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Figure 6. Hes1 expression was elevated in approxi-
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in chronic phase patients. Although it is yet to be confirmed by a
larger number of samples from CML as well as AML patients, this
result indicates an interesting connection between the mouse model
of AML/CML in blast crisis-like disease and human leukemia. In
addition, we have demonstrated that transduction of dnHesl
represses the proliferation in 2 of 3 human cell lines of CML in
blast crisis. These results suggest that Hes1 plays an important role
in blast crisis of CML.

Although the origin of CML is considered to be a hematopoietic
stem cell, blast crisis has been shown to be a result of transforma-
tion of myeloid progenitors.'® BCR-ABL can cause MPN-like
disease when introduced into the hematopoietic stem cell popula-
tion but cannot induce MPN or leukemia when introduced into
differentiated myeloid progenitors.® Therefore, development of
full-blown AML/CML in blast crisis-like disease in mice with
differentiated progenitors only by cotransduction with Hesl and
BCR-ABL may represent a true model of blast crisis of CML. In
this context, Hes1 is a possible crisis-promoting gene like other
examples, such as activated B-catenin'® and BCL-2,* both of
which caused CML in blast crisis-like disease in mice when
transduced into GMPs together with BCR-ABL.

Hes1 CMP

mock GMP

Hes1 GMP

normal whole
BM

Several AML-associated fusion gene products, such as MLL-
ENL,% MOZ-TIF2,2° and MLL-AF9,*” have been demonstrated to
confer replating capacity on CMPs and GMPs, and eventually to
transform these cells into leukemia-initiating cells. Unique to our
findings is the fact that we transduced a wild-type transcription
factor, Hesl, and found that such simple up-regulation of a
transcription factor led to similar transformation phenotypes.
A substantial number of examples have indicated that loss of
function or altered function, rather than gain of function, of
transcription factors, including MLL, MOZ, Runxl, RARa,
C/EBP-q, etc, is associated with leukemogenesis. If up-regulation
of Hesl is indeed involved in human leukemias, this represents a
new mechanism of leukemogenesis.

In modeling CML in mice, the present model provides a powerful
tool by which we can induce 2 distinct phases of CML from stem cells
or progenitors using BCR-ABL gene: a chronic phase-like state by
transduction of KSL with BCR-ABL alone and a blast crisis-like state by
cotransduction of CMPs and GMPs with BCR-ABL and Hesl.

In conclusion, we have developed a useful mouse model for
CML blast crisis and have indicated that Hes1 is a key molecule in
blast crisis transition in CML. The present mouse model will aid
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Table 1. Clinical data of 20 patients with CML in blast crisis

Sample Blast
name Source ratio Hes1/GAPDH Phenotype Chromosome aberration Clinical features

228 CML BC PB 57 0.49 B-ALL 46,XY 1(9;22)/46,XY, +der(1;14)(q10;q912),1(9;22) —

428 CML BC PB 100 0.27 B-ALL 1(9;22) —

984 CML BC PB 60 0.56 B-ALL 46, XX, 1(9;22)(q34;q11.2) _

3259 CML BC PB 100 0.16 B-ALL 1(9;22) —

1385 CML BC BM 81 0.56 B-ALL 1(9;22) -

1107 CML BC CSF 100 4.16 B-ALL 1(9;22) The blasts increased drastically in CNS.

1 CML BC PB 90 0.51 Myeloid  1(9:22) =

219 CML BC PB 12 19.72 Myeloid 45,XX,-7 1(9;22) BM was dry tap composed of 100% blasts.

393 CML BC PB 20 0.08 Myeloid 46,XX 1(9;22),add(17)(p11) — '

1088 CML BC PB 30 6.22 Myeloid 46, XX, 1(9;22)(q34;q11.2) BM was dry tap.

1299 CML BC PB 20 a8 Myeloid 1(9;22) BM was dry tap composed of 23% blasts.

1824 CML BC PB 51 1.15 Myeloid t(9;22) BM was dry tap.

3153CMLBC  PB 7 0.66 Myeloid t(9;22) BM was dry tap. The blasts in BM increased up to

. ‘ 42% after taking this sample.

232 CML BC BM 1 7.96 Myeloid 47,XY,+8,4(9;22) The blasts in BM increased drastically up to 44%
after taking this sample.

452 CML BC BM 54 2.01 Myeloid 46,dic(17)(q10),1(9;22) ' . —_

916 CML BC BM 24 0.11 Myeloid 1(9;22) —

1091 CML BC BM 28 0.67 Myeloid 1(9;22) —_

811 CML BC BM 25 26.25 Myeloid 46, XX, t(1;9;22)(q44;q34:;q11.2) ==

3332 CML BC BM 22 417 Myeloid 1(9;22) —

3847 CML BC BM 62 4.79 Myeloid 1(9;22) —

CML indicates chronic myelogenous leukemia; BC, blast crisis; PB, peripheral blood; B-ALL, B-cell acute lymphoblastic leukemia; BM, bone marrow; CSF, cerebrospinal

fluid; —, not applicable; and CNS, central nervous system.

understanding of the molecular mechanisms underlying blast crisis
of CML and might lead to a better therapeutic outcome for this
difficult disease.
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Derivation of functional mature neutrophils from human embryonic stem cells
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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. It is 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
protein-4, stem cell factor (SCF), FIt-3

ligand (FL), interleukin-6 (IL-6)/IL-6 recep-
tor fusion protein (FP6), and thrombopoi-
etin (TPO). Cells derived from the embry-
oid bodies were cultured on a layer of
irradiated OP9 cells with a combination of
SCF, FL, FP6, 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 and efficiency
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 healthy
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 germ 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 further culture.*¢ Cell surface antigens, such as CD45
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).!0

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 performed 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-3'3 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 medium/F12
(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 Flt-3 ligand [R&D Systems], 50 ng/mL interleukin-6
[IL-6]/IL-6 receptor fusion protein [FP6; Kyowa Hakko Kirin, Tokyo,
Japan], and 20 ng/mL thrombopoietin [TPO; Kyowa Hakko Kirin]).

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

OP9 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
trypsinized and disrupted into single cells. Cells were suspended in the
progenitor expansion medium (IMDM supplemented with 10% FBS, 10%
horse serum [StemCell Technologies, Vancouver, BC], 5% protein-free
hybridoma medium [Invitrogen], 0.1 mM 2-ME, 100 U/mL penicillin,
100 pg/mL streptomycin, 100 ng/mL SCF, Flt-3 ligand, FP6, and 10 ng/mL
TPO and IL-3 [R&D Systems]) and plated onto the irradiated OP9 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 pg/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 as 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 serum albumin (BSA) and
placed at 4°C. In some experiments, peripheral blood mononuclear cells
(PB-MNCs) were collected from the intermediate layer after centrifugation
with Lymphoprep (Axis-shield, Oslo, Norway). Bone marrow cells were
directly centrifuged with Lymphoprep, and only mononuclear cells were
collected. Bone marrow mononuclear 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 BX51 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-Neu’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 1% 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 III (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). Fc 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 CD16, CD32, CD33 (Beckman
Coulter), CD11b, or CD45 (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 (hRESC-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-CSFE. At the indicated time, neutrophils were har-
vested, stained with FITC-conjugated Annexin V and propidium iodide (PI)
using an Annexin V-FITC Kit (Beckman Coulter), and analyzed by FACS
Aria. 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 hRESC-Neu’s are modified by G-CSF in the culture
medium, we stimulated hESC-Neu’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
control, PB-Neu’s without G-CSF stimulation (PB-Neu(G—)’s) were
prepared. hESC-Neu’s, PB-Neu(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 dihydrorhodaminel123 (DHR; Sigma-Aldrich, St Louis,
MO) as described previously.??2 Briefly, 1 X 10° hESC-Neu’s, PB-
Neu(G+)’s, or PB-Neu(G—)’s were suspended in 400 pL of the reaction
medium (HBSS containing 0.5% BSA) per tube, and 3 tubes were prepared
of each sample. Catalase (Sigma-Aldrich) at a final concentration of
1000 U/mL, 1.8 L 29 mM DHR, and 100 p.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 pL reaction medium. 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-pL aliquot of this yeast suspension was
added to hESC-Neu’s, PB-Neu(G+)’s, and PB-Neu(G—)’s at 2.5 X 10° in
50 wLFBS. 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
each 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,
whereas 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 Escherichia coli ATCC25922
as previously described?® with some modifications. Briefly, 1 X 108 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-Neu’s, PB-Neu(G—)’s, and PB-Neu(G+)’s) were suspended in
HEPES-buffered saline with 40% human AB serum 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 1-hour incubation, 50 pL 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 L of the reaction medium (HBSS containing 0.5%
BSA) with or without 107 M formyl-Met-Leu-Phe (fMLP; Sigma-
Aldrich) was placed into each well of a 24-well plate, and the cell culture
insert (3.0-pm 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 medium at 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 7 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

After 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 lineages, 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 13 or 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.?>2¢ Thus, it is 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-Neu’s 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.?>?” 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 CD15 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 (i) 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, X1000. (Bi) 97.3% plus or minus 1.5% of hESC-Neu’s were myeloperoxidase positive. (i) The
neutrophil alkaline-phosphatase score in hESC-Neu's was 284 plus or minus 8.6. Values represent mean plus or minus SD. Original magnification, X1000. (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
magnification, X8000. (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 (Fc+y receptor (FcyR) III),
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 (FcyRII)-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. CD14 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 23212 ND
Promyelocytes 16.8 = 6.3 85+ 09 0.7 + 0.8
Myelocytes 12348 34.0 + 68 6.4+34
Metamyelocytes 3.0+x10 19.0 13 102+ 43
Stab neutrophils 08=03 16.2 = 3.0 183+ 26
Segmented neutrophils 0306 14.7 = 6.0 563.1 + 9.6
Macrophage/monocytes 57086 53+ 13 11214
Mature neutrophils 1.2+08 30.8 = 4.6 71474

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
experiments).

ND indicates not detectable.

In normal peripheral blood, both neutrophils and monocytes
express CD15 and CDI11b. In addition, mature neutrophils
express CD16, whereas monocytes express CD14.282° Detailed
analysis on day 13 revealed that approximately 70% of CD15*
and CD11b* cells were CD16", and almost all CD15" and
CDI16" 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.%03! 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 CD14 in steady-state PB-Neu’s (Figure
2Biv). This aberrant expression of CD64 and CD14 in hRESC-Neu’s
is similar to their positive expression on some of the neutrophils
harvested from healthy donors who received G-CSF 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 level of differentiation of hRESC-derived cells was analyzed by flow cytometry.
CD45 was expressed in almost all the cells. CD34, CD117, and CD133, immature markers of hematopoiesis, were detected in a small population of the cells on day 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 in less than 20% of the cells throughout the culture period. The expression of CD16, a mature neutrophil marker, increased following maturation, but was observed in
only approximately 45% of the cells, even on day 13. CD14 and CD64 expression was aberrantly observed 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 hRESC-derived cells on day 13, 63.3% plus or minus 2.6% of the CD15" and CD11b™* cells were
CD16*, and (ii) almost all of the CD15* and CD16* cells were CD11b*. (iii-iv) On the other hand, CD64 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 (iii) 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 or minus 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 short 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 hESC-Neu’s and
PB-Neu’s

Oxidative burst is an essential function of neutrophils when killing
microorganisms, but an inappropriate burst sometime causes injury to
the host tissue. We assessed the ability to convert DHR to rhodamine in
hESC-Neu’s and PB-Neu’s using flow cytometry.”’ Because G-CSF,
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-Neu’s, and in PB-
Neu(G—)’s and PB-Neu(G+)’s without PMA stimulation, indicating
basal superoxide production without PMA stimulation in each neutro-
phil preparation (Figure 4). PMA stimulation increased rhodamine mean
fluorescence intensity in hESC-Neu’s, but to a lesser extent than in
PB-Neu(G—)’s and PB-Neu(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 microorganisms 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 could be easily
distinguished from contaminating macrophages by the unique shape of
their nuclei after 1% safranin-O staining (Figure SA). NBT-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 NBT coating on the yeast was reduced by
neutrophils after phagocytosis. Thus, neutrophils that had phagocytosis
and NBT-reducing ability could be easily identified. hRESC-Neu’s had a
slightly lower phagocytosis rate than PB-Neu(G—)’s and PB-Neu(G+)’s
(Figure 5B). The phagocytosis score, however, was not significantly
different between hESC-Neu’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 cytometric analysis. In the steady state, PB-Neu's have a short life span of
approximately 24 hours, but this can be prolonged by G-CSF stimulation (i-v). Some hESC-Neu’s were already apoptotic at the time of the harvest from the induction culture
(vi). In contrast to the PB-Neu’s that underwent apoptosis within 6 hours without G-CSF (i), the proportion of apoptotic cells did not increase for up to 6 hours after the start 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 for up 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 experiments. 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 mature 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 5D).

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

A

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 hRESC-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.
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Figure 4. Superoxide production of hESC-Neu’s assessed by
dihydrorhodamine123 oxidation. (A) Dihydrorhodamine123 (DHR)
was reacted to neutrophils with or without phorbol myristate acetate
(PMA), and the resultant rhodamine fluorescence was detected by
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flow cytometry. When DHR was added to the reaction medium without
PMA (line), the fluorescence levels were slightly elevated in hESC-
Neu'’s (i), PB-Neu(G—)'s (ii), and PB-Neu(G+)’s (iii). The addition B
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of PMA dramatically increased the levels of fluorescence in all b
3 neutrophil preparations (bold line). The figures are representative of
3independent experiments. (B) Comparison of superoxide production
between hESC-Neu's and PB-Neu’s using mean fluorescence inten-
sity (MFI) of rhodamine. When DHR was added without PMA
stimulation, rhodamine-specific fluorescence was detected in hESC-
Neu's, PB-Neu(G-)'s, and PB-Neu(G+)'s. PMA stimulation in-
creased rhodamine 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 hRESC-Neu’s, PB-Neu(G—)’s, and
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 periphery 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, x400. (B) The phagocytosis rate
was calculated as a percentage of the neutrophils that contained one or more yeast cells. hESC-Neu’s had a slightly lower phagocytosis rate than that of PB-Neu(G—)’s and
PB-Neu(G+)’s. (C) The phagocytosis 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; bars indicate 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-hour incubation 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 number of migrating cells increased in all hESC-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
population, was larger than that of PB-Neu’s. This finding indicates that
the density of morphologically mature neutrophils 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.

In this culture, we observed morphologically defined myelo-
blasts, promyelocytes, myelocytes, metamyelocytes, and, eventu-

Discussion

We developed a specific and effective method for deriving mature
neutrophils from hESCs, making it possible to analyze hESC-
derived neutrophils in detail. hRESC-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.

Unfortunately, attempts to further purify the hESC-derived mature
neutrophils from the hRESC-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-

ally, mature stab and segmented neutrophils, in this order, during
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, CD11b, CD33, and CD45.
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.3' G-CSF also induces
CD64 and CD14 expression on mature neutrophils,?'3> and these
effects are also observed in vivo when G-CSF is administered to
healthy volunteers.3>33 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 hRESC-Neu’s were more heterogeneous
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 hRESC-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-CSFE3¢
whereas neutrophils obtained from G-CSF-treated patients with
nonmyeloid malignancies show decreased random migration and
chemotaxis.’”-3® Our in vitro experiment 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-CSF, 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 hESC-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

References
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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 areport
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.'0 In 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 immature 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.

Acknowledgments

We thank Dr Nakatsuji for providing the KhES-3, and Dr Nakano
for providing the OP9 cells. We are grateful to Kyowa Hakko Kirin
for providing TPO, FP6, and G-CSF, and to Kyokuto Pharmaceuti-
cal Industrial for the nonserum medium used in the EB formation.
We also thank S. Ichimura for hESC culture.

This work was supported in part by a Grant-in-aid from the
Japan Society of Promotion of Sciences (KAKENHI nos. 17390274,
18013012, 19390258, and 20015010); Research on Pharmaceutical
and Medical Safety, Health and Labor Sciences Research Grants
from the Ministry of Health, Labor and Welfare of Japan (H16-
Iyaku-32); grants from the Astellas Foundation for Research on
Metabolic Disorders; the Uehara Memorial Foundation; and the
Sagawa Foundation for Promotion of Cancer Research (S.C.); and
the Project for Realization of Regenerative Medicine (S.0.).

Authorship

Contribution: Y.Y. and T.S. performed the experiments; K.H.
designed the NBT-coated yeast cell-phagocytosis test; M.S.-Y., and
K.K. assisted with interpretation of experiments and provided
insightful comments; Y.Y. interpreted the data, made the figures,
and wrote the paper; T.T., M.K., and S.O. advised on experimental
design; S.C. provided critical reading of the paper; T.S. and S.C.
designed the research.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Shigeru Chiba, Department of Clinical and
Experimental Hematology, University of Tsukuba, 1-1-1 Tennodai,
Tsukuba, Ibaraki, 305-8575, Japan; e-mail: schiba-tky @umin.net.

1. Kaufman DS, Hanson ET, Lewis RL, Auerbach R, 2.
Thomson JA. Hematopoietic colony-forming cells
derived from human embryonic stem cells. Proc
Natl Acad Sci U S A. 2001;98:10716-10721. 3.

Nakano T, Kodama H, Honjo T. Generation of
lymphohematopoietic cells from embryonic stem
cells in culture. Science. 1994;265:1098-1101.
Vodyanik MA, Bork JA, Thomson JA, Slukvin II.

Human embryonic stem cell-derived CD34+
cells: efficient production in the coculture with
OP9 stromal cells and analysis of lymphohemato-
poietic potential. Blood. 2005;105:617-626.

— 345 —



6592

10.

1.

From www .bloodjournal.org at University of Tsukuba Library on January 25, 2011. For personal use only.
BLOOD, 25 JUNE 2009 « VOLUME 113, NUMBER 26

YOKOYAMA et al

. Chadwick K, Wang L, Li L, et al. Cytokines and

BMP-4 promote hematopoietic differentiation of
human embryonic stem cells. Blood. 2003;102:
906-915.

. Cerdan C, Rouleau A, Bhatia M. VEGF-A165

augments erythropoietic development from hu-
man embryonic stem cells. Blood. 2004;103:
2504-2512.

. Wang L, Menendez P, Shojaei F, et al. Generation

of hematopoietic repopulating cells from human
embryonic stem cells independent of ectopic
HOXB4 expression. J Exp Med. 2005;201:1603-
1614.

. Keller G, Kennedy M, Papayannopoulou T, Wiles

MV. Hematopoietic commitment during embry-
onic stem cell differentiation in culture. Mol Cell
Biol. 1993;13:473-486.

. Wang L, LiL, Shojaei F, et al. Endothelial and he-

matopoietic cell fate of human embryonic stem

cells originates from primitive endothelium with

hemangioblastic properties. Immunity. 2004;21:
31-41.

. LuSJ, Feng Q, Caballero S, et al. Generation of

functional hemangioblasts from human embry-
onic stem cells. Nat Methods. 2007;4:501-509.

Takayama N, Nishikii H, Usui J, et al. Generation
of functional platelets from human embryonic
stem cells in vitro via ES-sacs, VEGF-promoted
structures that concentrate hematopoietic pro-
genitors. Blood. 2008;111:5298-5306.

Hibel K, Carter RA, Liles WC, et al. Granulocyte
transfusion therapy for infections in candidates
and recipients of HPC transplantation: a com-
parative analysis of feasibility and outcome for
community donors versus related donors. Trans-
fusion. 2002;42:1414-1421.

. Mousset S, Hermann S, Klein SA, et al. Prophy-

lactic and interventional granulocyte transfusions
in patients with haematological malignancies and
life-threatening infections during neutropenia.
Ann Hematol. 2005;84:734-741.

. Price TH. Granulocyte transfusion: current status.

Semin Hematol. 2007;44:15-23.

. Bhatia M. Hematopoietic development from hu-

man embryonic stem cells. Hematology Am Soc
Hematol Educ Program. 2007;2007:11-16.

. Suemori H, Yasuchika K, Hasegawa K, Fujioka T,

Tsuneyoshi N, Nakatsuiji N. Efficient establish-
ment of human embryonic stem cell lines and
long-term maintenance with stable karyotype by
enzymatic bulk passage. Biochem Biophys Res
Commun. 2006;345:926-932.

. Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al.

Embryonic stem cell lines derived from human
blastocysts. Science. 1998;282:1145-1147.

. Suzuki T, Yokoyama Y, Kumano K, et al. Highly

efficient ex vivo expansion of human hematopoi-

18.

20.

21,

22,

23.

24.

25.

26.

27:

28.

29.

etic stem cells using Delta1-Fc chimeric protein.
Stem Cells. 2006;24:2456-2465.

Yuo A, Kitagawa S, Okabe T, et al. Recombinant
human granulocyte colony-stimulating factor re-
pairs the abnormalities of neutrophils in patients
with myelodysplastic syndromes and chronic my-
elogenous leukemia. Blood. 1987;70:404-411.

. Kumano K, Chiba S, Shimizu K, et al. Notch1 in-

hibits differentiation of hematopoietic cells by sus-
taining GATA-2 expression. Blood. 2001;98:3283-
3289.

Vowells SJ, Sekhsaria S, Malech HL, Shalit M,
Fleisher TA. Flow cytometric analysis of the
granulocyte respiratory burst: a comparison study
of fluorescent probes. J Immunol Methods. 1995;
178:89-97.

Richardson MP, Ayliffe MJ, Helbert M, Davies EG.
Asimple flow cytometry assay using dihydrorho-
damine for the measurement of the neutrophil
respiratory burst in whole blood: comparison with
the quantitative nitrobluetetrazolium test. J Immu-
nol Methods. 1998;219:187-193.

Emmendoérffer A, Hecht M, Lohmann-Matthes
ML, Roesler J. Afast and easy method to deter-
mine the production of reactive oxygen intermedi-
ates by human and murine phagocytes using di-
hydrorhodamine 123. J Immunol Methods. 1990;
131:269-275.

Decleva E, Menegazzi R, Busetto S, Patriarca P,
Dri P. Common methodology is inadequate for
studies on the microbicidal activity of neutrophils.
J Leukoc Biol. 2006;79:87-94.

Harvath L, Falk W, Leonard EJ. Rapid quantita-
tion of neutrophil chemotaxis: use of a polyvi-
nylpyrrolidone-free polycarbonate membrane in a
multiwell assembly. J Immunol Methods. 1980;37:
39-45.

Rado TA, Bollekens J, St Laurent G, Parker L,
Benz EJ Jr. Lactoferrin biosynthesis during
granulocytopoiesis. Blood. 1984;64:1103-1109.

Rado TA, Wei XP, Benz EJ Jr. Isolation of lacto-
ferrin cDNA from a human myeloid library and
expression of mMRNA during normal and leukemic
myelopoiesis. Blood. 1987;70:989-993.

Cowland JB, Borregaard N. The individual regula-
tion of granule protein mRNA levels during neu-
trophil maturation explains the heterogeneity of
neutrophil granules. J Leukoc Biol. 1999;66:989-
995.

van de Winkel JG, Anderson CL. Biology of hu-
man immunoglobulin G Fc receptors. J Leukoc
Biol. 1991;49:511-524.

van Lochem EG, van der Velden VH, Wind HK,
te Marvelde JG, Westerdaal NA, van Dongen

JJ. Immunophenotypic differentiation patterns of
normal hematopoiesis in human bone marrow:
reference patterns for age-related changes and

— 346 —

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

disease-induced shifts. Cytometry B Clin Cytom.
2004,60:1-13.

. Ball ED, McDermott J, Griffin JD, Davey FR,

Davis R, Bloomfield CD. Expression of the three
myeloid cell-associated immunoglobulin G Fc
receptors defined by murine monoclonal antibod-
ies on normal bone marrow and acute leukemia
cells. Blood. 1989;73:1951-1956.

Kerst JM, van de Winkel JG, Evans AH, et al.
Granulocyte colony-stimulating factor induces
hFc gamma RI (CD64 antigen)-positive neutro-
phils via an effect on myeloid precursor cells.
Blood. 1993;81:1457-1464.

Kerst JM, de Haas M, van der Schoot CE, et al.
Recombinant granulocyte colony-stimulating fac-
tor administration to healthy volunteers: induction
of immunophenotypically and functionally altered
neutrophils via an effect on myeloid progenitor
cells. Blood. 1993;82:3265-3272.

Carulli G. Effects of recombinant human granulo-
cyte colony-stimulating factor administration on
neutrophil phenotype and functions. Haemato-
logica. 1997;82:606-616.

van Raam BJ, Drewniak A, Groenewold V, van
den Berg TK, Kuijpers TW. Granulocyte colony-
stimulating factor delays neutrophil apoptosis by
inhibition of calpains upstream of caspase-3.
Blood. 2008;112:2046-2054.

Kerst JM, Slaper-Cortenbach IC, von dem Borne
AE, van der Schoot CE, van Oers RH. Combined
measurement of growth and differentiation in sus-
pension cultures of purified human CD34-positive
cells enables a detailed analysis of myelopoiesis.
Exp Hematol. 1992;20:1188-1193.
Nakamae-Akahori M, Kato T, Masuda S, et al.
Enhanced neutrophil motility by granulocyte
colony-stimulating factor: the role of extracellular
signal-regulated kinase and phosphatidylinositol
3-kinase. Immunology. 2006;119:393-403.
Azzara A, Carulli G, Rizzuti-Gullaci A, Minnucci S,
Capochiani E, Ambrogi F. Motility of rhG-CSF-
induced neutrophils in patients undergoing che-
motherapy: evidence for inhibition detected by
image analysis. Br J Haematol. 1996;92:161-168.
Ribeiro D, Veldwijk MR, Benner A, et al. Differ-
ences in functional activity and antigen expres-
sion of granulocytes primed in vivo with filgrastim,
lenograstim, or pedfilgrastim. Transfusion. 2007;
47:969-980.

Hiroyama T, Miharada K, Sudo K, Danjo I, Aoki N,
Nakamura Y. Establishment of mouse embryonic
stem cell-derived erythroid progenitor cell lines
able to produce functional red blood cells. PLoS
ONE. 2008;3:1544.

Nakahara M, Matsuyama S, Saeki K, et al. A
feeder-free hematopoietic differentiation system
with generation of functional neutrophils from
feeder- and cytokine-free primate embryonic
stem cells. Cloning Stem Cells. 2008;10:341-354.



The Journal of Immunology

Notch Activation Induces the Generation of Functional NK Cells
from Human Cord Blood CD34-Positive Cells Devoid of IL-15"

Kyoko Haraguchi,*" Takahiro Suzuki,** Noriko Koyama,' Keiki Kumano,** Fumio Nakahara,***
Akihiko Matsumoto,** Yasuhisa Yokoyama,*** Mamiko Sakata-Yanagimoto,*** Shigeo Masuda,®**
Tsuyoshi Takahashi,* Aki Kamijo,”® Koki Takahashi,® Minoko Takanashi,” Yoshiki Okuyama,’
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The development of NK cells from hematopoietic stem cells is thought to be dependent on IL-15. In this study, we demonstrate
that stimulation of human cord blood CD34™ cells by a Notch ligand, Deltad, along with IL-7, stem cell factor, and Fms-like
tyrosine kinase 3 ligand, but no IL-15, in a stroma-free culture induced the generation of cells with characteristics of functional
NK cells, including CD56 and CD161 Ag expression, IFN-y secretion, and cytotoxic activity against K562 and Jurkat cells.
Addition of y-secretase inhibitor and anti-human Notch1 Ab to the culture medium almost completely blocked NK cell emergence.
Addition of anti-human IL-15-neutralizing Ab did not affect NK cell development in these culture conditions. The presence of
IL-15, however, augmented cytotoxicity and was required for a more mature NK cell phenotype. CD56™ cells generated by culture
with IL-15, but without Notch stimulation, were negative for CD7 and cytoplasmic CD3, whereas CD56™ cells generated by culture
with both Delta4 and IL-15 were CD7" and cytoplasmic CD3™" from the beginning and therefore more similar to in vivo human
NK cell progenitors. Together, these results suggest that Notch signaling is important for the physiologic development of NK cells

at differentiation stages beyond those previously postulated. The Journal of Immunology, 2009, 182: 6168—6178.

atural killer cells are critical for host immunity because

they rapidly mediate cellular cytotoxicity against patho-

gen-infected or malignantly transformed cells and pro-
duce a wide variety of cytokines and chemokines that influence
other components of the immune system. Unlike other lympho-
cytic lineages, however, the continuous staging scheme of human
NK cell development in vivo has yet to be elucidated (1). One
reason for this may be the difficulty in closely correlating our
knowledge of mouse NK cell biology with human NK cell biology
(2), because mouse NK cells do not express a homolog of CD56,
which is the marker most representative of human NK cells; in-
stead, the most widely used markers of NK cells in various mouse
strains are NK1.1 and DX5, mouse-specific Ags. Among the mol-
ecules involved in NK cell development, IL-15 has a particularly
important role. For example, IL-15-deficient mice lack NK1.1"
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cells (3), indicating that IL-15 is essential for NK cell development
in mice. The requirement of IL-15 for mouse NK cell development
has also been demonstrated by other studies (4, 5). In humans,
IL-15 is considered to be required for in vitro NK cell development
and virtually most current protocols for human NK cell differen-
tiation culture depend on IL-15. IL-15-independent NK cell dif-
ferentiation has been reported in which human cord blood (CB)°
cells are cocultured with murine stromal cell lines (6). Signaling,
however, substituting IL-15 signaling that is responsible for the
NK cell differentiation in this culture system was not described.
NK cells are thought to be derived from hematopoietic stem
cells through a T/NK precursor stage. The Notch signaling path-
way influences cell fate decisions in numerous cellular systems,
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including various hematopoietic and immune cells (7-9). To date,
four Notch receptors (Notchl— Notch4) and at least four Notch
ligands (Deltal, Delta4, Jaggedl, and Jagged2) have been identi-
fied in mammals. Signaling through Notchl is crucial in the early
stages of T cell development (10-12). In culture, ligand-induced
Notch signaling drives human CB CD34 cells to differentiate into
T/NK cell precursors (13). Furthermore, Notch signaling drives the
T/NK precursors toward differentiation into T and NK cells, although
the results for the NK cells are controversial. For example, inhibition
of Notch signaling suppresses T cell development and stimulates NK
cell development (14—16), whereas activation of Notch signaling con-
tributes to the efficient development of NK cells in mice (17, 18) and
humans (19). It is not concluded, however, whether Notch signaling
is involved in the function of NK cells or whether IL-15 is necessary
for NK cell development in culture.

In this report, to gain further insight into the physiologic sig-
nificance of Notch signaling in NK cell development, we examined
whether IL-15 is dispensable for the generation of functional NK
cells and whether Notch signaling has a role in the later stages of
NK cell development. Our results indicated that Notch signaling,
but not IL-15 stimulation, was essential for inducing CD34™" cells
to give rise to CD7 ™ and cytoplasmic (cy) CD3 ™ cells that express
CD56 in stroma-free culture. Surprisingly, cells cultured with
Deltad-coated plates, but lacking IL-15 in the medium, were func-
tional NK cells with cytotoxic activity. IL-15, along with Delta4,
further augmented NK cell activity and phenotypic maturation.
The addition of IL-15 without exogenous Notch ligand, however,
did not allow CD34™ cells to take a NK cell developmental path-
way resembling physiologic NK cell precursors. Notch signaling
might have a significant role in the development of NK cells
in vivo.

Materials and Methods
Reagents and Abs

Recombinant human Delta4-Fc chimeric protein was generated as de-
scribed previously (20). Recombinant human IL-7 and IL-15 were pur-
chased from R&D Systems. Human stem cell factor and human Fms-like
kinase 3 ligand (FL) were a gift from Amgen. Human IL-6/IL-6 receptor
fusion protein (FP6) and human thrombopoietin were provided by Kirin
Pharma. Anti-IL-15 Ab (MAB2471) and isotype control mouse IgG1 were
purchased from R&D Systems. Anti-CD3 (UCHT1), CD8 (SK1), CD14
(M5E2), CD44 (G44-26), CD45 (HI30), CD45RA (HI100), CD56 (B159),
CD9%4 (HP-3D9), CD161 (DX12), NKG2D (1D11), CCR7 (3D12),
granzyme B (GB11), and IFN-vy (25723.1) Abs were purchased from
BD Biosciences. Anti-CD2 (T11), CD4 (13B8.2), CD7 (8H8.1), CD11a
(25.3), CD11b (Bearl), CD25 (B1.49.9), CD27 (1A4CD27), CD33
(D3HL60.251), CD57 (NC1), CD62L (DREGS56), CD117 (YB5.B8),
CD122 (CF1), CD158a (EB6), and CD158b (GL183) Abs were pur-
chased from Beckman Coulter. Anti-CD34 and CD133 Abs were pur-
chased form Miltenyi Biotec. RIK-2, anti-TRAIL mAb, was prepared as
described previously (21).

Isolation of CD34™" and CD133™ cells

Human CB samples were collected from normal full-term deliveries. The
parents of all donors provided written informed consent to participate in the
study. The procedures were approved by the institutional review board.
Mononuclear cells were separated from blood samples by density gradient
centrifugation (Lymphoprep; AXIS-SHIELD PoC). CD34- and CD133-
enriched cells were separated from mononuclear cells using a MACS Di-
rect CD34 Progenitor Cell Isolation Kit and MACS CD133 MicroBead Kit
(Miltenyi Biotec), respectively, according to the manufacturer’s protocol.
The purity of the CD34™ and CD133* cells was 97.3 * 2.3% (n = 15) and
95.4 + 3.2% (n = 4), respectively. Residual CD3" and CD56™ cells were
0.73 = 0.42% and 0.41 *= 0.32%, respectively, in either purification
strategy.

Cell culture

Nontissue culture-type 24-well plates were precoated by applying 10
pg/ml Deltad-Fc or control Fc fragments of human Ig G (Fc) (Athens

6169

Research & Technology) to the plates at 37°C for 1 h. Cells were cultured
in MEM Eagle, o modification (Sigma-Aldrich) supplemented with 20%
FBS (Thermo Trace) and penicillin-streptomycin at 37°C in a humidified
atmosphere flushed with 5% CO, in air. The number of CD34 or CD133
magnetic bead-sorted cells seeded in each well was 0.25-1.2 X 10°. Cy-
tokines were added at concentrations of 10 ng/ml for IL-7, 100 ng/ml for
stem cell factor and 100 ng/ml for FL. one-half of the culture medium was
changed every 3 or 4 days. Ten nanograms of thrombopoietin per ml and
100 ng/ml FP6 were added only into the starting culture medium for ef-
fective proliferation, although they were not essential (data not shown).
IL-15 was added at 5 ng/ml when indicated. Anti-IL-15 or isotype IgG was
added at 10 pg/ml when indicated. To inhibit Notch signaling, 10 uwmol/L
y-secretase inhibitor N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylgly-
cine tert-butyl ester (DAPT; Calbiochem) was added to the culture me-
dium. CD161" and CD161~ cells from the culture were isolated using
FACSAria (BD Biosciences) after staining with anti-CD161-PE Ab.

Phenotyping assay

Immunofluorescence staining for flow cytometry was performed according to
standard procedures. To exclude dead cells from the analysis, 7-aminoactino-
mycin D (Beckman Coulter) was used. Cytoplasmic staining was performed as
follows: after staining the cells with anti-CD56-allophycocyanin and fixing
with FACS lysing solution (BD Biosciences), the cells were permeabilized
using FACS permeabilizing solution (BD Biosciences) and stained with anti-
CD3-PE Ab. For staining for granzyme B, the same fixing and permeabilizing
procedure was performed after cell surface staining with anti-CD56-PE and
anti-CD3-allophycocyanin. For staining for TRAIL, the cells were incubated
with 1 ug of RIK-2 for 30 min at 4°C followed by anti-mouse IgG1-PE
(A85-1). Cells were analyzed by flow cytometry using FACSCalibur and
CellQuest software (BD Biosciences).

Cytotoxicity assays

A 5'Cr release assay to determine cytotoxicity was performed using stan-
dard procedures. In brief, 5 X 10° K562 or Jurkat cells were labeled with
Na,’'CrO; (Amersham Biosciences) and cocultured with effector cells at
various ratios in 96-well round-bottom microtiter plates in 200 ul of cul-
ture medium. The cocultured cells were incubated for 4 h, and 100 ul of
supernatant was collected from each well and counted with a Packard
COBRA gamma counter (Packard Instruments). The percentage of specific
31Cr release was calculated as follows: [cpm experimental release — cpm
spontaneous release]/(cpm maximal release — cpm spontaneous release) X
100. The ratio of spontaneous release to maximal release was <20% in all
experiments. In experiments to test the mode of cytotoxicity, we used con-
canamycin A (CMA; Sigma-Aldrich) as a selective inhibitor of the per-
forin-mediated cytotoxicity, and anti-TRAIL Ab RIK-2. Effectors were
pretreated with 100 nmol/L CMA for 2 h before the cytotoxicity assays
(22). RIK-2 was added at a final concentration of 10 ug/ml at the start of
the cytotoxicity assay.

Intracellular cytokines

The cells were stimulated by PMA (25 ng/ml; Sigma-Aldrich) and iono-
mycin (1 pg/ml; Sigma-Aldrich) in the presence of monensin (2 wmol/L;
Sigma-Aldrich) for 4 h. After staining the cells with anti-CD56-PE, they
were fixed and permeabilized as described above and stained with anti-
IFN-y-FITC Ab. The cells were analyzed on a FACSCalibur using
CellQuest software.

Anti-Notch Abs

For cell surface staining, we used biotinylated Abs and streptavidin-PE
(BD Biosciences). To block Notch1, we added 10 (ug/ml) MHN1-519 to
the medium. Mouse IgG1 (R&D Systems) was used as the control. The
anti-human Notch1 (MHN1-519, mouse IgG1), Notch2 (MHN2-25, mouse
1gG2a), and Notch3 (MHN3-21, mouse IgG1) mAbs were generated by
immunizing BALB/c mice with human Notchl-Fc (R&D Systems),
Notch2-Fc (the Fc portion of human IgG1 was fused to the 22nd epidermal
growth factor repeat of the extracellular region of human Notch2), or
Notch3-Fc (R&D Systems) and screening hybridomas producing mAbs
specific for Notch1-Fe, Notch2-Fc, or Notch3-Fc by ELISA. MHN1-519,
MHN2-25, and MHN3-21 reacted with CHO(r) cells (23) expressing hu-
man Notchl, Notch2, and Notch3, respectively, as demonstrated by flow
cytometry (supplemental Fig. S44'°). MHN1-519 and MHN3h21 blocked
Notch1-Fc and Notch3-Fc binding to CHO(r) cells expressing human
Delta4, respectively, but MHN2-25 did not block Notch2-Fc binding (sup-
plemental Fig. S4B).

!9 The online version of this article contains supplemental material.
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FIGURE 1. Phenotypic and functional analysis of cells derived from CD34™" cells on Delta4-Fc-coated plates. A, Representative dot plot illustrating CD161
vs CD56 expression in the cells generated on Deltad-Fc-coated plates from CD34™ CB cells after culture for 3 wk, and dot plot illustrating CD161/CD3 vs CD34
of the sorted CB population before culture. B, Various phenotypic analyses of the 3-wk cultured cells that were gated on CD161" events. Results are representative
of at least four experiments. C, The 2.5-wk cultured cells were cytotoxic against K562 target cells at the indicated E:T ratios. The ratio of CD161* cells cultured
on Deltad-Fc-coated plates and those Fc-coated plates in this experiment was 40 and 0%, respectively. Results are representative of four experiments. D, IFN-y
production by the 3-wk culture cells, as analyzed by intracellular expression. The histogram plots were gated on CD56 *events. Results are representative of five
experiments.
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39%

E, A
0.6% 04%| =10.1% 0.2%)

y-secretase inhibitors. Representative
dot plots of CB CD34" cells that
were cultured for 2.5 wk on Delta4-

Fc-coated plates with DMSO (the sol-
vent for the vy-secretase inhibitors:

D4-Fc with DMSO), Deltad-Fe- e
coated plates with DAPT (D4-Fc with -
DAPT), and Fc-coated plates (Fc). 21
Results are representative of three
experiments.

Results

Human CB CD34" and CDI133™ cells gave rise to functional
NK cells by Notch signaling in a stroma-free culture without
exogenous IL-15

CD34" or CD133™ cells were cultured on Delta4-Fc-coated
plates. The cells became almost immunophenotypically homo-
geneous after culture for ~3 wk (Fig. 14). The proliferation
efficiency depended on CB batches; fold increases in the cell
number after the 3-wk culture were 10.3 = 7.74-fold (n = 11).
These cells expressed CD56 and CD161, but did not express
surface CD3 or TCRa/f (data not shown). CD56/CD161 dou-
ble-positive cells also expressed NKG2D and CD117, but were
essentially negative for CD16 and killer Ig-like receptors
(CD158a and CD158b). The cells had cytotoxic activity against
K562 (Fig. 1C) and Jurkat cells (see Fig. 5Bii), and secreted
IFN-v (Fig. 1D). These results indicate that the culture products
meet the general criteria for functional NK cells. The products
generated from CB CD34" and CD133™ had the same charac-
teristics (data not shown).

Virtually no NK cells developed in culture on control Fc-
coated plates; the vast majority of the cells were CD33" my-
eloid cells, a significant part of which expressed CD14 (Fig. 2).
The absolute cell numbers with control Fc are ~5-fold higher
than that with Delta4-Fc, and the fold increases in the cell num-
ber after the 3-wk culture were 45.7 = 31.6-fold (n = 11). To
confirm that the NK cell differentiation was Notch dependent,
we added a vy-secretase inhibitor, DAPT, which strongly inhib-
its ligand-dependent Notch activation (24, 25). The cells cul-
tured on Delta4-Fc-coated plates in the presence of DAPT had
the same immunophenotype as those cultured on the control
Fc-coated plates and did not give rise to NK cells (Fig. 2),
indicating that the observed NK cell development was Notch
activation dependent. The number of cells generated increased
to the level of that in the control Fc protein-coated plates (data
not shown).

We cultured CD34™" cells and CD133" cells purified from G-
CSF-mobilized peripheral blood cells. Both cell types gave rise to
CD56"CD161" NK cells that were similar to those derived from
CB CD34" or CD133" cells. The amount of time required for
mobilized peripheral blood CD34™ or CD133™ cells (~5 wk) to
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=
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develop to a major population of CD56"CD161" NK cells was
greater than that required for CB CD34" or CD133™ cells (sup-
plemental Figs. S1A and S2 and Fig. 3), although the time courses
varied to some degree from batch to batch (supplemental Fig. S2
and data not shown).

We next examined the effects of other soluble Notch ligands,
human Deltal-Fc and Jaggedl-Fc, on NK cell development from
CB CD34™ cells. Deltal-Fc had an effect similar to that of Delta4-
Fc, although with lower efficiency (supplemental Fig. S1B), and
Jagged1-Fc showed no potential to induce NK cell development
(data not shown). Therefore, we used Deltad-Fc as the soluble
Notch ligand and CB CD34™ cells as the starting material for the
remaining experiments.

IL-15 is dispensable for in vitro NK cell development from CB
CD34™ cells in the presence of Delta4 stimulation, whereas
Notch stimulation appears to be essential for physiologic NK
cell development

When IL-15 was added to the culture medium on control Fc-
coated plates, CD56"CD161" NK cells emerged (Fig. 3 and
supplemental Fig.S2, Fc plus IL-15; cf with Fig. 3 and supple-
mental Fig.S2, Fc); this effect was blocked by anti-IL-15- neu-
tralizing Ab (Fig. 3 and supplemental Fig.S2, Fc plus IL-15 plus
anti-IL-15). IL-15 does not affect the absolute cell number; fold
increases in the cell number after the 3-wk culture were 46.8 *
36.3-fold, 43.1 £ 35.7-fold, and 48.4 = 9.48-fold with IL-15
(n = 7), without IL-15 (n = 7), and with IL-15 and anti-IL-15
(n = 3) in the control Fc-coated plate condition. The rate of NK
cell development by IL-15 stimulation, however, was much
slower than that by Delta4-Fc stimulation. In the absence of
Notch stimulation, but with IL-15, the percentage of total NK-
lineage cells represented by positive CD161 was only 2.6 *
2.9%, 6.3 = 4.6%, and 9.0 £ 4.5% at 2, 3, and 4 wk, respec-
tively (Fig. 3 and supplemental Fig.S2, Fc plus IL-15); whereas
in Delta4-Fc with IL-15 (Fig. 3 and supplemental Fig.S2, D4-Fc
plus IL-15) or without IL-15 (Fig. 3 and supplemental Fig.S2,
D4-Fc), the percentage of total NK-lineage cells was 56 = 17%,
77 = 11%, and 81 * 5.8% (with IL-15) or 52 * 18%, 74 *
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FIGURE 3. Phenotypic analysis during culture under several culture conditions. Representative dot plots illustrating CD161 vs CD56 and CD7 vs CD56 of
cells that were cultured from CB CD34 " cells for the indicated number of weeks on Fc-coated plates with IL-15 and mouse (m) IgG1-containing medium
(Fc + IL-15 + mIgGl), Fc-coated plates with mouse IgG1-containing medium (Fc + mIgG1), Fc-coated plates with anti-IL-15 Ab-containing medium (Fc +
anti-IL-15), Delta4-Fc-coated plates with mouse IgG1-containing medium (D4-Fc + mlgGl), Deltad-Fc-coated plates with anti-IL-15 Ab-containing medium
(D4-Fc + anti-IL-15), and Delta4-Fc-coated plates with IL-15 and mouse IgG1-containing medium (D4-Fc + IL-15 + mIgG1). Results are representative of at
least three experiments. The means and SD of each CD161 vs CD56 quadrant in replicate experiments are shown in supplemental Fig. S2.
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FIGURE 4. Phenotypic analysis of cells after various culture conditions. A, Representative dot plots illustrating CD7 vs CD56 cells that were cultured
from CB CD34" cells for 4 wk on Deltad-Fc-coated plates (D4, Ai) and for 6 wk on Fc-coated plates in the presence of IL-15 (Fc, Aii). Histogram plots
illustrating cyCD3 of the same cells that were gated on CD56 " events. Results are representative of six and five experiments, respectively. B, Representative
dot plots of cells that were cultured from CB CD34 ™ cells for 2 or 1 wk on Fc-coated plates with IL-15-containing medium and were then transferred to
Delta4-Fe-coated plates and cultured for 2 or 3 wk, respectively, with IL-15-free medium (Bi and Bii). Results are representative of three experiments. C,
Representative dot plots illustrating CD7 vs CD161 expression in the cells that were sorted into CD161 or CD161 ™ after 2-wk culture from CB CD34*
cells on Deltad-Fc-coated plates, and dot plots of cells that were cultured another week on Fc-coated plates with IL-15-free medium. Results are repre-

sentative of three experiments.

11%, and 88 = 6.7% (without IL-15) at 2, 3, and 4 wk, respec-
tively. (supplemental Fig. S2Bi) The differences were statisti-
cally significant between the D4-Fc group and the Fc group
(p < 0.001). The adjusted absolute numbers of NK-lineage
cells cultured on Deltad-Fc tended to be greater than those
cultured on Fc with IL-15, although the differences were not
always statistically significant (supplemental Fig. S3C). CD56™
CD161" NK cells eventually comprised a major population af-
ter 6 wk of culture with IL-15 but without Notch stimulation
(Fig. 4Ai). No CD56*"CD7™" (Fig. 3, Fc plus IL-15) or CD56™
cyCD3™ (Fig. 4Aii) cells were detected during culture with
IL-15 but without Delta4-Fc, whereas Delta4-Fc stimulation in-
duced the generation of CD7 cyCD3™ cells, which could rep-
resent naturally arising T/NK cell progenitors (26, 27), at the
early phase of the culture. Although CD7'" cells appeared in
culture with IL-15 alone, they might represent monocytes, be-

cause a substantial amount of CD14™ cells emerged regardless
of the presence of IL-15 when Delta4-Fc was absent and pe-
ripheral blood monocytes express CD7 at low levels.
Deltad4-Fc stimulation without IL-15 efficiently induced NK
cell development (Figs. 1 and 3 and supplemental Fig. S2, D4-
Fc). Most of the cells became CD7"#" in the first 2 wk. A few
CD1617" cells were detected at the first week, the number of
which increased at the next week. Only a part of the CD161™
cells was positive for CD56 during the early phase of the cul-
ture, but at the later time points, most CD161" cells were
CD56". This observation may indicate that CD161" CD56
cells emerge at first and they gradually become CD1617"
CD56™, although there is another interpretation such as simul-
taneous generation of double-positive and CD161 single-posi-
tive cells, expansion of double-positive cells, and apoptotic
disappearance of the single-positive cells. Given the previous
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FIGURE 5. Phenotypic and functional differences between cells cultured in IL-15-containing and IL-15-free medium on Deltad-Fc-coated plates. A,
Representative dot plots illustrating CD36 vs indicated Ags of cells cultured for 3 wk from CB CD34™ cells in IL-15-containing or IL-15-free medium on
Deltad-Fc-coated plates. Results are representative of six experiments. B, Cytotoxicity against K562 (Bi) or Jurkat (Bii) target cells at an E:T ratio of 5:1.
Effectors were developed in the indicated conditions for 2.5 wk. In this experiment, the ratio of CD161" cells cultured on Delta4-Fc-coated plates with
or without IL-15 condition and those cultured on Fc-coated plates with or without IL-15 condition were 53, 46, 0.6, and 0%, respectively. Effectors were
pretreated with CMA or DMSO (the solvent for CMA) (Bi). Anti-TRAIL RIK-2 or its isotype control mouse IgG1 was added at the start of the cytotoxicity
assay (Bii). Results are representative of three (Bi) and six (Bii) experiments. Batch to batch variation can be seen by comparing this figure with Fig. 1.
C, Representative dot plots illustrating intracellular granzyme B (Ci) or TRAIL (Cii) vs CD56 of the cells cultured for 3 wk in medium with or without
IL-15 on Delta4-Fc-coated plates and without IL-15 on Fc-coated plates. Results are representative of four experiments. D, Representative dot plots
illustrating intracellular IFN-y vs CD56 of cells cultured for 3 wk in medium with or without IL-15 on Delta4-Fc-coated plates and without IL-15 on

Fc-coated plates. Results are representative of four experiments.

demonstration that CD161 is expressed on the cell surface ear-
lier than CD56 (28), the former possibility appears more likely.
To explore the possibility that IL-15 is secreted by a certain
population of cells during culture and contributes to NK cell
development, we added anti-IL-15-neutralizing Ab to the cul-
ture. The addition of anti-IL-15-neutralizing Ab to the culture
medium blocked NK cell development in the presence of IL-15
(Fig. 3, IL-15 plus anti-IL-15), but did not affect either the rate
or efficiency of Delta4-Fc-dependent NK cell emergence (Fig.
3, D4-Fc plus anti-IL-15, fold increase in the cell number after
3-wk culture on Delta4-coated plate with anti-IL-15 was 8.75 *
4.18-fold (n = 5), which was not statistically different from
those cultured on Delta4-coated plates without anti-IL-15 or
with IL-15), further supporting the possibility that IL-15 is dis-
pensable for NK cell development from human CB CD34"
cells.

IL-2 is also suggested to be involved in the NK cell develop-
ment. To examine whether IL-2, which might be secreted by a
certain population of the cells, was present in the culture, the IL-2
concentration in the supernatant was measured by ELISA. No IL-2
was detected (cutoff level, 7 pg/ml; data not shown), indicating that
IL-2 was not involved in the NK cell development induced by
Delta4-Fc.

To examine the NK cell developmental stages that are criti-
cally dependent on Notch signaling, we cultured CB CD34™

cells on control Fc-coated plates with IL-15 for 1 or 2 wk and
then transferred them onto Delta4-Fc-coated plates and cultured
them further for 3 or 2 wk without IL-15, respectively (cultur-
ing for a total of 4 wk). Approximately 50% of the CD56™
CD161™" population expressed CD7* at 4 wk in the 1-wk IL-15
condition (Fig. 4Bii). In contrast, very few CD56" cells that
emerged in the 2-wk IL-15 condition expressed CD7 (Fig. 4Bi).
These observations indicated that CB CD34" cells cultured
with IL-15, but without Notch stimulation, for 1 wk retained the
capacity to generate CD56"CD7" cells, but that they lost this
capacity when cultured without Notch stimulation for 2 wk. We
also examined whether the Notch stimulation at early phases of
the culture irreversibly determines NK cell developmental fate.
To examine the early phase of NK cell development, we cul-
tured CB CD34* cells for 2 wk on Delta4-Fc-coated plates and
sorted the product into CD161" and CD161~ cells, because
CD161 is known to be expressed earlier than CD56 on the cell
surface (28). We then transferred each population onto control
Fc-coated plates and cultured them for another week without
IL-15. More than 80% of the population derived from the
CD1617 cells expressed CD7 . Interestingly, the CD161~ cells
also gave rise to CD1617CD7" cells among one of the two
major populations (Fig. 4C). These observations indicate that
Notch activation irreversibly drives a subset of CD34% cell
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D4 + anti-Notch1

FIGURE 6. Phenotypic analysis of
cells cultured in the presence of hu-
man Notchl-blocking Ab. A, Repre-
sentative dot plots of cells that were

cultured for 3 wk from CB CD34*
cells on Delta4-Fc-coated plates with
mouse IgGl-containing medium,
Delta4-Fc-coated plates with anti-
human Notchl-containing medium,
and Fc-coated plates. Results are rep-
resentative of six experiments. B,

Representative dot plots of cells that
were cultured for 5 wk from CB
CD34" cells on Fc-coated plates with
IL-15 and mouse IgGl-containing
medium and Fc-coated plates with
IL-15 and anti-human Notchl-con-
taining medium. Results are represen-
tative of three experiments.

42%)
-
we 10 10
CDis1
vQ
~ 310% 21%)

progenies to the CD161"CD7" NK cell fate within 2 wk, pre-
sumably before CD1617 is expressed.

IL-15, along with Delta4 stimulation, induces phenotypic
maturation and functional augmentation of CB CD34™
cell-derived NK cells

We compared the immunophenotype of the CB CD34™ cell-de-
rived NK cells generated in the culture with Delta4-Fc but lacking
IL-15 (D4-Fc) and in culture with Delta4-Fc and IL-15 (D4-Fc
plus IL-15). IL-15 does not affect the absolute cell number; fold
increases in the cell number after the 3-wk culture were 10.6 *
6.16-fold and 10.2 = 6.71-fold with and without IL-15 in the
D4-Fc-coated plate condition (n = 8). The cells grew slightly
faster with D4-Fc plus IL-15 than with D4-Fc alone, but there were
no significant differences in the frequency of CD56"CD161 " pop-
ulation in both conditions after 3 wk (cf Fig. 3 and supplemental
Fig. S2A, D4-Fc and D4-Fc plus IL-15; supplemental Fig. S2Bii;
and Fig. 5). The expression levels of CD7 and NKG2D were sim-
ilar. CD94 was expressed at a higher level in the D4-Fc plus IL-15
condition. CD16 and CD158 were not expressed in the D4-Fc con-
dition, but were expressed at low levels in the D4-Fc plus IL-15

condition. The expression levels of adhesion molecules, i.e.,
CD11a, CD11b, and CD62L, were higher in the D4-Fc condition
(Fig. 5A). The other markers shown in Fig. 1 (CD2, CD7, CD25,
CD27, CD44, CD45RA, CD57, CD117, CD122, and CCR7; data
not shown), as well as IFN-vy (Fig. 5D), were expressed at similar
levels under both conditions. There was a remarkable difference in
the expression level of CD56, which was markedly higher in the
D4-Fc plus IL-15 condition.

Cytotoxic activity against K562 cells was significantly higher in
NK cells generated in the D4-Fc plus IL-15 condition than that in
the D4-Fc condition. CMA, an inhibitor of perforin-mediated cy-
totoxicity, had a stronger suppressive effect on the cytotoxic ac-
tivities of NK cells generated in the D4-Fc plus IL-15 condition
(Fig. 5Bi). Interestingly, granzyme B, which enhances the per-
forin-mediated cytotoxicity and whose expression was not de-
tected in the D4-Fc condition, was up-regulated in the D4-Fc plus
IL-15 condition (Fig. 5Ci). This might explain the stronger sup-
pression of NK cell cytotoxic activity by CMA when generated in
the D4-Fc plus IL-15 condition compared with the D4-Fc condi-
tion. In contrast, there was no significant difference in the killing
activities against Jurkat cells of the NK cells generated under

— 354 —

1102 ‘Sz Arenuef uo S1o jounwulil:Aamm Wolj Papeo[uUMO(]



