SNP-chip analysis in normal karyotype AML/MDS

leukemia. About 30% of AML patients have loss of
expression of the ETV6/TEL protein;" * mutatdons of
ETVo/TEL were found in 2% of AML samples, and
these mutants behaved in a dominant-negative fash-
ion." Interestingly, previous array-comparative genome
hybridization analysis of normal karyotype AML

showed duplication of 8¢24.13-¢24.21 (including the
MYC gene) and deletion of 12p12.3 (including the ETVe
gene);” this constellation of alterations was also
observed in our study.

Our microarray analysis showed that regions with
copy-number loss or gain of chromosomal material
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Figure 4. mRNA microarray analyses of acute myeloid leukemia samples. (A) Relationship between genomic abnormality and gene
expression in acute myeloid leukemia case #11. mRNA microarray analysis was performed on all samples, and expression levels of
acute myeloid leukemia cells from case #11 were compared to those of 37 normal karyotype acute myeloid leukemia samples.
Affymetrix microarray analysis showed decreased average gene expression in the deleted regions, and increased average gene expres-
sion for trisomy 8: the difference of mean expression of genes located in the deleted region of chromosomes 5 (upper, left), 7 (upper,
right), 17 (lower, right) and trisomy 8 (lower, left) were -0.21+0.01, -0.16+0.013, -0.27+0.018, and +0.21+0.012 (mean difference +
standard error), respectively. (B) Expression levels in acute myeloid leukemia cells from cases #20, #4 and #5 were compared with
those in 36 normal karyotype AML samples. The differences in mean expression of genes located on the deleted region of chromo-
some 9 in case #20 (right), chromosome 17 in case #4 (middle), and chromosome 12 in case #5 (left) were -0.15+0.07, -0.37+0.07,
and -0.23+0.051 (mean difference * standard error), respectively. Each spot (black and red, Y-axis) indicates one gene and reflects the
difference between each case and the mean of the other cases. Red spots represent genes located on an aberrant chromosome. The
X-axis shows the chromosomal location.
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were associated with either decreased or increased
mRNA expression of genes in that same region, respec-
tvely, demonstrating the relationship between chromo-
somal status and gene expression. From an analysis per-
spective, we applied a descriptive approach and intend-
ed to assess plausibility of data. Some genes do indeed
have higher expression values in deleted regions (Figure
4A, red points above zero) thanin other cases, and some
genes have lower values in trisomy (Figure 4A, red
points below zero) than in other cases. However on
average, expression in deleted regions is clearly lower
than in non-deleted cases.

Because most regions are not recuriing, we compared
only one sample versus the rest (i.e. case #11 was com-
pared with 37 normal karyotype AML/MDS cases; and
cases #20, #4 and #5 were compared with other normal
karyotype AML/MDS samples.) Various technical and
biological sources of noise can confound the analysis.

Overall, expression data appear to be consistent with
chromosomal deletions and amplifications of the inves-
tgated regions. Further studies in larger cohorts of
patients should enable prognostic stratification of
patients in relation to their genomic changes and reveal
new therapeutic targets.
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INTRODUCTION

Graft-versus-host disease (GVHD), as well as
graft-versus-leukemia effect (GVL), are essentially
allo-immune reactions, which are induced by the en-
grafted donor T cells that recognize the host-derived
allo-antigens presented on their targets (I'igure 1). In
HLA-matched transplantation, these antigens are
called minor histocompatibility antigens (mHags),
and are typically defined by the host single nucleotide
polymorphisms (SNPs) that are not shared by the
donor and therefore considered to be genetically
mismatched between the donor and the recipient
[1-3]. Thus, the development of both allo-reactions
absolutely depends on the presence of 1 or more
mismatched mHags, although these reactions could
be further modified by other genetic as well as environ-
mental factors, including, cytokine polymorphisms
and GVHD prophylaxis. So, in view of better prevent-
ing GVHD and specifically targeting allo-immunity to
the tumor component, central questions are what
mHAgs are responsible for the development of
GVHD or GVL and what genetic factors can influence
the overall reactions, which are the plausible targets of
genome-wide association studies (GWAS) [+-8].

To identify the genetic basis of GVHD, we con-
ducted GWAS by genotyping more than 500,000
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SNPs using Affymetrix GeneChip platforms [9,10] in
donors and recipients from 1,598 unrelated transplants
performed through the Japan Marrow Donor Program
(JMDP). All transplants were matched for HLA-A, B,
C, DRBI, and DQBI1 by high-resolution DNA typing,
while 1033 (63%) transplants were mismatched for
HLA-DPBI. Six hundred fifty-six (41.7%) and 245
(14.9%) of transplants had developed grade II-IV
and grade III-IV of acute GVHD (aGVHD), respec-
tively. Overall SNP call rates exceeded 98% both in
donors and in recipients. Unobserved HapMap
Phasell SNPs were rigorously imputed from the gen-
otyped SNPs [11-13]. After excluding those disquali-
fied SNPs showing <95% call rate, deviation from
Hardy-Weinberg equilibrium, or <5% minor allele
frequency, 1,276,699 SNPs were tested for association
with development of aGVHD and chronic GVHD
(cGVHD), relapse, and overall survival (OS), by calcu-
lating log-rank statistics for each SNP. Statistical
thresholds for genome-wide P value of .05 were deter-
mined empirically by doing 1,000 permutations for
each analysis. Association tests were performed with
regard to the simple genotype of donor and recipient
SNPs. Alternatively, to identify possible mHag loci,
GWAS were performed based on the allele-mismatch
defined for each SNP locus, rather than simple SNP
genotypes in donors and recipients. In the latter
setting, associations were tested within the subgroups
that shared particular HLA-types based on HLA-
restriction. Generally speaking, the sample size of
~1,600 transplants in the current study was relatively
small compared to the size of typical GWAS studies,
and it was further reduced in the subgroup analysis
[8]. Thus, it was likely that we could find only those
mHag loci that were restricted to major HLA alleles
and whose allele-mismatch conferred strong genetic
effects on the development of GvHD [14,15]. How-
ever, this did not necessarily preclude conducting the
current study, because it was such mHags that are
thought to be clinically relevant.
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Figure 1. Allo-immunity plays central roles in HSCT.

In the analysis regarding genotype mismatch for
aGVHD under the assumption of no HLA restriction,
SNPs around the HLA-DPBI locus showed strong
association with the development of grade II-IV
aGVHD with the maximum P value of 1.81 x 107’
at rs6937034, and thus, the GWAS successfully
captured the association of HLA-DPBI1 allele mis-
match as directly defined by high-resolution DNA /N
ing (hazard ratio [HR] = 1.91, P = 2.88 x 107 ")
(Figure 2) [16]. No other loci were identified that
were significantly associated with aGVHD under the
assumption of no HLA restrictions. To identify the
target mHags for aGVHD, we further performed sub-

A Log Rank test for trend
15 No HLA restriction
event: grade >=2 acute GVHD
category: allele mismatch I

2 4 6

Biol Blood Marrow Transplant 15:39-41, 2009

group analyses, in which the analysis were confined to
those transplants sharing major HLA types among the
Japanese population [17]. Six loci were identified as
candidate mHag loci. rs17473423 on chr12 was associ-
ated with the A*2402/B*5201/Cw*1201/DRB1*1501/
DQB1*0601, which represents the most prevalent
HLA haplotype among the Japanese population and
shared in ~40% of unrelated transplants in Japanese
(grade III-IV aGVHD, with maximum P = 3.99 x
107 ") (Figures 2b and 3b). rs9657655 on chr9 was as-
sociated with another common haplotype in Japanese,
A*3303/B*4403/Cw*1403 (grade II-IV aGVHD with
maximum P = 8.56 x 10717) (Figures 2c and 3b). We
found additional 4 loci that were associated with
DQB1*0501, Cw*0102, B*5201, and Cw*1202. We
also tested the association of GVHD with simple
genotype in either recipients or donors, though which
2 recipient SNPs were found to be associated with
aGVHD, 155998746 on chr22 (P = 3.41 x 10 %) and
1511873016 on chr18 (P = 1.26 x 10~%), whereas no
donor SNPs showed significant associations. Simi-
larly, we identified 4 candidate SNPs associated with
the development of severe cGVHD or relapse.

Our study provided a unique opportunity, in that
a combination of 2 different genotypes, rather than
mere genotypes in single individuals, is explored for as-
sociation with particular disease phenotypes through
whole genome association scanning. Although further
replication studies and biologic confirmation are
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Figure 2. Representative results of GWAS based on genotype mismatch. —logoP values are plotted in genetic order. Results are presented for asso-
ciation tests for genotype mismatch under no HLA restriction (A), and under the restriction to HLA DQBI*0601 (B) and HLA B*4403 (C).
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SNPs that belong to the positive peak are also depicted in blue.

required, our results suggest that whole genome associ-
ation studies of allo-SCT could provide a novel clue to
our understanding of the genetic basis of GVHD.
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Human embryonic stem cells (hESCs)
proliferate infinitely and are pluripotent.
Only a few reports, however, describe
specific and efficient methods to induce
hESCs to differentiate into mature blood
cells. Itis important to determine whether
and how these cells, once generated,
behave similarly with their in vivo-
produced counterparts. We developed a
method to induce hESCs to differentiate
into mature neutrophils. Embryoid bod-
ies were formed with bone morphogenic
protein4, stem cell factor (SCF), Fit-3

ligand (FL), interleukin-6 (IL.-6)/IL.-6 recep-
tor fusion protein (FP86), and thrombopoi-
etin (TPO). Cells derived from the embry-
oid bodies were: cultured on a layer of
irradiated OP9 celis with a combination of
SCF, FL, FPs§, IL-3, and TPO, which was
later changed to granulocyte~colony-
stimulating factor. Morphologically ma-
ture neutrophils were obtained in approxi-
mately 2 weeks with a purity andefficiency
sufficient for functional analyses. The
population of predominantly mature neu-
trophils (hESC-Neu’s) showed superox-

ide production, phagocytosis, bacteri-
cidal activity, and chemotaxis similar to
peripheral blood neutrophils from heaithy
subjects, although there were differences
in the surface antigen expression pat-
terns, such as decreased CD16 expres-
sion and aberrant CD64 and CD14 expres-
sion in hESC-Neu’s, Thus, this is the first
description of a detailed functional analy-
sis of mature hESC-derived neutrophils.
(Blood. 2009;113:6584-6592)

Introduction

Embryonic stem (ES) cells can self-renew and differentiate into
cells derived from all 3 gerin layers (ie, ectoderm, endoderm, and
mesoderm). Both mouse and human ES cells give rise to mature
blood cells of granulocyte/macrophage, erythroid, and megakary-
oid lineages in vitro. For blood cell induction from ES cells, the
majority of investigators use a coculturing system with mouse
stromal cells such as S17! or OP9.23 Embryoid body (EB)
formation is also a commonly used method to obtain starting
materials for farther culture.*¢ Cell surface antigens, such as CD43
and CD34, and colony-forming ability are used as blood cell
markers. Hemangioblasts, which have the capacity to differentiate
into both endothelial and blood cells, have also been produced.”
Only a few studies, however, have achieved specific. and effective
induction of mature blood cells from ES cells, particularly human
ES cells (hESCs).10

Human ESC-derived blood cells are potentially useful as a
replacement for donation-based blood for transfusion in clinical
settings, for drug discovery screening, and for monitoring drug
efficacy and toxicity. The current blood. donation system for
transfusion is incapable of providing enough granulocytes for
patients with life-threatening neutropenia; although granulocyte
transfusion could have a potentially significant benefit for a
certain population of severely neutropenic patients.!'? Given
the large amount of neutrophils required for transfusion,?
hESC-derived neutrophils might be a unique solution for this
treatment demand. Therefore, the development of a highly
effective method of neutrophil differentiation from hESCs is an

important step for both clinical application of hESCs and
granulocyte transfusion medicine.

The lack of an effective method for obtaining hESC-derived
neutrophils with purity sufficient for functional analysis, however,
has hampered progress in this field. Once neutrophils with a high
purity can be generated from hESCs, it will be important to
compare their activities with those of neutrophils produced in vivo,
particularly given the fact that hESCs rarely give rise to hematopoi-
etic stem cells in vitro,™ and thus, that hESC-derived neutrophils
might not be a progeny of hematopoietic stem cells. Here, we
developed an effective method of deriving mature neutrophils from
hESCs through EB formation and subsequent coculture with OP9,
and analyzed their morphologic and phenotypic characteristics. We
then perforined functional analyses of hESC-derived neutrophils in
vitro, focusing on superoxide production, phagocytosis, bacteri-
cidal activity, and chemotaxis, in comparison with peripheral blood
neutrophils (PB-Neu's) obtained from healthy subjects.

Methods

Human ES cell culture and EB formation

In all experiments using hESCs. we used KhES-3% cells (a kind gift from
Dr Nakatsuji: Kyoto University, Kyoto, Japan), which were maintained as
previously described.' Briefly, KhES-3 colonies were cultured on irradi-
ated mouse embryonic fibroblasts in Dulbecco modified Eagle mediunyF12
(Invitrogen, Carlsbad, CA) supplemented with 20% KNOCKOUT serum
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replacer (Invitrogen) and 2.5 ng/mL human basic fibroblast growth factor
(Invitrogen). The culture medium was replaced daily with fresh medium.
Colonies were passaged onto new mouse embryonic fibroblasts every 6
days. To induce the formation of EBs, KhES-3 colonies were picked up
using collagenase. and cultured in suspension in nonserum stem cell
medium that we previously used in a hematopoietic stem cell expansion
protocol.!? After 24 hours. the colonies formed EBs. which were collected
and cultured further for 17 days in Iscove modified Dulbecco medium
(IMDM: Invitrogen) containing 15% fetal bovine serum (FBS). 1%
nonessential amino acid (Invitrogen), 2 mM L-glutamine. 100 U/mL penicil-
lin, 100 pg/mL streptomycin, and 0.1 mM 2-mercaptoethanol (ME) supple-
mented with cytokines (25 ng/ml. bone morphogenic protein-4 [R&D
Systems, Minneapolis. MN], 50 ng/mL stem cell factor [SCF; R&D
Systems], 50 ng/mL Fit-3 ligand [R&D Systems]. 50 ng/mL interleukin-6
[{IL-6}/TL-6 receptor fusion protein [FP6: Kyowa Hakko Kirin, Tokyo,
Tapan], and 20 ng/mL thrombopoietin [TPO: Kyowa Hakko Kirin]).

Expansion of hematopoietic progenitor cells and terminal
differentiation into mature neutrophils on OP9 stromal cells

OPY cells (a kind gift from Dr Nakano; Osaka University, Osaka, Japan)
were -irradiated with 20 Gy and plated onto gelatin-coated 6-well tissue
culture plates at a density: of 1.5.X 10%well. The next day.. the EBs
(incubated for 18 days after the initiation of suspension culture) were
wrypsinized and disrupted into single cells. Cells were suspended in the
progenitor expansion medium (IMDM supplemented with 10% FBS, 10%
horse serum [StemCell Technologics, Vancouver, BC]. 5% protein-free
hybridoma medium [Invitrogen], 0.1 mM 2-ME. 100 U/mL penicillin,
100 pg/mL streptomycin, 100 ng/mL SCE Fit-3 ligand. FP6. and 10 ng/mL
TPO and IL-3 [R&D Systems]) and plated onto the irradiated OPY cells
(day 0). Each well contained up to 5 X 10° EB-derived cells. The culture
medium was replaced with fresh medium on day 4.

On day 7 of the progenitor expansion phase. floating cells were
collected, suspended with terminal differentiation medium (IMDM supple-
mented with 10% FBS. 0.1 mM 2-ME. 100 U/mL penicillin, 100 jig/mL
streptomycin, and 50 ng/mL granulocyte colony-stimulating factor [G-
CSF: Kyowa Hakko Kirin]), and transferred onto the newly irradiated OP9
cells. The culture medium was replaced with fresh medium on day 10, This
terminal differentiation phase culture was continued for 6 or 7 days.

Preparation of normal PB-Neu’s and bone marrow
mononuclear cells

Human peripheral blood and bone marrow cells were obtained from healthy
adult donors after obtaining informed consent in accordance with the
Declaration of Helsinki. The institutional review board of the University of
Tsukuba approved the use of peripheral blood neutrophils in this research.
PB-Neu's were prepared a5 previously described.’ The purity of the
neutrophils was greater than 90%, with the remaining cells mainly
eosinophils. Neutrophils were suspended in Hanks balanced salt solution
(HBSS; Invitrogen) containing 0.5% bovine seram albumin (BSA): and
placed at 4°C. In some experiments, peripheral blood mononuclear cells
(PB-MNCs) were coliected from the intermediate layer after centtifugation
with Lymphoprep (Axis-shield. Oslo, Norway). Bone matrow cells were
directly centrifuged with Lymphoprep, and only mononuclear cells were
collected. Bone marrow monontclear cells (BM-MNCs) were used imme-
diately for RNA extraction.

Wright-Giemsa, myeloperoxidase, and alkaline-phosphatase
staining

The morphology and granule characteristics of hESC-derived cells at the
indicated days were assessed by Wright-Giemsa staining, comparing them
with normal PB-Neu’s. Myeloperoxidase and alkaline-phosphatase staining
was performed using the New PO-K staining kit and alkaline phosphatase
staining kit (MUTO PURE CHEMICALS, Tokyo, Japan). The prepared
slides were inspected using an Olympus BX31 microscope equipped with a
100 X /1.30 UPlan objective lens (Olympus, Tokyo, Japan). Images were
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acquired with an HC-2500 digital camera and Photograb-2500 software
(Fujifilm. Tokyo, Japan).

Electron microscopy

After 13 or 14 days culture, the population contained predominantly
morphologically mature neutrophils, and was defined as hESC-Neu's. The
hESC-Neu’s and PB-New’s were fixed in 2% paraformaldehyde/2.5%
glutaraldehyde in 0.1 M phosphate buffered saline (PBS; Invitrogen) for at
least 12 hours, and then postfixed in 12 osmium tetroxide in 0.1 M PBS for
2 hours. After fixation, samples were dehydrated in a graded ethanol series.
cleared with propylene oxide, and embedded in Epon. Thin sections of
cured samples were stained with uranyl acetate and Reynolds lead citrate.
The sections were inspected using a transmission electron microscope,
H7000 (Hitachi, Tokyo, Japan).

Semiquantitative RT-PCR for lactoferrin

Total RNA was obtained from hESC-derived cells of indicated culture days.
PB-Neu's, PB-MNC’s, and BM-MNC’s using an RNeasy mini kit (QIA-
GEN, Hilden, Germany), and' cDNA was synthesized from each RNA
sample using a random primer and SuperScript 11 (Invitrogen) following
the manufacturer’s protocol. Semiquantitative polymerase chain reaction
(PCR) was performed as previously described.!? The sequence information
of gene-specific primers used in reverse transcription (RT)-PCR and the
PCR conditions is available upon request.

Flow cytometric analysis

Surface antigens of hESC-derived cells harvested on the indicated days
were analyzed by flow cytometry using fluorescence-activated cell sorting
(FACS) Aria (Becton Dickinson Immunocytometry Systems, San Jose,
CA). Fe receptors on the cells were blocked with PBS containing 2% FBS
and FcR Blocking Reagent (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). Antigens were stained with either fluorescein isothiocyanate
(FITC)-conjugated antihuman CD13, CD64. CD11b (Beckman Coulter,
Fullerton, CA). or CD14 (BD Pharmingen. San Diego. CA) antibodies:
phycoerythrin-conjugated antihuman CDI16. CD32, CD33 (Beckman
Coulter), CD11b, or CD4S5 (BD Pharmingen) antibodies; or allophycocyanin-
conjugated antihuman CD15, CD117 (BD Pharmingen), CD34, or CD133
(Myltenyi Biotec) antibodies. The negative range was determined by
referencing the fluorescence of isotype controls. Dead cells were detected
using 7-amino-actinomycin D (Via-Probe; BD Pharmingen).

Apoptosis assay

Neutrophils (hESC-Neu's and PB-Neu's) were suspended in IMDM with
0.5% BSA and incubated in 6-well plates at 37°C with 5% CO,, with or
without 50 ng/mL G-CSE. At the indicated time, neutrophils were har-
vested, stained with FITC-conjugated Annexin V and propidium iodide (PI)
using an Aniexin V-FITC Kit (Beckman Coulter). and analyzed by FACS
Atia. Cells negative for both Annexin V and PI were judged as live cells.

G-CSF stimulation: prior to assessing neutrophil function

Because the functions of hESC-Neu's are modified by G-CSF in the culture
medium, we stimulated hESC-New’s and PB-Neu's (PB-Neu(G-+)’s) for
15 minutes at 37°C with 50 ng/ml. G-CSF in the reaction medium. As a
cotitrol, PB-News without G-CSF stimulation (PB-New(G—)'s) were
prepared. hESC-Neu's; PB-New(G+)’s, and PB-Neu(G—)’s were used for
functional assays directly without changing the medium.

Detection of reactive oxygen species produced by neutrophils

Neutrophil production of reactive oxygen species was detected by flow
cytometry using dihydrothodamine123 (DHR: Sigma-Aldrich, St Louis,
MO) as described previously.2™? Briefly, | X 10° hESC-New’s, PB-
New(G+)'s. or PB-New(G—)'s were suspended in 400 L of the reaction
medium (HBSS containing 0.5¢% BSA) per tube. and 3 tubes were prepared
of ecach sample. Catalase (Sigma-Aldrich) at a final concentration of
1000 U/mL. 1.8 pnL. 29 mM DHR, and 100 L 3.2 uM phorbol myristate
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acetate (PMA; Sigma-Aldrich) were added to 1 of the 3 tubes; either no
DHR or only DHR was added in the other 2 tubes as controls. Reaction
medium was added to bring the final volume up to 500 pL.After 15-minute
reaction at 37°C, the samples.were washed twice with ice~cold reaction
medium, and suspended in 200 L reaction médium. Rhodamine fluores-
cence from the oxidized DHR was detected using FACS Aria:

Phagocytosis and NBT-reduction test using NBT-coated yeast
cells

Phagocytosis and NBT reduction were visualized in a single set of
experiments. Autoclaved Baker yeast was suspended in 0.5% NBT solution
(0.5% NBT {Sigma-Aldrich] and 0.85% sodium chloride in distilled water)
at a density of 1 X 10%mL. A 5-uL aliquot of this yeast suspension was
added to hESC-Neu's. PB-Neu(G+)'s, and PB-Neu(G—y's'at 2.5 X 10° in
50 L FBS. After 1 hour at 37°C, the samples were washed and stained with
1% safranin-O (MUTO PURE CHEMCALS) for 5 minutes. The samples
were then washed twice and suspended in 100 pL PBS. A small aliquot of
cach sample was placed onto a glass slide and topped with a cover glass,
and the number of ingested yeast cells and their change in color from brown
to purple or black were examined using a microscope. Ingested yeast cells
that changed color in the cells were counted as NBT-reaction positive,
wherens those that were ingested but did not change color were counted as
NBT-reaction negative. The phagocytosis rate was calculated as the
percentage of neutrophils that contained one or more NBT-positive yeast
cells. The phagocytosis score was calculated as the total number of positive
yeast cells in 100 neutrophils. Only morphologically determined neutro-
phils were scored, excluding contaminating cells such as macrophages, the
percentage of which was less than 15% of the total cells.

Bacterial killing assay

The bacterial Killing assay was performed using Esclierichia coli ATCC25922
as previously described® with some modifications. Briefly. I X 10% colony-
forming units (CFUs) of exponentially growing bacteria were suspended in
1 mL HEPES-buffered saline with 10% human AB serum (MP Biomedi-
cals, Irvine, CA) and opsonized at 37°C for 30 minutes. Neutrophils
(hESC-New’s. PB-New(G—)'s, and PB-Neu(G+)'s) were suspended in
HEPES-buffered saline with 40% human AB sérum at a concentration of
5 X 10%mL. The opsonized E coli was added to”the suspension of
hESC-Neu's and PB-Neu’s, at a neutrophil/bacteria ratio of 2:1; or control
medium. After I-hour incubation. S0 1L of samples’ with and without
neutrophils were diluted in 2.5 mL: alkalinized water (pH 11) for lysis of
neutrophils. Samples were further diluted with PBS. and duplicate aliquots
were added to molten tryptic soy broth with 1.5% agar kept at 42°C, rapidly
mixed, and plated on dishes. The CFUs were counted after overnight
incubation.

Chemotaxis assay

Chemotactic ability was determined using a modified Boyden chamber
method.™ Briefly, 700 jLL of the reaction medium (HBSS containing 0.5%
BSA) with or without 1077 M formyl-Met-Leu-Phe (fMLP: Sigma-
Aldrich) was placed into each well of a 2d-well plate. and the cell culture
insert (3.0-jum pores; Falcon; Becton Dickinson., Franklin Lakes, NJ) was
gently placed: into each well to divide: the  well into- upper and lower
sections. Neutrophils were suspended in the reaction mediunyat 2.5 X 10¢/
mL and 200 pL cell suspension was added to the upper well; allowing the
neutrophils to migrate from the upper to the lower side of the membrane for
90 minutes at 37°C. After incubation. the membranes were washed, fixed
with methanol, stained with Carrazi hematoxylin (MUTO PURE CHEMI-
CALS), and mounted on the slide glass. The number of neutrophils that
migrated through the membrane from the upper to the lower side was
counted using a microscope with a high-power lens (X 400) in 3 fields:
2 near the edge and 1 on the center. Only mature neutrophils were counted.

Statistical analyses

Results are expressed as mean plus or minus SD. Statistical significance
was determined using a 2-tailed Student ¢ test. Results were considered
significant when P values were less than .05,
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Results

Effective derivation of mature neutrophils from hESCs with
high purity

Alter initiating the suspension culture of EB-derived cells, small
clusters of round-shaped cells appeared on the OP9 stromal layer
around day 4. The morphology of the day-7 cells visualized with
Wright-Giemsa staining suggested that they were myeloblasts and
promyelocytes. On days 9 and 11, myelocytes and metamyelocytes
were predominant, and on day 13 or 14, 70% to 80% of the cells
appeared to be stab and segmented neutrophils (Figure 1A), with
approximately 90% of the granulocytes at the metamyelocyte stage
or later (Table 1). This finding indicated that hESC-derived cells
differentiated into mature neutrophils by a process similar to
physiologic granulopoiesis. The remaining cells appeared to be
macrophages or monocytes, and:cells of other lincages, such as
erythroid or lymphoid cells, were not.observed at any time during
the culture: The number of total cells peaked around days 9 to 11,
with an average 2.9-fold increase (range; 0.5- to 10.0-fold in
23 independent cultures) compared with the initial EB-derived cell
number, The final yield of the cells on day [3 ot 14 was 1.7-fold
(range; 0.1- to 8.8-fold in 28 independent cultures). We attempted
to further purify the hESC-derived mature neutrophils from the
“hESC-Neu" population using density gradient methods, but
higher purification could not be achieved without massively
reducing the cell yield. We therefore used hESC-Neu's in the
subsequent experiments.

Most (97.3% *:1.5%) of the hESC-derived mature neutro-
phils defined by Wright-Giemsa staining were positive for myelo-
peroxidase, and the alkaline-phosphatase score of hESC-Neu’s was
284 plus or minus 8.6 (Figure 1B). Under transmission electron
microscopy, segmented nuclei and round cytoplasmic granules
of hESC-Neu’s appeared very similar to those in PB-Neu's
(Figure 1C).

Some myeloid cell lines, such as HL-60, have abnormal
biosynthesis of secondary granule proteins.?>?¢ Thus, if i$ impor-
tant-to- verify the biosynthesis of secondary granule proteins in
hESC-Neu’s, The levels of lactoferrin' mRNA in hESC-derived
cells at different stages were compared with those in PB-Neus and
BM-MNCs by semiquantitative RT-PCR (Figure 1D). Lactoferrin
biosynthesis begins at the myelocyte stage and terminates by the
beginning of the: band stage.>?7 Lactoferrin mRNA. was not
detected in PB-Neu's: from some donors, but was detected in
PB-Neu’s from others. Human ESC—derived cells at various stages
as well as BM-MNCs expressed lactoferrin mRNA. The expression
level of lactoferrin mRNA in the hESC-derived cells was highest at
day 10 of the induction culture and declined on days 13 and 14.
These findings are consistent with the documented pattern of
lactoferrin biosynthesis.

Surface antigen presentation in comparison to PB-Neu’s

Surface antigen expression at each level of differentiation” of
hESC-derived cells was analyzed by flow cytometry (Figure 2).
From days 7 to 13, the common blood cell antigen CD45 was
expressed in almost all the cells. CD34, CD117, and CD133, cell
surface markers on normal immature hematopoietic cells, were
detected in a small population of the cells on day 7, but disappeared
by day 10. Common myeloid antigens CD33 and CDI1S were also
highly expressed, whereas CD11b expression increased during the
course of maturation. CD13 is also a common myeloid antigen, but
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Figure 1. Morphology of hESC-derived cells and expression of lactoferrin mRNA. (A) Wright-Giemsa staining of the day-7 cells (i) revealed that they were morphologically
myeloblasts and promyelocytes. On days 9 (ii) and 11 (iii), myelocytes and metamyelocytes were predominant, and on day 13 (iv; hESC-Neu), 70% to 80% of the cells
appeared to be stab and segmented neutrophils. Original magnification, +1000. (Bi) 97.3% plus or minus 1.5% of hESC-Neu's were myeloperoxidase positive. (i) The
neutrophil alkaline-phosphatase score in hRESC-Neu's was 284 plus or minus 8.6. Values represent mean plus or minus SD. Original magnification, - 1000. (C) Microstructure
of hESC-Neu's. Similar to steady-state neutrophils separated from peripheral blood (i), segmented nuclei and cytoplasmic granules were observed in hESC-Neu's (ii). Original
magpnification, - 8000. (D) Lactoferrin (LTF) mRNA was expressed in hESC-derived cells on day 7 (D7), peaked on day 10 (D10), and was weakly positive on day 13 (D13).
Bone marrow mononuclear cells (BM) were strongly positive for LTF mRNA, but PB-Neu's (PB1 and 2) were negative, although faint bands were detected in PB-Neu's

prepared from some donors (data not shown). As a negative control, peripheral blood mononuclear cells (MNCs) were used.

its expression was observed in less than 20% of the cells on day 7
and did not subsequently increase. CD16 (Fey receptor (FeyR) 111,
which is expressed in neutrophils as well as natural Killer cells,
macrophages, and a small subset of monocytes,®® was already
expressed by day 7, and increased with maturation. This expression
pattern of CD16 is consistent with that during normal neutrophil
differentiation, although the proportion of CD16* cells was lower
than that of morphology-defined mature neutrophils on day 13. The
ratio of CD32 (FeyRID)—positive cells increased as the differentia-
tion stage advanced, and eventually reached 90%. CD64 (FcyRI)
expression was greater than 80%, peaking on day 10, and the high
percentage was maintained through day 13. CD 14 was expressed in
20% to 25% of the cells on days 10 and 13.

Table 1. Differentiation pattern of hESC-derived cells

% of total cells

Cell type Day 7 Day 10 Day 13
Myeloblasts 61.0 = 9.1 23+1.2 ND
Promyelocytes 168 = 6.3 85+ 09 07+ 08
Myelocytes 123+ 4.8 34.0 = 6.8 64+ 34
Metamyelocytes 3.0+1.0 19.0+1.3 102 = 43
Stab neutrophils 0.8 = 0.3 16.2 = 3.0 183+ 2.6
Segmented neutrophils 0.3+ 0.6 14.7 = 6.0 531 + 9.6
Macrophage/monocytes 57+ 06 5313 112+14
Mature neutrophils 1.2+08 30.8 =~ 4.6 714 74

The sum of the stab and segmented neutrophils indicates the total mature
neutrophils. Data are shown as mean plus or minus SD (n = 3 independent
expetiments).

ND indicates not detectable.

In normal peripheral blood, both neutrophils and monocytes
express CD15 and CDI11b. In addition, mature neutrophils
express CD 16, whereas monocytes express CD14.%827 Detailed
analysis on day 13 revealed that approximately 70% of CD15*
and CDI11b* cells were CD16%, and almost all CDI5* and
CDI167 cells expressed CD11b (Figure 2Bi,ii). Given that 70%
to 80% of the cells on day 13 were morphologically mature
neutrophils (Table 1). it is likely that the majority of hESC-
Neu’s had CD15, CD11b, and CD16 expression patterns similar
to PB-Neu's, although some hESC-Neu’s did not express CD15
or CD16, particularly CD16.

CD32 is broadly expressed on myeloid cells, whereas CD64 is
expressed only on monocytes but not on neutrophils in the
peripheral blood.?® In the bone marrow, CD64 expression is
observed in a small population of myeloblasts, peaks at the
promyelocyte, myelocyte, and metamyelocyte stages, and then
diminishes, although a small proportion of the stab neutrophils still
express CD64.3%31 We confirmed that virtually no PB-Neu's
expressed CD64 (data not shown). In contrast, almost all CD15*
and CD16* hESC-Neu’s expressed CD64 on day 13, indicating
that both stab and segmented hESC-Neu’s expressed CD64,
because segmented neutrophils represented more than 50% of the
cells on day 13 (Figure 2Biii; Table 1). Nearly 50% of CD15* and
CDI16* cells were weakly positive for CD14, in contrast to the
negative expression of CDI14 in steady-state PB-Neu's (Figure
2Biv). This aberrant expression of CD64 and CD14 in hESC-Neu's
is similar to their positive expression on some of the neutrophils
harvested from healthy donors who received G-CSE administra-
tion®23 and the neutrophils derived from bone marrow CD34*
cells in vitro by G-CSF stimulation.?!
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Figure 2. Surface antigens of hESC-derived cells. (A) Surface antigen expression at each leve! of differentiation of hESC-derived cells was analyzed by flow cytometry.
CD45 was expressedin almost all the cells. CD34, CD117, and CD133, immature markers of hematopoiesis, were detected in a small population of the cells onday 7, and had
almost disappeared by day 10. Common myeloid antigens CD33 and CD15 were highly expressed, and the expression of CD11b increased during maturation. CD13 was
expressed inless than 20% of the cells throughout the culture period. The expression of CD16, a mature neutrophil marker, increased following maturation, but was observedin
only approximately 45% of the cells, even on day 13. CD14 and CD84 expression was aberrantly obsetved in some cells. Bars represent SDs (n = 3). (B) In the steady state,
mature neutrophils in peripheral blood were CD15*, CD11b*, and CD16*. (i) In hESC-derived cells on day 13, 63.3% plus or minus 2.6% of the CD157 and CD11b* cells were
CD16*, and (i) almost all of the CD15+ and CD16* cells were CD11b*, (jii-iv) On the other hand, CD84 and CD14 were rarely expressed on mature neutrophils in the
peripheral blood. CD15+ and CD16+ cells from hESCs, consistent with the phenotype of mature neutrophils, showed aberrant expression of CD64 (iity and CD14 (iv), in 94.1%
plus or minus 3.8% and 45.1% plus or minus 9.6% of the cells, respectively. Data are presented as mean plus orminus SD (n = 3).

Apoptosis pattern and prolonged survival by G-CSF of
hESC-Neu’s and PB-Neu’s

In the steady state, PB-Neu’s have a shoit life span of approxi-
mately 24 hours, but this can be prolonged by G-CSF stimulation.*
Some hESC-Neu’s were already apoptotic at the time of harvest
and therefore we focused on the nonapoptotic fraction of hESC-
Neu's (Figure 3). In contrast to the PB-Neu's, which underwent
apoptosis within 6 hours without G-CSF, consistent with previous
reports,*™ a proportion of apoptotic cells among hESC-Neu's in the
medium without G-CSF did not increase for up to 6 hours after the
start of the culture. In addition, there were no differences between
the cultures with and without G-CSF for up to 6 hours. After
6 hours, however, there was a more rapid decrease in nonapoptotic
cells: in hESC-Neu's without G-CSF than in hESC-Neu’s. with
G-CSF, which resulted in a lower number of viable cells than
hESC-Neu’s with G-CSF at 24 hours, although the number of
viable cells of hESC-Neu’s without G-CSF was still higher than
that of PB-Neu’s without G-CSF.

Oxidative burst phenotype was similar in hRESC-Neu’s and
PB-Neu's

Oxidative burst is an essential function of neufrophils when Killing
microorganisims, but an inappropriate burst sometime causes injury to
the host tissue. We assessed the ability to convert DHR to thodamine in
hESC-Neu's and PB-Neu's using flow cytometiy.?® Because G-CSE
which could substantially affect the result, was used during the culture,
we compared hESC-Neu's with PB-Neu(G+)’s and PB-Neu(G—)'s as
described in “*G-CSF stimulation prior to assessing neutrophil function.”?
When DHR was added to the neutrophil suspensions, rhodamine-

specific. fluorescence was detected in hESC-New’s, and in PB-
Neuw(G—)'s and PB-New(G+)'s without PMA stimulation, indicating
basal superoxide production without PMA stimulation in each neutro-
phil preparation (Figure 4). PMA stimulation increased thodamine mean
fluorescence intensity in hESC-Neu's, but to a lesser extent than in
PB-Neuw(G—)'s and PB-Neuw(G+)'s. Consequently, the mean rhoda-
mine- fluorescence - intensity after: PMA. stimulation - was similar-in
hESC-Neu's, PB-Neu(G—)'s, and PB-Neu(G+)’s, suggesting that the
maximum superoxide production is comparable between hESC-Neu's
and PB-Neu's.

Phagocytosis and subsequent NBT reduction activity, and
bactericidal activity were similar between hESC-Neu’s and
PB-Neu’s

Neutrophils protect against infectious microorganisins by phagocytos-
ing and subsequently killing them. These functions of hESC-Neu's and
PB-Neu's were evaluated in an experimental system using NBT-coated
yeast.” Under the microscope, mature neutrophils conld be easily
distingnished from contaminating macrophages by the unique shape of
their nuclei after 1% safranin-O staining (Figure SA). NBL.coated yeast
that had not been ingested had a red-brown color that began to change to
purple or black, beginning at the periphery, and eventually became
completely black, because the NB'T coating on the yeast was reduced by
neutrophils after phagocytosis. Thus, neutrophils that had phagocytosis
and NBT-reducing ability could be easily identified. hESC-Neu's had a
slightly lower phagocytosis rate than PB-New(G—)’s and PB-Neu(G+)'s
(Figure 5B). The phagocytosis score, however, was not significantly
different between hESC-New’s and PB-Neu(G —)’s and PB-Neu(G+)'s
(Figure 5C). The cells on day 8 of the culture, most of which were
morphologically myeloblasts and promyelocytes, were rarely observed
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Figure 3. Apoptosis pattern and G-CSF effect on survival of hESC-Neu’s. (A) Flow cylometric analysis. [n the steady state, PB-Neu's have a shott life span of
approximately 24 hours, but this can be prolonged by G-CSF stimulation (i-v). Some hESC-Neu's were already apoplotic at the time of the harvest from the induction culture
(vi). In contrast to the PB-Neu's that underwent apoptosis within & hours without G-CSF (ii), the proportion of apoptotic cells did not increase for up to 6 hours after the starl of
the culture of hESC-Neu's in the medium without G-CSF (vi,vii). In addition, there were no differences between the cultures of hESC-Neu'’s with and without G-CSF forup to
6 hours {vii). After 6 hours, nonapoptotic cells decreased more rapidly among hESC-Neu's without G-CSF than among hESC-Neu's with G-CSF (viii-x), resulting in the lower
number of viable cells than hESC-Neu's with G-CSF at 24 hours (x): Figures are representative of 3 independent expetiments. Data are presented as mean plus or minus SD

(n = 3). (B) The time course of the decrease in viable cells. Bars represent SDs (n = 3).

to phagocytose the yeast or reduce NBT if they had ingested the yeast,
indicating that we observed phagocytosis and NBT reduction that was
specific to niature neutrophils.

Because the hESC-Neu's had sufficient phagocytosing ability
and superoxide production, we next investigated whether hESC-
Neu's can kill bacteria. The bactericidal activity of hESC-Neu's
and PB-Neu's was compared using E coli. When incubated with
hESC-Neu'’s and PB-Neu(G—)’'s and PB-Neu(G+)’s, the numbers
of CFUs were similarly reduced to approximately 40% that of the
control, indicating comparable bactericidal activity against E coli
between hESC-Neu's and PB-Neu’s (Figure 3D).

Chemotaxis was similar between hESC-Neu’s and PB-Neu's

We compared chemotaxis of hESC-Neu’s and PB-Neu's using a
modified Boyden chamber method. After incubation with or

without fMLP in the lower well, neutrophils had migrated from
the upper side to the lower side of the membrane. Neutrophil
migration without fMLP in the lower well was considered
random migration.. The number of neutrophils that migrated
randomly was not significantly different between hESC-Neu's
and PB-Neu(G-)’s, but PB-Neu{(G+)'s showed significantly
more random migration than the others (Figure SE). The number
of migrated cells increased in hESC-Neu’s, PB-Neu(G~)’s, and
PB-Neu(G+)’s when fMLP was added in the lower well. The
increase in cell migration induced by chemotaxis to fMLP was
calculated by subtracting the number of randomly migrated
cells without fMLP from that of migrated cells with fMLP.
There were no significant differences between hESC-Neu's
and. PB-Neu(G—)’s or PB-Neu(G-+)'s in the net fMLP-
induced chemotaxis.

A
k TihESCNeu 1 PB-Neu(G-) iii PB-Neu(G+)
e S I T S < IO | RN DHR{-PMAG)

. = DHR(+PMAL)
Figure 4. Superoxide production of hESC-Neu’s assessed by § A4 = DHR{+}PMA{+}
dihydrorhodainine123 oxidation. (A) Dihydrothodamine123 (DHR) - © j ﬁf&»
was reacted to neutrophils with or without phorbol myiistate acetate EN A
(PMA), and the resultant thodamine fluorescence was detected by * : 2 el 1 -

flow cytometry. When DHR was added to the reaction medium without

PMA (line), the fluorescence levels were slightly elevated in hESC-
Neuw's (i), PB-Neu{(G—)'s (i), and PB-Neu(G+)'s (ili}. The addiion B

\ i

rhodamine fluorescence

of PMA dramatically increased the levels of fluorescence in all zog::'o'
3 neutrophil preparations (bold line). The figures are representative of
3independent expetiments. (B} Compaiison of superoxide production
between hESC-Neu’s and PB-Neu's using mean fluorescence inten-
sity (MFi) of thodamine. When. DHR was added without PMA
stimutation, rhodamine-specific fluorescence was detected in hESC-
Neu's, PB-Neu(G-)'s, and PB-Neu(G+)s. PMA stimulation in-
creased thodamine MFIin hESC-Neu's though to a lesser extent than 100
in PB-Neu(G—)'s and PB-Neu(G+)’s. Consequently, rhodamine MFI
after PMA stimulation was similar in hESC-Neu's, PB-Neu(G —)'s, and 10
PB-Neu(G+)'s, suggesting that the maximum superoxide production
was comparable between hESC-Neu's and PB-Neu's (n = 3; bars
represent SDs; ' P < .05 compared with hESC-Neu's).
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Figure 5. NBT-coated yeast cell-phagocytosis test, bactericidal activity, and chemotaxis assay. (A) NBT-coated yeast cells were added to a neutrophil suspension and
incubated at 37°C. After 1 hour, the cells were stained with 1% safranin-O, and observed using a microscope. Mature neutrophils (=) could be easily distinguished from
contaminating macrophages (white arrow; only the nucleus is observed in the figure) by the unique shape of their nuclei. Yeast cells were red-brown in color before being
ingested (white arrowhead); the color began to change to purple or black beginning at the periphety of the yeast cell, and eventually became completely black (») because the
NBT was reduced after ingestion. Yeast cells that changed color in the cells were counted as NBT-reduction positive. Original magnification, -400. (B) The phagocytosis rate
was calculated as a percentage of the neutrophils that contained one or more yeast cells. AESC-Neu's had a slightly lower phagocylosis rate than that of PB-Neu(G—)'s and
PB-Neu(G+)'s. (C) The phagocylosis score was calculated as the total number of positive yeast cells in 100 neutrophils. There were no significant differences in the
phagocytosis score between hESC-Neu'’s and PB-Neu(G—)'s or PB-Neu(G+)'s. The cells on day 8 of the culture (day-8 cells) were rarely observed to phagocytose the yeast
cells or reduce NBT. (In B-C, n = 3; barsindicate SDs; *P < .05 compared with PB-Neu(G —)'s and PB-Neu(G +)’s; ** P <= .05 compared with hESC-Neu's, PB-Neu(G - )'s, and
PB-Neu(G+)'s.) (D) Bactericidal assay. E coliwas opsonized with human AB serum, and incubated with hESC-Neu's, PB-Neu(G—)'s, PB-Neu(G+)’s, or control medium. After
1-hourincubation with hESC-Neu's, PB-Neu(G—)'s, and PB-Neu(G+)’s, the colony-forming units (CFUs) were significantly reduced to approximately 40% of the control. There
were no significant differences in bactericidal activity between hESC-Neu'’s, PB-Neu(G—)’s, and PB-Neu(G+)'s. The CFUs of controls are presented as 100% (n = 3; bars
indicate SDs; *P < .05 compared with control). (E) Chemotaxis assay by a modified Boyden chamber method. The number of neutrophils that migrated randomly (fMLP(-))
was not significantly different between hESC-Neu's and PB-Neu(G-)'s, but PB-Neu(G+)'s showed significantly greater random migration than hESC-Neu's and
PB-Neu(G—)’s. The humber of migrating cells increased in all hAESC-Neu's, PB-Neu(G -)'s, and PB-Neu(G+)'s when fMLP was added to the lower well (fMLP(+)). The
increase in the number of migrating cells induced by chemotaxis to fMLP (fMLP(+)-fMLP(-)) was not significantly different between hESC-Neu's and PB-Neu(G—)'s or
PB-Neu(G+)’s (n = 3; bars indicate SDs; *P < .05).

cally mature neutrophils, comprising 70% to 80% of the hESC-Neu
Discussion population, was larger than that of PB-Neu's. This finding indicates that
the density of morphologically mature neutiophils in the hESC-Neu
population was lower than that of PB-Neu's, which made it difficult to

separate hESC-Neu'’s from other contaminating cells.

We developed a specific and effective method for deriving mature
neutrophils from hESCs, making it possible to analyze hESC-
derived neutrophils in detail. hESC-derived neutrophils had charac-
teristics similar to steady-state peripheral blood mature neutrophils
in morphology and essential functions, although there were some
differences in surface antigen expression.

In this culture, we observed morphologically defined myelo-
blasts, promyelocytes, myelocytes, metamyelocytes, and, eventu-
ally, mature stab and segmented neutrophils, in this order, during

Unfortunately, attempts to further purify the hESC-derived mature
neutrophils from the hESC-Neu population by density gradient methods
led to a massive reduction in cell yield. In the flow cytometric analysis,
the mean intensity of hESC-Neu's in forward scatter was higher than
that of PB-Neu’s (data not shown), indicating that the size of morphologi-

the 13-day culture, which is similar to the granulocyte maturation
process in bone marrow. The surface antigen expression pattern
during differentiation was similar to that during normal granulopoi-
esis, with CD34 and CD117 expression on immature cells, and an
increase in CD16 expression as differentiation advanced. Most
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hESC-Neu’s expressed CD16, CD15, CDI1b, CD33, and CDA45.
This pattern is consistent with normal PB-Neu's, but the percentage
of CD16-expressing cells was lower than that of mature neutrophils
determined by morphology. The lower CD16 expression level is
documented in neutrophils derived in vitro from bone marrow
CD34* cells by stimulation with G-CSF, and is considered to be the
effect of G-CSF on myeloid progenitors.?! G-CSF also induces
CD64 and CD14 expression on mature neutrophils,* and these
effects are also observed in vivo when G-CSF is administered to
healthy volunteers.3*** Therefore, the G-CSF present in the culture
from day:7-may have affected the progenitors and led to the
relatively low expression of CD16 on hESC-Neu's and aberrant
expression of CD64 and CD14 on CD15* and CD16* hESC-Neu's.

In the apoptosis assay, some hESC-Neu's were already apopto-
tic at the time of the harvest from the induction culture, but the
proportion of apoptotic cells among hESC-Neu's in the medium
without G-CSF did not increase for up to 6 hours after the start of
the culture. There are 2 possible reasons for the difference in the
rate of apoptosis. First, the hESC-Neu's were more heterogencous
than the PB-Neu’s, as they comprised cells at different stages from
incompletely differentiated cells such as metamyelocytes to
maturation-completed and aged neutrophils. Relatively immature
cells or unaged mature neutrophils in the hESC-Neu population
might have a longer lifespan than PB-Neu’s. Second, the effect
of G-CSF used in the induction culture might continue even
after the washout.

In the chemotaxis assay, the random migration of hESC-Neu’s
was almost the same as that of PB-Neu(G —)’s, but lower than that
of PB-Neu(G+)'s, although hESC-Neu's were stimulated by
G-CSF before the assay. The effect of G-CSF on the random
migration of neutrophils-is controversial; random migration in-
creases ‘in vitro when neutrophils are stimulated by G-CSE3¢
whereas neutrophils obtained from G-CSF-reated: patients- with
nonmyeloid malignancies show decreased random migration and
chemotaxis.?”* Qur in vitro expetiment with PB-Neu(G+)’s and
PB-Neu(G—)'s replicated the former result. Nevertheless, hESC-
Neu’s showed relatively low random migration despite stimulation
with G-CSE while: maintaining almost - normal fMLP-induced
chemotaxis. One possible reason for these differences might be the
continuous_stimulation by G-CSF; hESC-Neu’s were. stimulated
from: the: myeloblast- stage. and- thus,- it was- expected: that-the
characteristics of the hESC-Neu’s were more similar to those of
neutrophils from G-CSF=stimulated donors rather than to normal
mature neutrophils.

The low yield of RESC-Neu's' is“a major obstacle to their
functional analysis in animals, and further, to their potential use in
drug screening and clinical applications. The number of hESC-
Neu's produced was less than twice that of the input EB-derived
cells. Recently, erythroid progenitor cell lines that could differenti-
ate into functional mature red blood cells both in vitro and in vivo
were established from mouse ESCs.> In that report, the starting
number of ESCs required to establish one progenitor line was
5 X 105, and transplantation of 2 X 107 cells of the progenitor line
could ameliorate anemia in mice by increasing the red blood cell
count. Similar methods could be considered in the granulopoiesis
from hESCs. Another potential method is to use more immature or
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proliferation-competent cells than the cells with which we initiated
the induction culture. One candidate may be hematopoietic progeni-
tors that emerge in saclike structures derived from ESCs. In a report
using cynomolgus monkey ESCs,* EBs were created and subse-
quently subjected to adherent culture on a gelatin-coated dish. After
2 weeks, saclike structures emerged that contained hematopoietic
precursors at various stages of myeloid lineage. The authors
mentioned the possible existence of hemangioblasts, because
endothelial cells could be produced from those precursors under
different conditions. Others have also reported similar saclike
structures. containing hematopoietic: precursors created from
hESCs.10In this paper, megakaryocytes were created from the
inner cells, which were positive for hematoendothelial markers,
such as CD34, CD31, vascular endothelial growth factor-receptor
2, and vascular endothelial-cadherin. These similar findings sug-
gest that the cells in the saclike structures contain cells that are
more inmature than our EB-derived cells, and that the precursors
inside the saclike structures have greater proliferation potency than
our EB-derived cells. Because neither paper directly demonstrated
the efficiency of mature blood cell production from monkey or
human ES cells, however, the efficiency of producing neutrophils
from our EB-derived cells should be compared with that from the
saclike structure—derived cells.
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Background

T-cell prolymphocytic leukemia is a rare aggressive lymphoproliferative disease with a
mature T-cell phenotype and characteristic genomic lesions such as inv(14)(q11q34),
t(14;14)(q11;q32) or t(X;14)(¢28;q11), mutation of the AT gene on chromosome 11 and
secondary alterations such as deletions of chromosome 8p and duplications of 8¢|.

Design and Methods

We analyzed malignant cells from 18 patients with T-cell prolymphocytic leukemia using
high density 250K single nucleotide polymorphism arrays and molecular allelokaryotyp-
ing to refine understanding of known alterations and identify new target genes.

Results

Our analyses revealed that characteristic disruptions of chromosome 14 are frequently
unbalanced. In the commonly deleted region on chromosome 11, we found recurrent
microdeletions targeting the microRNA 34b/c and the transcription factors £751 and FLI1.
On chromosome 8, we identified genes such as PLEKHA2, NBS1, NOV and MYST3 to be
involved in breakpoints. New recurrent alterations were identified on chromosomes 5p,
12p, 13, 17 and 22 with a common region of acquired uniparental disomy in four sam-
ples on chromosome 17¢. Single nucleotide polymorphism array results were confirmed
by direct sequencing and quantitative real-time polymerase chain reaction.

Conclusions

The first high density single nucleotide polymorphism array allelokaryotyping of T-cell
prolymphocytic leukemia genomes added substantial new details about established alter-
ations in this disease and moreover identified numerous new potential target genes in
common breakpoints, deletions and regions of acquired uniparental disomy.

Key words: T-cell prolymphocytic leukemia, SNP array, uniparental disomy, copy number
change.
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Genotyping T-PLL with high density SNP arrays

Introduction

T-cell prolymphocytic leukemia (T-PLL) is a rare lym-
phoproliferative disease with a mature T-cell pheno-
type. The median age at presentation is 63 years.' Its
clinical course is generally aggressive with a poor
response to chemotherapy and median survival times
ranging from 5 months to 2 years in patients receiving
therapies containing alemtuzumab.™

T-PLL has several characteristic and recurring molecu-
lar lesions. These include an inversion or translocation
of chromosome 14: inv(14)(ql1q34) or t(14;14)
(q11;q32), which lead to juxtaposition of the 7-ce/l recep-
tor (TCR) /6 enhancer regions to the T-cell lewkemia |
(TCL1) locus causing deregulated expression of onco-
genes located in this region." An altemative transloca-
tion associated with T-PLL is the t(X;14)(¢28;q11) juxta-
posing the TCR o/0 to the ATTCP1 gene.” Other com-
mon molecular abnormalities in T-PLL are deletions on
chromosome 11 involving the ataxia-ielangiectasia mutai-
ed (ATA1) gene, which has been shown to be mutated in
patients with T-PLL, and common chromosomal gains
of 8¢ and losses of 8p.""

The TCL 1/ family of oncogenes enhances proliferation
and survival in several lymphocytic malignancies by
binding and augmenting activation of AK7" and inhibit-
ing activation induced cell death via impairment of the
PKC6 and ERK pathways." This is also reflected by the
clinical observation of hyperproliferative subsets of T-
PLL with high levels of expression 7CL/." Mutations in
the ATAI gene are known to be the cause of the rare
autosomal recessive disorder ataxia-telangiectasia,
which is characterized by cerebellar degeneration,
immunodeficiency and increased risk of cancer."” ATAI
plays a prominent role in the recognition and repair of
DNA double strand breaks""" and the frequent disrup-
tion of this gene in T-PLL may be an explanation for the
genomic instability observed in this disease. The com-
mon genomic abnormalities observed on chromosome
8 have not yet yielded any specific target genes, but the
breakpoints occurring on chromosome 8 in T-PLL clus-
ter to two regions which contain the filbroblast growtl fac-
tor receptor-1 gene (FGFR1T) and the AOZ gene, suggest-
ing them as possible candidate genes.’

In searches for new T-PLL specific target genes, recent
studies have employed techniques such as comparative
genomic hybridization (CGH) and 50K single
nucleotide polymorphism (SNP) arrays combined with
gene expression analysis. These studies have described
several differentially regulated genes possibly due to
gene dosage effects' and CDKN/B haploinsufficiency
as a new pathogenic mechanism in T-PLL."

Recently, SNP arrays with a higher resolution
(250,000 SNPs interrogated per array) have been devel-
oped for whole genome mapping.™ The analysis of
genomic DNA with SNP arrays provides two different
types of information. One is a data set comprising the
intensity data of all SNPs. Since the human genome is
diploid, the intensity values are raised to two after nor-
malization, which represents the normal expression of
SNPs on somatic chromosomes. A homozygous dele-

tion results in an expression value of zero and a het-
erozygous deletion in an expression value of one.
Amplifications result in expression values of three or
higher integer copy numbers. Apart from copy number
data, the method also yields a genotype data set which
contains the SNP calls of either AA, AB or BB standing
for the alleles of the SNPs. This, combined with the
copy number data, which allows the detection of
acquired uniparental disomy (UPD), which represents
allelic imbalance when one allele is deleted and the
other one is duplicated or amplified leading to regions
with homozygous SNP calls but a copy number of two
or higher. These regions typically contain a mutant
tumor suppressor gene or oncogene with loss of their
normal allele. Use of these high density SNP arrays in
combination with a new computational calculation
algorithm termed molecular allelokaryotyping” allows
robust and detailed detection of the described alter-
ations without a need for paired normal DNA samples.
In the current study, we used this new interrogational
power to assess the genomes of 18 T-PLL samples and
thereby identify more precisely common submicro-
scopic genomic lesions and breakpoints and detect
novel common genomic lesions and acquired UPD as
potential new pathogenic factors in T-PLL.

Design and Methods

Patients and samples

We studied 18 cases of T-PLL (TP followed by the case
number). Samples TP-04, -21, -22, -25, -28, -34, -35, -37,
-41, -43, -56 and -57 were obtained from the Institut
Curie, Centre de Recherche (Paris, France) and are iden-
tical to the samples used in the study by Le Toriellec e
al.” Samples TP-651 and -799 came from the Department
of Haematology, University Hospitals Leicester (United
Kingdom) and samples TP-166, -168, -170 and -172 were
from the Department of Hematology and Oncology,
School of Medicine, University of Tokyo (Japan). The
acquisition and analysis of patients’ DNA samples was
conducted with the approval of the local ethical com-
mittees of the respective institutions.

The diagnosis of T-PLL was established according to
the World Health Organizadon (WHO) classification of
hematopoietic and lymphoid tumors. T-PLL genomic
DNA was isolated from residual frozen mononuclear
cells from leukemic peripheral blood taken at the time
of the inital diagnosis. DNA was extracted using a
NucleosSpin Tissue kit (Macherey-Nagel, Hoerdt,
France). Paired normal DNA was isolated from Epstein-
Barr-virus-transtormed lymphoblastoid cell lines, which
were generated from frozen blood samples of the corre-
sponding patients. All patients had major lymphocyto-
sis. One case (TP56) arose in an individual with ataxia
telangiectasia.

High density single nucleotide polymorphism-array
analysis

High quality genomic DNA from the 18 T-PLL cases
was processed according to the genomic mapping 250K
Nspl protocol and hybridized to 250K Nspl SNP arrays
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using the GeneChip Fluidics station 400 and GeneChip
scanner 3000 (Affymetrix, Santa Clara, CA, USA) as
described previously.” ” Data analysis of deletions,
amplifications and UPD was carried out using the
CNAG software with non-matched references, as previ-
ously described.”” Size, positon and location of genes
were identified with the UCSC Genome Browser
lwp://genome.ncsc.edu/ and the Ensemble Genome
Browser luip://www.enscmbl.org/.

Validation of acquired uniparental disomy and genom-
ic copy number change

For confirmation of genomic copy number changes,
quantitative real-time polymerase chain reaction (PCR)
was performed on the genomic DNA from the
hybridized T-PLL samples and from matched normal
DNA from the same patients according to the calcula-
tion method described by Weksberg ¢t al.” Thereby, we
confirmed the deletion of the FOXP/ gene on chromo-
some 3 in two samples and used a random region on
chromosome 2p21 as a reference. Detection of acquired
UPD was validated by PCR of genomic DNA and subse-
quent direct sequencing of SNPs in a region of acquired
UPD versus a heterozygous region in sample TP28 on
chromosome 17 and compared to direct sequencing of
SNPs in the corresponding matched normal sample. All
primer secuences are available on request.

Results

Copy number analysis

As expected from previous studies summarizing
genomic lesions in T-PLL,"*" we found a great abun-
dance of copy number alterations present in the 18 T-
PLL samples. In an initial step, we evaluated all losses
and gains of genomic material detected by the
allelokaryotyping software, which are depicted for each
chromosome in Figure 1. We excluded alterations,
which were determined to be due to background noise
of SNP signals or copy number polymorphisms as
recorded in data bases of the UCSC genome browser.
The results of this analysis are documented in Ouline
Supplementary Table S1. The data re-confirmed character-
istic genomic lesions described in T-PLL. Moreover, a
variety of other alterations containing interesting puta-
tive target genes were detected. In the first systematic
measure, we sought to review the above mentioned
characteristic lesions on chromosomes 14, 11 and 8.

Chromosome 14

The characteristic inversion inv(14)(ql1q34) or
translocation t(14;14)(q11;q32) in T-PLL should not be
detected by SNP array as no copy number changes occur
by these balanced alterations. Interestingly, however,
several copy number alterations involving the TCL onco-
genes were detectable. Sample TP22 displayed a het-
erozygous deletion in region chr14:95130522-95211348
which partly covers T-cell leubemia/lymphoma 6 isoform
TCLoa3. Furthermore, five samples had duplications of
the telomeric end of chromosome 14 (example, Figure
2A) and a putative breakpoint within the 7CI. onco-

genes or in their direct vicinity, distal to them, suggest-
ing that the alterations affecting this site are unbalanced
in these samples. The breakpoints leading to duplication
or amplification in the respective samples are schemati-
cally displayed in Figure 2B, which shows that they lie
in typical regions also described for the known translo-
catons." An analysis of the alternate translocation
t(X;14)(q28;q11) on chromosome X revealed no unbal-
anced lesions.

Chromosome 8

The high density genomic mapping carried out in our
study revealed broad heterozygous deletions of chromo-
some 8p in nine samples (50%) and duplications or
amplification of chromosome 8q in 13 samples (72%).
The detailed mapping of the breakpoints leading to
these imbalances revealed that they were scattered over
a broad region on chromosome 8p and often displayed
highly complex copy number alterations with numerous
breakpoints (Figure 2C). In search of genes in the com-
monly affected regions, we analyzed all chromosomal
breaks in all samples on chromosome 8 also including
alterations on chromosome 8¢. Although an unambigu-
ous common breakpoint could not be identified and
most breakpoints were located in regions, that did not
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Figure 1. Overview of gains and losses detected by the CNAG soft-
ware. Lines to the right of the cytobands document gains. Lines to
the left of the cytobands represent losses. Each line represents
one sample.
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contain any genes, some breaks were notable because
they were positioned directly within genes and recurred
in at least two samples. Breakpoints, that were intra-
genic are summarized in Table 1. Genes commonly
affected by breaks on chromosome 8 were geineral tran-
scription factor IIE polypeptide 2 (GTF2E2) (two samples),
peroxidasin homolog-like (PXDNL) (two samples), pleck-
striit homology domain containing family A (PLEKHA?Z2) (two
samples), nibriu isoform 2 (NBN) (two samples), CUB aid
Sushi multiple domains 2 isoform 2 (CSMD3) (two sam-
ples) and wiitichiomosome maiutenance complex componeit 4
(ACA14). Furthermore, in single cases, interesting target
genes such as nephroblasioma overexpressed  precursor
(NOVY or MYST histone acetyliransferase moiuocytic
(AYST3) were involved directly in chromosomal break-
points detected by SNP array.

Chromosome 11

In our study, 12 samples (67%) displayed heterozy-
gous deletions on chromosome 11¢, all including the
ATM gene. Deletions either affected broad regions of
chromosome 11¢ (seven samples) or very discrete dele-

tions specifically targeting the ATAT locus (five samples).
Interestingly, several small defined regions other than the
ATM deletions were also identified on chromosome 11q.

Sample TP4 displayed a 700 kb heterozygous
microdeletion on chromosome 11¢33.1 (110891599-
111596604), which has its proximal breakpoint in the
direct vicinity of two micro RNA, fisa-mir-34l aid hsa-
mir 34c. This micro RNA locus was affected either by
chromosomal breakage in the direct vicinity or het-
erozygous deletion in eight samples (449). Another
region affected by small, confined lesions in several
samples contains two members of the F7S family of
transcription factors, v-cis eryiltroblastosis virus E26 onco-
gene (ETST) and Friend leukemia virus jutegration 1 (FLIT).
These two genes were contained in heterozygous dele-
tions in seven samples (39%).

Homozygous deletions

Homozygous deletions were abundantly detected on
chromosomes 14 and 7 in the T-cell receptor loci. These
deletions have to be understood as physiological as part
of the T-cell receptor rearrangements and were, there-
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fore, excluded from the analysis. Apart from these, scat-
tered homozygous deletions were detected in single
samples and are summarized in Table 2. Most of these
deletions were single events, not recurring in other sam-
ples except for the circumsciibed deletion of the tran-
scription factor forklicad box P1 isoform 1 (FOXP1), which
was additionally heterozygously deleted in two other
samples. Due to this targeted deletion of FOXP1, we
performed a mutation analysis of this gene by directly
sequencing all exons in the samples affected by a dele-
don. However, this yielded no mutations.

Novel common lesions and acquired uniparental
disomy

Besides the common lesions already described, our
data showed a cumulation of noteworthy genomic alter-

ations in other loci, which have not yet been described
in T-PLL. As shown in Figure 1 and documented in Table
1, the allelokaryotyping software detected ten duplica-
tons and amplifications on chromosome 5p. Here, one
lesion stood out to be common in three samples (TP172,
TP28 and TP56). These three samples displayed a com-
mon breakpoint clustering on chromosome 5p within
the direct vicinity of the gene dyuein axonemal leavy chain
5 (DNAHS). Potentally, this region may represent a
common fusion partner to cancer-relevant genes in these
samples.

Another hot-spot of alterations was on chromosome
12p, a location long known to be a region for frequent
chromosomal rearrangements in hematologic malignan-
cies.” Six samples featured heterozygous deletions and
four samples had stretches of duplication in this region.

Table 1. Breakpoints involving genes on chromosome 8.

TP166 30525448-30556394 RBPMS (NM_001008711)
GTF2E2 (NM_002095)
ZNF703 (NM_025069.1)
TP170 30556573-30567360 GTF2E2 (NM_002095)
TPI72 52424024-52449065 PXDNL (NM_144651.4)
55475848-55486603 No gene
119646159- 119658006 SAMDI2 (NM_207506.2)
120496451- 120498925 NOV (NM_002514.3)
TP21 32725125-32748740 NRGI (NM_013956.2)
38923786-36940622 PLEKHA2 (NM_021623.1 )
116672278-116694862 TRPSI (NM_014112.2)
TP25 18187686-18309434 NAT2 (NM_000015.2)
90873782-91022515 NBN (NM_001024688.1)
TP34 35377596-35400272 AY358147 (AY358147)
36784934-36800233 TACCI (NM_006283.2)
38901784-38923786 PLEKHA2 (NM_021623.1)
38959748-39003333 HTRA4 (NM_153692.2)
ADAM9 (NM_003816.2 )
39992705-40000344 INDOLI (NM_194294.2)
41930678-42004277 MYST3 (NM_006766.3)
48723259-48854459 KIA40146 (NM_001080394.1)
PRKDC (NM_006904.6)
49037364-49184635 MCM4 (NM_005914.2)
51712398-51723458 SNTGI (NM_018967.2)
52578754-52584231 PXDNL (NM_144651.4)
56339119-56371801 XKR4 (NM_052898.1)
62477485-62513049 RLBPILI (NM_173519.1)
90991278-91018273 NBN (NM_001024688.1)
114118249-114142324 CSMD3 (NM_198124.1)
121449563-121485532 COLI4AT (NM_021110.1)
MRPLI3 (NM_0140784 )
TP4 113993350-114031134 CSMD3 (NM_198124.1)
TP57 49037364-49184635 MCM4 (NM_005914.2)

UBE2V2 (NM_003350.2)

RNA-binding protein with multiple splicing

General transcription factor IIE, polypeptide 2
Zinc finger protein 703
General transcription factor I1E, polypeptide 2

Peroxidasin homolog-like

Sterile ¢ motif domain containing 12 isoform
Nephroblastoma overexpressed precursor
Neuregulin 1 isoform HRG-[31

Pleckstrin homology domain containing family A
Zinc finger transcription factor TRPS1

Arylamide acetylase 2

Nibrin isoform 2
Netrin receptor UNC5D precursor

Transforming acidic coiled-coil containing
Pleckstrin homology domain containing family A
HtrA serine peptidase 4

ADAM metallopeptidase domain 9 isoform 1
Indoleamine-pyrrole 2 3 dioxygenase-like 1

MYST histone acetyltransferase

Hypothetical protein LOC23514

Protein kinase DNA-activated catalytic
Minichromosome maintenance complex component 4
Syntrophin 1

Peroxidasin homolog-like

XK Kell blood group complex subunit-related
Retinaldehyde binding protein 1-like 1

Nibrin isoform 2

CUB and Sushi multiple domains 3 isoform 2
Collagen type XIV ¢ |

Mitochondrial ribosomal protein L13

CUB and Sushi multiple domains 3 isoform 2

Minichromosome maintenance complex component 4
Ubiquitin-conjugating enzyme E2 variant 2

A list of all genes that were divectly involved in a breakpoint (i.e.a change of copy number) on chromosome 8 in the respective TPLL samples as detected by mokecular
allelokarvotvping with 250K SNP arravs. Breakpoint positions ae defined by the border SNPs of the detected copy mumber changes. Sometimes several genes were aftected in
one sample,as the breakpoints wew often complex (see also Figine 3). Genes, that weve connmonly altected by a breakpoint in more than one sample ane shown in bold.
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