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Figure 2. a) Laser microscopic image of y-PGA-SS 6-1-1 gel

film under semi-wet conditions. b) The weight loss of gel films
during the incubation with 0 x 1073, 5 x 1073, 10 x 1073, and
20 x 107% M of cysteine/50 x 107> m Tris-HCl solution (pH 7.4)
at 37 °C (n = 3). y-PGA-SS gel films prepared on Au substrate
was immersed in cysteine solution for 9 h incubation. Weights
were calculated from results of QCM analyses. c) AFM images
of gel film surfaces exposed to 20 x 107 M of cysteine for 0, T,
and 24 h. The quadratic mean roughness (Rq) was calculated
from AFM analyses. d) Dynamic change in contact angles of gel
films during 20 x 1073 M of cysteine exposure. Contact angles
were measured within 10 s after water drop. * P < 0.05, **
P < 0.01 when compared with 0 h, Student’s t-test (n = 3).
€) QCM-D analysis for measuring thickness and elasticity of
gel film exposed to 20 x 107* m cysteine. These results were
calculated by viscoelastic analyses.

10 x 1073 M cysteine, NHDFs began to change morphology to
spherical shapes within 10 min and almost all cells detached
after few hours (Figure S7 and Movie 1, Supporting Informa-
tion). The cysteine itself did not affect cellular morphology up
toa 10 x 107 M concentration (Figure S7a, Supporting In-
formation). Moreover, cytoskeletal structures including actin
filaments and vinculin that organizes adhesion maturation
through the linkage of integrin molecules to actin filaments in
focal adhesion™ were observed by confocal laser scanning mi-
croscopy (CLSM) (Figure 3a). These expressions significantly
decreased after exposure to cysteine in 1 h. As disulfide bonds
are cleaved, the hydrophilicity and roughness on gel surfaces
increases which weakens interactions with gels and proteins,
especially coated fibronectin. The weakened mechanical feed-
back from interactions between the dynamic nano-interfaces
and integrin molecules may cause immature adhesion and
cytoskeletal remodeling, leading to sequential detachment of
cells.
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Figure 3. a) CLSM images of actin fibers and focal adhesion

staining of cells on gel films without and with 10 x 107% m
cysteine for 1 h. Arrows denote the expressions of vinculin. b)
3D-reconstructed CLSM image of NHDF-tissues constructed
on y-PGA-SS gel films. NHDFs were stained with Rhodamine-
phalloidine and y-PGA polymers were labeled with Alexa 488.
¢)-5L-NHDF tissues after incubation with cysteine-containing
media at 37 °C for 100 min and after detachment from gel
films by gentle pipetting. d) HE images of 5L-, 10L-, and 20L-
NHDF tissues harvested from gel films. e) Reconstructed CLSM
image of a blood-capillary model harvested from the substrate.
HUVECs were immunostained with anti-CD31 antibodies and
nuclei were stained with DAPI. f) The area of remaining NHDFs
on the substrate. The area was estimated from CLSM images.
g) Living cell number in 5L-NHDF tissues after harvesting from
membrane and gel films. h) The remaining weight of y-PGA
polymers in gel films, supernatants, and tissues after 1 h of
incubation with and without cysteine. Fluorescently labeled vy-
PGA polymers were used for measurements of polymer weight.
*P < 0.05, ** P < 0.01 when compared with the other samples,
Student’s t-test (n = 3).

Based on these results of cellular detachment at the single-
cell level, we addressed harvesting 3D tissues from substrates.
The 3D-multilayered tissues comprising NHDFs were con-
structed onto y-PGA-SS 6-1-1 gel films by a cell-accumulation
technique (Figure 3b and Figure S8, Supporting Information).
The five-layered- (SL-) tissues were harvested by exposure with
5 x 1073 M cysteine and gentle pipetting. After 100 min of
incubation with cysteine, tissues detached from the edge of
membranes to decrease the adhesion area to half and harvested
by sequential gentle pipetting, and there was no change in tis-
sues directly constructed on membranes (without gel films)
(Figure 3c and Figure S9a, Supporting Information). Histolog-
ical observations of tissues on membranes, which were phys-
ically separated by scraping with tweezers, displayed defects
and much cellular debris (Figure S9b, Supporting Informa-
tion), while gel films allowed for harvesting homogeneous tis-
sue structures without defects and the various layer number of
tissues can be harvested (Figure 3d), except 1L of tissues with

wileyonlinelibrary.com




ADHM201500065.xml

Generated by PXE using XMLPublishS™

February 19, 2015

15:44 APT: WF JID: ADHM

VANCED

FEALTHC

Mk s

www.MaterialsViews.com

weak mechanical properties (less than 5 um in thickness) (Fig-
ure S10, Supporting Information). Besides, more functional
tissues such as blood-capillary models with human umbilical
vein endothelial cells (HUVECs), liver tissues of HepG2, and
heart tissues of iPS-derived cardiac myoblast cells were har-
vested using gel films (Figure 3e and Figure S11, Supporting
Information). These tissues revealed specific functionalities in-
cluding the production of albumin and the cardiac pulsation
over more than 1 month (Movie 2, Supporting Information).
Even after the harvesting process, the obtained tissues pos-
sessed ECM proteins (fibronectin) unlike the use of degrad-
ing enzymes (Figure 12, Supporting Information). Moreover,
many remaining cells were observed on membranes in the
physically scraped sample (Figure 3f and Figure S13, Sup-
porting Information), while samples using gel films revealed
high cell viability (>95%) and high yield after harvesting (Fig-
ure 3g). Since this method does not require drastic changes
in culture environments such as decreases in temperature,®
photoirradiation,”*® and low pH,’ physical and chemical
damage were considered to decrease. More importantly, few
y-PGA polymers were detected in tissues after the degrada-
tion process (Figure 3h), because remaining polymers such as
poly(lactic acid)s may induce the inflammatory side reaction
due to carboxylic groups during degradation process.!"’]

In conclusion, we presented a novel and versatile technique
for harvesting functional 3D-engineered tissues using stimuli-
responsive y-PGA-SS gel films with dynamic nano-interfaces.
We found that the surface properties of gel films including
mainly wettability and roughness were dynamically controlled
in response to reducing amino acids. This dynamic hydropho-
bic to hydrophilic change on nano-interfaces allowed for cel-
lular detachment at the single-cell level and the harvesting
of 3D-engineered tissues through the control of cell-material
interactions. Tissues can be harvested with high efficiency
upon exposure to cysteine without serious physical damage
and maintain ECM proteins. Functional 3D tissues that recre-
ated blood capillary, liver, and cardiac tissue were also obtained
and their functionalities were maintained. This simple and in-
tact harvesting technique of 3D tissues in vitro has enormous
potential as a tissue transplantation therapy to treat serious
diseases such as organ failure and ischemic heart disease in
regenerative medicine.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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The in vitro fabrication of vascularized tissue is a key challenge in tissue engineering, but little is known
about the mechanisms of blood-capillary formation. Here we investigated the mechanisms of in vitro
vascularization using precisely-controlled 3D-microenvironments constructed by a sandwich culture
using the cell-accumulation technique. 3D-microenvironments controlled at the single layer level
showed that sandwich culture between more than 3 fibroblast-layers induced tubule formation.
Moreover, the secretion of angiogenic factors increased upon increasing the number of sandwiching
layers, which induced highly dense tubular networks. We found that not only angiogenic factors, but also
the 3D-microenvironments of the endothelial cells, especially apical side, played crucial roles in tubule
formation in vitro. Based on this knowledge, the introduction of blood and lymph capillaries into
mesenchymal stem cell (MSC) tissues was accomplished. These findings would be useful for the in vitro

vascularization of various types of engineered organs and studies on angiogenesis.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

A current key challenge in tissue engineering is in vitro vascu-
larization of an engineered tissue that can be employed for
clinically-relevant therapies and as a drug testing model. Blood
capillaries, which are composed of endothelial monolayer, peri-
cytes and fibroblasts, maintain the metabolic activities and func-
tions of organs through the transportation of nutrients and oxygen
11 The introduction of these vasculatures into engineered tissues
has advantages to avoid necrosis of the inner tissues and to enhance
their functions through cellular signaling {2.3]. To develop func-
tional blood capillaries, many attempts such as a 3-dimensional
(3D) culture of endothelial cells in hydrogels composed of extra-
cellular matrix (ECM) [4,5], the fixation of angiogenic factors into

{12~14}, and micro channel models with flow {15~17} have been
reported. Although these systems are powerful methods to
construct vascularized tissues, they need complicated devices and
procedures for the vascularization, and the potential limitations to
recreate both the structures and functions of living tissues in vitro

* Corresponding author. Tel.: +-81 6 6879 7356; fax: +81 6 6879 7359.
E-mail address: akashi@chem.e saka~wacjp (M. Akashi).
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0142-9612/© 2014 Elsevier Ltd. All rights reserved.

still remain. This is obviously caused by a poor understanding of the
mechanisms responsible for the formation of blood-capillary net-
works in vitro, and therefore the requirements for vascularization
should be clarified, such as the microenvironments for cell culture,
the species and stiffness of the surrounding tissue, and the effects
of angiogenic factors secreted under hypoxia.

Recently, we developed the rapid construction of 3D-vascular-
ized multilayered tissues by the formation of ECM nanofilms onto
single surfaces using layer-by-layer assembly { 181. Less than 10 nm
thickness of ECM films composed of fibronectin and gelatin (FN-G)
allowed all cells to adhere to each other through interactions be-
tween the FN-G nanofilms and the cell membrane proteins to
create various types of tissues such as blood vessel walls and livers
{19--221. Using this technique and a sandwich culture, highly dense
and homogeneous endothelial tubular networks were formed in
fibroblast tissues. We have confirmed that this blood-capillary
model can work as a model to test the differentiation stages of
cartilage-like tissue {231

Here, we report the biochemical and physical effects that can
induce in vitro vascularization in engineered 3D-microenviron-
ments (¥ig. 1a). Since the cell-accumulation technique is able to
control the number of tissue layers, we could investigate the role of
the 3D-microenvironment at the level of a single cell layer. We
tested the effect of the fibroblast layer number, angiogenic factors
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Fig. 1. In vitro vascularization by sandwich culture using the cell-accumulation technique. (a) Schematic illustration of the fabrication process of the endothelial tubule networks by
the cell-accumulation technique. (b) CLSM cross-section images of 1L-4L tissue, 4L-1L-4L tissue, and a mixture of NHDFs and HUVECs after 7 days of incubation. The HUVECs were
immunostained with an anti-CD31 antibody (red), and the NHDFs were labeled with CellTracker green (green).

secreted under hypoxic conditions, and 3D-microenvironments on
the tubule formation of endothelial cells in vitro. Furthermore, the
angiogenesis and lymphangiogenesis in human adipose-derived
mesenchymal stem cell (MSC) tissues were also evaluated same
as fibroblasts.

2. Materials & methods
2.1. Materials

All of the chemicals were used without further purification. Fibronectin (FN)
from bovine plasma (My = 4.6 x 10°) and vascular endothelial growth factor (VEGF)
were purchased from Sigma—Aldrich (MO, USA). Dulbecco's modified eagle medium
(DMEM), gelatin (G) (My = 1.0 x 10°), tris(hydroxymethyl)aminomethane hydro-
chloride (Tris—HC), 10% formalin solution, and 4% paraformaldehyde (PFA)/phos-
phate buffer solution were purchased from Wako Pure Chemical Industries (Osaka,
Japan). e-Lys (My = 4700) was kindly donated by CHISSO Corporation (Chiba, Japan).

The monoclonal mouse anti-human CD31 antibody and the monoclonal mouse anti-
collagen type IV were purchased from Dako (Glostrup, Denmark). Goat anti-mouse
Alexa Fluor 488- and 546-conjugated IgG, 4’ ,6-diamidino-2-phenylindole dihydro-
chloride (DAPI), cell tracker green, Triton-X, fetal bovine serum (FBS), human
adipose-derived mesenchymal stem cells (MSC), and MesenPRO RS medium were
purchased from Life Technologies (CA, USA). The mouse anti-human VEGF antibody
and the ELIZA assay kits for human VEGF, human hepatocyte growth factor (HGF)
and human basic fibroblast growth factor (bFGF) were purchased from R&D systems
(MN, USA). The cell culture insert with a 0.4 pm pore size was purchased from BD
bioscience (NJ, USA) and Corning (NY, USA). Normal human dermal fibroblast
(NHDF), human umbilical vein endothelial cell (HUVEC), human umbilical artery
endothelial cell (HUAEC), human dermal lymphatic microvascular endothelial cell
(LEC), and endothelial growth medium (EGM-2MV) were purchased from Lonza (NJ,
USA). Mouse 10T1/2 and 3T3 cells were purchased from ATCC (VA, USA). The mouse
pancreatic fibroblast cells (K643f) and mouse 3T3 fibroblast cells were kindly
donated by Dr. M. R. Kano from Okayama University and Dr. K. Miyazono from Tokyo
University.
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2.2. Construction of the blood-capillary model by cell-accumulation technique

The NHDFs after trypsinization were suspended in 0.04 mg/ml of FN and G/Tris—
HCl solution (50 mw, pH = 7.4), and alternately incubated for 1 min using a Micro-
tube Rotator (MTR-103, AS ONE, Japan) with a washing step. The centrifugation was
performed at 200x g for 1 min at each step. After 9 steps of coating, about 10 nm of
the FN-G nanofilms were coated onto single cell surfaces. The cells were suspended
in 0.3 ml of DMEM with 10% FBS, and were seeded onto 24 well trans-well inserts
with a semipermeable membrane, and 1.4 ml of media was added into the micro-
plates. After 1 h of incubation, another 1 ml of media was added to each well to
connect the inner and outside media of the inserts, and the cells were then incu-
bated in 5% CO, at 37 °C. After 1 day, NHDF tissues from a monolayer to 20 layers
thickness were constructed. A 1 x 10% cells/layer aliquot was used for the 24 well
inserts, and 2.5 x 10° cells/well for the 12 well inserts. In the same manner, 1 x 10°
HUVEC cells were coated with FN-G nanofilms, and were seeded onto each NHDF
tissue. The HUVECs adhered within 1 day to form a monolayer HUVEC-NHDF tissues.
Moreover, the NHDFs coated with FN-G nanofilms accumulated on them, and thus a
sandwich culture was performed. Normally, these cells were cultured for 1 week and
fixed with a 4% PFA buffer solution for immunostaining. The NHDFs (passages: 4—10)
were cultured in DMEM with 10% FBS. The HUVECs, HUAECs, and LECs (passages: 3—
7) were cultured in EGM-2MV. The MSCs (passages: 3—-7) were cultured in Mes-
enPRO RS medium.

2.3. Immunofluorescent analysis

The NHDFs were stained with cell tracker green, and the endothelial cells were
immunostained with an anti-CD31 antibody. Briefly, the tissues were permeabilized
with 0.2% Triton-X for 15 min and blocked with 1% BSA/PBS for 1 h. The tissues were then
incubated with the primary antibodies (1:50) for 1 h. After awashing step, the secondary
antibodies (1:200) were added to the tissues. The tissues were finally observed by
confocal laser scanning microscopy (CLSM, FLUOVIEW FV10i, Olympus, Japan) and
confocal disk scan microscopy (DSU-IX81-SET, Olympus, Japan). Forimmunohistological
observation of the blood-capillary models, an anti-Von Willebrand factor antibody was
used. For measurements of the tubular lengths, cell numbers, branching points, mean
lengths, and occupied area percentage, Metamorph software version 6.2r6 (Molecular
Devices, USA) and WimTube (Wimasis, Germany) were used.

2.4. Oxygen partial pressure measurements

The oxygen partial pressure in the media was measured by an oxygen partial
pressure meter (P02-1508S, Eikoukagaku, Tokyo, Japan). This device measured cur-
rent value of oxygen on the surface of the electrode (POE-20W, Eikoukagaku, Tokyo,
Japan) under a suitable voltage using the polarography principle to estimate oxygen
partial pressure. The measurements were performed at a time point soon after
seeding the NHDFs into the insert to form the 1L, 4L, 8L, and 4L-1L-4L tissues. The
oxygen partial pressure of the medium without tissue was set as 150 mmHg. After
24 h, the media were changed, and the measurements were continued again.

2.5. Reverse transcription PCR analysis

The total RNA from the 1L, 4L, and 8L-NHDF tissues was extracted using an RNA
micro scale kit (Life Technologies, CA, USA) according to the manufacturer’s protocol.
cDNA was prepared from 200 ng of total RNA using a cDNA synthesis kit. The reverse
transcription polymerase chain reaction (RT-PCR) was performed with Tagman gene
expression assays. The gene expression levels of the following targets were
measured: VEGFA, HGF, bFGF, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The relative quantification was performed by a comparative Cr method. The
obtained gene expressions were normalized to GAPDH used as a house keeping gene.

2.6. ELISA measurement and the blocking test

VEGF, HGF, and bFGF from 1L-, 4L-, and 8L-tissues were measured by ELISA
assay. A 2.3 ml aliquot of the supernatant from tissues in the 24 well inserts were
collected, and added into a microplate from each ELISA assay kit. For the blocking
tests, 4L-1L-4L tissues were exposed to media containing 100 ng of anti-VEGF
antibody, and incubated for 1 week while changing the media every day. The tis-
sues were then immunostained with anti-CD31 antibodies and observed by CLSM.

2.7. Fabrication of MSC tissue with blood- and lymph-capillary networks

4L-MSC tissues were constructed on 1L-HUVEC in the same manner as the
NHDFs to obtain 4L-MSC-1L-HUVEC tissues after 3 days of incubation. To culture 4L-
1L MSC tissues under hypoxic conditions, the medium in the insert was set at 0.3 ml,
and the medium in the plate was set to 1.4 ml without connecting the medium
between the insert and plate.

2.8. Statistical analysis

All data were expressed as means =+ SD unless otherwise specified. For the PCR
analysis, the values represent the mean + SD from three independent experiments.
Statistical comparisons between groups were analyzed by Student's t-test. Statistical
differences from the PCR and ELISA analyses were determined by Tukey's multiple
comparison test. A P value < 0.05 was considered to be statistically significant.

3. Results

3.1. Effect of the number of NHDF layers on tubular formation by
sandwich culture

As shown by the CLSM observations from Fig. 1b, highly dense
and homogeneous tubular networks were formed by a sandwich
culture of HUVECs between 4L-NHDF tissues (4L-1L-4L) after 7 days
in DMEM. On the other hand, tubular networks were not seen in the
1L-4L tissues, and almost all of the HUVECs disappeared after 7 days.
Furthermore, in the case of a mixture of NHDFs and HUVECs, tubular
structures were partially confirmed, but they were not homoge-
neous and did not connect with each other densely. These results
suggest that a sandwich culture between NHDF multilayers would
be the most suitable method to construct blood-capillary models.
The density of the tubular networks could be controlled by adjusting
the density of the sandwiched HUVECs (¥ig. $1). Similarly, the
components of the nanofilms on the cell surfaces affected the den-
sity of the tubular networks and FN and e-Lys nanofilms containing
cationic polymers reduced the tubular networks (Fig, $2). Further-
more, sandwiching HUAECs or LECs instead of HUVECs allowed
them both to successfully form tubular networks in the whole tissue
(Fig. 83) {241 To investigate the relationship between the number of
NHDF layers and the formation of tubular structures, structural
observation of the HUVECs sandwiched between the different
numbers of NHDF layers was performed by CLSM (Fig. 2 and Fig. 54).
Each tissue was constructed by a sandwich culture of HUVECs be-
tween 1L- and 10L-NHDF layers. As a result, more than 3 layers of
NHDF tissues induced morphological change in the HUVECs to form
tubular networks (Fiz. 2a). A quantitative analysis of the tubular
structures showed that the total tubular length and number
increased upon increasing the number of sandwiching NHDF layers,
especially with more than 4L-tissues (¥ig. 2b, c). Many branching
points of the tubular structures were also seen in sandwich culture
using thick NHDF tissues, and the mean tubular lengths estimated
from the tubular length between the branching points were almost
the same in all samples (¥ig. 2d, e).

3.2. Structural observations of HUVEC networks

We performed immunohistochemistry with an anti-Von Ville-
brand factor antibody (Fiz. 3a, b). There were many lumenal
structures distributed three-dimensionally in the tissues, and the
area of the HUVECs and lumen increased upon increasing the
number of NHDF layers, as well as the tubular length and number in
Fig. 2 (Fig. $5). Type IV collagen, which is one of the components of
the basement membrane, was strongly expressed around the lu-
mens of the HUVEC (Fig. 3c, d). Through the deposition of the
perivascular ECM (black arrow) and the formation of the endo-
plasmic reticulum (red arrow), the appropriate apical-basal polarity
of the HUVECs was confirmed. The perivascular ECM with positive
staining of collagen type IV would be secreted from NHDFs and
HUVECs during the sandwich culture. We confirmed the structures
of the ECM and the formation of adherens junctions by trans-
mission electron microscopy (TEM) observations (¥ig. 3e, f). The
HUVECs attached tightly with each other, and formed lumenal
structures which were stabilized through adherens junctions as
well as blood vessels in the living body.

3.3. Measurements of hypoxic conditions and angiogenic factors

To measure hypoxia in the 3D-microenvironment, the oxygen
partial pressure in the media was measured during incubation
(Fig. 4a). As a result, the oxygen partial pressure of the 8L and 4L-1L-
4L tissues decreased rapidly to half of the starting value within
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several hours. Once the oxygen partial pressures returned to their
original values by changing the media after 24 h, it decreased again
within 3 h. To check the gene expression of angiogenic factors such as
VEGFA, HGF and basic fibroblast growth factor under hypoxic con-
ditions, real time RT-PCR measurements were performed (Fig. 4b).
The gene expression of VEGF and HGF in 4L-tissues were 1.5—2-fold
higher than that of 1L-tissues after 24 h of incubation, whereas the
gene expression of bFGF decreased upon increasing the number of
NHDF layers. Three types of angiogenic factors secreted from each
tissue after 24 h were measured by ELISA assays. The secretion of
VEGE, HGF, and bFGF drastically increased upon increasing the
number of NHDF layers (Fiz. 4c—e). In particular, the 8L-tissue
secretion of VEGF, which is one of the most important factors for
angiogenesis through the activation of migration, proliferation, and
differentiation of endothelial cells, showed a more than 60-fold in-
crease as compared to 1L-tissues. To confirm the effect of VEGF on
tubule formation, an anti-VEGF antibody was used as a blocking

experiment. We exposed the blood-capillary models to the media
containing 100 ng of anti-VEGF antibody per sample. This value is
equivalent to 10 times as much as VEGF secreted from 8L-NHDF tis-
sues estimated form ELISA resultin Fig. 4c. As aresult, the HUVECs did
not form very dense and homogeneous tubular structures by inhib-
iting the functions of VEGF, thus indicating that angiogenic factors
played important roles in tubule formation (¥ig. 4f, g). Furthermore,
to understand the effects of long-term culture on angiogenesis, the
gene expression of angiogenic factorsin 1L-, 5 L-, 10L-, and 20L-NHDF
tissues after 2, 7,10, and 14 days of incubation were analyzed by RT-
PCR measurements (Fig. 5 and Fig. $8). Comparing the gene expres-
sions of the NHDF multilayers versus NHDF monolayers, all gene
expressions showed drastic increases (up to a 40-fold increase) in
contrast with the gene expression of NHDF tissues after 1 day of in-
cubation. The gene expressions increased with increasing layer
number, and these high gene expression levels were maintained
even after 14 days of incubation.
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C

Fig. 3. Immunohistological and TEM observations. Immunohistological images of (a) 4L-1L-4L and (b) 10L-1L-10L tissues immunostained with an anti-Von Willebrand factor
antibody. Structural analysis by (c) immunohistological and (d) TEM observations of basement membranes and (e, f) TEM observations of adherens junctions in 10L-1L-10L tissues.
An anti-collagen type IV antibody was used for the immunostaining experiments. The black arrows denote the deposition of ECM and the red arrows show the formation of the
endoplasmic reticulum. N: nucleus, Fb: fibroblast, Hv: lumen of HUVEC. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

3.4. Effect of 3D-microenvironments on tubular formation

To understand whether the 3D-microenvironment around the
HUVECs is essential for tubule formation, the HUVEC monolayers
were cultured under various conditions (Fig. 6a). Even though the
HUVEC monolayers were exposed to media containing a sufficient
amount of VEGF (10 ng) or collected from NHDF multilayers that
secreted angiogenesis factors, there were no morphological
changes, and the HUVECs maintained their cobble stone structures
after 5 days. Next, we tried to investigate what microenvironment
could induce tubular formation in detail. To do this, 1L-4L, 2L-1L-2L,
and 4L-1L tissues were constructed, and their HUVEC structures
were observed. To evaluate the effects of only the 3D-microenvi-
ronment, the total number of NHDF layers was standardized to 4
layers, which means that the same amount of angiogenic factors
was in each sample, although the local position of NHDFs was

different in each tissue. The HUVECs were put at the top (1L-4L),
middle (2L-1L-2L), and bottom (4L-1L) of 4L-tissues (¥ig. &b, c). Asa
result, only the 4L-1L tissues induced tubular formation of the
HUVECGs, even though the total number of NHDF layers was less
than 4 layers.

3.5. Fabrication of multilayered MSC tissues with blood- and
lymph-capillary networks

Finally, we fabricated MSC vasculogenesis models based on
knowledge obtained from the introduction of blood capillaries into
fibroblast tissues. Since the angiogenic factors secreted from the
surrounding tissues under hypoxic conditions and the 3D-micro-
environments above the HUVECs play important roles in vascu-
larization (Fig. 7a), we exposed the 4L-MSC-1L-HUVEC tissues to
hypoxic conditions, which satisfied above requirements. To induce
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the hypoxic conditions, MSC tissue was cultured in a lower volume
of media as compared to the control. As a result, the oxygen partial
pressure of the 4L-MSC tissues in the lower volume of culture
media decreased significantly during the initial 3 h of incubation
(Fig. 7b). Next, we constructed 4 types of MSC tissues (1L-1L, 4L-1L,
4L-1L cultured under hypoxia, and 4L-1L cultured in VEGEF-
containing media) and checked the degree of vascularization of
the HUVECs after 3 days of incubation by anti-CD31 antibody im-
munostaining. HUVECs in 1L-1L tissue did not form tubular struc-
tures, as well as the NHDF tissue. Although the 4L-1L tissues formed
HUVEC tubular networks, there were many discontinuous struc-
tures and defects (Fig. 7c). On the other hand, the 4L-1L tissues
under hypoxia have more continuous and homogeneous tubular
networks and the area of the HUVEC networks was greater than the
4L-1L tissue, suggesting that the hypoxic conditions promoted
tubular formation in the MSC tissue (Fig. 7c, d). There were no
significant differences between the 4L-1L as a control and 4L-1L in
VEGF-containing media, even though angiogenic factors were
added to the media.

Furthermore, this vascularization method was applied to the
fabrication of a lymph-capillary model of MSCs. In the same

manner as HUVEC tubular formation, the 4L-MSC-1L-LEC tissue
was constructed. As shown in the fluorescent image of the 4L-MSC-
1L-LEC tissue immunostained with an anti-CD31 antibody in
Supplementary Fig, $9a, lymphatic tubular structures were suc-
cessfully formed and they had clear lumenal images after 3 days of
incubation. Amazingly, when HUVECs and LECs were introduced
into the MSC tissue at the same time and at the same plane, the
HUVEC and LEC tubular networks were formed separately in the
MSC tissue (¥ig. $8b), which are in agreement with the results of

the NHDF sandwich culture {24}
4. Discussion

We have reported a bottom-up approach to construct 3D-vas-
cularized tissues by the cell-accumulation technique using ECM
nanofilms on single cell surfaces { 1&}. During tubule formation, the
HUVECs spontaneously assembled and could form networks by
adjusting the culture conditions such as the 3D-microenvironment,
hypoxia conditions, and angiogenic factors, as well as the angio-
genesis process in the body. TEM images clearly revealed the
adherens junctions between HUVECs in the networks. Interestingly,
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we recently found HUVECs formed the developed adherens junc-
tions, while LEC displayed irregular shape, loose adhesive connec-
tion and gap formation [24!, suggesting FN-G nanofilms with
mesh-work fiber structures {25} did not inhibit the formation of
adherens junctions to recreate the junction structures of blood and
lymph vessels in vivo. As shown in Fig, 2, we found that a sandwich
culture of HUVECs of more than 3L-NHDF tissues was required for
tubule formation. We focused on the roles of angiogenic factors to
promote angiogenesis. Angiogenic factors such as VEGFA, HGF, and
bFGF are secreted from surrounding tissues that lack nutrients and
oxygen under hypoxic conditions {2&]. Since these angiogenic fac-
tors are known to activate the functions of endothelial cells to
induce migration, proliferation, and differentiation, they have been
widely employed by fixation in hydrogels to achieve in vitro
vascularization. As shown in Figs, 4 and 5, the increase in the
number of NHDF layers resulted in an increase in angiogenic factor
secretion through the decreased oxygen concentration, suggesting
that angiogenic factors secreted from the NHDF multilayers caused
tubule formation through the activation of HUVECs. Therefore, we
assumed that the total amount of angiogenic factors would be
important for in vitro vascularization. Actually, all of the angiogenic
factors measured in this study were secreted at much higher

concentrations from the NHDF multilayers than from the NHDF
monolayer, and the blocking experiments showed the importance
of VEGFA for tubule formation (¥ig. 4d—e). The reason why the 3D-
engineered tissues produced a greater amount of angiogenic factors
is believed to be various 3D-effects such as central hypoxia, 3D-cell
adhesion, and stiffness, indicating that this 3D-technology can
mimic the angiogenesis process in a living body {27291

Although the secretion of angiogenic factors plays a crucial role
in tubule formation, when the HUVEC monolayers were exposed to
media containing VEGF or collected from NHDF multilayers
cultured separately, they did not change their morphologies in spite
of the adequate angiogenic factors (¥ig. Ga). These results revealed
that not only angiogenic factors, but also 3D-microenvironments,
are essential to start tubule formation. To confirm the requirements
for tubule formation in detail, we observed the structures of
HUVECs arranged in the top, middle, and bottom of 4L-NHDF tis-
sues. Only the 4L-1L tissues formed tubular structures, even though
the amount of angiogenic factors was almost the same as the 1L-4L
and 2L-1L-2L tissues, indicating that the microenvironments above
the HUVECs determined whether in vitro vascularization occurs.
These results can be understood by the vertical migration and as-
sembly of HUVECs in the NHDF tissues. Sandwiched between the
2L-NHDF layers, the HUVECs migrated to the top of the tissues and
then detached from tissue because we used DMEM without any
cytokines. On the other hand, the arrangement of the greater than
4L-NHDF tissues above the HUVECs led to tubule formation, which
is believed to be related to the distance from the HUVEC to the top
of the NHDF tissues. Kino-oka and co-workers reported that HUVEC
network formation depends on the HUVECs encountering and
making connections when 5L myoblast sheets were placed on
various densities of HUVEC monolayer [ 30}. Therefore, HUVEC as-
sembly occurred effectively as compared to vertical migration
when the arranged thick NHDF tissues on the HUVEC monolayer
formed high density tubular networks. Currently, there are some
reports on the construction of vascularized tissues by 3D-culture in
scaffolds where various cytokines were fixed, co-cultured with
pericytes, and cell sheet engineering. However, the detailed re-
quirements of in vitro vascularization are still unclear, because
these methods have limitations in controlling the 3D-microenvi-
ronments of the cells at the single layer level. Since this cell-
accumulation technique is able to control the 3D-culture condi-
tions at the single layer level without complicated procedures, this
method would be useful to recreate 3D-microenvironments for
in vitro vascularization, and to investigate the mechanisms of tu-
bule formation.

Furthermore, when applying these results to MSC tissues, the
vascularized MSC tissues were successfully fabricated in vitro.
Comparing to NHDFs, MSC tissues might require higher hypoxic
condition media because the section of angiogenic factors signifi-
cantly depends on cell type. Both the 3D-microenvironments above
the HUVECs and the hypoxic conditions that can induce angiogenic
factor secretion from MSCs contributed to the formation of blood-
and lymph-capillary networks in the MSC tissues. To the best of our
knowledge, this is the first example of the fabrication of MSC tis-
sues with blood- and lymph-capillary networks. This knowledge
can be used for the vascularization of other tissues, such as the liver
and pancreas [31}. On the other hand, the cell types and their
derivation strongly influenced the cell behaviors and cell—cell in-
teractions. For example, human pancreatic fibroblast cells (K643f)
and mouse 3T3 fibroblast cells did not induce HUVEC tubule for-
mation during sandwich culture (Fig. $7). Therefore, the appro-
priate 3D-microenvironment for endothelial cells should be
prepared to introduce blood capillaries into other tissues. These
in vitro blood-capillary models have potential as angiogenesis as-
says, especially for tumor angiogenesis assays which for cancer
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therapy, and allow enable the evaluation of the potential effects of
drugs and drug carriers in vitro {32341

5. Conclusions
In summary, we investigated the effects of 3D-microenviron-

ments and angiogenic factors on in vitro vascularization by sand-
wich culture using the cell-accumulation technique. By increasing

the NHDF layer number, the gene expression and angiogenic factor
secretion of the NHDF multilayers under hypoxic conditions
increased, as compared to NHDF monolayers, to promote tubule
formation of the HUVECs. We found that the 3D-microenviron-
ments around the HUVECs, especially above the HUVECs, were
important for tubule formation because more than 4L-NHDF tissues
generated tubular networks, but less than 2L-NHDF tissues did not.
Furthermore, the introduction of blood- and lymph-capillary
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networks into the MSC tissues was also achieved by altering the 3D-
microenvironments for the first time. These findings would be
useful for tissue engineering that needs the introduction of blood
vessels, and for investigations into biological mechanisms such as
tumor angiogenesis.
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Abstract The development of methods for differentiation
of embryonic stem cells (ESCs) and induced pluripotent
stem cell (iPSCs) into functional cells have helped to
analyze the mechanism regulating cellular processes and to
explore cell-based assays for drug discovery. Although
several reports have demonstrated methods for differenti-
ation of mouse ESCs into osteoclast-like cells, it remains
unclear whether these methods are applicable for differ-
entiation of iPSCs to osteoclasts. In this study, we devel-
oped a simple method for stepwise differentiation of mouse
ESCs and iPSCs into bone-resorbing osteoclasts based
upon a monoculture approach consisting of three steps.
First, based on conventional hanging-drop methods,
embryoid bodies (EBs) were produced from mouse ESCs
or iPSCs. Second, EBs were cultured in medium supple-
mented with macrophage colony-stimulating factor (M-
CSF), and differentiated to osteoclast precursors, which
expressed CD11b. Finally, ESC- or iPSC-derived osteo-
clast precursors stimulated with receptor activator of
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nuclear factor-B ligand (RANKL) and M-CSF formed
large multinucleated osteoclast-like cells that expressed
tartrate-resistant acid phosphatase and were capable of
bone resorption. Molecular analysis showed that the
expression of osteoclast marker genes such as Nfatcl, Ctsk,
and Acp5 are increased in a RANKL-dependent manner.
Thus, our procedure is simple and easy and would be
helpful for stem cell-based bone research.

Keywords Induced pluripotent stem cell -
Embryonic stem cell - Osteoclast - Differentiation -
Bone resorption

Introduction

The maintenance of bone homeostasis is dependent on the
balance between bone-resorbing osteoclasts and bone-
forming osteoblasts [7, 8]. Excessive bone resorption by
osteoclasts is often associated with diseases accompanied
by pathological bone loss, including osteoporosis and
rheumatoid arthritis [9-12]. Bisphosphonates are potent
inhibitors of osteoclast-mediated bone resorption and are
effective antiresorptive drugs for the treatment with oste-
oporosis. However, reports of osteonecrosis of the jaw have
emerged with long-term use of bisphosphonates [13]. In
addition, questions have also emerged regarding the asso-
ciation between bisphosphonates and other rare adverse
events such as esophageal cancer [14], raising questions
regarding their long-term safety. Therefore, further devel-
opment of antiresorptive drugs is required to minimize its
occurrence. Because high-throughput screening (HTS) in
cell-based assays is very often used to identify lead com-
pounds for a wide range of therapeutic areas, an HTS-
suitable osteoclast differentiation protocol is required.

@ Springer
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The potency of embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs) to undergo unlim-
ited self-renewal and extensive differentiation makes them
an attractive source for cell-based assays for disease
modeling, drug discovery, and regeneration therapies [1,
2]. Although there are several reports on in vitro osteoclast
differentiation of mouse ESCs [3—6], most of these meth-
ods are laborious because of the required use of OP9
coculture. Furthermore, it is unclear whether these methods
are applicable for differentiation of mouse iPSCs to
osteoclasts. In this article, we report a simple method for
stepwise differentiation of mouse ESCs and iPSCs into
bone-resorbing osteoclasts based upon a monoculture
approach. Our procedure would be helpful for antiresorp-
tive discovery as well as cell-based bone research.

Materials and methods
Cell culture

Mouse ESCs (J1 line) [15] and iPSCs (38¢c2 and 20D17
lines) [16] were cultured under self-renewal conditions on
mitomycin C-inactivated mouse embryo fibroblasts (Mil-
lipore) in standard ES media [Knockout DMEM (Gibco),
supplemented with 15 % fetal bovine serum (FBS) (Hy-
clone), 1x nonessential amino acids, 2 mM vr-glutamine,
100 U/ml penicillin, 100 mg/ml streptomycin, 0.1 mM p2-
mercaptoethanol (all from Gibco), and with 1,000 U/ml
leukemia inhibitory factor (LIF) (Wako)].

For embryoid body (EB) formation, mouse ESCs and
iPSCs on mouse embryo fibroblasts (MEFs) were trypsini-
zed, and MEF layers were separated from ESCs and iPSCs
cells by culturing at 37 °C for 30 min. Nonadherent cells,
which contain undifferentiated ESCs and iPSCs, were
resuspended in EB medium [Iscove’s modified Dulbecco’s
medium (IMDM; Invitrogen), 2 mM L-glutamine (Wako),
penicillin/streptomycin (Invitrogen), 5 % PFHM-II (Invit-
rogen), 50 pg/ml ascorbic acid (Nacalai), 200 pg/ml iron-
saturated holo-transferrin (Sigma), 450 uM monothioglyc-
erol (Sigma), and 15 % ES cell hematopoietic differentia-
tion FBS (StemCell Technologies)]. To prepare hanging
drops, 25 pl/drop cell suspension (3,000 cells) was pipetted
onto the inner portion of a tissue culture plate lid. Hanging
drops were cultured for 2 days at 37 °Cin 5 % CO,.

For differentiation, 20-50 EBs were transferred into one
well of a six-well plate containing 4 ml culture medium
[minimum essential media-alpha (alphaMEM; Invitrogen),
10 % fetal calf serum and penicillin/streptomycin (Invit-
rogen) supplemented with 10 ng/ml M-CSF (Milteny) and
10 ng/ml interleukin (IL)-3 (Peprotech)]. Medium was
replaced after 5-7 days of plating. After 11 days, the
supernatant was seeded in a RepCell dish or collagen-

@ Springer

coated dishes containing culture medium supplemented
with 10 ng/ml M-CSF for 3 days. Then, detached cells by
incubation at 4 °C or trypsin were used as osteoclast pre-
cursors for flow cytometric analysis, osteoclast differenti-
ation, and pit formation assay. For osteoclast differentiation
assay, the detached osteoclast precursors were seeded
(1.5-4 x 10* cells per well in a 48-well plate) and treated
with 50 ng/ml RANKL and 10 ng/ml M-CSF for 3 days.
Tartrate-resistant acid phosphatase (TRAP)-positive MNCs
(TRAP + MNCs, more than three nuclei) were counted
[17, 18]. For pit formation assay, the detached osteoclast
precursors were seeded onto dentin slices and cultured for
3 days in the presence of RANKL and M-CSF. Staining of
resorption pits was performed as described previously [19].
All cells were removed by somication and stained with
20 pg/ml WGA-lectin-peroxidase (Sigma-Aldrich) for
30 min. Bone slices were washed to remove unbound lectin,
and DAB substrate was used to develop the stain.

Flow cytometry analysis

Single-cell suspensions were subsequently incubated with
anti-CD16/CD32 for 10 min, followed by staining with bril-
liant violet-conjugated anti-CD11b (M1/70; eBioscience) in
FACS buffer [1x phosphate-buffered saline (PBS), 4 % heat-
inactivated fetal calf serum, and 2 mM EDTA] for 15 min.
Stained cells were analyzed on a FACSCanto II Flow
Cytometer (BD Biosciences). FACS data were statistically
analyzed with FlowJo software (TreeStar).

Quantitative RT-PCR analysis

Total RNA and cDNA were prepared using the RNeasy
mini kit (Qiagen) and Superscript III reverse transcriptase
(Invitrogen) according to the manufacturer’s instructions.
Real-time reverse transcription-polymerase chain reaction
(RT-PCR) was performed with a Thermal Cycler Dice Real
Time System (Takara) using SYBR Premix EX Taq
(Takara). The primer sequences were Actb, 5-CTTCTA
CAATGAGCTGCGTG-3' and 5'-TCATGAGGTAGTCTG
TCAGG-3'; Acp5, 5'-GGGAAATGGCCAATGCCAAA
GAGA-3’' and 5-TCGCACAGAGGGATCCATGAAGT
T-3'; Ctsk, 5'-AGGCAGCTAAATGCAGAGGGTACA-3
and 5-ATGCCGCAGGCGTTGTTCTTATTC-3'; Nfatcl,
5-GGTAACTCTGTCTTTCTAACCTTAAGCTC-3' and
5'-GTGATGACCCCAGCATGCACCAGTCACAG-3'.

Scanning electron microscope observation of resorption
pits

The dentin slices were dehydrated and coated with
osmium. The coated dentin slices were analyzed on a
scanning electron microscope (S-4800; Hitachi).
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Results

To induce osteoclasts from ESCs and iPSCs, we developed
a three-step monoculture approach that involves mesoderm
induction (step 1), fate specification to monocyte/macro-
phage lineage (step 2), and differentiation to functional
osteoclasts (step 3) (Fig. la). Following detachment of
ESCs and iPSCs from MEFs, ESCs and iPSCs aggregate in
suspension cultures to form structures known as EBs
(Fig. 1b), which are composed of cells from all three germ
layers. Commitment to monocyte/macrophage lineage was
achieved in media supplemented with M-CSF and IL-3.
Three days after treatment of the supernatant with M-CSF,
attached cells consisted of a single homogeneous cell
population based on morphology (Fig. 1b) and highly

a RANKL
HD M-CSF/IL-3 M-CSF M-CSF

0 2 13 16 19 days
ﬁ O SR - , y e )
Step 1: Step 2: Step 3:
Mesoderm Monocyte/macrophage Osteoclast
induction specification differentiation

b

Fig. 1 A three-step method for differentiation of osteoclast-like cells
from embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs). a A schematic of the stepwise protocol used for the
differentiation of ESCs (J1) and iPSCs (38¢c2 and 20D17) to the
osteoclast lineage. b For embryoid body (EB) formation (a, Step 1),
ESCs and iPSCs (upper left) on MEFs were trypsinized. After
suspension in EB media, following conventional hanging-drop (HD)
methods, EBs were produced from ESCs or iPSCs (upper right). For
differentiation (a, Step 2), EBs were cultured under the presence of
macrophage-colony stimulating factor (M-CSF) and interleukin 3 (IL-
3). The supernatant containing monocyte/macrophage precursor-like
cells was cultured under the presence of M-CSF, producing osteoclast
precursors (lower left). Then, osteoclast precursors were used for
osteoclast differentiation, pit formation, and FACS analysis. For
osteoclast differentiation assay, the osteoclast precursors were seeded
and treated with RANKL and M-CSF. Three days after treatment with
RANKL, cells differentiated to TRAP-positive multinucleated cells
(lower right)

expressed CD11b, which is a marker for osteoclast pre-
cursors [20] (Fig. 2).

Next, we investigated whether the osteoclast precursors
derived from ESCs and iPSCs have the potential to dif-
ferentiate further into functional osteoclasts. ESC-derived
and iPSC-derived osteoclast precursors were detached and
the cells cultured in the presence of RANKL and M-CSF,
which are essential cytokines for osteoclast differentiation
and survival [7, 21]. Three days after RANKL stimulation,
large multinucleated cells (MNCs) formed in culture from
ESCs and iPSCs (Figs. 1b, 3). These MNCs stained posi-
tively for TRAP, which is a enzyme highly expressed in
osteoclasts [18, 22]. We estimated the efficiency of
osteoclast differentiation (calculated as TRAP-positive
MNCs divided by the total number of cells, consisting of
TRAP-positive MNCs and NCs, and TRAP-negative cells).
As the result, 4.0 £ 0.5 % of ESC-derived osteoclast pre-
cursors formed TRAP-positive MNCs, and 2.9 & 0.5 and
4.0 £+ 0.7 % of osteoclast precursors derived from 38c2
and 20D17 cell lines, respectively, differentiated into
osteoclast-like cells.

To investigate whether multinucleated cells derived
from ESCs and iPSCs have bone-resorbing activity,
osteoclast precursors derived from ESCs and iPSCs were
cultured on a mineralized dentine slice in the presence of
RANKI. and M-CSF. Analysis of pits demonstrated that
both ESC-derived and iPSC-derived osteoclast-like cells
were active and formed extensive resorption lacunae and
trails (Fig. 4).

To characterize ESC-derived and iPSC-derived osteo-
clast-like cells using molecular markers, we checked the
expression of osteoclast-specific genes. Quantitative PCR
analysis showed that both ESC-derived and iPSC-derived
cells expressed osteoclastic transcription factor, Nfatcl,
and the osteoclast-specific enzymes, Ctsk and Acp5 [7, 22],
in a RANKL-dependent manner (Fig. 5).

Discussion

This study is the first to show a method for differentiation
of mouse ESCs and iPSCs into bone-resorbing osteoclasts
based upon a monoculture approach. The osteoclast, which
is differentiated from monocyte/macrophage precursors [7,
20], is derived from hematopoietic stem cells of meso-
dermal origin [23]. In analogous fashion, our procedure
consists of three steps involving mesoderm formation,
commitment to hematopoietic lineage, and enrichment of
precursor cells in the monocyte/macrophage lineage, and
then osteoclast differentiation, suggesting that our
approach is to mimic in vitro the natural sequence of
osteoclast development in vivo. However, because recent
studies have demonstrated that CDI11b(—/low)B220

@ Springer



J Bone Miner Metab

Fig. 2 CD11b surface 60 20 40
expression on osteoclast h 38c2 ] 20017
precursors from ESCs and 83.6 % 61.0 % °94.0 %
i ; e | b A 7
iPSCs shown by flow cytometric 40 : ] :
analysis of ESC-derived and : :
iPSC-derived osteoclast 10 20 -
precursors at day 16. Blue
. . 20 ~
histograms represent population ; g ]
stained with anti-CD11b 2
antibody and red histograms £ P * | A 1
' = : i - ; % ’ . .
represent unstained control = Y g LA e ¥ 0 e i il b L Y ¥ g
sample @ 10° 10" 102 10° 10* 10° 10° 10* 10% 10° 10* 10°  10° 10' 10% 10° 10* 10°
&}
CD11t
400
£
BT L
» @
2 ] 200
2%
o
}._.
J1 38c2 20D17
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Fig. 4 Bone resorption by ESC-derived and iPSC-derived osteoclast- measured. b Scanning electron microscope images of resorption
like cells. a Resorption lacunae created by ESC-derived and iPSC- lacunae. Yellow boxed regions in the upper panels are magnified in
derived osteoclast-like cell at day 19 were identified after removal of the lower panels. Data represent mean = SEM of three to six images
cells and staining with lectin-peroxidase. Area of resorption was
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Fig. 5 Expression of osteoclast-specific genes in ESC-derived and iPSC-derived osteoclast-like cells. RANKL-dependent expression of
osteoclast marker genes in cultures of ESCs and iPSCs-derived osteoclast precursors at day 16. Data represent mean & SEM of three samples

(—)CD3(—)CD115(+) and CD11b(—~/low)CX3CRI1(+)
Ly6C(high) cells are identified as osteoclast precursors
in vivo [24, 25], further investigation is needed to inves-
tigate whether in vitro-generated osteoclast precursor cells
contain these populations. In contrast, the reprogramming
of fibroblasts into functional differentiated cells such as
chondrocytes, neurons, and cardiomyocytes without first
passing the cells through a pluripotent state has been
reported [26, 27]. Potential advantage of direct repro-
gramming is the overall speed and simplicity of the dif-
ferentiation conditions in comparison to the use of ESCs
and iPSCs. However, currently available antiresorptives
such as anti-RANKL antibody, cathepsin inhibitor, and
bisphosphonates target different cellular processes such as
differentiation, function, and survival, respectively [21,
28]. Therefore, stepwise differentiation protocol rather than
direct reprogramming would be useful to investigate the
mechanism of drug action.

Here, we describe an osteoclast differentiation protocol
that efficiently differentiates iPSCs. In this study, we used two
iPSC cell lines whose efficiency of TRAP-positive MNC
formation has variability. As it has been reported that the
efficiency is dependent on the cell origin [29, 30], an
improved method to reset the epigenetic memory of donor-
derived somatic cells may be required. However, based on our
protocols, bone-resorbing osteoclasts were comparably pro-
duced in a iPSC cell line-independent manner. Accordingly,
the fact that the protocol works well with the disparate iPSC
lines demonstrates the potential of a universal differentiation
protocol for bone-resorbing osteoclasts.

An important but unsolved question in this study is
whether our approach is applicable for the differentiation
of human ESCs and iPSCs to bone-resorbing osteoclasts.
Although recent studies have demonstrated the direct dif-
ferentiation of human ESCs and iPSCs to multipotential
myeloid precursors and further differentiation to multinu-
cleated osteoclasts that exhibit resorptive capacity [31], the

potential advantage of our procedure is the overall speed
and simplicity of the differentiation conditions. Therefore,
we could improve the method for generating human bone-
resorbing osteoclasts from human ESCs and iPSCs on the
basis of our procedure.
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