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Background

Embryonic stem cells (ESCs) can be expanded infinitely /n vitro and have the potential
to differentiate into hematopoietic stem cells (HSCs); thus, they are considered a useful
source of cells for HSC production. Although several technical in vitro methods for en-
gineering HSCs from pluripotent stem cells have been developed, clinical application of
HSCs engineered from pluripotent stem cells is restricted because of the possibility of
xenogeneic contamination resulting from the use of murine materials.

Methods

Human ESCs (CHA-hES15) were cultured on growth factor-reduced Matrigel-coated
dishes in the mTeSR1 serum-free medium. When the cells were 70% confluent, we ini-
tiated HSC differentiation by three methods involving (1) knockout serum replacement
(KSR), cytokines, TGFb1, EPO, and FLT3L; (2) KSR, cytokines, and bFGF; or (3) cytokines
and bFGF.

Results

Among the three differentiation methods, the minimal number of cytokines without KSR
resulted in the greatest production of HSCs. The optimized method resulted in a higher
proportion of CD34 'CD43 " hematopoietic progenitor cells (HPCs) and CD34 'CD45
HPCs compared to the other methods. In addition, the HSCs showed the potential to dif-
ferentiate into multiple lineages of hematopoietic cells 7 vitro.

Conclusion

In this study, we optimized a two-step, serum-free, animal protein-free, KSR-free, feed-
er-free, chemically defined monolayer culture method for generation of HSCs and hema-
topoietic stem and progenitor cells (HSPCs) from human ESCs.
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[6-8]. Therefore, it is important to develop feeder-free and

INTRODUCTION

Embryonic stem cells (ESCs) are undifferentiated cells that
have the potential to self-renew and to differentiate into
multiple cell types [1, 2]. Therefore, ESCs are considered
a useful source of cells for regenerative medicine, drug
screening, developmental studies, drug toxicity testing, dis-
ease modeling, and clinical therapeutics [3-5].

Hematopoietic stem cells (HSCs) can be engineered from
mesodermal differentiated ESCs and may be used in im-
munotherapy and to treat diverse hematological diseases

xeno-free culture methods for differentiation of hema-
topoietic stem and progenitor cells (HSPCs) into HSCs for
clinical applications.

Both xeno-dependent and xeno-free methods have been
developed for differentiation into HSCs [9-11]. First, an ESC
and stromal cell (feeder cell) co-culture method was devel-
oped using calvaria of newborn op—/op mice [12, 13]. Several
studies have shown that feeder cells can interact physically
with ESCs, and this interaction activates hematopoietic dif-
ferentiation, resulting in the production of CD34 CD45"
human HSCs and progenitor cells [10, 13-16]. Second, a
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method for formation of ESC-derived embryoid bodies (EBs)
was established. EBs are three-dimensional (3D) cell ag-
gregates in suspension culture that mimic spatial organization
of an embryo [17]. Single-cell suspensions of EBs in a methyl-
cellulose culture medium with hematopoietic cytokines effi-
ciently induce hematopoietic differentiation of human ESCs
[16, 18]. Third, a direct differentiation method in an ex-
tracellular-matrix-coated dish was developed. Collagens and
fibronectins have been used as coating materials for mono-
layer culture to differentiate ESCs and induce pluripotent
stem cells (iPSCs) into three germ layers [19, 20]. The result-
ing mesoderm in the matrix-coated dish can be further differ-
entiated into HSCs in the presence of appropriate cytokines
[19, 20]. Although these methods yield functional HSCs,
some limitations including byproducts from murine feeder
cells, long culture period for EB formation, and ani-
mal-derived culture substances like bovine serum and knock-
out serum replacement (KSR), should be overcome for clin-
ical application of these methods [21].

Therefore, the purpose of this study is to develop a clin-
ically more relevant method for differentiation into HSCs
with shorter culture periods and less cytokines.

MATERIALS AND METHODS

ESCs culture
The use of human ESCs in this research was approved

by the institutional review board (IRB) of Korea Center
for Disease Prevention (2015-03-EPX-04-3C-A).

Maintenance

ESCs (CHA-hES15) were cultured on mitomycin C
(Sigma-Aldrich, Saint Louis, MO, USA)-treated STO cells
(CRL-1503, ATCC) at 37°C, in an atmosphere containing
5% of CO,. Cultivation was conducted in Dulbecco’s modified
Eagle’s medium (DMEM)/F12 medium containing 20% of
KSR, 1% of nonessential amino acids, 0.1 mM B-mercaptoe-
thanol, and 4 ng/mL ( fibroblast growth factor (BFGF;
Sigma-Aldrich).

Differentiation

Upon reaching 70-80% confluence, the cells were passaged
enzymatically using dispase (Thermo Fisher Scientific,
Waltham, MA, USA) solution or detached manually using
a 1,000 pL micropipette. Cell clumps were transferred to
a cell culture dish coated with growth factor-reduced
Matrigel (BD Biosciences, Billerica, MA, USA) and contain-
ing the mTeSR1 serum-free medium (STEMCELL Technolo-
gies, Vancouver, BC, Canada). The mTeSR1 medium was
changed daily. As shown in Fig. 1A, the mTeSR1 medium
was switched to those for step 1 (one of the three methods)
with supplements on day 4 and once more switched to those
for step 2 on days 8 and 11. The supplements in the step
2 medium included 100 ng/mL stem cell factor (SCF;
Humanzyme, Chicago, IL, USA), 20 ng/mL FMS-like tyrosine
kinase 3 ligand (FLT3L; Humanzyme), 4 ng/mL interleukin

(IL)-3 (Humanzyme), 10 ng/mL IL-6 (Peprotech, Rocky Hill,
NJ, USA), 40 ng/mL insulin-like growth factor-1 (Peprotech),
and 10 ° M dexamethasone (Sigma-Aldrich).

Formation of hematopoietic colonies

To dissociate differentiated cells, these cells were treated
with Accutase (STEMCELL Technologies) for 10 min at 37°C
and were passed through 70-um cell strainers (BD Biosciences)
using pipette. Collected floating and adherent cells were
reacted with an anti-CD34 antibody. CD34 " cells were iso-
lated and sorted using MACS Magnetic Bead Columns
(Miltenyi Biotec, Bergisch Gladbach, Germany) and CD34
Micro Bead Kit (Miltenyi Biotec), respectively. CD34 " hema-
topoietic cells were cultured in six-well plates containing
2 mL of MethoCult-H4435 semisolid medium (STEMCELL
Technologies) per well as described previously [22]. Hemato-
poietic colonies were counted after 14 days of incubation,
photographed using an inverted microscope, and harvested
for flow cytometric analysis. The cells were resuspended in
phosphate-buffered saline (PBS) supplemented with 1% of
bovine serum albumin (BSA) and analyzed by flow cytometry
for the presence of cells of lymphoid and myeloid lineages.

Flow cytometric analysis

Adherent and floating cells were collected and filtered
through a 70-pm cell strainer (BD Biosciences). The cells
were then washed twice with FACS buffer (PBS, 10 mM
EDTA, and 2% of fetal bovine serum) and resuspended in
Dulbecco’s PBS at up to 5x10° cells per 100 pL. The cells were
stained with a fluorescein isothiocyanate (FITC)-conjugated an-
ti-CD43 antibody, phycoerythrin (PE)-conjugated anti-CD45,
peridinin chlorophyll protein (PerCP)-conjugated an-
ti-CD34, and FITC-conjugated anti-KDR antibodies (BD
Biosciences) for 30 min on ice, washed, and resuspended
in staining buffer. The samples were analyzed using a
FACSVerse flow cytometer (BD Biosciences) with the
CellQuest v3.3 software (BD Biosciences). Data were col-
lected and analyzed in the Flowjo software (Flowjo, LLC,
Ashland, OR, USA).

RNA extraction and real-time quantitative PCR (qPCR) analysis

RNA samples were prepared using silica gel mem-
brane-based spin-columns. All the procedures were per-
formed according to the manufacturers’ instructions. A total
of 1 ug of RNA was used to generate first-strand cDNA
using the RNA-to-cDNA EcoDry Premix (Clontech,
Mountain View, CA, USA), and cDNA was amplified by
polymerase chain reaction (PCR) using the Emerald Amp
GT PCR Master Mix (Clontech). Amplification reactions
were run using an ABI 7500 Real-Time PCR machine
(Applied Biosystems, Foster City, CA, USA). Gene expression
levels were normalized to that of GAPDH and analyzed
as fold changes relative to the expression level of un-
differentiated human ESCs. qPCR was run on an ABI Prism
7900HT Sequence Detection System (Applied Biosystems).

Blood Res 2017,52:37-43.

bloodresearch.or.kr



Induction of HSCs by a simplified method

39

Cytostaining

A total of 2x10* colony-forming units (CFUs) were centri-
fuged to facilitate their attachment to glass slides using a
Shandon Cytospin 4 Cytocentrifuge (Thermo Fisher
Scientific) at 500 rpm for 5 min. The slides were analyzed
by microscopy after staining with the Differential Quick
Staining Kit (Polysciences, Warrington, PA, USA).

Statistical analysis

All data are shown as meansstandard deviation, and com-
parisons between groups were performed using two-tailed
Student’s ¢ tests. The level of significance was set to P<0.05.

RESULTS

Optimization of induction of HSCs from human ESCs
We aimed to develop a method for generation of human

D-1
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Feeder- free ___i Mesoderm i_ Hematop0|e5|s \

HSCs and HSPCs that required fewer cytokines under se-
rum-free and animal stromal cell-free monolayer culture
conditions. To this end, we mimicked the process of d evelop-
ment of human ESCs into hematopoietic cells in two steps.
The first step (step 1) mimics initial differentiation into the
hematopoietic mesoderm, and the second step (step 2) mimics
commitment to HSPCs. Our goal was to generate HSCs capa-
ble of differentiating into multiple lineages of blood cells
by optimized and clinically applicable culture conditions.

In step 1, formation of EBs was waived by using an ex-
tracellular matrix that contained collagen IV. To optimize
the conditions for generation of the hematopoietic mesoderm
in a 2D matrix culture system, three methods were tested
(Fig. 1A). Method 1 is a previously reported procedure that
includes commonly used cytokine cocktails for HSC gen-
eration with KSR [22]. In method 2, PGE2, TGF-, EPO,
and FLT3L were replaced with bFGF from method 1 to
test whether replacement of several cytokines with one cyto-
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Fig. 1. (A) Schematic representation of the optimized differentiation protocol used to generate hematopoietic precursors and progenitors from ESCs.
(B-D) Relative expression of Oct4, Brachyury, and Wnt3a, respectively on days 4 and 7. (E) Immunostalnmg for Oct4, Brachyury, and DAPI
(4',6-diamidino-2-phenylindole) during initial differentiation of colonies on days 4 and 7. ¥p<0.05, b p<0.01.

Abbreviations: M1, Method 1; M2, method 2; M3, Method 3.
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kine is sufficient to generate mesodermal cells. In method
3, KSR was removed from method 2 to determine whether
HSCs could be generated without KSR, which contains chem-
ically undefined materials and animal substances.

The step 2 involved expansion of HSPCs and HSCs from
mesodermal hemangioblasts by adding SCF, FLT3L, IL-3,
IL-6, G-CSF, and Sonic hedgehog to the medium [23-25].
Overall, three methods for differentiation into HSCs were
evaluated in this study. Of those methods, method 3 is a
chemically defined, serum-free, KSR-free, monolayer culture
method that is more suitable for clinical applications than
the other two methods are.

KSR-free and feeder-free conditions obviate prolonged cul-
ture for induction of early mesodermal differentiation

We evaluated the progress of HSC formation by measuring
the expression of pluripotency and mesodermal markers on
days 4 and 7. All three methods resulted in downregulation
of the pluripotent stem cell marker (Oct4) in a time-depend-
ent manner (Fig. 1B). Removal of KSR (method 3) induced
greater decrease in Oct4 and increase in mesodermal marker
(Brachyury) compared with the other methods on days 4
and 7 (Fig. 1B, C). Moreover, method 3 induced Wnt3A
gene expression at the highest magnitude on day 4 (Fig.
1D); this upregulation is an important signal for induction
of the mesoderm formation by synergistic effect with BMP4
[26]. Next, we examined Oct4 and Brachyury protein ex-
pression levels by immunocytochemistry on day 4. Oct4

expression was decreased and Brachyury expression was in-
creased after step 1 culture in all three methods (Fig. 1E).
Similarly to the mRNA expression pattern, the method 3
resulted in the lowest Oct4 protein level and the highest
Brachyury protein level.

KSR-free conditions enhanced mesodermal formation
After 4 days of initial differentiation, the medium was
replaced to induce the next stage of hematopoiesis. The step
2 method involved addition of SCF, FLT3L, IL-3, IL-6, and
G-CSF, without KSR. To determine whether the different
methods in step 1 also affected commitment to HSPCs in
step 2, we quantified pluripotency markers (Oct4 and Nanog)
and early and late hematopoietic mesodermal markers on
days 8 and 11. In both methods 1 and 2, mRNA levels of
Oct4 and Nanog gradually decreased from day 8 to day 11
and neither of those were expressed on days 8 and 11 in
method 3 (Fig. 2A, B). In addition, method 3 induced earlier
expression of Brachyury than the other methods (Fig. 2C).

The late mesodermal marker KDR (VEGFR?2) is highly ex-
pressed under KSR-free conditions

Hematopoietic progenitor cells (HPCs) and HSCs derived
from pluripotent cells express the late mesodermal and hema-
topoietic stem cell marker KDR (VEGFR2) [27, 28]. To de-
termine whether KSR-free culture conditions (method 3)
in step 1 resulted in greater expression of KDR, we evaluated
the proportion and intensity of KDR expression on day 4.
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Fig. 2. (A-C) Relative expression levels of Oct4, Nanog, and Brachyury, respectively on days 8 and 11. (D, E) Flow cytometric analysis of KDR " cells
after 4 days of differentiation (D) Histogram images of the KDR flow cytometry data. (E) The percentage of KDR " cells in the total cell population.
(F) Relative expression of Hoxb4 toward that in undifferentiated ESCs. 3p<0.05,”P<0.01, 9P<0.001.

Abbreviations: M1, Method 1; M2, method 2; M3, Method 3.
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In agreement with the expression levels of mesodermal mark-
ers, method 3 resulted in a higher number of KDR™ cells,
compared to the other two methods (Fig. 2D, E). The mean
fluorescence intensity (MFI) was also higher in method 3
than those of the other methods (data not shown). In addition,
expression of the primitive hematopoietic cell proliferation
marker (Hoxb4) was greater for method 3 on day 8 (Fig. 2F).

Withdrawal of KSR resulted in generation of more HSCs at
step 2

Next, we measured the proportion of CD34 CD43  hemo-
genic endothelial cells on days 8 and 11. Compared to the
other two methods, method 3 yielded 5- to 6-fold higher
proportion of CD34 CD43  cells on day 8 (Fig. 3A, B).
In addition, method 3 resulted in a 6- to 12-fold higher
proportion of CD34"CD43" HPCs than the other two meth-
ods on day 11 (Fig. 3C). Furthermore, method 3 yielded
3-fold higher proportion of CD34 CD45" HPCs on day 11
compared to the other two methods (Fig. 3D).

The two-step serum-free and monolayer culture method gen-
erates HSCs that can be further differentiated into multiple
lineages of blood cells

An important function of HSGs is differentiation into mul-
tiple lineages of mature cells. To determine whether HSCs
generated by method 3 have the differentiation potential
into multilineage, we carried out colony formation assays
[29]. Each CD34" cells of all three methods sorted on day

11 and differentiated into various colonies (Fig. 4A). In line
with the earlier finding that they showed enhanced induction
of mesoderm formation, CD34 " cells of method 3 formed
larger number of colonies than those of the other two meth-
ods after 12 days of culturing in Methocult media (Fig. 4B).
In addition, fully differentiated cells—such as basophils,
monocytes, neutrophils, erythrocytes, and lymphocytes—
were identified by Wright-Giemsa staining (Fig. 4C).

DISCUSSION

Production of functional, robust, and clinically trans-
plantable HSCs from pluripotent cells is challenging. In this
study, we propose an optimized method for generation of
HSCs from human ESCs under animal product-free, un-
defined-component-free conditions.

Salvagiotto er al [19] used a two-step, feeder-free and
serum-free protocol to differentiate ESCs into human blood
cells. Although that method can shorten the culture period
and reduce the steps for the engineering of HSCs, the uses
of bFGF from zebrafish and BSA limit its clinical application.
Another novel serum-free monolayer culture system that
involves a 16-d three-step culture protocol with a simple
cytokine combination in a matrix-coated dish was developed
by Niwa and colleagues [20]. However, basal medium
Stemline II contains human albumin and KSR; the latter
contains BSA and may limit clinical applications. In compar-
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Fig. 3. HSC and progenitor cell populations among differentiated cells. (A) Dot blot images of flow cytometric analysis. Upper and lower panels
show differentiated cells on days 8 and 11, respectively. (B) The proportion of CD34"CD43 " cells on days 8 and 11. (C) The proportion of CD34 "
CD43™ cells in the total cell population on day 11. (D) The proportion of CD34 "CD45 " cells on day 11. ¥2<0.05, b p<0.001.

Abbreviations: M1, Method 1; M2, method 2; M3, Method 3.
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ison, the method 3 in our study is simplified and fully defined
xeno-free and KSR-free. We believe that this method will
facilitate clinical applications of HSCs when further opti-
mized for HSC production on a larger scale.

Furthermore, we found that removal of KSR from the
2D matrix culture system enhanced the differentiation of
ESCs into mesodermal cells and CD34"CD45 " HSCs. KSR
contains some antioxidants like vitamin C and high concen-
tration of vitamin C can decrease expression of Brachyury
and increase expression of Oct4 [30]. Therefore, it is possible
that vitamin C in KSR may interfere with the mesodermal
differentiation of ESCs, and consequently, elimination of
KSR in method 3 resulted in higher efficiency of differ-
entiation into HSCs.

The process of hematopoietic development is tightly regu-
lated by waves of cytokines. The key cytokines in directed
mesodermal differentiation are BMP4, FGF2, and activin
A; in conversion differentiation, the key factors are BMP4,
SCF, FLT3L, IL-6, IL-3, and G-CSF. Our findings suggest
that bFGF is a key factor of mesodermal differentiation.
Replacement of PGE2, TGFB1, EPO, and FLT3L with bFGF
resulted in enhanced induction of Brachyury expression,
formation of KDR " cells, and prolonged generation of CD34 "
CD45" HSCs.

In conclusion, our findings show that method 3, which
involves reduced amounts of cytokines without KSR, is an
optimized two-step, serum-free, animal substance-free,
KSR-free, feeder-free, chemically defined monolayer culture

method for generation of functional HSCs and HSPCs from
human ESCs.
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