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Abstract

Human induced pluripotent stem cells (hiPSCs) are an exciting cell source with great potential for
tissue engineering. Human bone marrow mesenchymal stem cells (hnBMSCs) have been used in
clinics but are limited by several disadvantages, hence alternative sources of MSCs such as
umbilical cord MSCs (hUCMSCs) are being investigated. However, there has been no report
comparing hiPSCs, hUCMSCs and hBMSCs for bone regeneration. The objectives of this pilot
study were to investigate hiPSCs, hUCMSCs and hBMSCs for bone tissue engineering, and
compare their bone regeneration via seeding on biofunctionalized macroporous calcium phosphate
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cement (CPC) in rat cranial defects. For all three types of cells, approximately 90% of the cells
remained alive on CPC scaffolds. Osteogenic genes were up-regulated, and mineral synthesis by
cells increased with time in vitro for all three types of cells. The new bone area fractions at 12
weeks (mean £ sd; n = 6) were (30.4 £ 5.8)%, (27.4 £ 9.7)% and (22.6 + 4.7)% in hiPSC-MSC-
CPC, hUCMSC-CPC and hBMSC-CPC respectively, compared to (11.0 + 6.3)% for control (p <
0.05). No significant differences were detected among the three types of stem cells (p > 0.1). New
blood vessel density was higher in cell-seeded groups than control (p < 0.05). De novo bone
formation and participation by implanted cells was confirmed via immunohistochemical staining.
In conclusion, (1) hiPSCs, hUCMSCs and hBMSCs greatly enhanced bone regeneration, more
than doubling the new bone amount of cell-free CPC control; (2) hiPSC-MSCs and hUCMSCs
represented viable alternatives to hBMSCs; (3) biofunctionalized macroporous CPC-stem cell
constructs had a robust capacity for bone regeneration.

Graphical Abstract

Human induced pluripotent stem cells (hiPSCs) are an exciting cell source with great potential for
tissue engineering. Human bone marrow mesenchymal stem cells (nBMSCs) are used in clinics
but are limited by several disadvantages. Alternative sources of MSCs, such as umbilical cord
MSCs (hUCMSCs), are being investigated. However, there has been no report comparing hiPSCs,
hUCMSCs and hBMSCs for bone regeneration in vivo. This study investigated hiPSCs,
hUCMSCs and hBMSCs in biofunctionalized macroporous calcium phosphate cement (CPC)
scaffolds in rat cranial defects for the first time. At 12 weeks, new bone area fraction of hiPSC-
MSC-CPC was (30.4 + 5.8)%, 2.8-fold that of cell-free CPC control. Seeding with hiPSCs,
hUCMSCs and hBMSCs in CPC greatly enhanced bone regeneration. Therefore, hiPSC-MSCs
and hUCMSCs represented viable alternatives to hBMSCs, and biofunctionalized macroporous
CPC was suitable for stem cell delivery and bone regeneration.
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1. Introduction

In the field of bone tissue engineering and regenerative medicine, generating patient-specific
stem cells has been a long-standing goal [1-3]. Human bone marrow mesenchymal stem
cells (hBMSCs) are the current gold-standard cell source for many tissue-engineering
therapies and have been successfully applied in clinics [4,5]. However, hBMSCs are
hampered by an invasive harvesting procedure, limited availability, and loss of potency in
seniors or patients with certain diseases and disorders [6]. Human umbilical cord MSCs
(hUCMSCs) are capable of differentiating into mesenchymal lineages. They are easily and
abundantly available, with robust proliferation and self-renewal capability due to their origin
in neonatal tissues [7]. The main obstacle of hUCMSCs is immunogenic concerns when
used heterologously. For autologous applications, the umbilical cord has to be properly
cryopreserved from childbirth for an extended period of time.

The breakthrough discovery of induced pluripotent stem cells (iPSCs) by Takahashi et al.
and Yu et al. offers the possibility of generating a high yield of custom-tailored stem cells
[8,9]. This provides the excitement of turning back somatic cells’ developmental clock into
pluripotent stem cells. hiPSCs represent an enormous source of patient-specific stem cells
derived from easily accessible cells like fibroblasts [10], keratinocytes [11], blood cells [12],
etc. Much progress has been achieved in the investigation of iPSCs, from the use of viral
integration [8,9] to virus-free or vector-free non-integrating strategies [13,14], and a better
understanding of its similarities and differences to embryonic stem cells (ESCs) [15]. With
similar pluripotency as ESCs, yet without the ethical or immunogenic concerns related to
ESCs, iPSCs are a potentially new frontier for cell-based regenerative medicine [16]. To
date, the application of hiPSCs in osteo-regenerative medicine is a relatively new research
field. An extensive literature search revealed only 16 papers on the osteogenic
differentiation of hiPSCs and potential applications in bone tissue engineering [17-32],
including two for periodontal tissue engineering [28,29]. These findings offered evidence
that hiPSCs could be induced into mesenchymal or osteoblastic lineages, presenting alkaline
phosphatase (ALP) activity, osteogenic gene expression and mineral synthesis. In vivo
studies demonstrated de novo bone formation or mineral deposition in hiPSCs-implanted
scaffolds and direct involvement of transplanted cells in bone regeneration
[17,20-22,25,27-30]. Thus, hiPSCs or their progeny (hiPSC-derived cells) seeded in
appropriate scaffolds could provide a promising strategy for bone tissue engineering.

Calcium phosphate cements have excellent biocompatibility, osteoconductivity, in situ-
hardening and molding capabilities and injectability, and can be resorbed and replaced by
new bone in vivo [33-38]. The first such cement was developed in 1986 and consisted of a
mixture of tetracalcium phosphate (TTCP) and dicalcium phosphate anhydrous (DCPA)
(referred to as CPC) [39]. CPC was approved in 1996 by the Food and Drug Administration
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(FDA) for repairing craniofacial defects. Our previous studies enhanced the mechanical,
physical and biological properties of CPC through the introduction of absorbable fibers [40],
chitosan [41], mannitol porogen [42], gas-foaming agents [43], alginate microbeads [44],
and biofunctionalization [45]. These approaches improved the CPC's mechanical strength,
setting time, degradability, macroporosity, cell attachment, and delivery of cells and growth
factors. Thus, CPC has great potential for bone repair and augmentation. In the present
study, water-soluble mannitol porogens were incorporated into CPC to induce
macroporosity [46]. Arg-Gly-Asp (RGD), a short integrin-recognition sequence, was also
incorporated into CPC to promote cell attachment to scaffold [45,47]. To date, there has
been no report on the comparison of hiPSCs, hUCMSCs and hBMSCs seeded on CPC
scaffolds for bone regeneration in vivo.

Therefore, the objectives of this study were to: (1) investigate hiPSCs, hUCMSCs and
hBMSCs for bone tissue engineering; and (2) seed hiPSCs, hUCMSCs and hBMSCs on
biofunctionalized macroporous CPC and compare their bone regeneration efficacy in cranial
defects in rats for the first time. The following hypotheses were tested: (1) hiPSCs and
hUCMSCs would be viable alternative cell sources for bone tissue engineering, matching
the bone regeneration of the gold-standard hBMSCs in vivo; (2) all stem cell groups
(hiPSCs, hUCMSCs and hBMSCs) would greatly enhance bone regeneration in vivo,
compared to CPC control without cell seeding; (3) biofunctionalized macroporous CPC
would be suitable scaffolds to deliver and support stem cells with a robust bone regeneration
capacity.

2. Materials and methods

2.1 Fabrication of RGD-coated macroporous CPC

CPC powder was prepared following previous studies [40-45]. Briefly, TTCP [Cas(PO4)20]
was synthesized using DCPA (CaHPQ,) and calcium carbonate (both from J.T. Baker,
Philipsburg, NJ) which were mixed and heated at 1500 °C for 6 h in a furnace (Model
51333, Lindberg, Watertown, WI). The heated mixture was quenched to room temperature
in a desicator, ground in a ball mill (Retsch PM4, Brinkman, NY) and sieved to obtain
TTCP powder with a median particle size of 5 um. The commercial DCPA powder was
ground for 24 h in the ball mill in 95% ethanol and sieved to obtain a median particle size of
approximately 1 pm. Then the TTCP and DCPA powders at 1:3 molar ratio were thoroughly
mixed in a micromill (Bel-Alert Products, Pequannock, NJ) to form the CPC powder
[45,46]. Water-soluble mannitol (CH,OH[CHOH]4CH,OH, Sigma, St. Louis, MO) particles
were used as a porogen to create macropores in CPC. Mannitol was recrystallized in an
ethanol/water solution at 50/50 by volume, dried, ground, and sieved through openings of
500 pum (top sieve) and 300 pm (bottom sieve). The mannitol particles were mixed with CPC
powder at a mannitol/(mannitol + CPC powder) mass fraction of 40% [46]. The previous
study showed that the CPC paste containing 40% of mannitol was fully injectable under a
syringe force of 10 N, and the set CPC scaffold had a macroporosity of (50.9 + 6.7)% and a
total porosity of (82.6 £ 2.4)% by volume [46]. The CPC liquid contained 0.2 M NayHPO4
in distilled water to accelerate the setting reaction [46]. A powder:liquid mass ratio of 2:1
was used to form a flowable CPC paste. The paste was placed in molds with a diameter of 8
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mm and a thickness of 1 mm. After incubation in a humidor for 1 d at 37 °C, the disks were
demolded and immersed in distilled water at 37 °C for 3 d to dissolve the mannitol. CPC
disks were autoclaved, and then placed into 24-well plates with one disk per well. RGD, a
well-known integrin recognition sequence, was used to promote cell adhesion on synthetic
surfaces [45,47]. Recent studies showed that RGD-biofunctionalized scaffolds exhibited
better cell attachment, proliferation, osteogenic differentiation and mineral deposition, than
controls [45,47]. Thus, RGD was used in this study to promote cell attachment to CPC.

RGD (Sigma) was reconstituted in 0.1 M acetic acid, diluted in phosphate-buffered saline
(PBS) to 1000 pg/mL. Each CPC disk was immersed in 100 pL RGD solution for 1 h at 37
°C. When CPC was soaked in the RGD solution, RGD was adsorbed onto the surface and
into the pores of the scaffold [48]. In our preliminary study, SEM examination showed that 3
h after cell-seeding, most hiPSC-MSCs on CPC scaffold without RGD were still spherical or
fusiform, while cells on CPC scaffold with RGD exhibited a healthy polygonal morphology
with spreading cytoplasmic extensions. One day after cell seeding, live/dead staining of
hiPSC-MSCs on CPC further confirmed the significant enhancement of cell attachment by
soaking CPC scaffold with RGD. Based on the promising preliminary study, the simple
method of soaking CPC scaffold in RGD solution was used.

2.2 hiPSCs culture and derivation of hiPSC-MSCs

The culture of hiPSCs was approved by the University of Maryland Institutional Review
Board (HP-00046649). Only one cell line per cell type was used in this pilot study. hiPSC
BC1 line was derived from adult bone marrow CD34+ cells which were programmed by a
single episomal vector pEB-C5 as previously described [49]. Undifferentiated hiPSCs were
maintained on mitotically-inactivated murine embryonic fibroblasts (MEF) feeder cells and
fed with the hiPSCs culture medium. The hiPSCs culture medium consisted of 80%
Dulbecco's modified Eagle medium (DMEM)/F12 (Invitrogen, Carlsbad, CA), 20%
Knockout Serum Replacement (a serum-free formulation, Invitrogen), 1% MEM non-
essential amino acids solution, 10 ng/mL basic fibroblast growth factor (3-FGF, Invitrogen),
1 mM L-glutamine (Sigma) and 0.1 mM B-mercaptoethanol (Sigma). hiPSCs were detached
from a feeder layer and dissociated into clumps through treatment with 1 mg/mL
collagenase type IV in DMEM/F12 at 37 °C for 6 min, followed by mechanical scraping.
The dissociated hiPSC clumps were collected by sedimentation, resuspended in embryoid
body (EB) differentiation medium (the same formulation as hiPSC culture medium but
without p-FGF), and transferred to 25 cm? ultra-low attachment cell culture flasks (Corning,
Corning, NY). After 10 d, the EBs were transferred onto 0.1% gelatin coated culture dishes.
Cells growing out from EBs were cultured and upon 70% confluence, the outgrowth cells
(PO) were selectively isolated by using cell scrapers and subcultured in MSC growth
medium. The MSC growth medium consisted of low glucose Dulbecco's modified Eagle's
medium (DMEM, Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum
(FBS, HyClone, Logan, UT), 100 U/mL penicillin, and 100 mg/mL streptomycin (PS,
Gibco). The differentiated cells from these culture conditions were passaged until a
homogeneous fibroblastic morphology appeared. They were termed hiPSC-derived MSCs
(referred to as hiPSC-MSCs). Our previous study confirmed that the hiPSC-MSCs generated
from this method expressed surface markers characteristic of MSCs (CD29, CD44, CD166,
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CD73), and were negative for typical hematopoietic (CD34), endothelial (CD31) and
pluripotent markers (TRA-1-81 and OCT 3/4) [23].

2.3 hUCMSCs and hBMSCs culture

hUCMSCs were obtained from ScienCell (Carlsbad, CA), which were harvested from the
Wharton's Jelly in umbilical cords of healthy babies. Only one cell line per cell type was
used in this pilot study. hUCMSCs were cultured in DMEM with 10% FBS and 1% PS.
Immunophenotyping of hUCMSCs were investigated in our previous study via flow
cytometry [50]. The hUCMSCs expressed high levels of adhesion markers (CD29 and
CD44) and MSC-specific antigen CD105 (also called SH2). The cells were positive for
HLA-class | (HLA-ABC), and negative for HLA-Class Il (HLA-DR). The cells did not
express endothelial marker (CD31) or hematopoietic linage markers (CD34 and CD45). This
phenotype is characteristic for MSCs [50].

hBMSCs were obtained from Lonza (Allendale, NJ). hBMSC were maintained in DMEM
plus 10% FBS, 1% PS, 0.25% gentamicin and 0.25% fungizone (Invitrogen). Routine
characterization of hBMSCs was provided by the manufacture. It included testing for
surface antigens and functional testing for differentiation down specific lineage pathways.
Cells were tested positive for CD105, CD166, CD29 and CD44, but negative for CD14,
CD34, CD45 by flow cytometry.

2.4 Cell attachment and viability

The fifth-passage hiPSC-MSCs, hUCMSCs and hBMSCs were used in the following
experiments. Cells were seeded onto the RGD-biofunctionalized CPC disks in 24-well plates
at a density of 3 x 10 cells/well [40]. On the second day, the medium was changed into
osteogenic medium which consisted of the MSC growth medium supplemented with 100
nM dexamethasone, 10 mM R-glycerophosphate, 0.05 mM ascorbic acid, and 10 nM 1a,25-
dihydroxyvitamin (Sigma) [45].

At 1, 7 and 14 d, live/dead staining (Molecular Probes, Eugene, OR) was used to test cell
viability on CPC. Disks were washed with PBS and incubated with 4 mM ethidium
homodimer-1 (EthD-1) and 2 mM calcein-AM in PBS for 20 min. The disks were examined
using epifluorescence microscopy (Eclipse TE2000-S, Nikon, Melville, NY). The
percentage of live cells P and the live cell density D were calculated as previously described
[51]. P = number of live cells/(number of live cells + number of dead cells). D = number of
live cells in the image/the image area [51]. Two randomly-chosen images for each sample
were analyzed with three disks per condition, yielding six images per group at each time
point (technical replicates n = 6). The test was independently repeated three times
(biological replicates = 3) on three different days by seeding new batches of cells on new
batches of CPC disks.

2.5 Osteogenic differentiation and mineralization

For osteogenic differentiation, at 1, 7 and 14 d, RNA was extracted from six cell-seeded
disks per group per time point. Two disks were pooled together as an individual RNA
sample to have sufficient amount of RNA (technical replicates n = 3). The test was
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independently repeated three times (biological replicates = 3) on three different days by
seeding new batches of cells on new batches of CPC disks. The total cellular RNA was
extracted with TRIzol reagent (Invitrogen) and PureLink RNA Mini Kit (Invitrogen), and
then reverse-transcribed into cDNA by a High-capacity cDNA Reverse Transciption kit
(Applied Biosystems, Foster City, CA). TagMan gene expression Kits were used to quantify
targeted genes on human alkaline phosphatase (ALP, Hs00758162_m1), Runt-related
transcription factor (Runx2, Hs00231692_m1), collagen type | (COL1, Hs00164004),
osteocalcin (OC, Hs00609452_g1), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, Hs99999905). Relative expression was evaluated using the 272ACt method and
normalized by the C; of the housekeeping gene GAPDH. The C; value of hiPSC-MSCs,
hUCMSCs, hBMSCs cultured on CPC scaffolds in growth medium for 1 d served as the
calibrator [51].

For cell mineralization, at 1, 7 and 14 d, disks were fixed with 10% formaldehyde and
stained with Alizarin Red S (ARS, Millipore, Billerica, MA) for 1 h. The disks were then
rinsed by deionized water four times to visualize the presence of calcified deposition by the
cells (technical replicates n = 6) [51]. An Osteogenesis Quantitation Kit (Millipore, ECM
815) was used to extract the stained minerals and measure the ARS concentration, following
the manufacturer's instructions (n = 6). Control CPC scaffolds with the same compositions,
but without cells, were measured at the same time periods; they were subjected to the same
culture medium and incubation conditions as the cell-seeded disks (n = 6). The control's
ARS concentration was subtracted from that of the cell-seeded scaffolds to yield the net
mineral concentration synthesized by the cells [51]. The test was independently repeated
three times (biological replicates = 3).

2.6 In vivo critical-sized cranial defects in rats

Critical-sized cranial defects were created in male athymic nude rats (Hsd:RH-Fox1™MY, 8
weeks old, weighing 200-250 g, Harlan, Indianapolis, IN) in accordance with the protocol
approved by the University of Maryland (IACUC # 0909014) and NIH guidelines. Under
general anesthesia of 75 mg/kg body weight of ketamine and 10 mg/kg of xylazine, a skin
incision was made on the midline of cranium. The periosteum was ablated, and a full-
thickness standardized trephine defect, 8 mm in diameter, was made in the calvarium under
continuous saline buffer irrigation. Cell-seeded CPC scaffolds were maintained in
osteogenic media for 14 d before implantation. Cell-free CPC was used as control. Rats
were randomly divided into four groups for: hiPSC-MSC-CPC scaffold, hUCMSC-CPC
scaffold, hRBMSC-CPC scaffold, and CPC control without cells, with six rats per group
(technical replicates n = 6). The grafts were harvested at 12 weeks (w) and fixed in 10%
formalin.

2.7 Microcomputed tomography (ULCT) scanning

Samples harvested at 12 w were scanned with micro-CT (uCT40, Scanco Medical,
Bassersdorf, Switzerland). The parameters were set at a resolution of 18 um, | = 114 pA, E =
70 kVp, with integration time of 300 ms. The image analysis was carried out using the
Mimics innovation suite (Version 16.0, Materialise, Plymouth, MI). A three-dimensional
region of interest (ROI) was defined as a cylindrical area covering the defect to reconstruct
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and analyze each specimen. The function of “Profile Lines” of the Mimics innovation suite
was used to evaluate the bone mineral density of the area of focus for each sample. A profile
line was drawn from the peripheral host bone, across the defect area to the other side of the
defect boundary. The gray values on the profile line were shown in a curve diagram, which
were in proportional to the bone mineral density (in a scale from 0 to 255) [52]. The
percentage of the increase of bone density in the scaffold comparing to host bone was
calculated as: (gray value in scaffold - gray value in host bone)/gray value in host bone
(technical replicates n = 6).

2.8 Histomorphometry analyses

Specimens were decalcified and embedded in paraffin. The central region of the implant and
defect was cut into 5 um thick sections and stained with hematoxylin and eosin (H&E) and
Masson's Trichrome. The slices were scanned using a Scanscope Digital Slide Scanner
(Aperio, Vista, CA) and analyzed by Imagescope software (Aperio). New bone area, new
blood vessel number and total defect area were measured within the boundaries of the defect
in each H&E section by Image Pro Plus Software (Media Cybernetics, Carlsbad, CA). The
perimeter around the new bone was traced, and the area of the new bone was measured by
the software. New bone area fraction was calculated as the new bone area divided by the
total defect area. Blood vessels were identified by their luminal structure and the presence of
red blood cells within their boundaries. New blood vessel density was calculated as the
number of new blood vessels in the defect area divided by the entire defect area (technical
replicates n = 6) [51].

2.9 Histologic scoring for evaluation of new bone formation

Six samples per group were evaluated and scored with a quantitative grading scale (Table 1)
[53,54]. Samples were assessed for: (1) Hard tissue response at the bone-scaffold interface;
(2) Bone bridging at the dura side of the defect; and (3) Bone formation within the scaffold
pores. Two independent reviewers unaware of treatment groups evaluated all the sections
and then reached a consensus on the score for each section. The scores were averaged for
each group to determine the overall score for the group (technical replicates n = 6).

2.10 Immunohistochemistry (IHC)

Human origin of engineered bone constructs following in vivo implantation was detected
using primary antibodies against human nuclei (mouse monoclonal anti-human nuclei;
MAB1281). Tissue sections were deparaffinized with xylene, and rehydrated with a graded
series of ethanol washes. The epitopes were recovered by incubation in citrate buffer at 70
°C for 40 min, and the endogenous peroxidase activity was blocked with 3% H,0,. The
slides were then blocked with 1% BSA for 30 min to suppress nonspecific staining and
stained with primary antibodies (1:50) overnight in a humidified environment. The
specimens were subsequently incubated with secondary antibody against mouse 1gG (1:500)
for 30 min at 37 °C. Incubation was followed by streptavidin-HRP and diaminobenzidine
(DAB) substrate, and counterstaining with hematoxylin solution. Negative controls were
performed following the same procedures but without the primary antibody incubation [22].
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2.11 Statistical analyses

Statistical analyses were performed using Statistical Package for the Social Sciences (SPSS
17.0, Chicago, IL). All data were expressed as the mean value + standard deviation (SD).
Kolmogorov-Smirn test and Levene test were first performed to confirm the normality and
equal variance assumptions of the data were not violated. Statistical significance was
analyzed by using one-way analyses of variance (ANOVA), followed by post-hoc LSD
(least significant difference) tests. A confidence level of 95% was considered significant.

3. Results

Representative live/dead staining images at 1 d and 14 d are shown in Fig. 1 (A-F). Cells
attached and proliferated well on CPC scaffolds. There were numerous live cells (stained
green) and a few dead cells (stained red). There were many more cells at 14 d than 1 d due
to cell proliferation on CPC. In (G), the percentages of live cells on CPC in all three groups
were around 90% and were not significantly different among the three types of cells (p >
0.1). In (H), the live cell density on CPC increased with time due to proliferation, with no
significant difference among the three types of cells (p > 0.1).

Osteogenic differentiation of the three types of stem cells seeded on CPC is plotted in Fig. 2:
(A) ALP, (B) Runx2, (C) COL1, and (D) OC gene expressions. The expression of ALP was
elevated at 7 d. ALP for hiPSC-MSCs peaked at 7 d, while that for hUCMSCs and hBMSCs
peaked at 14 d. Expressions of Runx2 and COL1 peaked at 7 d for all three cell types. OC is
an important marker in the late stage of the osteogenic differentiation cascade. The
expression of OC in hiPSC-MSCs was down-regulated. In contrast, OC expression was up-
regulated for hUCMSCs and hBMSC:s.

Representative ARS staining photos of mineral synthesis by hiPSC-MSCs, hUCMSCs and
hBMSCs on CPC are shown in Fig. 2 (E). When culture time was increased from 1 to 14 d,
the red staining of the synthesized bone mineral matrix became denser and darker, reflecting
that mineral synthesis was increased with time in all groups, but without obvious differences
among the three types of stem cells. Data from the quantitative osteogenesis assay are
plotted in Fig. 2 (F). At each time point, there was no significant difference among the three
cell-seeded groups (p > 0.1). For each group, the mineral amount synthesized by cells
increased dramatically from 1 to 14 days (p < 0.05).

Typical sagittal sections of micro-CT scanning obtained from the central area of the defects
are shown in Fig. 3. More new bone was found on the dura side in cell-seeded groups than
CPC control without cells. The cell-seeded scaffolds exhibited higher signals in comparison
to the peripheral host bone (Fig. 3 A, C, D). In CPC control group, no such distinguishable
differences were detected (Fig. 3 E). In analyzing the bone mineral density of the scaffold
and host bone, a profile line was drawn across the defect area. The bone mineral density was
related to the gray values on the profile line. The results reflected an increase of bone
density (36.5+11.5)% in cell-seeded scaffolds, and a (6.5 + 4.9)% increase in CPC control
compared to host bone (p < 0.05). Overlap of CPC scaffold with new bone deposition
contributed to the high density in cell-seeded groups. In contrast, CPC control demonstrated
no such effect, suggesting fewer amounts of new bone deposition and mineralization.
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Representative histological H&E images are shown in Fig. 4. New bone areas were stained
in pink red and marked with arrows. The white areas were due to slight detachment of the
tissue or decalcification of CPC. The black and purple areas were residual CPC. The black/
dark purple staining of CPC was caused by incomplete decalcification. The outer contour of
the cell seeded disks had more new bone and higher calcification than the interior of the
scaffold. Two out of six samples in hiPSC-MSC and one of six samples in hUCMSC groups
had nearly complete osseous bridge of the defect, where some new bone exhibited an
organized and mature bone morphology (Fig. 4A, 4B). Extracellular matrix and new bone
deposition filled in the macropores of CPC. CPC control group demonstrated minimal repair
with only a limited amount of new bone (Fig. 4D). Cell-seeded groups had significantly
more new bone than CPC control group.

Representative Masson's Trichrome staining images of the four groups are shown in Fig. 5.
Masson's Trichrome was used to find ossified zones demonstrating the presence of bone
tissue in the samples. Fig. 5 shows mineralized (deep blue areas) and nonmineralized osteoid
(orange-red) deposited on the dura side and within the pores of the scaffold.

High magnification H&E images of hiPSC-MSCs and hBMSCs seeded scaffolds are shown
in Fig. 6 (A, B). Osteocytes and new blood vessels were surrounded by a matrix of woven
bone (Fig. 6A). A layer of osteoblasts lined the boundaries of newly formed bone, indicating
an active bone regeneration process (Fig. 6B). The macropores were well-formed in shapes
of the entrapped mannitol crystals, and were filled with new bone (Fig. 6B).

The new bone area fraction in hiPSC-MSCs constructs (30.4 £ 5.8)% was 2.8-fold that of
CPC control (11.0 £ 6.3)% at 12 w (p < 0.01) (Fig. 7A). New blood vessels were found
residing in new bone. New blood vessel density of hiPSC-MSCs, hUCMSCs and hBMSCs
was significant higher than that of CPC control (p < 0.05) (Fig. 7B). The histologic scoring
for evaluation of new bone formation is shown in Fig. 7C. hiPS-MSC group had the highest
score of hard tissue response at bone-scaffold interface (p < 0.05), with two out of six
samples showing direct bone to implant contact. All the other groups showed fibrous tissue
capsules surrounding the implant, but all without inflammatory reactions. Scoring of bone
bridging at the dura side showed that the cell-seeded groups far exceeded that of CPC
control (p < 0.05). For tissue scores inside the pores of CPC, no significant differences were
found (p > 0.1).

IHC staining for human nuclear antigen is shown in Fig. 8. Positive staining was mainly
found within the non-mineralized fibrous tissue in the pores of CPC scaffolds for all cell-
seeded groups. These results confirmed the participation of the delivered human cells in the
bone regenerative process in vivo.

4. Discussion

In this study, we derived MSCs from hiPSCs and compared the performance of hiPSC-
MSCs to hUCMSCs and hBMSCs on CPC for bone tissue engineering in vivo for the first
time. In vitro experiments showed that biofunctionized macroporous CPC had good affinity
for cell attachment, and no negative effects on cell viability. All three types of cells
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underwent osteogenic differentiation. In vivo observations revealed neither foreign body
reaction nor teratoma formation. New bone deposition and vascularization were found
mainly at the dura side and within the macropores of CPC scaffolds. There was no
significant difference among three types of stem cells, but there was significantly more new
bone in cell-seeded groups than CPC control. Direct participation by the implanted human
stem cells in the bone regeneration process in vivo was confirmed by IHC staining.

hiPSCs have the potential to differentiate into cells of all germ layers. However, when
transplanted back into patients for specific usage, the hiPSCs need to be induced into high-
quality progenitor cells like MSCs, or fully-differentiated homogenous mature cells. Mixed
undifferentiated cells are undesirable as they may undergo spontaneous differentiation and
give rise to teratomas in vivo [55]. There are various protocols to derive MSCs or osteogenic
cells from hiPSCs. In this study, we used the same established protocol for differentiating
hESCs into MSCs, which involved EB formation [56]. After transferring EBs onto gelatin-
coated plates, an outgrowth of epithelial phenotype cells was derived from migration out of
EBs, which then underwent epithelial-to-mesenchymal transition (EMT) to acquire the
mesenchymal phenotype [57]. Other studies derived MSCs from hiPSCs via simplified
protocols without the step of EB formation. Liu et al., reported that by culturing dissociated
human pluripotent cells on biomimic, fibrillar, type | collagen coatings, efficient derivation
of MSC-like cells from both hESCs and hiPSCs was achieved through this one-step method
[24]. Chen et al. derived uniform MSCs from hiPSCs by adding transforming growth factor-
3 pathway inhibitor SB431542 into the serum-free culture medium of hiPSCs, then culturing
in a conventional MSC medium [19]. Another study generated functional MSCs, beginning
at a single cell-level, from hiPSCs through a cocktail of growth factor treatment and a
combination of fluorescence-activated cell sorting of CD24- and CD105+ [58]. Jin et al.,
directly induced iPSCs into osteoblastic lineage by culturing iPSCs on poly(caprolactone)
scaffolds and adding exogenous osteogenic factors ascorbic acid, beta-glycerophosphate and
dexamethasone [21]. Diederichs and Tuan derived MSC-like cells from iPSCs via four
different derivation strategies: 1) EB formation, 2) spontaneous differentiation of iPS
colonies, 3) mesenchymal co-culture system, and 4) indirect co-culture where iPSCs were
seeded on top of cell-free extra cellular matrix from BMSCs and cultured with BMSC-
conditioned medium [31]. All four methods succeeded in yielding iPSC-derived MSCs.
Their results suggested no significant differences between cells lines via these methods [31].
Furthermore, an in vivo skeletal defect microenvironment is also a potent factor which could
provide signals to direct differentiation of iPSCs. Levi et al. reported that a hydroxyapatite-
coated, bone morphogenetic protein-2(BMP2)-releasing poly-I-lactic acid scaffold combined
with a skeletal defect niche was able to guide differentiation of hiPSCs and hESCs for
functional integration into new bone regeneration without the need of EB formation or pre-
culture under osteogenic supplements [22]. This approach took advantage of the in vivo
niche in combination of an osteo-inductive scaffold to orchestrate cell fate. Various
differentiation protocols all showed that osteogenic differentiation was successfully induced
in iPSCs, showing ALP peaks, upregulation of osteogenic-related genes and increased
mineral deposition [18-21,23,26-27,30-31].

Acta Biomater. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 12

However, several studies reported that cells derived from hiPSCs did not progress
completely to mature osteoblasts in vitro due to a lack of expression of late-stage osteogenic
makers [24,28], or a relatively lower or delayed expression of osteogenic markers [30,31]. In
the present study, osteogenic markers ALP, Runx2, and COL1 were upregulated, while OC
was down-regulated in hiPSC-MSCs. Comparing with hUCMSCs and hBMSCs, the results
indicated that hiPSC-MSCs were in a less differentiated status under the present induction
conditions. This indicates that hiPSC-MSCs likely are less responsive to traditional hBMSC
differentiation protocol, and they need more potent osteogenic induction than hUCMSCs
and hBMSC:s to achieve full commitment to osteogenic lineage.

To enhance the osteogenic differentiation of hiPSCs or hiPSC-derived cells, gene
transduction of the cells via potent osteogenic transcription factors is a possible alternative.
Recently, Liu et al. transduced BMP2 in hiPSC-MSCs via lentiviral vectors. After 14 d
culture in osteogenic medium, ALP activity of BMP2-hiPSC-MSCs was 1.8 times that of
untransduced hiPSC-MSCs. When seeded on a RGD-CPC scaffold, COL1A1 and OC
expression was 1.9 times and 2.3 times, respectively, that of untransduced cells at 14 d [23].
In addition, it was shown that Runx2 transduction into mouse iPSCs (miPSCs) facilitated the
osteogenic differentiation of iPSCs by augmenting the functions of osteoblast markers
Runx2, osterix, bone sialoprotein, COL1, OC, ALP activity and bone mineral synthesis [59].
In another study, when miPSCs were transduced with nuclear matrix protein SATB2, the
cells yielded elevated ALP activity, up-regulated key osteogenic genes (including late stage
markers OC) and increased mineral nodules. Five weeks post-implantation of SATB2-
miPSCs with silk scaffolds in a critical-sized calvarial bone defect in nude mice, new bone
in SATB2 group was twice that of untransduced cell group and empty vector-transduced cell
group [60]. These studies suggested that ex vivo gene modification of hiPSCs could
effectively enhance the maturation of hiPSC-derived cells before their in vivo application.

Despite the lack of late osteogenic marker expression, in vivo performance of hiPSC-MSCs
in the present study was actually better (albeit slightly) than hUCMSCs and hBMSC:s (Fig.
7). This result could be explained from the following four aspects. First, the cranial bone
defect provides an osteogenic niche for the transplanted cells [22], which could be potent
enough to overwhelm the initial ex vivo cell differentiation differences. Second, hiPSC-
MSCs were shown to be highly expandable for more than 120 population doublings without
obvious senescence, and were still capable to differentiate into multiple cell types [58]. The
robust growth potential of hiPSC-MSCs may have contributed to a higher survival rate after
transplantation in vivo in the present study. Third, in vitro osteogenic ability of cells cannot
always fully reflect cell performances in vivo [61]. In this regard, in vivo transplantation test
provides the most convincing evidence of the genuine differentiation potential of the stem
cells. Literature search revealed only a few in vivo studies on hiPSC-derived cells for bone
regeneration, for example, in mice/rat critical-sized calvarial bone defects [17,22,25], rat
long bone segmental defects [30], mice subcutaneous site [20-21,27,32], and rat periodontal
fenestration defect model [29]. These studies concluded that hiPSC-derived cells in
conjunction with biomaterials could successfully regenerate new bone. Direct contribution
of hiPSCs was identified by positive immunoreactivity to antibodies identifying human
origin [20-22,25] or Bromodeoxyuridine (BrdU) labeling [29,32]. The implanted cells were
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found in the newly-formed fibrous tissue, embedded within or lining the new bone tissue,
and in periodontal ligament like tissue [20-22,25,29,32]. These results indicated functional
integration of seeded cells into the regenerated tissue. It was speculated that, initially, the
seeded cells directly deposited bone minerals in the scaffold. Then, via cell-mediated
paracrine stimulation, the recruited native cells from the host likely took over the
responsibility of subsequent bone formation and remodeling [20,22,25,32]. From this fourth
aspect, it is possible that the hiPSC-MSCs may be slightly more effective in stimulating and
recruiting the host cells to the defect site than the other groups in the present study. Further
studies are needed to investigate these aspects.

In the present study, new bone was mainly found on the dura side, where cell-seeded side
was in contact to dura. This can be attributed to better vascularization on the dura side.
Furthermore, comparing cell-seeded groups with CPC control, it was evident that the seeded
cells were involved in bone formation, consistent with a previous report [51]. There was also
a considerable amount of extra cellular matrix deposition, osteoid and new bone formation
within the pores of CPC scaffolds. According to a previous study, CPC without mannitol
had only micropores ranging from about 1 to 20 um [46]. The macropores, generated after
dissolution of mannitol, were well-formed in shapes of entrapped mannitol crystals, with a
width of 100-400 um and a length of 200-600 um [46]. The total pore volume fraction in
CPC was approximately 82.6%, while the macropore volume fraction was about 50.9% [46].
Pore sizes of at least 100 pm were needed for bone ingrowth, and pore sizes ranging from
300-400 um were most favorable for new bone formation [62]. Therefore, in the present
study, the interconnected pores formed by mannitol dissolution in CPC likely facilitated the
diffusion of oxygen and nutrients, cell migration and proliferation, vascularization, and
finally led to new bone formation within the porous structures.

The lack of sufficient vascularization is the major hindrance in creation of functional and
viable tissue implants [63]. Promoting angiogenesis of tissue-engineered bone can advance
cell performance and promote bone regeneration [64,65]. In the present study, not only was
the tubular structure formed by dissolved mannitol beneficial for vascularization, but the
seeded cells also made contributions. Proangiogenic actions of hBMSCs, hUCMSCs and
hiPSCs were shown in various ischmia conditions [58,66-70]. This favorable effect appeared
to derive from the enhanced neovascularization by MSC-mediated angiogenic factors, such
as vascular endothelial growth factor (VEGF), to recruit endothelial cells (ECs) [66-68], and
by transdifferentiating into endothelial cells [69,70]. In a comparison of the therapeutic
effects of hiPSC-MSCs and hBMSC:s to treat limb ischemia in mice, hiPSC-MSCs achieved
a better result than hBMSCs [58]. This may be attributable to higher survival rate of hiPSC-
MSC:s after transplantation than hBMSCs [58]. In the present study, hiPSC-MSCs,
hUCMSCs and hBMSCs all showed beneficial effects to elicit angiogenic activity,
compared to CPC control. Furthermore, the recruited endogenous ECs could further
modulate osteogenesis by producing BMPs [71]. The intricate interactions between
osteogenesis and angiogenesis likely played a critical role in bone regeneration.

Still, several challenges must be solved for clinical applications of hiPSCs. First, researchers
are looking for an efficient, safe and reliable way to trigger the reprogramming process.
Non-integration methods will gradually replace genomic integrative vectors [72]. Second, it
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is reported that epigenetic memory from the original cell source may favor differentiation of
some iPSCs down specific pathways [73]. An important next step will be to identify the best
starting somatic cells for iPSCs that can be sufficiently osteogenically-inducted for the
replenishment of osteoblasts to recover structures and functions of bone. The third challenge
is to achieve complete commitment of iPSCs to the osteoblastic lineage. Optimization of the
induction protocols to obtain a pure population of induced target cells is needed, in order to
reduce or even eliminate the risk of teratoma formation and guarantee bone regeneration
efficiency [74].

The present study has several limitations. First, there was only one cell line per cell type
tested. Considering the high degree of donor-dependent variability of MSCs and the
complexity of hiPSCs, a further study should include the testing of several different cell
lines for each cell type and how they may differ in bone regeneration. Second, an empty
defect (blank control) was not included as a control in the present study, based on literature
that the 8 mm cranial defect in rats is generally accepted as a critical sized defect. It would
be interesting to examine the new bone formation differences in blank control, CPC scaffold
control, and CPC scaffold seeded with various types of stem cells.

5. Conclusions

The present study showed for the first time that hiPSCs had comparable in vivo bone
regeneration and angiogenic capability to hBMSCs and hUCMSC:s in critical-sized cranial
defects in rats. The hiPSC-MSC-CPC constructs generated new bone that was 2.8-fold that
of CPC control without cell seeding. Therefore, hiPSCs and hUCMSCs may represent viable
alternatives to hBMSCs, which require an invasive procedure to harvest yielding only
limited amount of cells. Biofunctionalized macroporous CPC scaffold appeared to be
suitable for delivering hiPSC-MSCs, hUCMSCs and hBMSCs for bone tissue engineering.
The stem cell-CPC constructs displayed a robust capacity for bone regeneration and are
promising for bone regeneration in dental, craniofacial and orthopedic applications.
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Cell viability when seeded on CPC scaffold. Live/dead staining of cells at 1d and 14 d are
shown in A-F. In all three groups, live cells were abundant, and dead cells were few.
Percentage of live cells on CPC was around 90% (G). All groups exhibited increasing live
cell density (H). Bars with dissimilar letters indicate significantly different values (p < 0.05).
Each value is mean + sd (technical replicates n = 6). The test was independently repeated

three times (biological replicates = 3).
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Figure 2.
Osteogenic differentiation of cells on CPC. RT-PCR results for ALP (A), Runx2 (B), COL1

(C), and OC (D). Each value is mean * sd (technical replicates n = 3). The test was
independently repeated three times (biological replicates = 3). Osteogenic markers were
upregulated in all groups. OC, the late osteogenic marker, decreased in hiPSC-MSCs group,
indicating that hiPSC-MSCs did not progress completely to mature osteoblasts in the in vitro
induction. Mineral synthesis by cells was detected by Alizarin Red staining (E). The bone
mineral matrix became denser and darker red with increasing time. Cell-synthesized mineral
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concentration was measured by the osteogenesis assay (F) (technical replicates n = 6 for
mineralization). The test was independently repeated three times (biological replicates = 3).
Bars with dissimilar letters indicate significantly different values (p < 0.05).
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Figure 3.
Representative sagital micro-CT images of hiPSC-MSC-CPC (A), hUCMSCs (C), hBMSCs

(D), and CPC control (E). Profile lines are shown for hiPSC-MSC-CPC (B), and CPC
control (F). New bone is marked by arrows. A profile line was draw from the peripheral host
bone, across the defect area to the other side of the defect boundary. The gray values on
profile line were demonstrated in a curve diagram. Cell-seeded scaffolds exhibited higher
signals (high intensity areas) than peripheral host bone. In contrast, CPC control had no such
distinguishable differences in bone density, indicating less new bone.
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Figure 4.
Representative H&E images. New bone areas were stained in pink red (arrows). The white

area was due to slight detachment of the tissue or decalcification of CPC. The dark, dark
purple and light purple areas were residual CPC. The periosteal side is on the top side, while
the dura side is at the bottom. New bone (arrows) was mainly found on the dura side, and
some new bone was deposited within the macropores of CPC. There was more new bone in
cell-seeded groups than cell-free control.
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Figure 5.
Representative Masson's Trichrome staining images. In cell-seeded groups, mineralized

(deep blue areas) and nonmineralized osteoid (orange-red) mainly deposited on the dura
side, and some new bone was formed within the pores of the scaffold. CPC control group
had much less new bone.
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Figure 6.
High magnification images of new bone within the dotted rectangles in Fig. 4A and C,

respectively. (A) hiPSC-MSCs, (B) hBMSCs. Macropores from mannitol dissolution were
filled with new bone. Osteoblasts lined on the surface of new bone. Osteocytes resided in the
bone lacuna. New blood vessels were present in the new bone area.
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Figure 7.
Histomorphometry analysis of new bone area fraction (A), and new blood vessel density

(B). The new bone area and new blood vessel density of hiPSC-MSCs, hUCMSCs and
hBMSCs were higher than CPC control (p < 0.05). Histologic scoring for new bone is
shown in (C). hiPSC-MSC group had the highest score of hard tissue response at bone-
scaffold interface and scoring of bone bridging at the dura side. Each value is mean + sd
(technical replicates n = 6). Dissimilar letters indicate significantly different values (p <
0.05).
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Figure 8.
Immunohistochemical staining for human nuclear antigen 12 w after implantation. hiPS-

MSCs (A), hUCMSCs (B), hBMSCs (C), and CPC control (D). The inset in (A) is the
negative control without primary antibody incubation. Positive staining (marked by arrows)
was mainly found within the non-mineralized fibrous tissue in the pores of the cell-seeded
scaffolds. There were no positive areas in CPC control.
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Table 1

Histologic scoring for evaluation of new bone formation
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Histologic scoring for evaluation of new bone formation

1. Hard tissue response at bone-scaffold interface

Direct bone to implant contact without soft interlayer

Majority of implant is surrounded by fibrous tissue capsule

Unorganized fibrous tissue (majority of tissue is not arranged as capsule)

Inflammation marked by an abundance of inflammatory cells and poorly organized tissue
2. Bone bridging at the dura side of the defect

Over 3/4 to the entire length of the defect (= 6 mm, <8 mm)

Over 1/2 to 3/4 length of the defect (= 4 mm,< 6 mm)

Over 1/4 to 1/2 length of the defect (= 2 mm,< 4 mm)

Only at the defect borders (< 2 mm)

None

3. Bone formation within the scaffold pores

Tissue in pores is mostly bone

Tissue in pores consists of some bone within mature, fibrous tissue and/ or a few macrophages

Tissue in pores is mostly immature fibrous tissue with blood vessels and young fibroblasts invading the space with few macrophages
present

Tissue in pores consists mostly of inflammatory cells or empty
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