, 6, 11, 18, and 14, and Figure 1A). Human
cells recovered from transplanted animals were positive
for cell surface markers found on the original patients’ cells
(Online Supplementary Table S2), such as CD13 (74.90%)
and CD56 (32.08%) for patient 11, CD7 (72.13%) and
CD41b (60.12%) for patient 13, and CDI13 (81.92%,
37.86% of which co-expressed CD34) and CD117
(31.41%) for patient 14.

To confirm that this was indeed engraftment of MDS-
originated cells, we performed cytogenetic and morpho-
logical analyses on human cells recovered from the mice
engrafted with patients’ bone marrow cells. FISH analysis
confirmed cytogenetic abnormalities of original bone mar-
row in the human cells isolated from mice engrafted with
cells from patients 6, 11, and 13 (Figure 1B and Online
Supplementary Table S3) in 100% of the cells analyzed. In
addition, patient-specific chromosomal abnormalities
(monosomy 7 for patient 13 and isochromosome 17 for
patient 14) were detected in 100% of cells analyzed
(Figure 1C). Morphological observations of cytospin sam-
ples and bone marrow histology of mice engrafted with
bone marrow cells from patients 2 and 11 showed dyspla-
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sia typically associated with MDS, such as bi-nucleated
myelocytes and megakaryocytes with separated nuclei
(Figures 1D and 2A, and data not shown). In samples pre-
pared with cells recovered from mice engrafted with bone
marrow cells from patient 2, myelocytes with variable
degrees of normal differentiation were easily seen, but
there were also sporadic cells with dysplasia which were
not seen in samples from animals engrafted with normal
human bone marrow cells. Large blastic cells were promi-
nent in cytospin samples of bone marrow cells prepared
from mice engrafted with cells from patients 13 and 14
(Figure 1D and data not shown). Considering these findings
collectively, mice injected with bone marrow cells from
patients 2, 5, 6, 11, 13, and 14 were engrafted with MDS-
originated cells. Five of these patients harbored one or
more genetic abnormalities, most of which were abnor-
malities in chromosome 7 (Online Supplementary Table 51).
In contrast, human cell engraftment of mice transplanted
with cells obtained from normal individuals and patients
1,3,4,7,9, and 10 consisted mainly of B-lineage cells, typ-
ical of normal human cell differentiation in the NOG mice
environment.”?" Analyses of cytospin samples prepared
from human cells recovered from the bone marrow of
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these mice confirmed a B-cell dominant differentiation
(Figure 1D). In addition, no clonal markers specific to
patients’ phenotype were detected by FISH analysis
(Online Supplementary Table S3, patients 9 and 10). The
human engraftment in mice injected with cells from these
patients was, therefore, considered to come from a minor
population of normal hematopoietic stem cells co-existing
in the patients’ bone marrow CD34" cells.

Co-transplantation of bone marrow CD34" cells along
with human MSC facilitated the engraftment of MDS-orig-
inated cells (Table 1; patients 5 and 11). In mice transplant-
ed with bone marrow CD34" cells and MSC, more than
80% of human cells expressed CD33 while less than 4%
expressed CD19 (5/5), in contrast to the mice transplanted
with bone marrow CD34" cells alone (23.81% and 29.09%
CD19* cells) or in combination with dermal fibroblasts
(49.13% CD19" cells) in which B-cell proliferation was
more notable (3/3), thus suggesting that normal human
cells were also engrafted. The co-injection of the CD34
fraction of bone marrow cells did not yield any human cell
engraftment (2/2). These results indicate the unique prop-
erty of MSC of facilitating the engraftment of MDS-origi-
nated cells.

Figure 1. Engraftment of human MDS-originat-
ed hematopoietic cells in the hone marrow
(BM) of NOG mice. (A) Representative flow
cytometric profiles of BM cells recovered from
mice engrafted with patients’ BM cells. The
majority of human CD45-expressing cells were
positive for a myeloid marker CD33 in patients
8, 11, and 14, while some CD19* cells were
present in BM cells recovered from the mouse
engrafted with cells from patient 2. For patient
14, approximately one quarter of CD33" cells
co-expressed CD34. The percentages of cells in
the respective regions are shown. (B) FISH
detection of a partial deletion of chromosome
7 and monosormy 7. Human cells recovered
from the mice engrafted with BM cells from
patient 6 and patient 11 were subjected to
FISH analysis using D7Z1 (green signal for cen-
tromere of chromosome 7) plus D75486 (red
signal for 7q31 region) probes for patient 6
and D7Z1 (yellow signal) probe for patient 11.
In a lower panel, a murine granulocyte with a
ring-shaped nucleus which did not hybridize
with the human probe is located adjacent to
the human cell hybridized with D724. All cells
analyzed (10 cells for patient 6 and 100 cells
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for patient 11) demonstrated the same out-
come. (C) Chromosomal analysis of cells recov-
ered from the mice transplanted with MDS-
originated cells obtained from the BM of
patient 13 and patient 14 demonstrated the
maintenance of the original abnormal kary-
otype, namely isochromosome 17 and mono-
somy 7 (arrows), respectively. Eight cells were
analyzed for patient 13 and 20 cells for patient
14. (D) Wright-Giemsa-stained cytospin prepa-
rations made of CD45-sorted human cells. In
the cytospin samples for patient 2, various
stages of myeloid lineage cells and an
eosinophil are shown. An insert shows a mye-
locyte with pseudo-Peiger anomaly. For patient
114, an arrow indicates a bi-nucleated myelo-
cyte. Inserts show differentiated neutrophils.
The majority of cells found in a cytospin prepa-
ration of BM cells obtained from the mice
engrafted with cells from patient 14 demon-
strated fine chromatin formation and conspic-
uous nucleoli. Cytospin samples of a normal
cell-engrafted mouse (patient 1) were com-
posed of lymphocytes.




Histological analysis of the bone marrow compartment
of mice engrafted with myelodysplastic
syndrome-originated cells

Successful engraftment of MDS-originated cells from six
patients prompted us to dissect out the phenotypes of
MDS-originated cells in the murine bone marrow environ-
ment. Although MDS is normally a disease of normal- to
hyper-cellularity, the total number of bone marrow cells
recovered from injected tibiae of the mice engrafted with
MDS-originated cells was significantly lower than that of
the mice engrafted with normal cells (Table 1, MDS-origi-
nated cell engrafted tibiae: 2.48+1.81 10°, n=11, normal
cell engrafted tibiae: 5.59+3.14 10°, n=13, P=0.004). We
then analyzed histological sections of mice engrafted with
bone marrow cells from patients 11, 13, and 14.
Consistent with the above finding, the marrow of the ani-
mals engrafted with MDS-originated cells from patient 11
appeared distinctly hypocellular compared to the marrow
of normal cell-engrafted animals (Figure 2A). Human cells
expressing human CD45, CD15, CD31, CD61, or gly-
cophorin A (GlyA) were scattered throughout the marrow
compartment in the injected tibiae of mice engrafted with
normal cells or cells from patient 11. Neither human
hematopoietic cells nor mesenchymal cells were observed
in the contralateral tibiae of the same mice (Figure 2B and
data not shown), consistent with our previous findings that
intramedullary injected cells, especially when a limited
number of cells were used, had a tendency to stay in the
injected tibia.'s"®

The cytology and bone histology of the mice engrafted
with cells from patients 13 and 14 revealed that most of
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the marrow compartment was filled with large human
CD45" leukemic blasts with prominent nucleoli (Figures
1D and 2A, and data not shown), leaving little space for nor-
mal murine hematopoiesis. Consistently, the number of
non-human cells in the tibiae of mice engrafted with
MDS-originated cells was significantly lower than that of
the mice engrafted with normal cells (MDS-originated
cell-engrafted tibia: 1.98+1.8 10°, n=11, normal cell-
engrafted tibia: 4.59+2.7 10°, n=13, P=0.006). Although all
experimental animals were irradiated equally, to exclude a
possibility of heterogeneous response to sublethal irradia-
tion as a cause of this decreased bone marrow cellularity
in tibiae engrafted with MDS-originated cells, the number
of non-human cells was also compared with that in the
contralateral tibia of the same mice. The number of non-
human cells in the injected tibia was significantly lower in
the mice engrafted with MDS-originated cells (injected
tibia: 3.08+1.35 10° contralateral tibia: 5.12+0.84 10¢,
n=4, P=0.02), while there was no difference in non-human
cell cellurality in mice engrafted with normal cells (injected
tibia: 5.4+0.8 10° contralateral tibia: 5.2+1.2 10°, n=3,
P=0.4). The cell surface phenotypes of cells from patients
13 and 14 in murine bone marrow were primarily CD34*,
CD31", or CD61". Unlike the mice engrafted with normal
cells or bone marrow cells from patient 11, the cells
derived from patients 13 and 14 in the bone marrow rarely
expressed CD15 or GlyA, two lineage markers used in this
histological study.

Interestingly, proliferating primitive CD34* cells were
prominently clustered along the endosteum, contrasting
with the bone marrow of animals transplanted with nor-
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Figure 2. Histological analysis of human MDS-
originated cells in murine bone marrow (BM). (A)
Immunohistochemical staining of bone sections
of the mice engrafted with BM cells from normal
individuals and patients 1.1 and 14. Human cells
were recognized by specific staining for human
antigens. Cells that reacted with antibodies spe-
cific to human CD45, CD15, CD31, CD61, and gly-
cophorin A (GlyA) were detected throughout the
murine BM compartment in the bone samples of
normal individuals and patient 11. Relatively
small megakaryocytes with separated nuclei (an
arrow) were often observed in the CD341 stained
sections of the mice engrafted with cells from
patient 11. Note, murine megakaryocytes are
negative for human CD6L (an arrowhead), con-
firming the specificity of the antigen-antibody
reaction. In bone samples of patient 14, human
CD45-expressing cells occupied most of the mar-
row compartment. Cells expressing megakary-
ocytic markers, CD341 and CD61, were noticeable.
(B) A human CD45-stained bone section of con-
tra-lateral tibia of the mice intramedullary inject-
ed with MDS-originated bone marrow CD34" cells
from patient 11 and MSC. Neither obvious
hypocellularity nor human CD45" cells were
detected. (C) In bone samples of patient 11, MDS-
originated CD34" cells proliferated along the sur-
face of the endosteum, while individual CD34*
cells (arrows) attached to the endosteum in nor-
mal cell-engrafted mice. Invasion of CD34* cells
was prominent in bones engrafted with cells from
patient 14. (D) The cells expressing only CD34
(arrowheads) attached to the endosteum, but the
cells expressing both CD34 and CD38 did not
(arrows). The cells expressing only CD38 (double
arrows) were located distant from the bone.
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mal CD34* cells in which individual CD34- cells attached
to the endosteum (patient 11, Figure 2C). The endosteal
surface of primary recipient mice for patient 14 was cov-
ered with CD34" cells, indicating an invasion of the puta-
tive hematopoietic stem cell niche by MDS-originated
CD34* cells (Figure 2C). Consistent with a previous
report,”” many of the MDS-originated CD34" cells adher-
ing to the endosteal surface lacked CD38 expression. The
immunophenotypes of human cells gradually changed
from CD34°CD38 to CD34'CD38", and eventually to
CD34CD38" as cells were located further away from the
endosteum (Figure 2D).

Sequential engraftment of myelodysplastic
syndrome-originated cells

Serial transplants were conducted using bone marrow
cells recovered from mice engrafted with bone marrow
CD34" cells from patients 11, 13, and 14. MDS-originated
cells from patients 13 and 14, two patients whose cells
demonstrated limited differentiation ability in murine
bone marrow, but not from patient 11, successfully
engrafted in secondary recipient mice (Figure 3A). In addi-
tion, it was possible to maintain the MDS-originated
bone marrow cells from patient 14 for more than 2 years

o

2nd Tx

in vivo through passaging until the 8" recipient. The
immunophenotypes of the engrafted cells were basically
maintained throughout the experiments despite a gradual
decline in the percentages of human cells over the period
of the serial transplants. Interestingly, the frequency of
CD34-expressing cells increased in the later transplant
animals (Online Supplementary Table S4 and Figure 3B),
even though the frequency of CD34" cells (%) in the
endosteal area (within the distance of 5 cells) declined
(63.79 £ 3.23, 40.56 = 1.95, 38.85+0.87, and 29.88+6.74,
for the 3%, 5*, 6* and 7* transplants, respectively), indi-
cating a widespread distribution of primitive CD34" cells
and, thus, the selection or overgrowth of blastic cells
against lineage differentiation. As expected, CD34" cells,
but not CD34 cells, were able to sustain neoplastic cell
growth into the next generation (Online Supplementary
Table S4). Importantly, fluorescent activated cells sorting
(FACS) analysis of human cells recovered from the
engrafted mice demonstrated the maintenance of approx-
imately the same proportion of CD34'CD38 cells, a sub-
population of cells that includes leukemic stem cells,®*
until the 7* engraftment even though the overall human
cell chimerism declined (Figure 3B).

Human cells were localized in the endosteal region in the

Figure 3. Serial transplantation of MDS-originat-
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(FN) of bones of normal cell- and MDS-originated
cell-engrafted mice. Murine and human cells in
normal cell-transplanted mice were tightly
enveloped by fibronectin while the fibronectin
network of MDS-originated cell-engrafted mice
was disrupted. A light field photograph con-
firmed the well-structured fibronectin network in
the BM of normal cell-engrafted mice, but only
fibronectin fibrils were detected in the MDS-orig-
inated cell-engrafted mice. Stained sections of
the mice engrafted with cells from patient 11 are
shown. The same staining patterns were con-
firmed in bone sections of mice engrafted with
cells from patients 13 and 14. (E) MDS-originat-
ed CD34" cells expressing a proliferating marker,
PCNA, interacted with human MSC marked with
green fluorescent protein.
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bone marrow of serially transplanted mice, in contrast to
the situation in the primary recipient mice in which human
CD45 cells were ubiquitously located (Figures 2A and 3C).
Even so, the MDS-originated CD34" cells occupied the
murine endosteal surface, in striking resemblance to the sit-
uation in the bones of the primary recipients, thus indicat-
ing the persistence of leukemic stem cells, at least until the
6 transplant. Although the FACS analysis indicated the
maintenance of a CD34'CD38 subpopulation that includ-
ed leukemic stem cells until the 7* serial transplant (Figure
3B), the 8" transplant did not result in obvious human cell
engraftment (Online Supplementary Table S4). Consistent
with this, in histological studies of the bone marrow of the
recipient of the 7 transplantation, MDS-originated CD34*
cells attached to the bone surface had disappeared (Figure
3C). These results are also consistent with our previous
finding that CD34'CD88" fractions are heterogeneous and
stem cells reside at the endosteal surface.”

The microenvironment of mice engrafted
with myelodysplastic syndrome-originated cells

The proliferation and survival of neoplastic cells are
influenced by the host microenvironment. In this study,
decreased bone marrow cellularity was a distinctive fea-
ture of all the MDS-originated cell engrafted samples ana-
lyzed (Table 1), thus indicating the suppression of murine
hematopoiesis when neoplastic cells were present. To
shed light on how neoplastic cells gained competitive
advantages over normal host cells, the marrow compart-
ments of animals engrafted with MDS-originated cells and
normal bone marrow cells were examined. In the mice
engrafted with normal bone marrow cells, the fibronectin
network was well-structured throughout the marrow cav-
ity (Figure 3D). In contrast, fibronectin network formation
was irregular or disrupted in the mice engrafted with
MDS-originated cells. Clusters of human CD34* cells were
proliferating around the disrupted fibronectin fibrils in the
central medulla of the bone marrow compartment. These
observations, combined with an earlier histological find-
ing that contralateral tibiae of the mice engrafted with
MDS-originated cells exhibited normal cellularity (Figure
2B), suggest that the disruption of fibronectin network
favors survival and proliferation of MDS-originated cells,
while making it difficult to sustain normal hematopoiesis.
In addition, CD84" cells with a proliferation marker,
PCNA*, were associated with co-transplanted MSC
(Figure 3E) in MDS-originated cell engrafted bone marrow,
which suggests the involvement of transplanted MSC in
the engraftment, survival and proliferation of MDS-origi-
nated cells in the murine microenvironment.

Discussion

The recent development of mouse models of human
acute leukemia are helping us to understand the pheno-
types and physiology of leukemic stem cells. Although the
engraftment of clonal MDS cells has been reported,®* lit-
tle is known about the behavior of MDS stem cells in vivo
because of the difficulties of propagation of MDS cells up
to a level that allows detailed investigation of MDS biolo-
gy. In this study, in order to establish a reliable murine
model for human MDS, bone marrow CD34" cells from
patients with MDS and AML-MRC were co-injected with
human MSC into the bone marrow of mice, a method

A xenograft model of human MDS

proven to help engraftment and differentiation of human
hematopoietic cells in the murine bone marrow microen-
vironment."*** Successful engraftment of MDS-originat-
ed cells was observed in three out of six MDS cases (3 out
of 8 mice engrafted with patients’ cells) and three out of
eight AML-MRC cases (9 out of 12 mice engrafted with
patients’ cells). Much to our surprise, the mice engrafted
with MDS-originated cells uniformly exhibited significant
decreases in the number of non-human bone marrow cells
in the injected tibiae in comparison to the number of such
cells in mice engrafted with normal cells, even when the
percentage of human cells was less than 1% of total
mononuclear cells. This is consistent with the fact that
suppression of normal hematopoiesis can occur even
when the tumor burden is relatively low. We found that
most of the endosteal surface was covered with MDS-
originated CD34" cells, a phenomenon also seen in murine
models of acute leukemia,"** which could be the underly-
ing basis for the selective outgrowth of MDS-originated
clones in patients over time.

The MDS-originated cells recovered from the human
cell-engrafted mice maintained many characteristics of the
original patients’ cells, such as the cell surface phenotype
and cytogenetic abnormalities. Unlike the previous two
studies in which clonal abnormalities were detected in a
fraction of cells,** we confirmed the presence of abnor-
malities in all cells examined by either FISH or chromoso-
mal analysis, probably because purified bone marrow
CD34" cells were used, rather than bone marrow
mononuclear cells or T-cell-depleted blood or bone mar-
row cells. This makes our method more attractive for
studying the behavior of MDS-originated cells i vivo
because the majority, if not all, of the engrafted cells can
be assumed to originate from clonal MDS cells. The
majority of cells capable of engrafting in murine hosts
were derived from patients carrying one or more genetic
abnormalities (5/6; Ouline Supplementary Table S1). It is
also noteworthy that four of those patients harbored an
abnormality in chromosome 7, monosomy 7 or a partial
deletion of chromosome 7, which is commonly found in
Asian MDS cases and an indicator of aggressive disease
with a poor prognosis.**” On the other hand, five of eight
cases that did not engraft or engrafted with normal cells
were genetically normal. Taken together, the engraftment
ability of MDS-originated cells positively correlated with
the cytogenetic abnormalities of the patients.

In the current study, we attempted to explore the impor-
tance of MSC in engraftment of MDS-originated cells by
comparison to non-bone marrow-derived stromal cells and
the non-stromal component of bone marrow cells as auxil-
iary cells of transplantation. The presence of non-bone
marrow-derived stromal cells (dermal fibroblasts) or non-
stromal cells (cells of the CD34 fraction) did not help
engraftment of MDS-originated cells. In contrast, the pres-
ence of MSC consistently improved engraftment of MDS-
originated bone marrow CD34" cells. The pro-engraftment
effect observed in our study could, therefore, be uniquely
attributed to the presence of bone marrow-derived MSC.
An investigation of how MSC help engraftment of human
hematopoietic cells was beyond the scope of this study,
but our observation of a physical interaction between
MDsS-originated CD34" cells and MSC (Figure 3E) suggests
that MSC create a favorable environment for human MDS-
originated cells to survive in the murine microenviron-
ment, possibly through the physical interaction itself and
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production of human cytokines, as indicated by our previ-
ous study.™ It has been speculated that microenvironmen-
tal changes are involved in the pathogenesis of MDS.**
However, since there was no significant difference in the
engraftment of MDS-originated cells between normal (allo-
geneic-) and patient-derived (autologous-) MSC transplant-
ed groups tested in this study, humanization of the
microenvironment appeared more important, at least in
our present study. One interesting finding in the serial
transplantation study was that AML-MRC cells that had
already engrafted in mice no longer required auxiliary cells
or an intramedullary route of administration in subsequent
transplants, perhaps because the cells with an ability to
overcome hurdles to homing and engraftment in a murine
host were selected during the serial transplants.

Local regulatory signals from the surrounding microen-
vironment to stem/progenitor cells play restrictive roles
not only for normal cell development but also for tumori-
genesis and metastasis.*’ It has also been reported that
leukemic cells disrupt the behavior of normal hematopoi-
etic progenitor cells by creating an abnormal microenvi-
ronment.* The microenvironment consists of heteroge-
neous types of cells and extracellular matrix proteins.
Fibronectin is one of the major components of microenvi-
ronment structure. It was shown that mice lacking the
enzyme needed to produce galactocerebrosides, a class of
glycolipids in the nervous system, had an altered
fibronectin network in the marrow microenvironment,
which resulted in defective intramedullary lymphopoiesis
and a hypocellular bone marrow.® Several studies found
that interactions between leukemic cells and fibronectin
prevented the apoptosis of leukemic cells from patients
with AML, acute lymphocytic leukemia, and B-cell chron-
ic lymphocytic leukemia, as well as leukemic cell lines 1
vitro. > In this study, mice engrafted with MDS-originat-
ed cells had an overall disruption of the fibronectin net-
work in the bone marrow compartment and a striking
decrease in the number of non-human bone marrow cells,
indicating the importance of the three-dimensional struc-
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