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Abstract

Human embryonic stem cells (hESC) proliferate infinitely and are pluripotent. Only afew reports,
however, describe specific and efficient methods to induce hESC to differentiate into mature blood cells. It
is important to determine whether and how these cells, once generated, behave similarly with their
counterparts produced in vivo. We developed a method to induce the differentiation of hESC into mature
neutrophils. Embryoid bodies were formed with bone morphogenic protein-4, stem cell factor (SCF), FIt-3
ligand (FL), interleukin (IL) -6/1L-6 receptor fusion protein (FP6), and thrombopoietin (TPO). The cells
derived from the embryoid bodies were cultured on alayer of irradiated OP9 cells with the combination of
SCF, FL, FP6, IL-3, and TPO, which was later changed to granulocyte-colony stimulating factor.
Morphologically mature neutrophils were obtained in approximately 2 weeks with a purity and efficiency

aufficient for functional analyses. The population dominantly containing mature neutrophils (hESC-Neu)
showed superoxide production, phagocytoss, bacteria killing, and chemotaxis, similar to periphera blood
neutrophils from normal subjects, although there were differences in the surface antigen expression patterns,
such as lower CD16, and aberrant CD64 and CD14 expression in hESC-Neu. Thus, this is the first
description of a detailed functional analysis of mature hESC-derived neutrophils.



Introduction

Embryonic stem (ES) cells can self-renew and differentiate into cells derived from all three germ
layers, i.e., ectoderm, endoderm, and mesoderm. Both mouse and human ES cells give rise to mature blood
cells of granulocyte/macrophage, erythroid, and megakaryoid lineages in vitro. For blood cell induction
from ES cells, the magjority of investigators use a co-culturing system with mouse stromal cells such as s17t
or OP9.%* 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. The production of hemangioblasts, which have the capacity to differentiate into both
endothelial and blood cells, has also been documented.”® Only a few studies, however, have achieved
specific and effective induction of mature blood cellsfrom ES cells, particularly human ES cells (hESC).10

Human ESC-derived blood cells are potentially useful as a replacement for donation-based blood
for transfusion in clinical settings, for drug discovery screening, and for monitoring drug efficacy and
toxicity. The current blood donation system for transfusion is incapable of establishing granulocyte
transfusion to patients with life-threatening neutropenia, athough granulocyte transfusion could have a

potentially significant benefit for a certain population of severely neutropenic patients.**2

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 an extremely effective method of neutrophil
differentiation from hESC is an important step for both clinical application of hESC 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 are
generated from hESC, it will be important to determine whether and how they behave similarly to and
differently from neutrophils produced in vivo, particularly given the fact that hESC rarely give rise to
hematopoietic 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
hESC through EB formation and subsequent co-culture with OP9, and analyzed their morphologic and
phenotypic characteristics. We then performed functional analysis of hESC-derived neutrophils in vitro,
focusing on superoxide production, phagocytosis, bacterial killing, and chemotaxis, in comparison with

peripheral blood neutrophils separated from normal subjects.
Materialsand M ethods

Human EScell culture and EB formation

In al experiments using hESC, we used KhES-3" cells (a kind gift from Dr. Nakatsuji; Kyoto
University, Kyoto, Japan), which were maintained as described previously.'® Briefly, KhES-3 colonies were
cultured on irradiated mouse embryonic fibroblasts in Dulbecco’s modified Eagle's medium/F12



(Invitrogen, Carlsbad, CA) supplemented with 20% KNOCKOUT serum 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
non-serum stem cell medium that we previoudy used in a hematopoietic stem cell expansion protocol.17
After 24 hours, the colonies formed EBs, which were collected and cultured further for 17 daysin Iscove's
modified Dulbecco’s medium (IMDM) (Invitrogen) containing 15% fetal bovine serum (FBS), 1%
non-essential amino acid (Invitrogen), 2 mM L-glutamine, 100 U/mL penicillin, 100 ug/mL streptomycin,
and 0.1 mM 2-ME supplemented 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 (FL; R&D
Systems), 50 ng/mL interleukin (IL) -6/IL-6 receptor fusion protein (FP6; Kirin Pharma, Tokyo, Japan), and
20 ng/mL thrombopoietin (TPO; Kirin Pharma)].

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

OP9 cdlls (akind gift from Dr. Nakano; Osaka University, Osaka, Japan) were irradiated with 20
Gy and plated onto a gelatin-coated 6-well tissue culture plate at a density of 1.5 x 10°/well. The next day,
the EBs (incubated for 18 days from 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 (Stem Cell Technologies, Vancouver, BC, Canada), 5% protein-free hybridoma
medium (Invitrogen), 0.1 mM 2-ME, 100 U/mL penicillin, 100 pg/mL streptomycin, 100 ng/mL SCF, FL,
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 expanson phase, floating cells were collected, suspended with
termina differentiation medium [IMDM supplemented 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; Kirin Pharma)], and
transferred onto the newly irradiated OP9 cells. The culture medium was replaced with fresh medium on
day 10. Thisterminal differentiation phase culture was continued for 6 or 7 days.

Preparation of normal peripheral blood neutrophilsand bone marrow mononuclear cells

Human peripheral blood and bone marrow cells were obtained from normal healthy adult donors

after the informed consent was obtained. Peripheral blood neutrophils were prepared as previously

described.*® The purity of the neutrophils was greater than 90%, with the remaining cells mainly
eosinophils. Neutrophils were suspended in Hank’s 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-MNC) were collected from the intermediate layer after centrifugation with Lymphoprep. Bone

marrow cells were directly centrifuged with Lymphoprep, and only mononuclear cells were collected. Bone

marrow-mononuclear cells (BM-MNC) were immediately used for RNA extraction.

Wright-Giemsa, myeloperoxidase, and alkaline-phosphatase stainings

The morphology of and granule characteristics in hESC-derived cells at the indicated days were
assessed by Wright-Giemsa staining, comparing them with normal peripheral blood neutrophils (PB-Neu).
Myeloperoxidase (MPO) and alkaline-phosphatase staining were performed using the New PO-K staining
kit and akaline phosphatase staining kit (MUTO PURE CHEMICALS, Tokyo, Japan). The prepared dlides
were ingpected using an Olympus BX51 microscope equipped with a 100x/1.30 uPlan objective lens
(Olympus, Tokyo, Japan). Images were acquired with an HC-2500 digital camera and Photograb-2500
software (Fujifilm, Tokyo, Japan).

Electron microscopy

The population after 13- or 14-day culture dominantly contained morphologically mature
neutrophils, and was defined as hESC-Neu. The hESC-Neu and PB-Neu 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).

Semiguantitative RT-PCR for lactoferrin
Total RNA was obtained from hESC-derived cells of indicated culture days, PB-Neu, PB-MNC,
and BM-MNC using RNeasy mini kit (QIAGEN, Hilden, Germany), and cDNA was synthesized from each

RNA sample using random primer and SuperScript 111 (Invitrogen) following manufacturer’s protocol.

Semiquantitative PCR was performed as previously described.”® The sequence information of gene-specific
primers used in RT-PCR and PCR conditions can be requested.

Flow cytometric analysis

Surface antigens of hESC-derived cells harvested on the indicated days were analyzed by flow
cytometry using 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 (Myltenyi Biotec, Bergisch
Gladbach, Germany). For staining of each antigen, fluorescein isothiocyanate-conjugated anti-human CD13,
CD64, CD11b (Beckman Coulter, Fullerton, CA), and CD14 (BD Pharmingen, San Diego, CA) antibody,



phycoerythrin-conjugated anti-human CD16, CD32, CD33 (Beckman Coulter), CD11b, and CD45 (BD
Pharmingen) antibody, allophycocyanin-conjugated anti-human CD15, CD117 (BD Pharmingen), CD34,
and CD133 (Myltenyi Biotec) were used. The negative range was determined by referencing the
fluorescence of isotype controls. Dead cells were detected using 7-amino-actinomycin D (Via-Probe; BD

Pharmingen).

Apoptosis assay

Neutrophils (hESC-Neu and PB-Neu) 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 of G-CSF. At the indicated time, neutrophils
were harvested, stained with FITC-conjugated Annexin V_and propidium iodide (PI) using Annexin V -
FITC Kit (Beckman Coulter), and analyzed by FACS Aria. Cells negative for both Annexin V_and Pl were

judged as alive.

G-CSF stimulation prior to assessing neutrophil function

Because the functions of hESC-Neu are modified by G-CSF in the culture medium, we stimulated
hESC-Neu and PB-Neu [PB-Neu(G+)] for 15 minutes at 37°C with 50 ng/mL of G-CSF in the reaction
medium. As a control, PB-Neu without G-CSF stimulation [PB-Neu(G-)] was prepared. hESC-Neu,
PB-Neu(G+), and PB-Neu(G-) were used for functional assays directly without changing the medium.

Detection of reactive oxygen species produced by neutrophils

Production of reactive oxygen species by neutrophils was detected by flow cytometry using
dihydrorhodaminel23 (DHR; Sigma-Aldrich, St Louis, MO) as described pre'\/iously.zo'22 Briefly, 1 x 10°
hESC-Neu, PB-Neu(G+), or PB-Neu(G-) 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 uL 29 mM DHR, and 100 uL 3.2 uM phorbol myristate acetate
(PMA; Sigma-Aldrich) were added to 1 of the 3 tubes; in the other 2 tubes, either no DHR or only DHR
was added as controls. Reaction medium was added to bring the final volume up to 500 pL. After 15
minutes reaction at 37°C, the samples were washed twice with ice-cold reaction medium, and suspended in
200 pL reaction medium. Rhodamine fluorescence from the oxidized form of DHR was detected using the
FACSAria

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

Phagocytosis and NBT-reduction were visuaized in a single set of experiments. Autoclaved
Baker's yeast was suspended in 0.5% NBT solution [0.5% NBT (Sigma-Aldrich) and 0.85% sodium
chloride in ditilled water] at a density of 1 x 10%mL. A 5-pl aliquot of this yeast suspension was added to
hESC-Neu, PB-Neu(G+), and PB-Neu(G-) at 2.5 x 10° in 50 puL FBS. After 1-hour reaction at 37°C, the



samples were washed and stained with 1% safranin-O (MUTO PURE CHEMCALYS) for 5 minutes. The
samples were then washed twice and sugpended in 100 uL PBS. A small aliquot of each sample was placed
onto a glass dide 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
neutrophils were scored, excluding contaminating cells such as macrophages, the percentage of which was
less than 15% of the total cells.

Bacterial killing assay
Bacterial killing assay was performed using E. coli ATCC25922 as previously described® with

some modifications. Briefly, 1x10® colony-forming units (CFU) of exponentially growing bacteria were
suspended in 1 mL of HEPES-buffered saline with 10% human AB serum (MP Biomedicals, Irvine, CA)
and opsonized at 37°C for 30 minutes. Neutrophils [hESC-Neu, PB-Neu(G-) and (G+)] 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 and PB-Neu, at the neutrophil/bacteria ratio of 2:1, or

control medium. After 1 hour incubation, 50 uL 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
duplicates of aliquots were added to molten tryptic soy broth with 1.5% agar kept at 42°C, rapidly mixed,

and plated on dishes. The CFU were counted after overnight incubation.

Chemotaxis assay

Chemotactic ability was determined using a modified Boyden chamber method.?* Briefly, 700 pL
of the reaction medium (HBSS containing 5% BSA) with or without 10° 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-um 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’s hematoxylin (MUTO PURE CHEMICALS), and mounted on the dide
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 (x400) at three fields; two near the edge and one on the

center. Only mature neutrophils were counted.



Satigtical analyses
Results are expressed as mean + SD. Statistical significance was determined using a two-tailed

Student t test. Results were considered significant when P values were less than 0.05.

Reaults

Effective derivation of mature neutrophilsfrom hESC with high purity

After initiating the suspension culture of EB-derived cells, small clusters of round-shaped cells
appeared around day 4 on the OP9 sromal layer. The morphology of the cells visualized with
Wright-Giemsa staining of the day 7 population suggested that they were myeloblasts and promyelocytes.
On days 9 and 11, myelocytes and metamyel ocytes were dominant, and on day 13 or 14, 70% to 80% of the
cells appeared to be stab and segmented neutrophils (Figure 1A), with about 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, did not appear
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; 0.5-10.0-fold in 23 independent cultures) compared with the initial EB-derived cell

number. The final yield of the cellson day 13 or 14 was 1.7-fold (range; 0.1-8.8 in 28 independent cultures).

We attempted whether we could further purify hESC-derived mature neutrophils from the “hESC-Neu”

population by density gradient methods. We, however, were unable to succeed in achieving higher

purification without massively reducing cell yield. We used “hESC-Neu” in the subsequent experi ments.

Most (97.3 + 1.5%) of the Wright-Giemsa stai ning-proven hESC-derived mature neutrophils were
positive for MPO staining, and alkaline-phosphatase score of hESC-Neu was 284 + 8.6 (Figure 1B). Under
transmission electron microscopy, segmented nuclei and round cytoplasmic granules of hESC-Neu
appeared very similar to those in PB-Neu (Figure 1C).

Some myeloid cell lines, such as HL-60, have abnormalities in biosynthesis of second granule
25,26

proteins. Thus, it is important to examine biosynthesis of the second granule proteins in hESC-Neu. We
examined lactoferrin mRNA in hESC-derived cells at different stages with PB-Neu and BM-MNC by
semiquantitative RT-PCR (Figure 1D). L actoferrin biosynthesis begins at myelocyte stage and terminates by
the beginning of the band stage.”>*” We found that lactoferrin mRNA was not detected in PB-Neu from
some donors but was detected in PB-Neu from others. Human ESC-derived cells at various stages as well as
BM-MNC expressed lactoferrin mRNA. The expression level of lactoferrin mRNA in the hESC-derived

cells was the highest at day 10 of the induction culture and declined at days 13-14. These findings were

compatible with the documented pattern of lactoferrin biosynthesis.




Surface antigen presentation in comparison to peripheral blood neutrophils
Surface antigen expression at each level of differentiation of hESC-derived cells was analyzed by
flow cytometry (Figure 2). From day 7 to day 13, the common blood cell antigen CD45 was expressed in
amog al 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 aso highly expressed, while the CD11b expression level increased
during the course of maturation. CD13 is also a common myeloid antigen, but its expression was observed
in less than 20% of the cells on day 7 and did not increase afterward. CD16 [Fcy receptor (FcyR) 111], which
is expressed in neutrophils as well as natural killer cells, macrophages, and a small subset of monocytes,®
was aready 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-positive cells
was lower than that of mature neutrophils, as determined by morphology, on day 13. The ratio of CD32
(FcyRII)-positive cells increased as differentiation stage advanced, and eventualy reached 90%. CD64
(FeyRI) 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.
In normal peripheral blood, both neutrophils and monocytes express CD15 and CD11b. In addition,
%2 Detailed analysis on day 13 revealed
that approximately 70% of CD15 and CD11b double-positive cells were CD16 positive, and almost all
CD15 and CD16 double-positive 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 mgjority of
hESC-Neu had CD15, CD11b, and CD16 expression patterns similar to PB-Neu, athough some hESC-Neu
did not express CD15 or CD16, particularly CD16.
CD32 is broadly expressed on myeloid cells, while CD64 is expressed only on monocytes but not

mature neutrophils express CD16, while monocytes express CD14.

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 diminishes
afterward, although a small part of the stab neutrophils still express CD64.%3" We confirmed that virtually
no PB-Neu expressed CD64 (data not shown). In contrast, aimost all CD15 and CD16 double-postive
hESC-Neu expressed CD64 on day 13, indicating that both stab and segmented hESC-Neu expressed CD64,
because segmented neutrophils represented more than 50% of the cells on day 13 (Figure 2Biii and Table 1).
Nearly 50% of CD15 and CD16 double-positive cells were weakly positive for CD14, which isdissimilar to
the negative expression of CD14 in steady-state peripheral blood neutrophils (Figure 2Biv). This aberrant
expresson of CD64 and CD14 in hESC-Neu is similar to their postive expression on some of the

32,33

neutrophils harvested from healthy donors who received G-CSF administration, and the neutrophils

derived from bone marrow CD34-positive cellsin vitro by G-CSF stimulation.®

Apoptosis patter n and prolongation of survival by G-CSF of hESC-Neu and PB-Neu




In the steady state, peripheral blood neutrophils have a short life span of approximately 24 hours,
but this can be prolonged by G-CSF stimulation. We found that some hESC-Neu were already apoptotic at
the time of the harvest, and thus, focused on the non-apoptotic fraction of hESC-Neu (Figure 3). In contrast

to the PB-Neu that underwent apoptosis within 6 hours without G-CSF, which was compatible with the

description in the literature, the proportion of apoptotic cells did not increase up to 6 hours after the start of

the culture of hESC-Neu in the medium without G-CSF. In addition, there were no differences between the

cultures with and without G-CSF up to 6 hours. After 6 hours, non-apoptotic cells in hESC-Neu without
G-CSF decreased more rapidly than hESC-Neu with G-CSF, resulting in the lower number of viable cells
than hESC-Neu with G-CSF at 24 hours, although the number of viable cells of hESC-Neu without G-CSF
was till higher than that of PB-Neu without G-CSF.

Oxidative bur & phenotype was similar in hESC-Neu and PB-Neu.

Oxidative burst is an essential function of neutrophils to kill microorganisms, whereas an
inappropriate burst sometime causes injury to the host tissues. We assessed the ability to convert DHR to
rhodamine in hESC-Neu and PB-Neu using flow cytometry.® Because G-CSF, which could substantially
affect the result, was used during the culture, we compared hESC-Neu with PB-Neu(G+) and PB-Neu(G-)
as described in the “Materials and Methods.” When DHR was added to the neutrophil suspensions,
rhodamine-specific fluorescence was detected in hESC-Neu, PB-Neu(G-) and (G+) without PMA

simulation, indicating basal superoxide production without PMA stimulation in each neutrophil preparation

(Figure 4). PMA dtimulation increased rhodamine MFI in hESC-Neu though in less extent than in
PB-Neu(G-) and (G+). Consequently, rhodamine MFI after PMA stimulation was similar in hESC-Neu,

PB-Neu(G-) and (G+), suggesting that the maximum ability of the superoxide production in hESC-Neu and

PB-Neu is comparable with each other.

Phagocytosis and NBT reduction activities, and bactericidal ability were similar between hESC-Neu
and PB-Neu.
Neutrophils protect us from infectious microorganisms by phagocytosing and subsequently killing

them. These functions in hESC-Neu and PB-Neu were evaluated in an experimental system using
NBT-coated yeast. Under the microscope, mature neutrophils could be easily distinguished from
contaminating macrophages by their unique shape of nuclei after the 1% safranin-O staining (Figure 5A).
NBT-coated yeast that had not been ingested were colored red-brown; they began to change their color to
purple or black, beginning at the periphery, and eventualy became completely black, because the NBT
coating on the yeast was reduced by neutrophils after phagocytosis. This enabled us to identify neutrophils
that had phagocytosis and NBT-reducing ability. hESC-Neu had a dightly lower phagocytosis rate than
PB-Neu(G-) and (G+) (Figure 5B). The phagocytosis score, however, was not significantly different
between hESC-Neu and PB-Neu(G-) and (G+) (Figure 5C). The cellson day 8 of the culture, most of which



were morphologicaly myeloblasts and promyelocytes, were rarely observed to phagocytose the yeast or
reduce NBT if they had ingested the yeadt, indicating that we observed phagocytosis and NBT reduction
that was specific to mature neutrophils.

Since hESC-Neu have sufficient ability of phagocytosis and superoxide production, we next
investigated whether hESC-Neu can actually kill bacteria. Bactericidal activity of hESC-Neu comparing
with PB-Neu was evaluated using E. coli. When incubated with hESC-Neu and PB-Neu(G-) and (G+), the
numbers of CFU were similarly reduced to approximately 40% of the control, indicating that the killing
ability against E.coli is comparable between hESC-Neu and PB-Neu (Figure 5D).

Chemotaxis was smilar between hESC-Neu and PB-Neu.

We compared chemotaxis of hESC-Neu and PB-Neu usng a modified Boyden chamber method.
After incubation with or without fMLP in the lower well, neutrophils had migrated from the upper side to
the lower side of the membrane. Neutrophil migration without fMLP in the lower well was considered
random migration. The number of neutrophils that migrated randomly was not significantly different
between hESC-Neu and PB-Neu(G-), but PB-Neu(G+) showed significantly more random migration than
the others (Figure 5E). The number of migrated cells increased in all hESC-Neu, PB-Neu(G-), and
PB-Neu(G+) when fMLP was added in the lower well. The increase of the migrated cells by chemotaxis to
fMLP was caculated 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 and PB-Neu(G-) or
(G+) in the net fMLP-induced chemotaxis.

Discussion

We developed a method of specific derivation of mature neutrophils from hESC, and this effective
method made it possible to analyze hESC-derived neutrophils in detail. hESC-derived neutrophils had
characteristics smilar to steady-state peripheral blood mature neutrophils in morphology and essential
functions, although there were some differences in surface antigen expression.

We intended further purification of hESC-derived mature neutrophils from the “hESC-Neu”
population by density gradient methods, but this lead to massive reduction of the cell yield. When analyzed
using flow cytometer, the mean intensity of hESC-Neu in forward scatter was higher than that of PB-Neu

(data not shown), indicating that the size of morphologically mature neutrophils, which represent 70-80% of
the hESC-Neu population, was larger than PB-Neu. This fact further indicates that the density of

morphologically mature neutrophils in the hESC-Neu population is lower than that of PB-Neu, which

makes separation of hESC-Neu from contaminating other cells difficult.

In this culture, we observed morphologically defined myeloblasts, promyelocytes, myelocytes,
metamyelocytes, and, eventually, mature stab and segmented neutrophils in this order during the 13-day

culture, which is similar to the granulocyte maturation process in the bone marrow. The surface antigen



expression pattern during differentiation was similar to that during normal granulopoiesis, with the
expresson of CD34 and CD117 on immature cells, and an increase in CD16 as differentiation advanced.
Most hESC-Neu expressed CD16, CD15, CD11b, CD33, and CD45. This pattern is consistent with normal
peripheral blood neutrophils, 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-positive cells by stimulation with G-CSF, and is considered to be
the effect of G-CSF on myeloid progenitors31 G-CSF aso induces CD64 and CD14 on mature
neutrophils31’35 and these effects are also observed in vivo when G-CSF is administered to healthy
volunteers.**® Therefore, it is possible that the G-CSF present in the culture from day 7 affected the
progenitors and led to the relatively low expresson of CD16 on hESC-Neu and aberrant expression of
CD64 and CD14 on CD15 and CD16 double-positive hESC-Neu.

In the apoptosis assay, some hESC-Neu were already apoptotic at the time of the harvest from the
induction culture, but the proportion of apoptotic cells did not increase up to 6 hours after the start of the
culture of hESC-Neu in the medium without G-CSFE._We raised two reasons that might explain the

difference in the manner of apoptosis. First, hESC-Neu are more heterogeneous than PB-Neu, as containing

cells at different stages, from incompletely differentiated cells such as metamyelocytes to

maturation-completed and aged neutrophils. Relatively immature cells or unaged mature neutrophils in the
hESC-Neu population might have longer lifetime than PB-Neu. Second, the effect of G-CSF used in the

induction culture might remain even after the washout.

In the chemotaxis assay, the random migration of hESC-Neu was amost the same as that of
PB-Neu(G-), but lower than that of PB-Neu(G+), despite the fact that hESC-Neu were stimulated by G-CSF
before the assay. The effect of G-CSF on the random migration of neutrophils is controversial; random
migration increases in vitro when neutrophils are stimulated by G-CSF,* whereas neutrophils obtained from
G-CSF-treated patients with non-myeloid malignancies show decreased random migration and

chemotaxis.>"*®

Our in vitro experiment with PB-Neu(G+) and PB-Neu(G-) reproduced the former result.
Nevertheless, hESC-Neu 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 were stimulated from the myeloblast stage, and thus, it
was expected that the characteristics of the hESC-Neu were more smilar to those of neutrophils from
G-CSF-stimulated donors rather than to normal mature neutrophils.

The low yield of hESC-Neu isamajor obstacle to their functiona analysisin animals, and further, for
their potential use in drug screening and clinical applications. The number of hESC-Neu produced was less
than twice that of input EB-derived cells. Recently, erythroid progenitor cell lines that could differentiate
both in vitro and in vivo into functional mature red blood cells were established from mouse ESC.* In that
report, the starting number of ESC required to establish one progenitor line was 5 x 10°, and transplantation

of 2 x 10 cells of the progenitor line could ameliorate anemia in a mouse by increasing the red blood cell



count. Similar methods could be considered in the granulopoiesis from human ESC._Another potential

method is to use more immature or proliferation-competent cells than the cells we initiated the induction

culture. One of the candidates is hematopoietic progenitors that emerge in sac-like structures derived from

ESC. In areport using cynomolgus monkey ESC,* EB were created and subsequently subjected to adherent

culture on gelatin-coated dish. After two weeks, the sac-like structures emerged, with hematopoietic

precursors inside. The cells inside the sac consisted of various stages of myeloid lineage cells. The authors

aso mention the possibility of existence of hemangioblasts, because endothelial cells could be produced

from those precursors under a different condition. Others have also reported the similar sac-like structures

containing hematopoietic precursors created from hESC.™ In this paper, megakaryocytes were created from

the inner cells, which were positive for hematoendothelial markers, such as CD34, CD31, VEGF-receptor 2,

and VE-cadherin. These similar findings indicate that the cells in the sac-like structures might contain more

immature cells than our EB-derived cells, and that the precursors inside the sac-like structures may have

greater proliferation potency than our EB-derived cells. Because either paper did not directly demonstrate

the efficiency of mature blood cell production from monkey or human ES cells, however, it is of worth to

compare the efficiency of producing neutrophils from our EB-derived cells with that from the sac-like

structure-derived cells.
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Table

Table 1. Differentiation pattern of hESC-derived cells.

% of total cells

Cell type Day 7 Day 10 Day 13

Myeloblast 61.0+9.1 23+12 ND

Promyelocyte 16.8+6.3 85+09 0.7+038
Myelocyte 123+48 340+6.8 6.4+34
Metamyel ocyte 30+10 19.0+1.3 10.2+4.3
Stab neutrophil 0.8+0.3 16.2+3.0 18.3+2.6
Segmented neutrophil 0306 147+6.0 53.1+£9.6
Macrophage/monocyte 57+0.6 53+13 112+14
Mature neutrophil 12+08 30.8+4.6 71.4+74

Mature neutrophil is the total of the stab and segmented neutrophils. Data are shown asmean+ SD (n=3
independent experiments). ND indicates not detectable.

Figure Legends

Figure 1. Mor phology of hESC-derived cells and expression of lactoferrin mRNA.

(A) Wright-Giemsa staining of the day 7 population (i) revealed that they were morphologically

myeloblasts and promyelocytes. On days 9 (ii) and 11 (iii), myelocytes and metamyelocytes were dominant,
and on day 13 (hESC-Neu) (iv), 70-80% of the cells appeared to be stab and segmented neutrophils.
Original _magnification, x1000. (B) (i) MPO staining revealed that 97.3 + 1.5% of hESC-Neu were
MPO-positive. (ii) The neutrophil alkaline-phosphatase score in hESC-Neu was 284 + 8.6. V alues represent
mean + SD. Original magnification, x1000. (C) Microstructure of hESC-Neu. Similar to steady-state

neutrophils separated from peripheral blood (i), segmented nucleus and cytoplasmic granules were observed
in hESC-Neu (ii). Original magnification, x8000. (D) Lactoferrin (LTF) mRNA was already 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 peripheral blood

neutrophils (PB1 and 2) were negative, although faint bands were detected in peripheral blood neutrophils

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

Figure 2. Surface antigens of hESC-derived cells.




(A) Surface antigen expression at each level of differentiation of hESC-derived cells was analyzed by flow
cytometry. CD45 was expressed in aimost 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 are CD15, CD11b, and CD16 positive. (i) In hESC-derived cells on day 13, 63.3 + 2.6% of
the CD15- and CD1lb-positive cells were CD16 positive, and (ii) amost al of the CD15 and
CD16-positive cells were CD11b-positive. (iii-iv) On the other hand, CD64 and CD14 were rarely
expressed on mature neutrophils in the peripheral blood. CD15 and CD16-positive cells from hESC,
consistent with the phenotype of mature neutrophils, showed aberrant expression of CD64 (iii) and CD14
(iv), in 94.1 + 3.8% and 45.1 + 9.6% of the cells, respectively. Data are presented as mean + SD (n = 3).

Figure 3. Apoptosis patter n and G-CSF effect on survival of hESC-Neu
(A) Flowcytometric analysis. In the steady date, peripheral blood neutrophils have a short life span of

approximately 24 hours, but this can be prolonged by G-CSF stimulation (a-€). Some hESC-Neu were
dready apoptotic at the time of the harvest from the induction culture (f). In contrast to the PB-Neu that

underwent apoptosis within 6 hours without G-CSF (b), the proportion of apoptotic cells did not increase up
to 6 hours after the start of the culture of hESC-Neu in the medium without G-CSF (f, g). In addition, there

were no differences between the cultures of hESC-Neu with and without G-CSF up to 6 hours (g). After 6
hours, non-apoptotic cells in hESC-Neu without G-CSF decreased more rapidly than hESC-Neu with
G-CSF (h-j). resulting in the lower number of viable cells than hESC-Neu with G-CSF at 24 hours (j).
Figures are representative of 3 independent experiments. Data are presented as mean + SD (n=3). (B) The

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

Figure 4. Superoxide production of hESC-Neu assessed by dihydrorhodaminel23 oxidation.

(A) Dihydrorhodaminel23 (DHR) was reacted to neutrophils with or without phorbol myristate acetate
(PMA), and the resultant rhodamine fluorescence was detected by flow cytometry. When DHR was added
to the reaction medium without PMA (line), the fluorescence levels were dightly elevated in hESC-Neu (i),
PB-Neu(G-) (ii), and PB-Neu(G+) (iii). The addition of PMA dramatically increased the levels of
fluorescence in all three neutrophil preparations (bold line). The figures are representative of 3 independent

experiments. (B) Comparison of superoxide production between hESC-Neu and PB-Neu using mean
fluorescence intensity (MFI1) of rhodamine. When DHR was added without PMA stimulation,
rhodamine-specific fluorescence was detected in hESC-Neu, PB-Neu(G-) and (G+). PMA simulation




increased rhodamine MFI in hESC-Neu though in less extent than in PB-Neu(G-) and (G+). Conseguently,
rhodamine MFI after PMA stimulation was similar in hESC-Neu, PB-Neu(G-) and (G+), suggesting that the
maximum ability of the superoxide production in hESC-Neu and PB-Neu is comparable with each other
(n=3; Bars represent SDs; *P < 0.05 compared to hESC-Neu).

Figure 5. NBT-coated yead cell-phagocytosistest, bactericidal killing, 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 (black arrow)

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 colored red-brown before being ingested

(white arrow head); the color began to change to purple or black beginning at the periphery of the yeast cell,
and eventually became completely black (black arrow head) because of reduced NBT after ingestion. Yeast
cells that changed color in the cells were counted as NBT-reduction positive. Origina magnification, x400.

(B) The phagocytosis rate was calculated as a percentage of the neutrophils that contained one or more
yeast cells. hESC-Neu had a dightly lower phagocytosis rate than that of PB-Neu(G-) and (G+). (C) The

phagocytosis score was calculated as the total number of positive yeast cellsin 100 neutrophils. There were

no significant differences in the phagocytosis score between hESC-Neu and PB-Neu(G-) or (G+). The cells

on day 8 of the culture (Day-8 cells) were rarely observed to phagocytose the yeast cells or reduce NBT [In
panels B and C, n=3; bars indicate SDs, *P < 0.05 compared to PB-Neu(G-) and (G+); **P < 0.05
compared to hESC-Neu, PB-Neu(G-), and PB-Neu(G+)]. (D) Bactericidal assay. E. coli was opsonized with
human AB serum, and incubated with hESC-Neu, PB-Neu(G-), PB-Neu(G+), or control medium. After 1
hour incubation with hESC-Neu, PB-Neu(G-), and PB-Neu(G+), the numbers of CFU were sgnificantly
reduced to approximately 40% of the control. There were no sgnificant differences between hESC-Neu,
PB-Neu(G-), and PB-Neu(G+) in bactericidal ability. The CFU of control are presented as 100% (n=3; Bars
indicate SDs; *P < 0.05 compared to control). (E) Chemotaxis assay by modified Boyden chamber method.
The number of neutrophils that migrated randomly [fMLP(-)] was not different between hESC-Neu and
PB-Neu(G-), but PB-Neu(G+) showed significantly greater random migration than hESC-Neu and
PB-Neu(G-). The number of migrated cels increased in all hESC-Neu, PB-Neu(G-), and PB-Neu(G+)
when fMLP was added to the lower well [fMLP(+)]. The increase in the number of migrated cells by
chemotaxis to fMLP [fMLP(+)-fMLP(-)] was not significantly different between hESC-Neu and
PB-Neu(G-) or (G+) (n = 3; barsindicate SDs, *P < 0.05).
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Figure 3.
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Figure 4.
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