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FIG 2. Copy numbers of sjKRECs measured in neonatal Guthrie cards or
dried blood spots obtained from B-cell-deficient patients. On all samples
from control, neonatal Guthrie cards (n = 133) were sjKREC-positive (4.8 =
0.6 X 10® copies/ng DNA). B-cell-deficient patients were negative for
sjKRECs in neonatal Guthrie cards (XLA, n = 7; non-XLA, n = 1) and dried
blood spots (XLA, n = 23; non-XLA, n = 4).

One patient (P27) was positive for ¢jKRECs, but other patients
were negative for it. RPPHI (internal control) was detectable at
the same level as in normal controls in all samples.

These results indicate that sjKRECs are undetectable in XLA
and non-XLA and suggest that measurement of sjKRECs in
neonatal Guthrie cards has the potential for the use of newborn
mass screening to identify neonates with early B-cell maturation
defects. Greater numbers of neonatal Guthrie cards should be
examined to confirm this potential, and the data obtained from
dried blood spots on filter papers must be examined to prove that
they truly reflect the data obtained from neonatal Guthrie cards.
‘We should also examine whether screening can reduce the cost of
treatment of the bacterial infections and chronic lung diseases in
patients with XLA and non-XLA and increase the benefits for
these patients. An anticipated pilot study using a large cohort of
newborns must address these problems. We also found that
T-cell-receptor excision circles and sjKRECs can be measured
simultaneously on the same plate. Thus, a pilot study of neonatal
screening for both T-cell and B-cell deficiencies could be
performed simultaneously.
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TABLE E1. Characteristics of patients with XLA
Serum Ig
Patient Unique Age (mg/dL) cD19* BTK mutation , Source
no. patient no. (y) Sex IgG IgA IgM % Lymph /pL Genomic DNA cDNA Amino acid Guthrie Dry spot

215 <10 <10 0.07  7.04 11593_11594 insA 144_145insA Arg49 frameshift

~0.00 150kb deletion of BTK, TIMMSA, TAF7L, DRP2

P16 847 11 M 698 26 11 0.08  1.86 25536delG 655delG Val219 frameshift X

0.00 11022C>T

Age, Age at analysis of KRECs; CD19" % Lymph, CD19-positive cell percentage in lymphocytes; CDI19™ /L, CD19-positive cell number in 1 pL whole peripheral blood;
M, male; NA, not available; Serum Ig, serum levels of immunoglobulins at diagnosis.

BTK mutation’s reference sequences are NCBI NC_000023.9, NM_000061.2, and NP_000052.1.

*Trough level during intravenous immunoglobulin therapy.
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TABLE E2. Characteristics of patients with non-XLA

Serum Ig (mg/dL) cD19* Source

Unique Age
Patient no. patient no. {y) Sex

P31
P32

P33
P34
P35

IgA IgM % Lymph /pL BTK mutation Guthrie Dry spot

T o
<5 <5 000 000 ~ Normal x
s 00 s Nomal o o X
<212 <37 <20 000 000  Nomal
o2l 3 390 000 000 o Nemal o X

>

Age, Age at analysis of KRECs; CDI9™ % Lymph, CD19-positive cell percentage in lymphocytes; CDI 9+ /L, CD19-positive cell number in 1 wL whole peripheral blood;
F, female; M, male; Serum Ig, serum levels of immunoglobulins at diagnosis.
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Introduction

Because of pluripotency and self-renewal, human embryonic
stem (ES) cells and induced pluripotent stem (iPS) cells are
potential cell sources for regenerative medicine and other clinical
applications, such as cell therapies, drug screening, toxicology, and
investigation of disease mechanisms [1,2,3]. iPS cells are
reprogrammed somatic cells with ES cell-like characteristics that
are generated by introducing certain combinations of genes,
proteins, or small molecules into the original cells [4,5,6,7].
Patient-derived iPS cells have facilitated individualized regenera-
tive medicine without immunological or ethical concerns.
Moreover, patient- or disease-specific iPS cells are an important
resource for unraveling human hematological disorders. However,
for this purpose, a robust and simple hematopoietic differentiation
system that can reliably mimic in vivo hematopoiesis is necessary.

Mesodermal and hematopoictic differentiation is a dynamic
event associated with changes in both the location and phenotype of
cells [8,9,10,11]. Some primitive streak (PS) cells appearing just after
gastrulation form the mesoderm, and a subset of mesodermal cells
differentiate into hematopoietic cell lineages [9,12,13,14,15,16].
Previous studies have accumulated evidence on these embryonic
developmental pathways.

The leading methods of blood cell induction from ES/iPS
cells employ 2 different systems: monolayer animal-derived
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stromal cell coculture and 3-dimensional embryoid body (EB)
formation. Both methods can produce hematopoietic cells from
mesodermal progenitors, and combinations of cytokines can
control, to some extent, the specific lineage commitment
[1,2,17,18,19,20,21,22,23,24,25,26,27,28]. In the former meth-
od, a previous study showed that OP9 stromal cells, which are
derived from the bone marrow of osteopetrotic mice, augment the
survival of human ES cell-derived hematopoietic progenitors [29].
However, as the stromal cell condition controls the robustness of the
system, it can be relatively unstable. Furthermore, the induction of
hematopoietic cells from human pluripotent cells on murine-
derived cells is less efficient than that from mice cells.

In EB-based methods, hematopoietic cells emerge from specific
areas positive for endothelial markers such as CD31 [30,31,32].
Through these methods, previous studies have generated a list of
landmark genes for each developmental stage, such as T and
KDR genes for the PS and mesodermal cells, respectively
[12,16,17,18,25,28,33,34,35,36], and also have emphasized ap-
propriate developmental conditions consisting of specific micro-
environments, signal gradients, and cytokines given in suitable
combinations with appropriate timing. For robust and reproduc-
ible specification to myelomonocytic lineages of cells, some recent
studies have converted to serum-independent culture by using EB
formation [37]. However, the difficulty in applying 3-dimensional
location information inside EBs prevents substantial increases in
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hematopoietic specification efficacy. Additionally, the sphere-like
structure of the EB complicates tracking and determination of
hematopoietic—stromal cell interactions.

To overcome these issues, we established a novel serum-free
monolayer hematopoietic cell differentiation system from human
ES and iPS cells. Although there are no reports describing the shift
of human ES/iPS cells from primitive to definitive erythropoiesis
in a monolayer xeno-cell-free condition, our system can trace the
in vitro differentiation of human ES/iPS cells into multiple
lineages of definitive blood cells, such as functional erythrocytes
and neutrophils. Hematopoietic cells arise via an orderly
developmental pathway that includes PS cells, mesoderm, and
primitive hematopoiesis.

Materials and Methods

Maintenance of human ES/iPS cells in serum-free
condition

Experiments were carried out with the human ES cell lines
KhES-1 and KhES-3 (kindly provided by Norio Nakatsuji) and
iPS cell lines 201B7 and 253G4 (kindly provided by Shinya
Yamanaka). Stable derivatives of ES cells carrying the transgene
for green fluorescent protein (GFP) after CAG promoter were also
used [38,39]. The ES/iPS cells were maintained on a tissue culture
dish (#353004; Becton-Dickinson, Franklin Lakes, NJ) coated
with growth factor-reduced Matrigel (#354230; Becton-Dick-
inson) in mTeSR1 serum-free medium (#05850; STEMCELL
Technologies, Vancouver, BC, Canada). The medium was
replaced everyday. Passage was performed according to the
manufacturer’s protocol.

Differentiation of ES/iPS cells

First, undifferentiated ES/iPS cell colonies were prepared at the
density of less than 5 colonies per well of a 6-well tissue culture
plate (#353046; Becton-Dickinson). When individual colony grew
up to approximately 500 pm in diameter, mTeSR1 maintenance
medium was replaced by Stemline II serum-free medium
(#S0192; Sigma-Aldrich, St. Louis, MO) supplemented with
Insulin-Transferrin-Selenium-X Supplement (ITS) (#51500-056;
Invitrogen, Carlsbad, CA). This day was defined as day 0 of
differentiation. BMP4 (#314-BP-010; R&D Systems, Minneapo-
lis, MN) was added for first 4 days and replaced by VEGF 45
(#293-VE-050; R&D Systems) and SCF (#255-SC-050; R&D
Systems) on day 4. On day 6, the cytokines were again replaced by
the haematopoietic cocktail described in the result section.
Concentration of each cytokine was as follows: 20 ng/mL
. BMP4, 40 ng/mL VEGF 45, 50 ng/mL SCF, 10 ng/mL TPO
(#288-TPN-025; R&D Systems), 50 ng/mL IL3 (#203-IL-050;
R&D Systems), 50 ng/mL Flt-3 ligand (#308-FK-025; R&D
Systems), 50 ng/mL G-CSF (#214-CS-025; R&D Systems),
50 ng/mL complex of IL-6 and soluble IL-6 receptor (FP6)
(kindly provided by Kyowa Hakko Kirin Co., Ltd., Tokyo, Japan)
and 5 IU/mL EPO (#329871; EMD Biosciences, San Diego,
CA). Thereafter, the medium was changed every 5 days.

Antibodies

The primary murine anti-human monoclonal antibodies used
for flow cytometric (FCM) analysis are as follows: PE-conjugated
anti-SSEA-4  (#330405; BioLegend, San Diego, CA), Alexa
Fluor® 647-conjugated anti-TRA-1-60 (#560122; Becton-Dick-
inson), biotin-conjugated anti-CD140a (#323503; Biolegend),
Alexa Fluor® 647-conjugated anti-KDR (#338909; BioLegend),
PE-conjugated anti-CXCR4 (#555974; Becton-Dickinson), PE-
conjugated anti-CD117 (#313203; BioLegend), PE-conjugated
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CD34 (#A07776; Beckman Coulter, Brea, CA), FITC-conjugated
CD43 (#560978; Becton-Dickinson), and APC-conjugated CD45
(#IM2473; Beckman Coulter). A streptavidin-PE (#554061;
Becton Dickinson) was used as secondary antibody against
biotin-conjugated primary antibody. The primary antibodies used
to immunostain the colonies and floating blood cells included anti-
human Oct3/4 (#611203; Becton-Dickinson), T (#sc-101164;
Santa Cruz Biotechnology, Santa Cruz, CA), KDR (#MAB3571;
R&D Systems), VE-Cadherin (#AF938; R&D Systems), and
rabbit anti-pan-human Hb (#0855129; MP Biomedicals, Solon,
OH). FITC-conjugated donkey anti-rat antibodies and Cy3-
conjugated goat anti-mouse antibodies (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) were used as secondary
antibodies.

Cytostaining

Floating cells were centrifuged onto glass slides by using a
Shandon Cytospin 4 Cytocentrifuge (Thermo, Pittsburgh, PA) and
analysed by microscopy after staining with May—Giemsa or
myeloperoxidase. For immunofluorescence staining, cells fixed
with 4% paraformaldehyde were first permeabilized with
phosphate-buffered saline containing 5% skimmed milk (Becton—
Dickinson) and 0.1% Triton X-100 and then incubated with
primary antibodies, followed by incubation with FITC or Cy3-
conjugated secondary antibodies. Nuclei were counterstained with
4,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich).

Flow cytometric analysis

The adherent cells were treated with Dispase (#354235;
Becton-Dickinson) and harvested by gently scraping the culture
dish. Aggregated cell structure was chopped by a pair of scissors,
processed by GentleMACS (Milteny Biotec, Germany) and then
dispersed by 40-pm strainers (#2340; Becton-Dickinson) before
staining with antibodies. Dead cells were excluded by DAPI
staining. Samples were analysed using a MACSQuant (Milteny
Biotec) and FlowJo software (Thermo). Cell sorting was performed
using a FACSVantage or FACSAria (Becton—Dickinson).

RNA extraction and real-time quantitative PCR analysis

RINA samples were prepared using silica gel membrane-based
spin-columns (RNeasy Mini-KitTM; Qjagen, Valencia, CA) and
subjected to reverse transcription (RT) with a Sensiscript-RT Kit
(Qiagen). All procedures were performed according to the
manufacturer’s instructions. For real-time quantitative PCR,
primers and the fluorogenic probes were designed and selected
according to Roche Universal Primer library software (Roche
Diagnostics) and MGB probe system (Applied Biosystems,
Carlsbad, CA). The instrument used was the Applied Biosystems
ABIPrism 7900HT sequence detection system, and the software
for data collection and analysis was SDS2.3. A GAPDH RNA
probe (Hs00266705_gl) was used to normalise the data.

Clonogenic colony-forming assay

At the indicated days of culture, from days 6 through 25, the
adherent cells were treated with dispase and harvested. They were
incubated in a new tissue-culture dish (#3003, Becton—Dickinson)
for 10 min to eliminate adherent non-haematopoietic cells [40].
Floating cells were collected and dispersed by 40-um strainers. After
dead cells were eliminated by labeling with Dead-Cert Nanopar-
ticles (#DC-001, ImmunoSolv, Edinburgh, UK), live hematopoi-
etic cells were cultured at a concentration of 1x10® (for counting
CFU-G) or 10* (for counting CFU-Mix, BFU-E, and CFU-GM)
cells/ml in 35-mm petri dishes (#1008; Becton-Dickinson) using
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I ml/dish of MethoCult GF+ semisolid medium (#4435; STEM-
CELL Technologies) as previously described. Colonies were
counted after 14-21 days of incubation, and colony types were
determined according to the criteria described previously [41,42,43]
by in situ observation using an inverted microscope. The
abbreviations used for the clonogenic progenitor cells are as follows:
CFU-Mix, mixed colony-forming units; BFU-E, erythroid burst-
forming units; CFU-GM, granulocyte-macrophage colony-forming
units; and CFU-G, granulocyte colony-forming units.

Single-cell deposition assay

The single-cell deposition assay was performed as describ-
ed previously [17,18,28][17,18,28](17,18,28][17,18,28](17,18,28]
[17,18,28][17,18,28][17,18,28][17,18,28][17,18,28][17,18,28][17,18,28]
[17,18,28][17,18,28][17,18,28][17,18,28][17,18,28][17,18,28]
[17,18,28][17,18,28]. In brief, single sorted cells were deposited
in individual wells of 96-well plates with confluent OP9 layers
and cultured for 14 days. Wells were scored by morphological
observation for hematopoietic colony detection and stained
with anti-vascular endothelial cadherin (VE-cadherin) antibod-
ies for endothelial linecage detection.

Chemotaxis assay

Chemotaxis assay was performed with modified Boyden chamber
method using 3.0-um pore size cell culture inserts (Becton
Dickinson). In brief, 5x10* cells harvested from floating cell
fraction at day 25 were added to the upper chamber and induced to
migrate towards the lower chamber containing 10 nM formyl-Met-
Leu-Phe (IMLP; Sigma-Aldrich) for 4 hours at 37°C. After
incubation, the cells in the lower chamber were collected and
counted using a MACSQuant flow cytometer (Miltenyi Biotec). For
quantitative analysis, equivalent amount of 6-tm beads (Becton
Dickinson) were added to each FCM sample, and the cell numbers
were determined by measuring the ratio of cells to beads.

Phagocytosis and detection of reactive oxygen species

Phagocytosis and production of reactive oxygen species were
detected by chemiluminescent microspheres (luminol-binding
carboxyl hydrophilic microspheres; TORAY, Tokyo, Japan) as
described previously [44]. In brief, 2x10* floating cells were
suspended in 50 pL. of the reaction buffer (HBSS containing
20 mM  A-2-hydroxyethylpiperazine-N-2-cthanesulfonic  acid
(HEPES)) per tube. To activate the system, 5 pl chemiluminescent
microspheres were added, and light emission was recorded
continuously using a luminometer (TD-20/20; Turner Designs,
Sunnyvale, CA). During the measurement, samples were kept at
37°C. To inhibit the reaction, 1.75 pg of cytochalasin B (Sigma-
Aldrich) was added to the samples.

Measurement of oxygen-binding ability

Floating blood cells derived from KhES-1 and 253G4 strains
were harvested on day 32 of differentiation (with erythropoietic
cytokine cocktail). Oxygen dissociation curves for hemoglobin
were measured using a Hemox-Analyzer (TCS Scientific Corpo-
ration, New Hope, PA) as previously reported [45,46].

Results

Stepwise generation of functional hematopoietic cells
from human ES/iPS cells in the serum-free monolayer
culture without animal-derived stromal cells

To assess the differentiation activity of each human ES/iPS cell
line with high reproducibility, we used a chemically defined

). PLoS ONE | www.plosone.org
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medium in the monolayer differentiation culture and succeeded in
inducing various blood cells, including erythrocytes and neutro-
phils (Figure la). To present the developmental process from
human ES/iPS cells to blood cells in an orderly manner, we
divided the entire process into 3 steps: (1) initial differentiation into
PS cells, (2) induction of the hematopoietic mesoderm (Movie S1),
and (3) commitment to the hematopoietic lineages (Movie S2).

Step 1: Induction of PS-like cells from undifferentiated
human ES/iPS cells with BMP4 (days 0—4). First, we
examined the efficacy of initial progression from undifferentiated
pluripotent cells (KhES-1) into PS-like cells according to the
expression of representative marker genes, such as 7 and Mixl]
(Figure 1b), and the change in morphology (Figure 1c). Without
cytokines, these genes were only slightly upregulated during the
first 4 days. However, when 40 ng/mL BMP4 was added to the
culture, the expression levels of these genes increased, which is
compatible with previous reports on the importance of BMP4 in
mesodermal/endodermal  differentiation via PS during early
embryogenesis (Figure 1b). Further, transcription levels of the
undifferentiated marker Nanog decreased. During this period, the
colonies showed substantial morphological changes at the margins,
and cell density decreased and cell contact diminished (Movie S1,
Figure 1c). Immunohistochemical staining assays confirmed the
upregulation of T and the lateral mesodermal marker, KDR, and
downregulation of Oct3/4 (Figure lc). However, regarding
ectodermal commitment, the representative marker gene Sox/
was hardly detected on day 4 in the presence of BMP4 (Figure 1b).

To assess the role of BMP4 in this step, we analyzed the
differentiation efficacy of individual ES (KhES-1 and KhES-3) and
iPS (201B7 and 253G4) cell strains with various concentrations of
BMP4 in the presence or absence of its inhibitor, Noggin. As
shown in Figure 1d, 7 gene expression was upregulated by BMP4
dose-dependently up to 20 ng/mL and was almost completely
suppressed by the BMP4 inhibitor, Noggin, in both ES and iPS
cells. This suggested that BMP4 was critical at this stage. From
these results, we used BMP4 at 20 ng/mL concentration in
subsequent experiments.

We also assayed the expression of several cell surface protein
markers in this step (Figure le). On day 4, undifferentiated cell
markers (TRA-1-60 and SSEA4) were downregulated, whereas
paraxial and lateral mesoderm cell markers (CD140a and KDR)
and markers for mesodermal and hematopoietic progenitors
(CXCR4 and CDI117) were upregulated. The early-phase
hematopoietic-committed cell markers (CD34 and CD43) were
still negative at this stage. Similar results were obtained for both
ES and iPS cells (data not shown), suggesting that our system
initiated paraxial and lateral mesodermal differentiation from
pluripotent stem cells during Step 1 [33].

Step 2: Generation of KDR'CD34'CD45  progenitors
with VEGF and SCF (days 4-6). Our previous studies of
primate  ES cells demonstrated that KDR*CD34"CD45~
mesodermal progenitors derived in a VEGF-containing culture
on OP9 stromal cells included hematopoietic progenitors [17,18].
Therefore, we used this data to induce these progenitors in our
culture system. Considering the partial expression of KDR and
CD117 during the first step, we replaced BMP4 with 40 ng/mL
VEGF 45 (ligand for KDR) and 50 ng/mlL SCF (ligand for
CDI117) on day 4 to accelerate selective differentiation to the
lateral mesoderm with hematopoietic activities (Figure 1a).

During the next 2 days, the colonies exhibited 2 distinct regions:
a plateau-like central area with stratified components and a
surrounding area with monolayer cells (Movie S1, Figure 1c). On
day 6, the mRNA expression pattern indicated the dominance of
mesodermal cells rather than endodermal or ectodermal lineages
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Figure 1. Blood cell induction from pluripotent stem cells starts with commitment into primitive streak. a. A schema of stepwise
haematopoietic differentiation of human ES/iPS cells. b. Gene expression analysis of colonies at the beginning of differentiation (day 0) and the end
of step 1 (day 4) with/without 40 ng/mL BMP4. Data from KhES-1 are shown as representative. ¢. Phase contrast microscopies and
immunofluorescence staining of colonies during initial differentiation. Data from KhES-1 are shown as representative. d. Relative expression of T
at day 4 of differentiation with different combinations of BMP4 and its inhibitor Noggin. Where shown, bars represent standard deviation of the mean
of three independént experiments; Scale bars, 500 pm. Data from KhES-1 and 253G4 strains are shown as representative. e. Flow cytometric analysis
of differentiating cells on day 4, indicating the down-regulation of immature cell markers and up-regulation of differentiated progenitor markers.

Data from KhES-1 are shown as representative.
doi:10.1371/journal.pone.0022261.g001

(Figure 2a), and flow cytometric (FCM) analysis demonstrated the
emergence of new cell fractions that were positive for KDR,
CD117, CXCR4, and CD34 but negative for CD140a, CD43,
and CD45 (Figure 2b). Our system robustly supports mesodermal
induction from both ES and iPS cells, despite differences in
efficacy among cell strains (Figure 2c¢).

Further, immunohistochemical staining for KDR indicated an
uneven distribution of KDR" cells at the marginal zone of the
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plateau area (Figure lc), suggesting that differentiation polarity
within the colonies resulted in site-specific emergence of putative
hematopoietic mesodermal progenitors.

Step 3: Production of functional blood cells dependent on
cytokine cocktails (day 6 onward). On day 6, we changed the
culture medium to another chemically defined medium containing
hematopoietic cytokines (Figure la). To achieve lineage-directed
differentiation, we used 2 combinations of cytokines: a myeloid-
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doi:10.1371/journal.pone.0022261.g002

induction cocktail containing SCF, TPO, IL3, FLT-3 ligand, and
G-CSF; and an erythropoietic-differentiation cocktail containing
SCF, TPO, IL3, FP6, and EPO.

Regardless of the cocktails, the colonies first exhibited a rosary-
like appearance, with small sac-like structures aligned along the
margins of the plateau areas, and grew for several days (Figure 3a,
left panel). Hematopoietic cell clusters emerged from the edge of
these structures on days 10-12, followed by the appearance of
floating blood cells a few days later, which increased thereafter;
hematopoietic clusters grew in size and number, and some
exhibited areas with a cobblestone-like appearance (Figure 3a,
right 3 panels; Movie 52). When fresh medium with the cytokines
was supplied every 5 days, blood cell production was observed in
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both ES and iPS cell experiments until day 50 of differentiation,
whereas few hematopoietic cells appeared without the cytokines
(data not shown).

As expected, the myeloid-induction cocktail induced myelo-
monocytic lineages predominantly positive for CD45. Blood cells
harvested on day 30 exhibited morphology compatible with
myelomonocytic precursors and mature neutrophils, and displayed
positive myeloperoxidase staining (Figure 3b). On the other hand,
the erythropoietic-differentiation cocktail yielded cell lineages that
included hemoglobin-positive (Hb") erythroid cells and CD41*
megakaryocytes (Figure 3b). In the KhES-1 strain (3.5 [standard
deviation (SD)=1.5] undifferentiated colonies 250 pmm in
diameter were initially plated in individual wells of 6-well plates
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at the start of differentiation), counting and FCM analysis of
harvested blood cells on day 30 revealed the existence of 7.7 x10°
(SD =2.3x10° different cell lincages per well, including 36.0%

@ PLoS ONE | www.plosone.org

ES/iPS-Derived Hematopoiesis in Defined Culture

(SD =6.4%) CD235a" erythroid and 53.2% (SD =9.4%) CD45"
myelomonocytic lineages, but no lymphoid lineage cells (Figure 3c).
Although the differentiation efficacy and lineage distribution
depend not only on the cytokines but also on the cell strains, the
data indicates that human ES and iPS cells develop into various
lineages of hematopoietic cells, robustly and orderly, in our novel
monolayer culture system without xeno-derived serum or stromal

cells (Figure 3d).

ES/iPS cell-derived hematopoietic cells have similar
potential to in vivo-derived blood cells in function

Considering the use of ES/iPS cell-derived hematopoiesis for
various clinical and research applications, it is important to
confirm the function of the generated blood cells. Neutrophils
derived with the myeloid-induction cocktail exhibited migration
activity in response to the chemoattractant {MLP (Figure 4a) and
phagosome-dependent reactive oxygen production, which was
inhibited by the phagosome destruction agent, cytochalasin B
(Figure 4b). On the other hand, erythroid lineage cells derived
with the erythropoietic-differentiation cocktail (harvested on day
32 of differentiation) exhibited an oxygen dissociation curve that
was similar, despite being slightly left-shifted, to those obtained
with adult and cord blood cells (Figure 4c). These data indicate
that our culture facilitates robust and orderly development of
human ES and iPS cells into functional hematopoietic cells with
similar potential to in vivo-derived blood cells.

Clonogenic hematopoietic development from human
ES/iPS cell-derived progenitors

The human hematopoietic system is a hierarchy of various
component cells from stem or progenitor cells to terminally
differentiated cells. For example, CD34" cells in umbilical cord
blood or bone marrow contain putative hematopoietic stem cells
and are used as a source of stem cell transplantation. The
identification and proliferation of such cells in vitro have been of
great interest in medical science research.

To assess the potential of our system for supporting generated
immature stem or progenitor cells, we evaluated the colony-
forming ability of the cultivated hematopoietic progenitors in the
system. Accordingly, the cells were cultured with SCF, TPO, IL3,
FLT-3 ligand, and FP6. In these conditions, CD34"CD45"
hematopoietic cells existed up to day 25, indicating that the
immature hematopoietic cells can be maintained in our serum-free
culture (Figure 5a).

We harvested adherent blood cells from the previously
described culture and transferred them into a methylcellulose-
containing medium to perform colony-forming assays with SCF,
TPO, IL3, G-CSF, and EPO. As shown in Figure 5b and ¢, CFU-
Mix, BFU-E, CFU-GM, and CFU-G colonies developed from
plated cells. The total number of colonies increased dramatically
from day 6 to day 10, then gradually increased until day 15 and
decreased thereafter. CFU-Mix and BFU-E colonies were mainly
observed until day 15 and were thereafter replaced by CFU-GM
and CFU-G colonies. Similar tendencies were observed in both ES
and iPS cells. These results suggest that our culture system can
incubate multipotent hematopoietic stem or progenitor cells over a
period of time.

Identification of KDR*CD347CD45~ bipotential
hemoangiogenic progenitors derived in serum-free
conditions

During embryogenesis, hematopoietic development is closely
associated with endothelial lineage commitment [47,48], and
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doi:10.1371/journal.pone.0022261.g004

previous studies have demonstrated that ES cells can differentiate
into the common multipotent progenitors that differentiate into
both blood and endothelial cells at the single cell level on OP9
stroma [17,28,49]. Although the experiments described thus far
demonstrated that the serum-free, xeno-cell-free culture condition
supported human ES/iPS cell-derived hematopoiesis in an orderly
manner, as observed during embryogenesis, it was unclear which
day 6 fraction(s) developed into blood cells. To clarify this point,
human ES cells stably expressing green fluorescent protein (GFP)
were cultured, then 1x10* cells of GFP'KDR ™ CD34 CD45™
(Fraction A), GFP'KDR*CD34 CD45~ (Fraction B), and
GFP'KDR'CD34"CD45™ (Fraction C) fractions were transferred
on day 6 into a synchronous differentiation culture of unlabeled
ES cells (Figure 6a). Nineteen days later (day 25 of differentiation),
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GFP" small round cell-containing colonies were observed
predominantly in Fractions B and C, and FCM analysis of the
entire culture confirmed the emergence of GFP*CD45% cells
mainly from Fraction C (Figure 6b). On the other hand, few blood
cells positive for GFP were generated from Fraction A. These
results were obtained with 2 independent strains of human ES cells
(KhES1-EGFPneo on KhES-1 and KhES3-EGFPneo on KhES-3)
(Figure 6¢) and indicated that hematopoietic progenitors were
present in the KDR™ fraction, particularly in the KDR*CD34"
fraction, on day 6 of differentiation.

Finally, we performed a single-cell deposition assay by
transferring  single sorted human ES/iPS  cell-derived
GFP'KDR*CD34"CD45~ cells, which were negative for VE-
cadherin, on day 6 into individual wells of 96-well plates coated
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with. an OP9 cell layer. As shown in Figure 6d and e, the
proportion of hematopoietic cell (HC) development, VE-cadherin®
endothelial cell (EC) development, and HC plus EC development
on day 20 were 9.0%, 6.8%, and 4.0%, respectively, for KhES-1
and 11.6%, 12.7%, and 8.3%, respectively, for 253G4 iPS cells.
These results demonstrate that the common mesodermal progen-
itors that can differentiate into both blood and endothelial cells at
the single-cell level are induced in our culture condition.

Discussion

In this study, we demonstrated the orderly mesodermal and
hematopoietic differentiation of human ES and iPS cells in a novel
serum-free monolayer culture condition. Simple manipulation of
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cytokine combinations facilitated robust, reproducible, and highly
directed stepwise commitment to specific lineages of functional
blood cells.

There are several reports on hematopoietic differentiation of
human ES/iPS cells, such as murine-derived OP9 stromal cell
coculture and feeder/serum-free EB formation systems
[20,22,23,24,30,31,32,50]. However, two-dimensional cultures
containing xeno-serum/cells often cause dependency on their lots,
while complicated three-dimensional structures inside EBs make it
difficult to assess and control conditions for inducing specific
progenitors. Actually, few in vitro systems have been able to
reliably reproduce hematopoietic development from mesodermal
progenitors or model the in vivo coexistence of developing
hematopoietic cells and their autologous microenvironments in
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serum-free conditions. Our less labor-intensive and clearly defined
monolayer culture facilitates observation of the stepwise develop-
ment of pluripotent cells to blood cells via common hemoangio-
genic progenitors and the behavior of hematopoietic cells on
autologous stromal cells. Consequently, assays for elucidating
differences in lineage specification of various ES/iPS cell strains,
including hematopoietic potential, can be performed with high
reproducibility. This is particularly important because individual
pluripotent cell strains vary in differentiation potentials [51,52,53].
This study demonstrated quantitative differences in hematopoietic
differentiation efficacy and lineage commitment among 4 ES/iPS
cell strains.
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Because human ES/iPS cells are feasible cell sources for various
clinical applications, scientific and medical communities have
shown continuing interest in hematopoietic stem cell induction
from ES/iPS cells. Previous trials have indicated that murine ES
cell-derived hematopoietic cells overexpressing HoxB4 [54] can
replenish the bone marrow of lethally irradiated recipient mice.
However, it remains a challenge to develop bona fide human
hematopoietic stem cells with bone marrow reconstitution activity
at the single-cell level. In our study, we observed many cobblestone
area-forming cells, which reportedly indicate the existence of very
immature hematopoietic progenitors. Moreover, FCM analyses
and colony-forming assays suggested that ES and iPS human cell-
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derived hematopoiesis in our method occurs through clonogenic
hematopoietic stem/progenitor cells. We are in the process of
determining in vivo repopulating ability of cells harvested from our
culture by using serial transplantation into immunodeficient mice
to assess the possibility of inducing feasible cell sources for various
clinical applications, such as cell therapies and disease investiga-
tion.

Finally, time-lapse imaging strongly indicated crosstalk between
hematopoietic cells and the autologous microenvironment com-
posed of non-hematopoietic cells. Emerged blood cells move about
actively and generate colonies in surrounding cell layers,
suggesting the importance of a direct interaction between blood
cells and microenvironmental cells for the maintenance, prolifer-
ation, and differentiation of stem or progenitor cells Movie S3). In
fact, a model of hematopoietic disorders triggered by mutation in
the bone marrow microenvironment has been recently reported
[55]. However, further investigation is necessary to identify the
mechanisms responsible for such phenomena. Our culture may
aid these investigations as it facilitates simple and sequential
harvest of hematopoietic cells with minimal contamination by
autologous adherent cell layers.

In conclusion, this study presents novel methods for analyzing
the mechanisms of normal hematopoiesis in a robust, reproduc-
ible, and stepwise manner. Furthermore, employing gene-
manipulated ES cells or disease-specific iPS cells will supply in
vitro models of disease pathology, thereby providing further
insights into hematological defects in conditions such as aplastic
anemia and myelodysplastic syndromes.

Supporting Information

Movie S1 Time-lapse microscopic movie showing the
morphological change in a single colony from day 0 to
day 6 (initial differentiation). In this period, a colony begins
forming a rosary-like morphology as it differentiates. The pictures
were automatically taken every 8 minute by Biostation IM (Nikon
Instruments, Tokyo, Japan).
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Induced pluripotent stem (iPS) cells are of potental value not only for regenerative medicine, but also for disease investigation. The
present study describes the development of a neutrophil differentiation system from human iPS cells (hiPSCs) and the analysis of
neutrophil function and differentiation. The culture system used consisted of the transfer of hiPSCs onto OP9 cells and their culture with
vascular endothelial growth factor (VEGF). After 10 days, TRA 1-857CD34" VEGF receptor-2 (VEGFR-2)"" cells were sorted and
co-cultured with OP? cells in the presence of hematopoietic cytokines for 30 days. Floating cells were collected and subjected to
morphological and functional analysis. These hiPSC-derived neutrophils were similar to peripheral blood mature neutrophils in
morphology, contained functional neutrophil specific granules, and were equipped with the basic functions such as phagocytosis,
superoxide production, and chemotaxis. In the process of differentiation, myeloid cells appeared sequentially from immature myeloblasts
to mature segmented neutrophils. Expression patterns of surface antigen, transcription factors, and granule proteins during differentiation
were also similar to those of granulopoiesis in normal bone marrow. In conclusion, differentiation of mature neutrophils from hiPSCs was
successfully induced in a similar process to normal granulopoiesis using an OP? co-culture system. This system may be applied to elucidate
the pathogenesis of various hematological diseases that affect neutrophils.

- J. Cell. Physiol. 226: 1283-1291, 2011, © 2010 Wiley-Liss, Inc.

Neutrophils and/or myeloid differentiation are most commonly
affected in various hematological diseases including inherited
bone marrow failure syndromes and neutrophil function
disorders. Responsible genes have been identified in most of
these syndromes or diseases, but the association between the
gene mutation and the specific phenotype is not always clear.
Moreover, often patients who present with a specific syndrome
lack mutations in the known genes (Alter, 2007). Understanding
the pathophysiology of these syndromes has been challenging
despite the information provided by recent molecular findings,
and in many of these syndromes, experimental models have not
yet been generated.

Murine models of human congenital and acquired diseases
are invaluable for disease investigation, but they provide a
limited representation of human pathophysiology because they
often do not faithfully mimic human diseases. The differences
between murine and human physiologies make human cell
culture an essential complement to research with animal
models of disease.

Induced pluripotent stem (iPS) cells are reprogrammed
somatic cells with embryonic stem (ES) cell-like characteristics
generated by the introduction of combinations of specific
transcription factors (Takahashi and Yamanaka, 2006; Meissner
et al., 2007; Okita et al., 2007; Takahashi et al., 2007; Yu et al,,
2007; Park et al., 2008b). Given the robustness of the approach,
direct reprogramming promises to be a facile source of
patient-derived cell lines. Such lines would be immediately
valuable not only for regenerative medicine, but for disease
investigation and drug screening as well.

The pluripotency and self-renewal potential of ES cells
contributes to their value in various fields of science (Evans
and Kaufman, 1981). Previous studies using normal or
gene-manipulated ES cells have helped elucidate the process of

© 2010 WILEY-LISS, INC.

normal embryogenesis and the genetic mechanisms of certain
diseases (Lensch and Daley, 2006; Tulpule et al., 2010). Use of
human embryos, however, faces ethical controversies that
hinder the applications of human ES cells (hESCs). In addition, it
is difficult to generate patient- or disease-specific ES cells, which
are required for their effective application. The use of iPS cells
would avoid the controversies surrounding human embryonic
stem cell research.

Patient-specific iPS cells can be used for the generation of
disease-corrected, patient-specific cells for cell therapy
applications. Disease-specific pluripotent cells capable of
differentiation into the various tissues affected in each condition
can also provide new insights into disease pathophysiology by
permitting analysis in a human system, under controlled
conditions in vitro. Recent studies reported the generation of
disease-specific iPS cell lines from patients with a variety of
diseases (Park et al., 2008a; Raya et al., 2009; Agarwal et al,,
2010). Therefore, disease-specific iPS cells are expected to be
good models for the investigation of different diseases, and
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effective neutrophil differentiation systems are required to
investigate the pathogenesis of various hematological
conditions that affect neutrophils using human iPS cells
(hiPSCs). '

Recent reports describe in vitro culture systems for

neutrophil differentiation from hESCs (Choi et al., 2009; Saeki -

et al,, 2009; Yokoyama et al., 2009); however, neutrophil
differentiation from hiPSCs has not yet been reported in detail.
One of these studies demonstrated that myeloid differentiation
could be induced from hiPSCs using the same methodology
employed for their differentiation from hESCs (Choi et al,,
2009), but the differentiation process and the functions of
hiPSC-derived neutrophils were not shown in detail. A system
for erythroid differentiation from primate ES and murine iPS cells
by co-culture with OP9 stromal cells was developed in previous
studies (Umeda et al., 2004; Umeda et al., 2006; Shinoda et al.,
2007; Niwa et al., 2009). In the present study, a neutrophil
differentiation system from hiPSCs was established by modifying
the erythroid differentiation system, and the functions of the
hiPSC-derived neutrophils and their differentiation process were
analyzed in detail. This system may contribute to the elucidation
of the pathogenesis of various blood diseases and the
development of novel therapeutic approaches.

Materials and Methods
Maintenance of cells

The human iPS cell lines 201B6, 253G1 and 253G4 were a kind gift
from Dr. Yamanaka (Kyoto University, Kyoto), and were
generated from human dermal fibroblasts by retrovirus-mediated
transfection of four (201B6) or three (253GI and 253G4)
transcription factors (Oct3/4, Sox2, and KIf4, with or without
c-Myc) (Takahashi et al., 2007; Nakagawa et al., 2008). The human
iPS cell lines and the human ES cell line KhES3-EGFPneo (KhES-3G)
were maintained on mitomycin-C (Kyowa Hakko Kirin, Tokyo,
Japan) -treated mouse embryonic fibroblasts (MEFs) in DMEM/FI2
(Sigma-Aldrich, St. Louis, MO) supplemented with 20%
Knockout™ Serum Replacement (Invitrogen, Carlsbad, CA),

5 ng/ml basic fibroblast growth factor (bFGF; R&D Systems,
Minneapolis, MN), 1% non-essential amino acids solution
(Invitrogen), 5 mM sodium hydroxide solution, 100 uM
2-mercaptethanol, and 2 mM L-glutamine. The culture medium was
replaced daily with fresh medium. Colonies were passaged onto
new MEFs every 3 or 4 days. The human ES cell line was used in
conformity with The Guidelines for Derivation and Utilization of
Human Embryonic Stem Cells of the Ministry of Education,
Culture, Sports, Science, and Technology, Japan. OP9 stromal cells,
which were a kind gift from Dr. Kodama (Osaka University, Osaka),
were maintained in «-MEM (Invitrogen) supplemented with 20%
fetal calf serum (FCS; Biological Industries, Bet Haemek, Israel).

Antibodies

The antibodies used for flow cytometric analysis included
fluorescein isothiocyanate (FITC)-conjugated anti-human TRA
1-85 (R&D Systems), CD45 (Becton-Dickinson, Franklin Lakes, NJ)
antibodies, phycoerythrin (PE)-conjugated anti-human CDI Ib,
CD34 (Beckman Coulter, Fullerton, CA), CD13, CDI6, CD33
(Becton-Dickinson) antibodies, and allophycocyanin (APC)-
conjugated anti-human vascular endothelial growth factor
receptor-2 (VEGFR-2) (eBioscience, San Diego, CA) antibody. The
primary antibodies used for immunocytochemical analysis included
goat anti-human lactoferrin (Santa Cruz Biotechnology, Santa
Cruz, CA) and rabbit anti-human MMP9 (Abcam, Cambridge, UK).
Biotinylated horse anti-goat or anti-rabbit antibodies (Vector
Laboratories, Burlingame, CA) were used as secondary antibodies.
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Differentiation of iPS cells

Methods used for the initial differentiation of iPS cells and cell
sorting were based on earlier reports (Umeda et al.,, 2004, 2006).
Briefly, trypsin-treated undifferentiated iPS cells were transferred
onto OP9 cells and cultured with 20 ng/ml vascular endothelial
growth factor (VEGF) (R&D Systems). After 10 days, the induced
cells were harvested with cell dissociation buffer (Invitrogen), and
sorted TRA 1-85CD34"VEGFR-2"2" cells were transferred onto
fresh OP9 cells in six-well plates at a concentration of 3 x 10° cells
per well. Sorted cells were cultured in o-MEM (Invitrogen)
containing 10% FCS (Sigma, St Louis, MO), 50 uM 2-
mercaptoethanol, 20 ng/mi interleukin (IL)-3, 100 ng/ml stem cell
factor (SCF) (R&D Systems), and 10 ng/ml thrombopoietin (TPO)
for 20 days. On day 20 after cell sorting, cytokines were changed
into 20 ng/ml IL-3 and 10 ng/ml granulocyte colony-stimulating
factor (G-CSF). IL-3, TPO and G-CSF were kindly provided by
Kyowa Hakko Kirin.

Flow cytometric analysis and cell sorting

Cells were trypsinized and stained with antibodies. Dead cells were
excluded by 4’,6-diamidino-2-phenylindole (DAPI) staining.
Samples were analyzed usingan LSR flow cytometer and Cell Quest
software (Becton Dickinson). Cell sorting was performed using a
FACSVantage SE flow cytometer (Becton Dickinson).

Cytostaining

Floating cells were centrifuged onto glass slides using a Shandon
Cytospin® 4 Cytocentrifuge (Thermo, Pittsburgh, PA), and
analyzed by microscopy after May—Giemsa, myeloperoxidase
(MPO), or alkaline-phosphatase staining. Sequential morphological
analysis was performed as follows: all adherent cells including OP9
cells were trypsinized, harvested, and incubated in a new
tissue-culture dish (Becton-Dickinson) for | h to eliminate
adherent OP9 cells (Suwabe et al., 1998). Floating cells were then
collected, centrifuged onto glass slides, and analyzed by microscopy
after May—Giemsa staining. For immunocytochemical analysis, cells
were fixed with 4% paraformaldehyde (PFA), immersed in citrate
buffer, and autoclaved for 5 min at 121°C for antigen retrieval
(Toda et al., 1999). The slides were then incubated with primary
antibodies followed by application of the streptavidinbiotin
complex immunoperoxidase technique with diaminobenzidine as
chromogen, and nuclei were counterstained with hematoxylin.

Electron microscopy

Cells were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer
(PB) for at least 2 h, and then postfixed in 1% osmium tetroxide in
0.1 M PB for 1.5 h. 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, H7650
(Hitachi, Tokyo, Japan).

Chemotaxis assay

Chemotactic ability was determined using a modified Boyden
chamber method (Boyden, 1962; Harvath et al,, 1980). Briefly,
500 pl of the reaction medium (Hank’s Balanced Salt Solution
(HBSS) containing 2.5% FCS) with or without 10 nM formyl-Met-
Leu-Phe (fMLP; Sigma-Aldrich) was placed into each well of a
24-well plate, and the cell culture insert (3.0-wm pores; Becton
Dickinson) was gently placed into each well to divide the well into
upper and lower sections. Floating cells were suspended in the
reaction medium at 7.0 x 10* /ml, and a 500-p! cell suspension was
added to the upper well, allowing the cells to migrate from the upper
to the lower side of the membrane for 4 h at 37°C. After incubation,
cells in the lower chamber were collected and counted using an LSR
flow cytometer. Cells were counted by flow cytometry as follows:
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equivalentamounts of counting beads were added to each sample and
counted until the bead count reached 10,000.

MPO activity assay

The EnzChek Myeloperoxidase (MPO) Activity Assay Kit
(Molecular Probes, Leiden, The Netherlands) was used for rapid
and sensitive determination of MPO chlorination activity in cell
lysates. The procedure was performed following the
manufacturer’s instructions. Cell lysate samples were prepared
from | x 10*floating cells by freeze-thaw cycles. Fluorescence was
measured with a fluorescence microplate reader (Wallac 1420
ARVO sx; PerkinElmer, Waltham, MA) using fluorescence excitation
and emission at 485 and 530 nm, respectively. The background
fluorescence measured for each zero-MPO control reaction was
subtracted from each fluorescence measurement before plotting.

DHR assay

Neutrophil production of reactive oxygen species was detected by
flow cytometry using dihydrorhodaminel23 (DHR) as described
previously (Vowells et al., 1995). Briefly, 3.5 x 10* floating cells
were suspended in 100 pl of the reaction buffer (HBSS containing
0.1% FCS and 5 mM glucose) per tube, and two tubes were
prepared for each sample. Catalase (Sigma-Aldrich) at a final
concentration of 1000 U/ml and DHR at a final concentration of
1.0 x 10° nM were added and incubated for 5 min in a 37°C shaking
water bath. After incubation, phorbol myristate acetate (PMA;
Sigma-Aldrich) at a final concentration of 400 ng/ml was added to
one of the two tubes and tubes were returned to the water bath for
an additional |5 min. Following incubation, rhodamine
fluorescence from the oxidized DHR was detected using an LSR
flow cytometer.

Phagocytosis and detection of reactive oxygen species

Phagocytosis and neutrophil production of reactive oxygen species
was detected by chemiluminescent microspheres (luminol-binding
carboxyl hydrophilic microspheres; TORAY, Tokyo, Japan) as
described previously (Uchida et al., 1985). Briefly, 2 x 10* floating
cells were suspended in 50 ul of the reaction buffer (HBSS
containing 20 mM N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid (HEPES)) per tube. To activate the system, 5 pl
of chemiluminescent microspheres was added, and light emission
was recorded continuously. During the measurement, samples
were kept at 37°C. To inhibit the phagocytosis, 1.75 g of
cytochalasin B (Sigma-Aldrich) was added to the sample.
Chemiluminescence from the microspheres was detected using a
luminometer (TD-20/20; Turner Designs, Sunnyvale, CA).

RNA extraction and RT-PCR analysis

RNA samples were prepared using silica gel membrane-based spin-
columns (RNeasy Mini-Kit™, Qiagen, Valencia, CA) and sulajﬁcted
to reverse transcription (RT) with the Ominscript-RT Kit
(Qiagen). All procedures were performed following the
manufacturer’s instructions. For reverse transcriptase-polymerase
chain reaction (RT-PCR), yields were adjusted by dilution to
produce equal amounts of the human glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) amplicon. The complementary DNA
(cDNA) templates were initially denatured at 94°C for 5 min,
followed by 3040 amplification reactions consisting of 94°C for
15-30 sec (denaturing), 55-63°C for 15-30sec (annealing), and
72°C for 30-60 sec (extension), with a final extension at 72°C for
7 min. The oligonucleotide primers were as follows: NANOG,
5-CAG CCC TGATTC TTC CAC CAG TCC C-3' and 5'-TGG
AAG GTT CCC AGT CGG GTT CAC C-3' (Takahashi et al.,
2007); human GAPDH, 5-CAC CAG GGC TGC TTT TAACTC
TG-3'and 5-ATG GTT CAC ACC CAT GAC GAA C-3' (Umeda
etal,, 2006); PU.1, 5-CTG CAT TGG CCC CCA CCG AG-3' and
5-AGG TCT TCT GAT GGC TGA GGG GG-3'; C/EBPa, 5'-TAA
CCT TGT GCC TTG GAA ATG CAA AC-3' and 5'- ATG TTT
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CCA CCC CTT TCT AAG GAC A-3 (Duan and Horwitz, 2003);
C/EBPg, 5'- AGT CTG GGG AAG AGCAGC TTC-3'and 5'- ACA
GTG TGC CAC TTG GTA CTG-3' (Mori et al., 2009); MPO, 5'-
TGA GGA CGG CTT CTC TCT TC-3' and 5'-CCC GGT AAG
TGATGA TCT GG-3'; Lactoferrin, 5-AGC TGG CAGACT TTG
CGC T-3' and 5-TTC AGA TTA GTA ATG CCT GCG ACA
TAC-3' (Kholodnyuk et al., 2006); Gelatinase (MMP-9), 5'-GCC
TCC AAC CAC CAC CAC AC-3' and 5'-GCC CAG CCC ACC
TCC ACT C-3’ (Sugimoto et al., 2001); mouse GAPDH, 5'-ACG
GCC GCATCT TCT TGT GCA-3' and 5'-CAC CCT TCA AGT
GGG CCC CG-3'. PCR amplification reaction cycles were
performed in the linear range for each primer by carrying out
primer titrations. The number of reaction cycles per sample were:
NANOG, 35 cycles; human GAPDH, 30 cycles; PU.1, 40 cycles; C/
EBPa, 40 cycles; C/EBPe, 40 cycles; MPO, 35 cycles; Lactoferrin, 35
cycles; Gelatinase (MMP-9), 40 cycles; mouse GAPDH, 30 cycles.

Statistics

Statistical analyses were conducted using the Student’s t-test.
Statistical significance was defined as P < 0.05.

Results
Neutrophil differentiation from hiPSCs in co-culture
with OP9 stromal cells ‘

A culture system for the induction of erythroid cell
differentiation from primate ES and murine iPS cells by
co-culture with OP9 stromal cells (Umeda et al,, 2004; Umeda
et al,, 2006; Shinoda et al., 2007; Niwa et al., 2009) was
established, and this system was applied for neutrophil
differentiation from hiPSCs. Prior data in primate ES cells
suggested that the VEGFR-2"#" fraction of differentiated cells
contained hemangioblasts and VEGFR-2"8"CD34™" cells had
more hematopoietic potential (Umeda et al., 2006). Therefore,
the expression of VEGFR-2 and CD34 was examined using
three human iPS cell lines (201B6, 253G1, 253G4) and one ES
cell line (KhES-3G). After 10 days of co-culture with OP9 in the
presence of 20 ng/ml VEGF, VEGFR-2"8"CD34™ cells appeared
from all hiPSC lines in a similar manner to the ES cell line (Fig. 1 A).
Among these three human iPS cell lines, the highest percentage of
VEGFR-2"8"CD34" cells was detected in 253G4 (Fig. | B),and the
data on this cell line is therefore presented below.

The VEGFR-2"8"CD34" cell fraction was sorted (Fig. 1C)
and 1.1 x 10* (range; 0.6-2.2 x 10* in 14 independent cultures)
VEGFR-2"€"CD34 ™" cells were grown in one 10-cm dish containing
hiPSCs. They were then transferred onto fresh OP9 cells and
cultured in the presence of hematopoietic cytokines. Around
10 days after cell sorting (day!0 + 10), small, round cell colonies
appeared (Fig. 1D), and these colonies gradually grew in both size
and number (Fig. | E). At the same time, floating cells also appeared,
and the average number of floating cells from | x 10* sorted
VEGFR-2"8"CD34 ™ cells at 30 days after cell sorting (day 10+ 30)
was 4.1 x 10* (range; 0.2-9.9 x 10%in 11 independent cultures).

May—Giemsa staining of the floating cells on day 10+ 30
revealed that 38.0 + 1.6% of the cells were stab and segmented
neutrophils (Fig. IF), which were positive for MPO (Fig. | G) and
neutrophil alkaline-phosphatase (Fig. I H). The rest were mainly
immature myeloid cells and a small number of macrophages,
and cells of other lineages, such as erythroid or lymphoid cells,
were not observed. The frequency of MPO- and neutrophil
alkaline-phosphatase-positive cells is shown in Table I. The
results were consistent with the morphological features
revealed by May—Giemsa staining.

Surface marker analysis revealed that these floating cells
were positive for CD45 and CD1 Ib, and partially positive for
CD13, CD33, and CDI6 (Fig. 11). The expression pattern of
these surface markers was similar to that of neutrophils or
immature myeloid cells in healthy bone marrow (van Lochem
et al,, 2004), although the CD16 expression level was lower.
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Fig. I. Neutrophil differentiationfrom hiPSCsin co-culture with OP9 stromal cells. (A-B) Flow cytometric analysis of VEGFR-2 and CD34 during
differentiation induction. TRA 1-85" (GFP*) DAPI cells were gated as human iPS (ES) cell-derived viable cells. Undifferentiated iPS (ES) cellsand
10-day culture cells were stained with antibodies specific for VEGFR-2 and CD34. Representative results from one of three independent
experiments (A) and percentages of VEGFR-2"2"CD34" cells on day 10 (B) are shown (n = 3; bars represent SDs). (C) YEGFR—Z"""CD34+ cells
were sorted on day 10. Representative dot plots and percentages of gated cells are shown. Purities of viable VEGFR-2"#"CD34™" cells were
calculated at 95.5 * 1.9% from 14 independent experiments. (D-E) Micrographs of adherent hematopoietic cell clusters generated on day 10 (D)
and day 30 (E) after cell sorting. Scale bars: 200 pm. (F-H) May-Giemsa staining (F), myeloperoxidase staining (G), and neutrophil alkaline-
phosphatase staining (H) of floating cells on day | 0 + 30. Scale bars: 10 pm. (I) Flow cytometric analysis of floating cells on day 10 + 30 were stained
with antibodies specific for CD45, CD1 Ib, CD13, CD33, or CD1 6. Plots show the negative control profile (open bars) versus the specific antibody
staining profiles (shaded bars). Representative results from one of three independent experiments are shown. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

This lower CD 16 expression level was similar to that of neutrophils
derived in vitro from bone marrow CD34" cells by stimulation

TABLE |. Frequency of staining-positive cells for neutrophil specific with G-CSF (Kerst et al,, 1993b) and to the effect in vivo when G-

granules CSF is administered to healthy volunteers (Kerst et al., 1993a).
These results indicated that the modified OP9 co-culture system

Frequency of . . . . .

Staining positive cells (%) could differentiate mature neutrophils from immature hiPSCs.

Myeloperoxidase 93.7+£1.7 . . . . . .

Neutrophil alkaline-phosphatase 390422 hiPSC-derived neutrophils contain neutrophil specific

Lactoferrin 790+ 14 granules

Gelatinase 59.0+3.7

Mature neutrophils in vivo have intracellular granules that are
Data are shown as mean == SD (n =3 independent experiments). important for their bactericidal function. The granules can be
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classified into three types based on their size, morphology, or
electron density, or with reference to a given protein: primary
(azurophilic) granules contain MPO, secondary granules
contain lactoferrin, and tertiary granules contain gelatinase
(Borregaard and Cowland, 1997).

To assess the presence of these granules in hiPSC-derived
neutrophils, they were imaged using transmission electron
microscopy, which showed that the hiPSC-derived mature
neutrophils contained peroxidase-positive and negative
granules, as was observed in peripheral blood neutrophils
(Fig. 2A-B). Immunocytochemical analysis revealed that
hiPSC-derived mature neutrophils were also positive for
lactoferrin and gelatinase (Fig. 2C-D). The frequencies of cells
that were positive for neutrophil specific granules, as observed
by transmission electron microscopy (Table 2) and
immunocytochemical analysis (Table 1), were more than 90%
for primary granules, about 80% for secondary granules, and
approximately 60% for tertiary granules. These results
indicated that hiPSC-derived neutrophils contained
neutrophils-specific granules.

hiPSC-derived neutrophils exhibit biological bactericidal
activities

Because neutrophils patrol circulating blood and play a key role
in early phase defense mechanisms, the chemotactic,
phagocytotic, and bactericidal activities of hiPSC-derived
neutrophils were analyzed.

Chemotactic activity was assessed using a modified Boyden
chamber method (Boyden, 1962; Harvath et al., 1980). After
incubation with or without fMLP in the lower well, neutrophils
had migrated from the upper side to the lower side of the
membrane. Incubation with fMLP caused an increase in the
number of migrated cells of more than three times compared to
cells without fMLP, suggesting that hiPSC-derived neutrophils
had chemotactic activity in response to a chemoattractant
similar to natural neutrophils derived from bone marrow
(Fig. 3A).

The MPO-dependent chlorination activity and reactive
oxygen production of hiPSC-derived neutrophils, which are

Fig. 2. Neutrophil-specific granules in hiPSC-derived neutrophils.
(A~B) Floating cells on day10 + 30 (A) and peripheral blood
neutrophils (B) were analyzed by transmission electron microscope.
(C-D) Immunocytochemical analysis. Floating cells on day|0 + 30
were stained for lactoferrin (C) and MMP9 (gelatinase) (D). Scale
bars: 10 pm. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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TABLE 2. Frequency of positive cells for neutrophil specific granules under
transmission electron microscopy

Frequency of

Granules positive cells (%)

Peroxidase-positive granules
Peroxidase-negative granules

95.1 (135/142)
86.6 (123/142)

both essential for their bactericidal function, were determined
next. MPO reacts with hydrogen peroxide (H,O,) to form the
active redox and enzyme intermediate compound MPO-I,
which oxidizes chloride (CI7) to HOCI (Winterbourn, 2002).
As shown in Figure 3B, hiPSC-derived neutrophils showed
MPO-dependent chlorination activity. To evaluate reactive
oxygen production, the ability to convert DHR to rhodamine
was assessed using flow cytometry (Vowells etal., 1995) and the
results revealed that hiPSC-derived neutrophils
characteristically produced superoxide in response to PMA
(Fig. 3C). «

Finally, phagocytotic activity and phagosome-dependent
reactive oxygen production were measured using
luminol-bound microspheres (Uchida et al., 1985). As shown in
Figure 3D, the captured data confirmed that hiPSC-derived
neutrophils could produce reactive oxygen species in response
to the phagocytosis of microspheres, which was completely
abolished in the presence of the antiphagocytic agent
cytochalasin B. Moreover, transmission electron microscopy
successfully captured a screenshot of a neutrophil
phagocytosing the microbeads (Fig. 3E). The above results
clearly show that neutrophils derived from hiPSC using the
present culture system maintain their functional status.

Step-wise neutrophil differentiation from hiPSCs is
similar to normal granulopoiesis

Disorders of neutrophil differentiation are observed in various
hematological diseases, among them the maturation arrest of
neutrophil precursors in the bone marrow at the promyelocyte
stage in severe congenital neutropenia. Thus, in clinical
applications for disease investigation, the sequential analysis of
the differentiation process from hiPSC to mature neutrophils in
this culture system is required.

Observation of the sequential changes in cell morphology
was done using May—Giemsa staining. Visualization of the
morphology of day |0+ [0 cells revealed that the cells were
mainly myeloblasts and promyelocytes (Fig. 4A). On
day |0+ 20, myelocytes and metamyelocytes became
predominant (Fig. 4B), and on day 10 + 30, stab and segmented
neutrophils became predominant (Fig. 4C).

Surface antigen expression at each differentiation stage of
hiPSC-derived cells was analyzed by flow cytometry (Fig. 4D).
CD34, cell surface marker on normal immature hematopoietic
cells, was detected in about 20% of the cells on day 10 + 10, but
disappeared gradually thereafter. From day 10 + 10 to 10 -- 30,
the common myeloid antigens CD11b and CD33 were
expressed in almost all the cells. Interestingly, expression of
CD13, also a common myeloid antigen, was observed in less
than 20% of cells at day 10 + 10 and did not subsequently
increase. The expression level of CD 16, which is a
representative marker of matured neutrophils (van de Winkel
and Anderson, 1991), doubled from day 10 + 10 to day 10+ 20,
although the increase in expression was not statistically
significant. These expression patterns were consistent with the
patterns observed during normal neutrophil differentiation in
healthy bone marrow (van Lochem et al.,, 2004).

The gene expression patterns of the pluripotency marker,
transcription factors and granule proteins during neutrophil
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Fig. 3.

Functional analysis of hiPSC-derived neutrophils. (A) Chemotactic activity of floating cells on dayl0 + 30 in response to fMLP was

determined as described in Materials and Methods section. After a 4-h culture, the transwell inserts were removed, and the cells in the lower
chamber were counted by an LSR flow cytometer (n = 3; bars represent SDs). (B) MPO chlorination activity in cell lysates from floating cells on
day10 + 30 was analyzed by EnzChek Myeloperoxidase (MPO) Activity Assay Kit as described in the Materials and Methods section. The
chlorination activity in neutrophil cell lysates was almost completely abolished by the addition of a chlorination inhibitor (n = 3; barsrepresent SDs;
*P <0.05.). (C) Floating cells on day | 0 + 30 were subjected to DHR assay. DHR was reacted with neutrophils with or without PMA, and the resultant
rhodamine fluorescence was detected by flow cytometry. The addition of PMA increased the levels of fluorescence. Results are expressed asmean
fluorescence intensity (MFI) (n = 3; bars represent SDs; *P < 0.05.). (D) Floating cells on day 10 + 30 were subjected to the assay for phagocytosis-
induced respiratory burst activity using chemiluminescent microspheres (luminol-binding microspheres). Gradual increase in
chemiluminescence indicates the respiratory burst triggered by the phagocytosis of luminol-binding microspheres (squares). The increase in
chemiluminescence was almost completely abolished by the addition of cytochalasin B (diamonds) and inhibited by its later addition (triangles).

The figures are representative of three independent experiments. Abbreviation: RLU, relative light units. (E) hiPSC-derived neutrophils
phagocytosing the microbeads were analyzed by transmission electron microscopy.

differentiation in this culture system were investigated by
RT-PCR (Fig. 4E—F). NANOG, a pluripotency marker, was
expressed in undifferentiated iPS cells but disappeared in sorted
VEGFR2"#"CD34™ cells after 10 days differentiation. PU. I and
C/EBPa, essential transcription factors for commitment and
differentiation of the granulocytic lineage (Borregaard et al.,
2001; Friedman, 2007) were first detected on day 10 4 10 and
persisted thereafter. C/EBPg, which had a critical role for the
later stages of neutrophil development and transcription of key
granule proteins (Borregaard etal., 2001; Friedman, 2007) were
first detected faintly on day 10 + 10 and upregulated thereafter.
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MPO and lactoferrin, which were expressed at the highest
levels in myeloblasts/promyelocytes and myelocytes/
metamyelocytes, respectively (Cowland and Borregaard, 1999;
Borregaard et al., 2001), were detected on day 10+ 0.
Gelatinase, which was expressed at the highest level in band and
segmented neutrophilic cells (Cowland and Borregaard, 1999;
Borregaard etal., 2001), was first detected on day 10+ 20 and
upregulated thereafter. Altogether, these results suggested
that the neutrophil differentiation in this co-culture system
might recapitulate the orderly differentiation process in bone
marrow.



