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A major challenge in repairing large bone defects with tissue-engineered constructs is the poor vascularization in
the defect. The lack of vascular networks leads to insufficient oxygen and nutrients supply, which compromises
the survival of seeded cells. To achieve favorable regenerative effects, prevascularization of tissue-engineered
constructs by co-culturing of endothelial cells and bone cells is a promising strategy. The aim of this study was to
investigate the effects of human-induced pluripotent stem cell-derived mesenchymal stem cells (hiPSC-MSCs) co-
cultured with human umbilical vein endothelial cells (HUVECs) for prevascularization of calcium phosphate
cement (CPC) scaffold on bone regeneration in vivo for the first time. HUVECs co-cultured with hiPSC-MSCs
formed microcapillary-like structures in vitro. HUVECs promoted mineralization of hiPSC-MSCs on CPC
scaffolds. Four groups were tested in a cranial bone defect model in nude rats: (1) CPC scaffold alone (CPC
control); (2) HUVEC-seeded CPC (CPC-HUVEC); (3) hiPSC-MSC-seeded CPC (CPC-hiPSC-MSC); and (4)
HUVECs co-cultured with hiPSC-MSCs on CPC scaffolds (co-culture group). After 12 weeks, the co-culture
group achieved the greatest new bone area percentage of 46.38% +3.8% among all groups (p <0.05), which was
more than four folds of the 10.61% +1.43% of CPC control. In conclusion, HUVECs co-cultured with hiPSC-
MSC:s substantially promoted bone regeneration. The novel construct of HUVECs co-cultured with hiPSC-MSCs
delivered via CPC scaffolds is promising to enhance bone and vascular regeneration in orthopedic applications.
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Introduction of nutrients and oxygen." Consequently, the regenerative ca-

pability of tissue-engineered constructs is greatly impeded

IT IS STILL A GREAT CHALLENGE for orthopedic surgeons to
reconstruct large skeletal defects. Traditional strategies often
fail to repair large bone defects due to inadequate vasculariza-
tion." Tissue engineering methods are promising for bone re-
construction.”> With scaffold delivery of cells, the cells inside
the scaffold need sufficient nutrient and oxygen, usually dif-
fusing from a nearby capillary network, for survival and normal
function.' Cell viability in the scaffold is compromised if the
distance from the nearest capillary network to the cells is greater
than 100-200 um, which exceeds the diffusion or perfusion limit

withinsufficient vascularization. Therefore, prevascularization
is imperative for cell-based tissue-engineered bone con-
structs that are intended for large bone defect repair.* Pre-
vascularization of the cell-seeded scaffold before implantation
is expected to connect with host vasculature in vivo and supply
the transplanted cells within the scaffold in a timely manner.”*

Since endothelial cells (ECs) play a critical role in an-
giogenesis, many efforts have been made to achieve pre-
vascularization of tissue-engineered products using ECs. It
has been found that ECs are not only involved in the
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generation of new blood vessels® but also participate in the
inflammatory response at an early implanted stage and in
the subsequent repair process.® Specific pro-angiogenic
factors that cannot be generated by ECs themselves are
required for ECs to migrate and form microcapillaries.’
Moreover, ECs alone can only form incipient vascular
structures that resemble early capillaries.® These incipient
vascular structures are unstable in the long term.®

For these reasons, in recent years, many studies examined
co-culture systems of human osteogenic cells and ECs.”~"!
First, these co-culture systems promote the production of the
essential pro-angiogenic factors that are generated by the
cellular crosstalk between bone and ECs.” Second, vascular
structures derived from these co-culture systems are stable.'>
Bone tissue engineering requires a complex architectural
design composed of multiple cell types in combination with
the scaffold to form a hierarchical organization for optimal
bone restoration in vivo. Sources of osteogenic cells in co-
culture with ECs include human osteoblast (OB) cell lines,
primary OBs, and MSCs derived from a variety of tissue
sources such as bone marrow, peripheral blood, adipose
tissue, and various organs.

Human-induced pluripotent stem cells (hiPSCs) are
promising for bone tissue engineering. hiPSCs are generated
from adult somatic cells with the reprogramming technique
and these cells have advantageous characteristics of patient
specificity, self-renewal capacity, functional similarities to
embryonic stem cells, and less ethical controversy.13_15 In-
terestingly, after hiPSCs are transduced to mesenchymal
stem cells (hiPSC-MSCs), hiPSC-MSCs achieve great pro-
liferation in vitro and their in vivo bone formation is com-
parable to that of traditional bone marrow-derived MSCs
(BMSCS).15 16 1 addition, hiPSC-MSCs are less tumorigenic
than hiPSCs.'”'® For these reasons, we propose a novel sys-
tem in which ECs and hiPSC-MSCs are co-cultured on a
calcium phosphate cement (CPC) scaffold. This system takes
advantage of interactions between ECs and hiPSC-MSCs to
first promote prevascularization of CPC scaffolds in vitro, and
then achieve bone regeneration in vivo. To our knowledge,
this represents the first report on co-culturing hiPSC-MSCs
with ECs on CPC scaffolds with bone regeneration in vivo.

Therefore, the objectives of this study were to: (1) inves-
tigate hiPSC-MSC co-cultured with human umbilical vein
endothelial cells (HUVECs) for prevascularization of CPC
scaffolds; (2) determine the osteogenic effects of HUVECs
on hiPSC-MSCs in vitro; (3) and determine the in vivo
osteogenic and angiogenic potential of the novel pre-
vascularized tissue-engineered construct. It was hypothesized
that: (1) hiPSC-MSCs co-cultured with HUVECs on macro-
porous CPC could form a prevascular network in vitro; (2)
co-culturing with HUVECs could promote osteogenic dif-
ferentiation of hiPSC-MSCs on CPC scaffolds; and (3) the
prevascularized CPC scaffold would significantly enhance
bone regeneration in vivo.

Materials and Methods

Fabrication of macroporous CPC scaffolds

CPC scaffold was prepared by following a previous
study.'® Briefly, TTCP [Ca4(PO4),0] and DCPA (CaHPO,)
powders at a 1:1 molar ratio were mixed to form the CPC
powder. Rod-shaped, water-soluble mannitol crystals (Sig-
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ma, St. Louis, MO) were used as a porogen to produce
macropores in CPC. Mannitol particles that were around
125-250 pm in size were mixed with CPC powder at a
mannitol/(mannitol+CPC powder) mass fraction of 40%.%°
The CPC liquid contained 0.2 M Na,HPOy, in distilled water
to accelerate the setting reaction. A flowable CPC paste was
prepared with the powder: liquid mass ratio of 2:1. The
paste was placed in molds with a diameter of 5mm and a
thickness of 1 mm. After incubation in a humidor for 1 day
at 37°C, the disks were demolded and immersed in distilled
water at 37°C for 3 days to dissolve the mannitol. The CPC
scaffold had a macroporosity of 50.9% +6.7% and a total
porosity of 82.6%+2.4% by volume.?® The scaffold ex-
hibited macropores from 100 to 300 um and micropores
from 1 to 50 pm.?! The CPC scaffolds were sterilized in an
ethylene oxide sterilizer (Andersen, Haw River, NC) for
12h and then degassed for 7 days.

Cell culture and derivation of hiPSC-MSCs
from hiPSCs

The culture of hiPSCs was approved by the University of
Maryland Baltimore Institutional Review Board (HP-
00046649). Human hiPSC-Bcl line was maintained on a
mitotically inactivated murine embryonic fibroblasts (MEF)
feeder.”” The hiPSCs culture medium consisted of 80%
Dulbecco’s modified Eagle’s medium (DMEM)/F12 (In-
vitrogen, Carlsbad, CA), 20% knockout serum replacement
(a serum-free formulation; Invitrogen), 1% MEM non-
essential amino acids solution, 10ng/mL basic fibroblast
growth factor (bFGF; Invitrogen), 1 mM L-glutamine (Sig-
ma), and 0.1 mM b-mercaptoethanol (Sigma). hiPSCs were
detached from MEF and dissociated into clumps by treat-
ment with collagenase type IV. The dissociated hiPSC
clumps were collected and induced to form embryoid bodies
(EBs) in differentiation medium (the same formulation as
hiPSC culture medium but without bFGF) in ultra-low at-
tachment cell culture flasks (Corning, Corning, NY). The
EBs were transferred onto 0.1% gelatin-coated culture
dishes after 10 days of suspension culture. Cells gradually
migrated out from EBs and were selectively isolated by us-
ing cell scrapers.

The selected cells (PO) were sub-cultured in MSC growth
medium, which consisted of low-glucose DMEM (Gibco,
Grand Island, NY) that was supplemented with 10% fetal
bovine serum (FBS; HyClone, Logan, UT), 100U/mL
penicillin, and 100 mg/mL streptomycin (PS; Gibco). It was
confirmed by our previous study that more than 90% of the
hiPSC-MSCs expressed MSC surface markers (CD29,
CD44, CD166, CD73), and they were negative for typical
hematopoietic (CD34), endothelial (CD31), and pluripotent
markers (TRA-1-81 and OCT 3/4).”> The hiPSC-MSCs could
differentiate into three characteristic mesenchzymal lineages,
including OBs, adipocytes, and chondrocytes.” Passage 3-5
hiPSC-MSCs were used for the following experiments.

HUVECs (Lonza, Walkersville, MD) were cultured in
endothelial cell growth medium-2 (EGM-2; Lonza). The
fourth-passage HUVECs were used.

Cell seeding on macroporous CPC scaffolds

Three cell-seeded groups were investigated. (1) hiPSC-
MSCs-seeded CPC. hiPSC-MSCs were seeded on CPC at
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1.5%10° cells/scaffold and cultured in MSC growth me-
dium. (2) HUVECs-seeded CPC. HUVECs were seeded on
CPC at 1.5%x10° cells/scaffold and cultured in EGM-2. 3
Co-culture of hiPSC-MSCs with HUVECs. HUVECs were
mixed with hiPSC-MSCs at a 3:1 ratio, seeded on CPC at
1.5x10° cells/scaffold, and cultured in EGM-2.2* The me-
dium was replaced every 2 days.

Cell attachment and viability

Live/dead staining (Molecular Probes, Eugene, OR) was
used to test cell viability of co-cultured HUVECs and
hiPSC-MSCs on macroporous CPC at 4, 7, 14, and 21 days.
Cell co-seeded disks were washed with PBS and incubated
with 4 uM ethidium homodimer-1 and 2 pM calcein-AM in
PBS for 20 min. The disks were then examined by 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.'®
P=number of live cells/(number of live cells+number of
dead cells). D=number of live cells in the image/the image
area (n=95).

FIG. 1. Live/dead assay of
HUVECs and iPSC-MSCs
co-cultured on CPC scaf-
folds. The images at 4, 7, 14,
and 21 days are shown in (A—
D). (E) The percentage of
live cells. (F) The density of
live cells (n=5). CPC, cal-
cium phosphate cement;
HUVECs, human umbilical
vein endothelial cells; iPSC-
MSCs, induced pluripotent
stem cell-derived mesenchy-
mal stem cells.
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Immunofluorescent staining of PECAM-1 (CD31)

An endothelial-specific anti-PECAM-1 (CD31) (Invitrogen)
antibody was used to identify microvascular structure on CPCs
at 7, 14, and 21 days.'g’25 The samples were fixed with 4%
parformaldehyde for 20 min, then permeabilized with 0.5%
Triton X-100 for 5 min, and finally blocked with 0.1% bovine
serum albumin for 30 min. The samples were incubated with the
primary mouse monoclonal anti-human CD31 antibody (1:200;
Invitrogen) at 4°C overnight, followed by room temperature
incubation with secondary antibody goat anti-mouse Alexa
Fluor 488 (green fluorescence) (Invitrogen) for 1h. DAPI
(1 pg/mL; Sigma) was used to stain cell nuclei. The microvas-
cular structures were shown as green tube-like structures. The
HUVECs-seeded CPC scaffold was used as the control.

Scanning electron microscopy of cells on CPC

At 21 days, the cell-seeded scaffolds were fixed with 2%
glutaraldehyde, dehydrated with gradient ethanol, sputter-
coated with gold, and examined under scanning electron
microscopy (SEM, Quanta 200; FEI, Hillsboro, OR).
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Mineralization assays

The osteogenetic ability of cell-seeded scaffolds was de-
tected by alizarinred S (ARS) staining of calcium-rich deposits
at 7, 14, and 21 days. The samples were fixed with 10%
formaldehyde and stained with ARS (Millipore, Billerica, MA)
for 20 min. Then, the disks were rinsed with deionized water
and the presence of calcified deposition of cells on scaffolds
was visualized."® An Osteogenesis Quantitation Kit (Milli-
pore; ECM 815) was used to extract the stained minerals and to
measure the ARS concentration, following the manufacturer’s
instructions (n=5). The ARS standard curve was constructed
with known concentrations of the dye.”® CPC disks without
cells served as the control, and with the same treatments and
measured in the same manner. The control’s ARS concentra-
tion was subtracted from the ARS concentration of disks with
cells to yield the net mineral concentration synthesized by cells,
by following the method reported in a previous study.*

In vivo cranial bone defects in rats

Two symmetric full-thickness cranial defects of 5mm
diameter were created on the parietal bone of 12 male
athymic nude rats, with one defect on each side of the
sagittal suture (Hsd:RH-Fox1™, 200-250g, 8 week-old;
Harlan, Indianapolis, IN) by following a protocol approved
by the University of Maryland Baltimore (IACUC No.

A HUVEC+IPS-MSC 7 days

HUVEC monoculture 211@ays
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0909014) and NIH animal-care §uidelines. This model has
been used in previous studies.>”*® Briefly, under general
anesthesia, two full-thickness 5 mm defects were made in
the calvarium under continuous saline irrigation.”” Four
groups were tested: (1) CPC scaffold only (CPC control);
(2) hiPSC-MSCs-seeded CPC group (CPC-hiPSC-MSCs);
(3) HUVECs-seeded CPC group (CPC-HUVECsS); and (4)
hiPSC-MSCs and HUVECs-seeded CPC group (co-culture).
Cells were seeded and cultured on CPC scaffolds for
21 days before in vivo implantation. The rats were sacri-
ficed, and the grafts were harvested after 12 weeks (n=06).

Histomorphometry analyses

Specimens were decalcified and embedded in paraffin. The
central part of the implant and defect was cut into 5 pm-thick
sections and stained with hematoxylin and eosin (HE). One
slide per construct was selected for the analysis. New bone
area and total defect area were measured within the bound-
aries of defects in each 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 percentage was
calculated as the new bone area divided by the total defect
area (n=6).>® Blood vessels were identified by their luminal
structure and the presence of red blood cells within their

HUVEC*IPS-MSC 14 days

“Microcapillary like structures,

FIG. 2. The formation of micro-
capillary like structures formed by
HUVECs and iPSC-MSCs co-
cultured on CPC scaffolds (A-C).
HUVECs were identified by im-
munostaining with endothelial
marker PECAM-1 in green on the
cell membrane, and the nuclei were
stained with DAPI in blue. iPSC-
MSCs were depicted by nuclei
counterstaining with DAPI in blue
but without green stains on the cell
membrane. Microcapillary-like
structures increased with culture
time. (D) The HUVEC monocul-
ture control group, which had no
vascular-like structures observed.
Representative scanning electron
microscopy images of
microcapillary-like structures
formed by the co-culture system
(E, F). These images show exam-
ples of microcapillary structures on
CPC at 21 days. Image F is a
higher magnification of image (E).
Color images available online at
www.liebertpub.com/tea

100um

100um
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boundaries at the magnification of x200. The blood vessel
density was calculated by the number of blood vessels in the
defect area divided by the entire defect area (n= 6).27

Statistical analyses

Statistical Package for the Social Sciences (SPSS 17.0,
Chicago, IL) was used for statistical analyses. All data were
expressed as the mean value + standard deviation. The Le-
vene test was first performed to confirm that the normality
and equal variance assumptions of the data were not vio-
lated. Statistical significance was assessed by using one-way
analysis of variance followed by post hoc least-significant
difference tests. A probability value (p) of less than 0.05
was considered statistically significant.

Results

The representative images of live/dead staining of HUVECs
and hiPSC-MSCs co-cultured on CPC scaffolds at4, 7, 14, and
21 days are shown in Figure 1A-D. There were numerous live
cells (green staining) and a few dead cells (red staining) at each
time point. The percentages of live cells on CPC scaffolds were
more than 90% at each time point (Fig. 1E). The number of live
cells increased with time (Fig. 1F). The density of live cells
increased by about 8-fold from 4 to 21 days.

Figure 2A—C showed the PECAM-1 immunofluorescent
staining images of HUVECs and hiPSC-MSCs that were co-
cultured on macroporous CPC scaffolds. HUVECs were
identified by the green staining of endothelial marker PECAM-
1 on the cell membrane. At 7 days, HUVECs were arranged at
several bud points (Fig. 2A). The bud points gradually grew
longer and formed microcapillary-like structures at 14 and
21 days (Fig. 2B). At 21 days, the self-assembling organization
of microcapillary-like structures on CPC scaffolds became
more complex and interwoven with each other (Fig. 2C). This
result was in accordance with the SEM images of co-cultured
cells on CPC scaffolds at 21 days (Fig. 2E, F). At 21 days, the
CPC scaffolds were completely covered by cells, and numer-
ous microcapillary-like structures formed on the surface of cell
layers. At high magnification, it was observed that the
microcapillary-like structures formed a meshwork (Fig. 2F). In
contrast, there was no such organized tube-like structure in the
HUVECs-seeded CPC group at 21 days; instead, cells ex-
hibited a confluent flat cell layer (Fig. 2D).

Figure 3A showed ARS staining of cell-synthesized
matrix on macroporous CPC scaffolds at 7 and 21 days.
Compared with the hiPSC-MSCs monoculture group, the
co-culture group exhibited a denser and darker red color and
more granular-like bone nodules deposited at 21 days. From
7 to 21 days, there was a significant increase of mineral
concentration in the co-culture group (Fig. 3B). These re-
sults indicated that co-seeding of HUVECs and hiPSC-
MSCs on CPC could promote osteogenic differentiation and
mineralization of hiPSC-MSCs on CPC scaffolds.

The representative H&E histological images at 12 weeks
were shown in Figure 4A-D. The cell-seeded groups
(Fig. 4A—C) exhibited markedly more new bone (indicated by
the arrows) in the defect area than the CPC control group
(Fig. 4D). In all groups, extracellular matrix and new bone
deposition were mainly found at the peripherals of the CPC
scaffolds, where more sufficient nutrient and oxygen diffused
from native circumstances. The co-culture group showed the
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FIG. 3. The mineral synthesis by cells on CPC scaffolds.
Alizarin red S staining showed that the co-culture group
exhibited a denser and thicker layer of red-stained bone
nodules than the mono-culture group and the CPC control
group (A). (B) The quantitative osteogenesis assay, which
indicated greater mineral synthesis by the co-culture group
than the monoculture group (n=35). Color images available
online at www.liebertpub.com/tea

highest amount of new bone deposited in and around the CPC
scaffolds among the four groups (Fig. 4A), whereas the CPC
control group showed the least new bone formation (Fig. 4D).

High magnification images are shown in Figure 5.
Figure 5A was from the co-culture group (the dotted area in
Fig. 4A). At 12 weeks, the newly formed bone inside the
scaffold area exhibited typical mature bone morphology.
Calcified bone matrix presented as a deep red dense matrix,
with some osteocytes embedded inside. Figure 5B is taken
from the CPC-HUVECs group (the dotted area in Fig. 4C).
New blood vessels were formed inside of the defect area and
surrounded by some loose connective tissue. The new blood
vessels contain a rich supply of erythrocytes inside the tube-
like structure lined by a layer of ECs.

The new bone area fraction in the co-culture group was
46.38% *+3.8%, which was significantly higher than the other
three groups (p<0.05). The CPC-hiPSC-MSCs group had
more new bone than the CPC-HUVECs group (p<0.05),
whereas the CPC control group exhibited the least new bone
formation at 10.61% = 1.43%. Figure 6B showed the new blood
vessel density. The CPC-HUVECs group had the most new
blood vessel density than the other three groups. And the CPC
control group had the least number of blood vessels (p <0.05).
The co-culture group had more new blood vessel density than
CPC-hiPSC-MSCs and the CPC control group (p <0.05).



CO-SEEDING ENHANCES OSTEOGENESIS AND VASCULARIZATION

551

FIG. 4. The representative H&E
staining histological images after
12-week implantation in vivo. Mi-
neralized new bone was stained in
red (as dark arrow show), whereas
white area was due to slight de-
tachment of the tissue or decalcifi-
cation of residual CPC. The dura
side is on the bottom of the image.
The cell-seeded groups showed
more new bone than the CPC con-
trol group. A markedly amount of
new bone formation was observed
in the co-culture group. (A-D) Are
representative H&E images from
different groups: (A) hiPSC+
HUVEC+CPC; (B) hiPSC+CPC;
(C) HUVECHCPC; (D) CPC
control. Color images available
online at www.liebertpub.com/tea

Discussion

In this study, we presented evidence that the co-culturing
of hiPSC-MSCs and HUVECs on CPC scaffolds enhanced
the formation of capillary-like structures before in vivo
implantation. Co-cultured HUVECs also promoted bone
formation by hiPSC-MSCs. When the prevascularized
scaffold was implanted in vivo, a significant amount of new
bone formation was observed in the co-culture group.

The use of hiPSC-MSCs has shown promising results in
bone tissue engineering. It has been reported that telomerase
activity is 10-fold greater in hiPSC-MSCs than in BMSCs
and hiPSC-MSCs are capable of doubling as many as 120
populations without obvious loss of plasticity or the onset of
replicative senescence.'” With this robust cell viability and
self-renewal capability, superior survival and engraftment
can be expected after transplantation of hiPSC-MSCs."
hiPSC-MSCs can be successfully differentiated down the
osteogenic cell lineage, as demonstrated by enhanced alkaline
phosphatase (ALP) activity, upregulated osteogenic-related
genes, and increased mineral deposition in vitro.?>*%3°
Several recent in vivo studies present important evidence to
show de novo bone formation or mineral deposition in
hiPSC-MSC-implanted scaffolds and direct involvement
of transplanted hiPSC-MSCs in bone regeneration.'®'—?
In the present study, CPC-hiPSC-MSCs groups exhibited

344%+3.0% of new bone area percentage, which is, in
general, comparable to previous reports of new bone area
percentage at 22.5% *7.6% to 30.4% +5.8% in hiPSC-MSC-
seeded groups.'®?” The difference in the values could be at-
tributed to different animal models and different material
constructs. To further boost its bone regenerative potential, in
this study, we introduce the concept of HUVECs-mediated
vascularization to the hiPSC-MSC-based bone tissue engi-
neering, because prevascularization can advance the perfor-
mance of transplanted cells in tissue-engineered scaffolds'?
and a vascular network must be established that precedes os-
teogenesis and, thus, would lead to the formation of a meta-
bolically active bone graft.'? To this end, we tested the in vitro
and in vivo angiogenic and osteogenic performance of HU-
VECs and hiPSC-MSCs co-cultured on CPC scaffolds.

In the present study, single-cell cultures of HUVECs on
CPC scaffolds failed to self-assemble to form microcapillary-
like structures. In contrast, sprouting microcapillary-like
structures were observed in the co-culture model of HUVECs
and hiPSC-MSCs. In addition, a synergistic effect between
angiogenesis and osteogenesis was also observed in the present
study. Co-culture systems of HUVECs and hiPSC-MSCs were
found to promote mineralization even in the absence of any
osteogenic supplements. The cellular crosstalk between vessel-
forming cells, such as ECs, and bone-forming cells, such as
OBs (derived from either primary cultured cells or progenitors,



FIG. 5. High magnification images of new bone extracted
from dotted rectangles in the co-culture group (A) and the
CPC-HUVEC group (B). The co-culture group exhibited
more calcified new bone within the defects than the
monoculture group. New blood vessels were found in the
macropores of CPC scaffolds.

such as MSCs), has been well documented.*>* With regard to
the effects of angiogenesis, it has been reported that OBs or
OBs derived from MSCs can secrete numerous proangiogenic
factors, including VEGF,># Ang-1, 2,845 yE-cadherin,!”
IGF-1,% IGF-2,** PDGFB/PDBFRB,* bFGF,"’ and so on, to
influence EC activity. Notably, VEGF is the most frequently
identified factor that is upregulated in the co-culture system,
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FIG. 6. The histomorphometric analysis of new bone area
fraction (A) and new blood vessel density (B). The co-
culture group showed the highest amount of new bone for-
mation than the other three groups (p<0.05). The CPC
control group had the least amount of new bone formation
and blood vessels number in all groups (p<0.05). Each
value is mean * standard deviation (n=06). Dissimilar letters
indicated significantly different values (p <0.05).
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which contributes to the neovascularization.>”** Moreover,
MSCs may act as perivascular cells to stabilize and maintain
vascular structures.®*>° On the other hand, ECs not only
augment cell proliferation of bone-forming cells’"*>* but also
release numerous regulatory molecules, such as ALP,4053*55
osteocalcin,? runt-related transcription factor 2 (Runx2),25 and
BMP-2,>° to control the differentiation and activity of the co-
cultured bone-forming cells. Among these factors, ALP is of-
ten the factor that is mentioned as stimulated to promote earlsy
commitment of the cells down to the osteogenic lineage.**>*>>
Its secretion has been shown to be dependent on the direct
contact of ECs with OBs with the involvement of connexin43
as the gap junction to increase ALP expression in the co-
cultures.”” Mineralization, an endpoint of osteogenic differ-
entiation, is also enhanced in the co-culture systern.w’25 It is
consistent with the finding of the current study that the co-
culture group exhibited more bone nodule deposits than the
monoculture group. Such cell-cell communication has been
reported between ECs and various MSCs, such as umbilical vein
MSCs,”’ adipose-derived MSCs,**° human dental pulp stem
cells,60 and BMSCs.*338! Tg the best of our knowledge, there
has been no report of the co-culture of hiPSC-MSCs and ECs.
Our in vitro results indicated that the co-culture of hiPSC-MSCs
and ECs had a synergistic effect of vascularization and miner-
alization on the CPC scaffold. One factor that should be con-
sidered regarding the difference between the mono-cultured
hiPSC-MSC group and the co-culture group is that an MSC
growth medium was used for the hiPSC-MSC group,
whereas an EGM-2 was used for the co-culture group. It is
possible that, in addition to the influence of the co-cultured
HUVECs on the hiPSC-MSCs, the multiple angiogenic
growth factors in EGM-2 also affected the biology of hiPSC-
MSCs and their behavior in the co-culture group. The
present study was designed to compare different strategies
for potential clinical applications, namely monoculture cell
strategy versus co-culture cell strategy. From the perspec-
tive of application, EGM-2 is not a regular culture medium
for hiPSC-MSCs. Therefore, we used MSC growth medium
for the hiPSC-MSC monoculture group.

Our study represented the first report on the co-culture
system of hiPSC-MSCs and ECs to prevascularize CPC
scaffolds targeting bone regeneration. Our in vivo study
showed that the co-culture group exhibited a significantly
higher amount of new bone deposition than the monoculture
groups and the CPC control group at 3 months, even though
the highest blood vessel density was found in the CPC-
HUVEC group and not in the co-culture group. It was at-
tributed to the fact that at 3 months, the bone remodeling
process had already taken place. In calvaria where compact
bone presents as the major part, the more mature the bone is,
the less spaces or hollows in the bone matrix are. Thus, there
were fewer blood vessels in the co-culture group than in the
CPC-HUVEC group at 3 months in a corticalization process
of the calvarial bone defect. It was possible that at early time
points, the co-culture group established higher vascular
supply than the other groups, which promoted subsequent
bone formation, maturing, and integration of live and
functional bone grafts. Interestingly, there are many recent
efforts engaged in deriving ECs from hiPSCs (iPSC-ECs).
The generated hiPSC-ECs show an EC-specific phenotype
and cell morphology and they are capable of forming mi-
crocapillary like structures in vitro and neovascularization
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in vivo after implantation.®>®* hiPSC-ECs with a nearly
unlimited passage potential may become an alternative
source for HUVEC:s. It is our next step to investigate the co-
culture of hiPSC-MSCs and hiPSC-ECs targeting vascular-
ization and bone regeneration. The current study provides
preliminary evidence to show the synergistic effects of ECs
and hiPSC-MSCs. The utilization of hiPSC-derived cells to
achieve vessel and bone formation in bone tissue engi-
neering is a promising strategy.

Finally, this study was limited in several ways. First, we
did not perform specific staining and immunohistological
staining to specifically identify new bone and blood vessels.
The new bone and new blood vessel identification and as-
sessment in this study was based on morphological char-
acteristics of tissues via HE staining. It is possible that some
delicate structures such as nascent micro-vessels were not
adequately detected and, thus, not included in the evalua-
tion. Second, we did not perform additional tests other than
histological tests for the in vivo study. Future study should
evaluate gene and/or protein expressions, 3D imaging of the
vascularization, and micro-CT measurements. Third, even
though the 5Smm calvarial bone defect model in rats was
previously considered a critical-sized defect,”® according to
the latest authoritative protocol,64 an 8 mm-diameter defect
is generally accepted to be the critical size in the rat cal-
varial bone. Thus, the data should be explained with con-
sideration of contribution of the natural regenerative
capacity. Fourth, this study only investigated the co-culture
prevascularization strategy. Other prevascularization meth-
ods, such as the two-step in vivo prevascularization strategy
involving the initial implantation of tissue-engineered grafts
in rich vascularized sites for complete vascularization before
subsequent implantation at the defect site, are not compared
in the current study. Future study is needed to compare the
reperfusion efficacy of various in vivo and in vitro pre-
vascularization strategies.

In conclusion, our study is the first study to investigate the
prevascularization strategy of co-culturing hiPSC-MSCs and
ECs on CPC scaffolds. An in vitro study showed that the co-
culture system enhanced the formation of capillary-like
structures and co-cultured ECs promoted osteogenesis and
mineralization of hiPSC-MSCs. When the prevascularized
scaffold was implanted in vivo, a significant amount of new
bone formation was observed in the co-culture group. These
findings not only elucidate an intimate connection between
angiogenesis and osteogenesis but also provide important
evidences in advancing the emerging field of hiPSC-MSC-
driven bone tissue regeneration.
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