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Neural crest-derived mesenchymal progenitor cells enhance
cranial allograft integration
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Abstract

Replacement of lost cranial bone (partly mesodermal and partly neural crest-derived)

is challenging and includes the use of nonviable allografts. To revitalize allografts,

bone marrow-derived mesenchymal stromal cells (mesoderm-derived BM-MSCs)

have been used with limited success. We hypothesize that coating of allografts with

induced neural crest cell-mesenchymal progenitor cells (iNCC-MPCs) improves

implant-to-bone integration in mouse cranial defects. Human induced pluripotent

stem cells were reprogramed from dermal fibroblasts, differentiated to iNCCs and

then to iNCC-MPCs. BM-MSCs were used as reference. Cells were labeled with lucif-

erase (Luc2) and characterized for MSC consensus markers expression, differentia-

tion, and risk of cellular transformation. A calvarial defect was created in non-obese

diabetic/severe combined immunodeficiency (NOD/SCID) mice and allografts were

implanted, with or without cell coating. Bioluminescence imaging (BLI), micro-

computed tomography (μCT), histology, immunofluorescence, and biomechanical

tests were performed. Characterization of iNCC-MPC-Luc2 vs BM-MSC-Luc2

showed no difference in MSC markers expression and differentiation in vitro. In vivo,

BLI indicated survival of both cell types for at least 8 weeks. At week 8, μCT analysis

showed enhanced structural parameters in the iNCC-MPC-Luc2 group and increased

bone volume in the BM-MSC-Luc2 group compared to controls. Histology demon-

strated improved integration of iNCC-MPC-Luc2 allografts compared to BM-MSC-

Luc2 group and controls. Human osteocalcin and collagen type 1 were detected at

the allograft-host interphase in cell-seeded groups. The iNCC-MPC-Luc2 group also

demonstrated improved biomechanical properties compared to BM-MSC-Luc2

implants and cell-free controls. Our results show an improved integration of iNCC-
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MPC-Luc2-coated allografts compared to BM-MSC-Luc2 and controls, suggesting

the use of iNCC-MPCs as potential cell source for cranial bone repair.

K E YWORD S

allograft, bone healing, cranial repair, MSC, neural crest cells

1 | INTRODUCTION

Cranial bone loss due to trauma, decompressive craniotomy, or tumor

resection continues to present a major clinical challenge.1 Spontane-

ous reossification occurs only rarely, even in infants.2 Bone grafts are

typically used to repair cranial defects. Approximately 1.6 million bone

grafts are used in the United States each year to regenerate bone loss

due to trauma or disease.3 Autologous bone grafting is considered the

“gold standard” due to its ability to stimulate new bone formation.4

However, bone harvesting is not always possible, painful, and is asso-

ciated with donor site morbidity.4 Other options involve bone grafts

harvested from cadavers (ie, allografts). Ease of procurement and

availability make the use of allografts attractive. However, since an

allograft consists of a nonviable tissue, it can only function as an

osteoconductive scaffold and cannot stimulate new bone forma-

tion. Hence, allograft healing is passive and occurs at an extremely

slow rate, since it relies upon invasion of host cells and tissues.5-7

Osteoinductive agents, known to stimulate new bone formation,

include recombinant growth factors, such as bone morphogenetic

proteins (BMP)-2 and -7.8,9 Due to their high cost and limited appli-

cability, these proteins are only used to treat small bone lesions. In

addition, safety concerns have been raised about the use of these

proteins.10 Without the help of osteoinductive agents, however,

cranial allograft integration into the host bone is challenging, due to the

limited reservoir of resident mesenchymal stromal cells (MSCs) in the

membranous bones of craniofacial complex.11 A recent clinical study

reported the use of a graft cultured with MSCs for treating 13 cases of

craniofacial defects.12 Allogeneic MSCs on a ceramic carrier and polymer

scaffold have also shown to produce viable bone and healing of a cranial

void during cranial reconstruction.1 A combination of allografts and

MSCs has produced positive results in rodent long bone defects.13,14 In

calvarial defects, treatment with allografts seeded with adipose tissue-

derived osteoblastic cells alone or in combination with endothelial cells

did not support bone formation.15 MSCs have been isolated from various

adult tissues, including bone marrow, and are currently the most

established cells for skeletal regeneration.16-18 However, their availability

and self-renewal is limited. Furthermore, in a variety of organs the regen-

erative potential of MSCs appears to decline with aging.19-21 Therefore,

a need for a potent and ideally inexhaustible source of MSCs to treat cra-

niofacial defects is needed to regenerate cranial defects.

Major parts of the cranial skeleton and its stem cells originate

from neural crest cells (NCCs), including the frontal and inter-

parietal parts and the sagittal suture.22,23 Since healing cascades

have been shown to recapitulate processes that occur during bone

development, NCC-derived mesenchymal progenitor cells (MPCs)

may be beneficial as cell therapeutic option compared to bone

marrow-derived (BM)-MSCs that are usually isolated from iliac

crest or long bones and originate in the mesoderm.24 However,

NCCs are rare in adults and ethical issues are associated with their

isolation from embryonic tissues.25 Therefore, most NCC studies

have been performed in model organisms.25,26 To overcome the

cell scarcity in adults and ethical concerns, NCCs can be derived

from induced pluripotent stem cells (iPSCs).25,27-30 The discovery

of iPSCs provides an inexhaustible source of patient-specific autol-

ogous cells that can be reprogrammed to NCCs and subsequently

to MPCs.

In this study, we hypothesize that seeding allografts with iPSC-

derived induced neural crest cell (iNCC)-MPCs will promote the inte-

gration of cranial allografts in mouse calvarial defects. To achieve this,

iPSCs were differentiated into iNCCs and then into MPCs. Both cell

types were characterized in terms of their marker expression and cell

function in vitro. For in vivo testing, a critical size defect was created

in mouse calvaria. The defect was filled with decellularized allografts

with or without cell seeding. For cell seeding onto the allografts,

either luciferase-transfected iNCC-MPCs or luciferase-transfected

BM-MSCs were used. Allografts with no cell seeding were included as

control. To evaluate cell viability and allograft integration, biolumines-

cence imaging (BLI), microcomputed tomography (μCT) analysis,

Significance statement

Cranial bone loss presents a major clinical challenge. To

replace lost bone in the cranium, autografts and allografts

are being used. While autografts are limited, allografts lack
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ongoing demand on improving graft integration into critical-

size cranial defects. This study evaluates the capability of

induced neural crest cell-mesenchymal progenitor cells

(iNCC-MPCs), derived from induced pluripotent stem cells,

to revitalize decellularized allografts and to enhance allograft

integration. Due to the neural crest origin of larger cranial

bone sections, this cell type holds great promise for improv-

ing of cranial bone replacement.
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biomechanical push-out tests, H&E, and immunofluorescence staining

were performed.

2 | METHODS

2.1 | Experimental design

Mouse critical size calvarial defect repair using decellularized allografts

with and without human stem cell coating was investigated. Cell types

included were BM-MSCs and iNCC-MPCs. iNCC-MPCs were gener-

ated from iPSC-derived iNCCs using a previously described proto-

col.30 BM-MSCs were obtained from human bone marrow aspirate

(Lonza). Cells were transduced with a Lentiviral vector encoding for

Luciferase2 (Luc2) reporter gene to allow for in vivo tracking, as previ-

ously reported31-34 and characterized for their marker expression, dif-

ferentiation potential, and risk of cellular transformation. For in vivo

evaluation, a 5-mm round calvarial critical size defect was created in

immunocompromised non-obese diabetic/severe combined immuno-

deficiency (NOD/SCID) mice (NOD.CB17-Prkdcscid/NCrHsd, Envigo)

as previously reported35,36 and the following three experimental

groups were implanted in a randomized fashion: (a) decellularized allo-

grafts only, (b) decellularized allografts seeded with BM-MSC-Luc2,

and (c) decellularized allografts seeded with iNCC-MPC-Luc2. Animals

were monitored for a duration of 8 weeks postsurgery: BLI was per-

formed to monitor cell viability at the defect site and μCT was done to

evaluate the quantity and quality of new bone formation. After

8 weeks, animals were sacrificed and biomechanical testing, as well as

histological and immunofluorescent stains was performed to further

determine the implant integration of the different experimental

groups (Graphical abstract).

Our study comprised a total of 42 NOD/SCID mice. With origi-

nally 67 NOD/SCID mice undergoing surgery, a total of 25 animals

were not included in the study analysis due to the following reasons:

(a) mice that died from unexpected anticipated outcomes, such as

extensive bleeding during surgery (n = 3), or animals that did not

recover from anesthesia (at surgery, BLI or CT; n = 11); (b) mice dis-

playing implant shifting for more than 10% of the original position

(n = 11). Animal exclusion resulted in the following final number of

animals per group: (a) decellularized allografts only (n = 15), (b) BM-

MSC-Luc2-seeded decellularized allografts (n = 12), and (c) iNCC-

MPC-Luc2-seeded decellularized allografts (n = 15).

2.2 | Derivation of iNCC-MPCs and BM-MSCs,
and labeling with Luc2

NCCs were differentiated from iPSCs, as previously published.30

Briefly, human iPSCs, derived from dermal fibroblasts as previously

reported,37,38 were differentiated into neural crest stem cells via incu-

bation in defined conditions containing a cocktail of growth factors

and two small-molecule compounds to activate Wnt signaling (BIO)

and inhibit the Activin A/Nodal pathway (SB431542) for 11 to

14 days.28 The neural crest culture media consisted of DMEM/F-12,

2% fetal bovine serum (FBS), 1xNEAA, 50 U/mL penicillin, 50 μg/mL

streptomycin, 50 μg/mL ascorbic acid, 10 μg/mL transferrin, 0.1 mM

2-mercaptoethanol, 1X trace elements A,B,C, 10 ng/mL heregulin

β-1, 10 ng/mL activin A, 200 ng/mL insulin like growth factor-1,

and 8 ng/mL fibroblast growth factor 2. Cell samples from various

passages were fixed in 4% paraformaldehyde and processed for

immunocytochemistry using antibodies against neurotrophin

receptor (p75) and human natural killer-1 cell marker (HNK1) (for

antibodies information, see Table S1). Flow cytometry was run on

iNCCs with antibodies for p75 and HNK1, using an LSRFortessa

cell analyzer (BD Biosciences) and FlowJo data analysis software.

Further differentiation of iNCCs to MPCs was performed by cul-

turing the cells in standard Dulbecco's Modified Eagle Medium

(DMEM) media (10% FBS) and passing them every 4 to 5 days as pre-

viously described.28 Human BM-MSCs were isolated from whole bone

marrow aspirate (Lonza), using standard method and plastic adher-

ence, as previously described.39-42 BM-MSCs and iNCC-MPCs were

transduced with a lentiviral vector harboring the reporter gene lucifer-

ase2 (Luc2) under the constitutive ubiquitin promoter to allow in vivo

imaging of cell survival, as previously reported.33,34

2.3 | Cell characterization for mesenchymal
properties

Both types of Luc2-transfected cell types were characterized for

expression of consensus MSC markers (CD90, CD44, CD29, and

CD105) using flow cytometry, as reported.43,44 At a confluence of

70%, the cells were detached using trypsin-EDTA, washed with

phosphate-buffered saline (PBS), and resuspended in FACS buffer

consisting of 2% albumin from bovine serum and 0.1% sodium azide

in PBS. The cells were stained with mouse anti-human CD90-FITC

(BD Biosciences Pharmingen, San Diego, California), mouse anti-

human CD29-PB (EXBIO, Vetec, Czech Republic), and anti-human

CD105-PE (Ancell Corp., Stillwater, Minnesota); CD44-APC (559 942;

BD Pharmigen, San Diego, California), and unspecific staining was nor-

malized using the following isotypes: mouse IgG2a-FITC (Miltenyi

Biotec, San Diego, California), mouse IgG1-PB (AbD Serotec, Raleigh,

North Carolina), and mouse IgG1-PE (BD Biosciences Pharmingen),

mouse IgG2b-APC (BD Biosciences Pharmingen), respectively. Cells

were analyzed for expression of the antigens using an LSR Fortessa

cell analyzer (BD, Heidelberg, Germany) and BD Diva software version

6.1.3 for data collection. Gating was done to include all live cells. Non-

specific fluorescence was detected using isotypes alone and sub-

tracted from the experiment's detection values. The iNCC-MPCs

differentiation potential was confirmed by the cells' differentiation

into the osteogenic and adipogenic lineages in vitro. Therefore, an

alkaline phosphatase (ALP) assay and an Oil Red O staining45 were

performed after culturing of BM-MSCs and iNCC-MPCs in osteogenic

media for 14 days and adipogenic media for 5 weeks, respectively.

ALP values were normalized to the total protein content, which was

determined via bicinchoninic acid assay. The risk of cellular
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transformation of the iNCC-MPCs vs BM-MSCs was tested using a

soft agar assay,43 performed at weeks 1, 2, and 3 after seeding,

according to manufacturer's protocol (Cytoselect, Cell Biolabs).46 In

addition, 1 million iNCC-MPCs or BM-MSCs were injected intramus-

cularly into immunocompromised NOD/SCID mice (n = 5). The mice

were followed up weekly for 6 months for tumor or teratoma

formation.

2.4 | Preparation of allografts

Structural allografts were harvested from fresh 67 C57BL/6J mouse

cadavers using a trephine with inner diameter of 5 mm. Tissue harvest

was performed in accordance to the approved IACUC protocol

#007961. The allografts were scraped to remove any soft tissue and

washed with PBS. For complete decellularization, the allografts were

washed for 1 hour in PBS 0.1 wt%/vol% EDTA at room temperature

(RT) with rotation, then incubated in the following solutions according

to published protocols47,48: first: in PBS 0.1 wt%/vol% EDTA and

10 mM Tris overnight at 4�C with rotation; second: PBS 10 mM Tris

and 0.5 wt%/vol% sodium dodecyl sulfate for 24 hours at RT; third:

enzymatic treatment with PBS 10 mM Tris, 50 U/mL DNase, 1 U/mL

RNase for 5 hours at RT with rotation and sterilized with 70% EtOH

overnight. Prior to changing the solutions, the allografts were washed

for 1 hour with PBS at RT. Grafts were frozen at −80�C prior to

implantation and were thawed 24 hours before the surgical procedure

by placing them in serum free medium overnight. For cell coating,

2 × 105 BM-MSC-Luc2 or iNCC-MPC-Luc2 were resuspended in

12.5 μL fibrin gel (Tisseel kit, Baxter). The fibrin-cell mixture was rap-

idly added onto the top of the allograft, which was incubated for at

least 30 minutes at 37�C prior to implantation to allow gelation and

attachment to the graft.

2.5 | Calvarial defect repair

Animal surgeries were performed in accordance to the approved

IACUC protocol #007961 “Bone regeneration using stem cells in a

mouse model,” as previously reported.35,36 To create calvarial defects,

the 8-week-old NOD/SCID mice were anesthetized by an intraperito-

neal (IP) injection of ketamine/dexmedetomidine (75 mg/1 mg/kg, IP

injection). Buprenorphine (0.05 mg/kg) was subcutaneously

(SQ) injected for pain control. Animals were given thermal support for

the duration of the anesthetic episode. The surgical site was asepti-

cally prepped by thoroughly disinfecting with betadine or chlorhexi-

dine. A straight sagittal incision (7 mm) was made over the calvaria

and a circular full-thickness defect (a nonunion critical-size

defect49-51) was created at the lambdoid suture of the calvaria using a

5 mm outer-diameter trephine and removed with minimal penetration

of the dura mater. This resulted in the removal of mesodermal pari-

etal bone and neural crest derived interparietal bone. The allografts

were placed in the calvarial defect, then fixed in position with

10 μL fibrin gel (Tisseel kit, Baxter), after which the scalp was

sutured. Postsurgery, mice were given the anesthesia-reversing

agent atipamezole (1 mg/kg body weight, IP injection) and a second

dose of buprenorphine (0.05 mg/kg, SQ injection), which was

repeated on day 1 postsurgery and afterward as needed. The anti-

biotic enrofloxacin was given twice daily for five consecutive days

(5 mg/kg; 0.06 mL; SQ injection) to prevent infection. Mice were

single housed for 2 weeks and then in pairs for the remaining dura-

tion of the study.

2.6 | Bioluminescence imaging

To measure the viability of the cells seeded on the grafts prior and

postimplantation, Luc2 expression was quantified using in vivo BLI

with IVIS Spectrum (PerkinElmer) at weeks 1, 2, 3, 4, 6, and 8, as

described previously.33,34,52 BLI was performed in accordance to the

approved IACUC protocol #06113. Mice were anesthetized using 2%

isoflurane. An IP injection of 126 mg/kg body weight luciferin

(Promega) in PBS was given 10 minutes before imaging. The image

analysis was done using total influx data calculated from same size

region of interest (ROI; 7 mm in diameter), normalized to the back-

ground noise of each image. BLI signals were normalized to signals

detected on day 1 in each animal and plotted.

2.7 | Integration of calvarial allografts evaluated
with μCT

Bone formation was monitored by μCT analysis in vivo, as previously

described.36,53,54 The mice were scanned using a VivaCT 40 (SCANCO

Medical AG, Switzerland) at the following time points: day 1, week 2,

4, and 8. Bone volume (BV), bone mineral density (BMD), and connec-

tivity density (conn. dens.)55 were included, as previously

described.33,53 Briefly, microtomographic slices were acquired using

an x-ray tube potential of 55 kVp and reconstructed at a spatial nomi-

nal resolution of 35 μm. The defect margins were aligned to a stan-

dard position, and a cylindrical volume of interest (VOI) was defined

(7 mm in diameter, including partial host bone in outer periphery, and

average of 10-25 slices in depth). A constrained 3D Gaussian filter

was used to partially suppress noise in the volumes. The bone tissue

was segmented by using a global thresholding procedure. Week 2,

4, and 8 data were normalized to day 1 data obtained from the same

animal to diminish variations.

2.8 | Biomechanical testing of calvarial defect
repair

Biomechanical push-out tests were performed to evaluate the

strength and stiffness of healing defects using methods similar to pre-

vious studies with modifications to accommodate the smaller dimen-

sions of the mouse skull.56-58 Excessed skin and soft tissue was

carefully removed from each calvarium. Afterward, specimens were
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secured to the frame of a biaxial hydraulic testing machine (370.02

Bionix Testing System, MTS Systems Corp., Eden Prairie, Minnesota)

with two custom 3D-printed plates, designed to match the mouse

skull curvature. Calvaria were placed superior-side down on the bot-

tom plate with the implant site centered over a 6 mm clearance hole

(Figure 5A). The top plate was placed over the bottom plate and the

two plates were screwed together after visually confirming alignment.

A 4 mm diameter pin mounted to the actuator of the testing machine

in line with a 1 kN load cell (661.18 Force Transducer, MTS Systems

Corp.) was lowered onto the implant at a rate of 0.03 mm/s until a siz-

able drop of load was detected. Load and displacement were continu-

ally recorded to generate a load-displacement curve. Maximum force

was indicated as the highest load before failure and stiffness was

determined as the slope of the linear region of the load-displacement

curve. In addition to testing the experimental groups, age- and sex-

matched naïve cranial samples (n = 10) were tested for comparison.

2.9 | Histological and immunofluorescent analyses

After sacrifice at week 8 postsurgery, the defect site including the allo-

graft and surrounding bone tissue was explanted. Samples were fixed

in in 4% formaldehyde solution, decalcified by incubation in 0.5 M

EDTA (pH 7.4), passed through a graded series of ethanol solutions,

and embedded in paraffin. Five-micron-thick sections were cut from

the paraffin blocks. H&E staining was performed to evaluate the mor-

phological features of the healing process, graft-to-host

osseointegration, and fibrous tissue formation as previously

reported.54,59 For immunofluorescent staining, tissues were

deparaffinized, and the antigens were retrieved by incubation in

preheated Target Retrieval Solution (Dako, Carpinteria, California) over-

night in 4�C. Nonspecific antigens were blocked by applying blocking

serum-free solution (Dako). Slides were stained with primary anti-

bodies, as detailed in Table S1. The primary antibodies were applied to

the slides, after which the slides were incubated at 4�C overnight and

washed using PBS; the slides were then incubated with secondary anti-

bodies for 1 hour at room temperature. Finally, the slides were stained

with 40,6-diamidino-2-phenylindole dihydrochloride (1 μg/mL) for

5 minutes in the dark. A VectaMount mounting medium (Vector Labo-

ratories, Burlingame, California) was applied to the tissue. Images were

captured using a Carl Zeiss Axio Imager Z1 fluorescent microscope

(Carl Zeiss, Germany) equipped with ApoTome and AxioCam HRc cam-

eras. Negative controls were processed using identical protocols while

omitting the primary antibody to exclude nonspecific staining. Images

were captured with 4 × 4 tile scans at ×20 objective.

2.10 | Statistical analysis

All statistical analyses were performed using Prism 7 or 8 (GraphPad, La

Jolla, California); P < .05 was considered to be statistically significant.

The outcome measurements were (a) MSC/MPC function, (b) BLI inten-

sity, (c) μCT measures, and (d) biomechanical measures. Separately for

each dependent measure, two-way analysis of variance or mixed-

effects analysis (BLI only) were performed using mean values with

grouping of implant group; for multiple comparisons, appropriate post-

hoc tests were used. In figures, median (min; max) values are shown.

3 | RESULTS

3.1 | iPSC-derived NCCs express neural crest
markers and iNCC-MPCs show MSC characteristics

Following differentiation from iPSCs, iNCCs expressed both NGFR75

and HNK1 neural crest marker genes (Figure 1A,B). After further dif-

ferentiation of iNCC to the mesenchymal progenitor phenotype, no

differences in MSC surface marker expression (CD44, CD29, CD105,

and CD73) was found in iNCC-MPC-Luc2 compared to BM-MSC-

Luc2 (Figure 1C). Following osteogenic differentiation for 14 days, a

higher ALP activity was detected in both BM-MSC-Luc2 and iNCC-

MPC-Luc2 compared to day 0 (P < .0001). No differences in ALP

activity between BM-MSC-Luc2 and iNCC-MPC-Luc2 were detected

(Figure 1D). Quantitative analysis of Oil-Red O stains showed an

increase in lipid vacuoles in both BM-MSC-Luc2 and iNCC-MPC-Luc2

in adipogenic vs maintenance medium at week 5 (P < .0001,

Figure 1E). No differences in the Oil-Red O staining were found

between BM-MSC-Luc2 and iNCC-MPC-Luc2. The soft agar assay

demonstrated a higher cell transformation rate in BM-MSC-Luc2 vs

iNCC-MPC-Luc2 at 1- and 4-weeks postseeding (P < .05, Figure 1F),

but no statistical differences were detected at week 2. A teratoma

formation assay in vivo did not result in tumor or teratoma formation

in any animal injected with iNCC-MPC-Luc2 or BM-MSC-Luc2, and

the cells were not detected at the implantation site at 6 months post-

injection. Sample size for Figure 1 data analysis was three per group.

3.2 | BM-MSC-Luc2 and iNCC-MPC-Luc2 both
survive on allografts after implantation

To verify survival of the cells on the allograft after implantation, BLI of

Luc2-transfected cells was performed (Figure 2A). Both cell types

were detectable for the period of evaluation (8 weeks) (Figure 2B,C).

At week 1 postimplantation of the allografts, the average BLI value

increased in both cell types. At week 2, a further increase in BLI signal

was detected in the iNCC-MPC-Luc2 group, indicating cell prolifera-

tion at the site of implantation. This signal was reduced over time, but

still detectable at week 8 in both groups (Figure 2B,C). Sample size for

Figure 2 data analysis was nine per group.

3.3 | Improvement of bone quantity and quality at
the host-implant interphase in cell-seeded allografts

Sagittal and coronal sections of reconstructed μCT 3D images

obtained at day 0 and weeks 2, 4, and 8 postsurgery showed new
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bone formation at the implant-host interphase in the BM-MSC-Luc2

and iNCC-MPC-Luc2 group groups during the course of the experi-

ment (Figure 3A).

At week 8, the BM-MSC-Luc2-seeded allograft group showed

increased BV compared to allograft only (P < .05) and iNCC-MPC-

Luc2-seeded allograft groups (P < .05), all normalized to the volume of

the graft and host junction at time of implantation (Figure 3B).

Connectivity density was increased in the iNCC-MPC-Luc2 group

compared to control at weeks 2 (P < .05) and 4 (P < .05) and tended

to be increased at week 8 (P = .05). Furthermore, higher connectivity

density values were detected in iNCC-MPC-Luc2 compared to BM-

MSC-Luc2 (P < .01, Figure 3C). Relative BMD was increased in the

iNCC-MPC-Luc2 group compared to BM-MSC-Luc2 at weeks 4

(P < .01) and 8 (P < .001, Figure 3D). Sample size for Figure 3 data

analysis was 10 for the BM-MSC group, 8 for the iNCC-MPC group,

and 5 for the control group.

3.4 | Improved integration of iNCC-MPC-Luc2
seeded allografts

Histological analysis of the implantation side showed partial bone

bridging in the experimental group containing iNCC-MPC-Luc2, char-

acterized by new bone formation that combined allograft and host

bone (Figure 4A). In contrast, no solid bone bridges were detected in

the BM-MSCs-seeded allografts and in the control group. In the con-

trol group, large areas of fibrotic tissue were detected between allo-

graft and host bone. In the BM-MSC group, the fibrotic tissue areas

were smaller compared to the control group.

Immunofluorescent staining of the host-allograft junction

(Figure 4B) showed cells expressing Luc2 reporter gene, indicat-

ing survival of the implanted cells for at least 8 weeks.

Colocalization of Luc-expressing cells and human osteogenic

marker expression (osteocalcin and collagen type 1) in the

F IGURE 1 iNCC-MPCs and BM-MSCs show no differences in MSC consensus marker expression and cell differentiation in vitro. A,
Immunocytofluorescence images and, B, flow cytometry data of iNCCs stained with the neural crest markers NGFR P75 and HNK1 are shown. C,
Flow cytometry data showing MSC consensus marker expression in iNCC-MPC-Luc2 compared to BM-MSC-Luc2. D, ALP activity assay and, E,
Oil-Red O assay in BM-MSC-Luc2 and iNCC-MPC-Luc2 are displayed. F, Results of the soft agar assay are shown. *P < .05; ****P < .0001. n = 3.
ALP, alkaline phosphatase; BM-MSCs, bone marrow-derived mesenchymal stromal cells; iNCC-MPCs, induced neural crest cell-mesenchymal
progenitor cells
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interphase between the host calvarial bone and the allograft indi-

cates differentiation of the cells into osteoblasts. No cells were

identified to penetrate the allograft. Sample size for Figure 4

data analysis was three per group.

3.5 | Biomechanical properties are improved in
calvarial defects treated with iNCC-MPC-Luc2-seeded
allografts

Maximum force and stiffness of the different experimental groups

was obtained at week 8 postsurgery (Figure 5A,B). The average maxi-

mum force recorded for nonsurgical naïve calvaria (23.4 ± 4.0 N) was

significantly higher than calvaria implanted with either an uncoated

control implant (16.4 ± 5.0 N) or BM-MSC coated implants

(16.6 ± 6.3 N) (P < .05). The maximum force for calvaria implants

coated with iNCC-MPCs (20.2 ± 6.4 N) was highest among the surgi-

cal implants groups and was not statistically different from naïve con-

trols. The average calculated stiffness of iNCC-MPC-coated calvaria

implants (67.3 ± 18.67 N/mm) was significantly greater than both

allograft only (40.7 ± 14.2 N/mm) and BM-MSC-seeded implants

(42.7 ± 8.5 N/mm) (P < .01), and had comparable stiffness to naïve

nonsurgical controls (66.1 ± 12.5) (Figure 5C). Sample size for Figure 5

data analysis was 10 for the allograft, iNCC-MPCs, and intact bone

groups, and 9 for the BM-MSC group.

4 | DISCUSSION

This is the first study to show that coating of decellularized allograft

with iNCC-MPC-Luc2, MPCs differentiated from iPSC-derived NCCs,

enhances allograft integration in a mouse critical-size calvarial defect

compared to BM-MSC-Luc2-coated allograft or allograft only. Cells

were successfully derived from the two cell sources, labeled with

luciferase reporter gene and characterized in terms of their MSC

marker expression and differentiation potential. A beneficial in vivo

performance of iNCC-MPC-Luc2-seeded allografts in the treatment

of cranial defects was demonstrated by an improved micro-

architecture at the implant-host bone interphase, bone bridging, and

improved biomechanical properties. In contrast, implantation of BM-

MSC-Luc2-coated allografts resulted in increased levels of BV at the

host-implant interphase at week 8 postsurgery, but did not result in

an improved integration, and enhanced structural and biomechanical

properties.

Characterization of the iPSC-derived NCCs demonstrated the

cells to be 99.9% double positive for both HNK1 and p75 (NGFR).

These data confirm the findings reported by Muhammad et al, show-

ing a 99% double staining of p75 and HNK1 in the iPSC-derived NCCs

in passage 9.30 Further differentiation of the iNCCs into iNCC-MPCs

was shown by the expression of the MSC consensus markers and

their potential to differentiate into the osteogenic and adipose line-

ages.44,60 No significant differences in the differentiation potential

F IGURE 2 BM-MSC-Luc2 and iNCC-MPC-Luc2 are viable in vivo for at least 8 weeks. A, Top: BM-MSC-Luc2 and iNCC-MPC-Luc2 coated
allografts were implanted and glued to the host bone with fibrin. Bottom: example of a BLI imaged mouse after implantation with Luc2-positive

cell allografts. Mice were injected with Luciferin prior to undergoing an IVIS (Perkin Elmer) scanning. B, Relative bioluminescence in the different
experimental groups normalized to signals recorded on day 1 in each animal (dotted line). C, A heat map comparing average BLI signals between
BM-MSC-Luc2 and iNCC-MPC-Luc2 coated allografts. n = 9. BLI, bioluminescence imaging; BM-MSCs, bone marrow-derived mesenchymal
stromal cells; iNCC-MPCs, induced neural crest cell-mesenchymal progenitor cells
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were detected between BM-MSC-Luc2 and iNCC-MPC-Luc2 cells.

Interestingly, quantitative assessment of the cell transformation

potential in vitro detected lower values in iNCC-MPC-Luc2 compared

to BM-MSC-Luc2. The results of this preclinical technique61 indicate

a low risk of malignancy of iNCC-MPCs compared to the clinically

established BM-MSCs, a valuable information on the path to a poten-

tial clinical application of these cells.

Our results demonstrated the survival of allograft-seeded BM-

MSC-Luc2 and iNCC-MPC-Luc2 cells for the study duration of

8 weeks. Other studies, in comparison, monitored the cell survival on

cranial bone grafts for a shorter duration.62,63 For example, a 4 week

survival of adipose tissue-derived stem cells and BM-MSCs obtained

from Col1a1GFP; R26mTmG mice seeded onto poly(lactic-co-glycolic

acid) scaffolds and implanted into 2 mm calvarial defects was shown

in vivo.62 In vitro, cell survival on a mineralized collagen bone scaffold

for large-sized cranial bone defect repair in sheep was demonstrated,

which was monitored for 7 days.63

Our μCT data demonstrate an improved BMD and connectivity

density in the iNCC-MPC-Luc2 group, whereas higher BVs were

achieved in the BM-MSC-Luc2 group at the 8-week time point at the

F IGURE 3 Bone volume is increased in defects treated with BM-MSC-seeded allografts, whereas connectivity density and BMD is improved
in iNCC-MPC-seeded allografts. Shown are the results of the μCT analysis of weeks 2, 4, and 8 relative to the day of the surgery. *P < .05;
**P < .01; ***P < .001. BM-MSC: n = 10, iNCC-MPC: n = 8, control: n = 5. μCT, microcomputed tomography; BM-MSCs, bone marrow-derived
mesenchymal stromal cells; BMD, bone mineral density; BV, bone volume; conn. dens., connectivity density; iNCC-MPCs, induced neural crest
cell-mesenchymal progenitor cells
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F IGURE 4 Partial bony bridging between allograft and host bone in the iNCC-MPC-Luc2 group. A, Cranial bones were harvested
postsacrifice at week 8 postsurgery. Shown are representative H&E stained slides that resulted from sagittal cuts through the allografts. B, IF
showing a DAPI, anti-Luc, and human osteocalcin or human collagen type 1 staining. AG, allograft; Col1, collagen type 1; FT, fibrotic tissue; HB,
host bone; NB, new bone; OC, osteocalcin. Small images on the bottom show the single channels of each IF staining. Scale bars indicate 100 μm
in all images. n = 3. AG, allograft; Col1, collagen type 1; DAPI, 4',6-diamidino-2-phenylindole dihydrochloride; FT, fibrotic tissue; HB, host bone;
IF, immunofluorescence; iNCC-MPCs, induced neural crest cell-mesenchymal progenitor cells; NB, new bone; OC, osteocalcin
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VOI (implant-host interphase). Similar to our study, an increase in BV in

rat cranial defects in response to application of BM-MSCs combined

with a collagen membrane was shown between 6 and 10 weeks.64 In

contrast, addition of MSCs to polyetherketoneketone scaffolds did not

improve the BV at the defect site in calvarial sheep defects.65 Differ-

ences may be due to the animal model, defect size, and performance of

the carrier itself. To achieve solid bone fusion, other measures such as

BMD and bone microarchitecture play an important role.66 BMD has

been shown to be a consistent predictor of bone strength for cortical

bone in rat.67 Furthermore, BMD values correlate with improvements

in bone microarchitecture,66 including connectivity density.68 These

findings indicate an enhanced bone quality in the iNCC-MPC-Luc2

group compared to the BM-MSC-Luc2 group.

To determine and compare functional load bearing between cra-

nial implants, biomechanical push-out testing was performed. While

calvaria are subjected to minimal biomechanical stresses during nor-

mal activities of daily living, it is important that regenerated calvarial

bone can sufficiently withstand the large deforming forces that occur

during a traumatic event to ensure the underlying neurological struc-

tures are adequately protected. In addition, the biomechanical testing

data helps validate the qualitative and quantitative μCT differences

observed between groups. On average, iNCC-MPC-coated implants

had greater strength and stiffness compared to both uncoated and

BM-MSC coated cranial implants with values that were comparable to

naïve cranial samples. This suggests the improved graft integration, as

demonstrated by increased BMD and connectivity density in iNCC-

MPC seeded implants, translated to improved biomechanical proper-

ties and functional outcomes.

Histological evaluation of the implant-host bone interphase dem-

onstrated partial bone bridging in the iNCC-MPC-Luc2 group,

whereas only fibrotic bridges were observed in the BM-MSC-Luc2

and control groups at 8 weeks after surgery. While the iNCC-MPC-

Luc2 group performed better than the other groups, the bone bridging

success was still suboptimal. A possible explanation to that might be

the lack of exogenous osteoinductive factors in this study. For exam-

ple, BM-MSC-seeded BMP-6/nHAG/GMS scaffolds significantly

accelerated new bone formation in an 8 mm calvarial defect in rat.69

However, addition of osteogenic factors like bone morphogenetic

proteins increases the complexity of the treatment and may cause

additional difficulties on the path to clinical translation due to previ-

ously reported side effects associated with BMPs.70

Differences between BM-MSC-Luc2 and iNCC-MPC-Luc2 groups

in vivo, but not in vitro, might be due to similar cell intrinsic capacities

but different cell responses to an in vivo environment comprising

bone of mesodermal and neural crest origin. While BM-MSCs may

respond to these signals by an increase in factors leading to a higher

BV, iNCC-MPC-Luc2 may rather respond by an expression of factors

that stimulate the bone's microarchitecture. Mechanisms that were

postulated involve fibroblast growth factor (FGF), BMP, Wnt, and

transforming growth factor beta (TGF-β) signaling, and were shown to

F IGURE 5 Biomechanical properties are improved in calvarial defects treated with -Luc2-seeded iNCC-MPC allografts. A, Top: A 3D printed
bottom plate matching the curvature of the cranium was aligned to the accommodate the pin of the biomechanical testing machine. Bottom: A
3D printed top plate was added and fixated with screws. Shown are (B) the maximum force and (C) the stiffness of the experimental groups and
intact controls. *P < .05; **P < .01. Allograft: n = 10, BM-MSC: n = 9, iNCC-MPC: n = 10, intact: n = 10. BM-MSCs, bone marrow-derived
mesenchymal stromal cells; iNCC-MPCs, induced neural crest cell-mesenchymal progenitor cells

806 GLAESER ET AL.



be differentially and even inversely activated in neural crest-derived

and mesoderm-derived calvarial bone.23

5 | SUMMARY AND CONCLUSION

In summary, this study demonstrates that seeding of decellularized

allografts with MSCs derived from iNCCs enhances cranial allograft

integration into host bone compared to allografts seeded with bone

marrow-derived MSCs and allografts only. This was shown by an

improved bone microarchitecture and by bone bridging at the inter-

phase between host bone and allograft. The suggested mechanism

involves stimulation of the iNCC-MPC-Luc2 cell function in the cranial

bone environment because no difference in cell marker expression

and cell function between BM-MSC-Luc2 and iNCC-MPC-Luc2 were

detected in vitro. Evidence of cell viability along with an expression of

human osteogenic markers indicates a direct contribution of the cells

to the new bone formation. However, release of cell signals may also

stimulate the host environment to form new bone.

Based on our results, iNCC-MPCs may be a potential candidate for

repair of cranial defects, especially in the frontal bone, because it is neu-

ral crest-derived. While iNCC-MPCs may be more potent when placed in

this environment, BM-MSCs may be more efficient in repairing distinct

parietal defects. Indeed, successful rat calvarial defect regeneration in

response to implantation of human BM-MSC spheroids into parietal

bone was shown.71 However, this hypothesis should be evaluated in

more detail in future studies. Furthermore, the mechanism of induction

of new bone in response to the cell seeded allografts should be tested.

This study is not without limitations: about 40% of the animals

receiving surgery could not be included. Seventeen percentage of the

animals did not wake up from anesthesia, which occurred at different

time points (surgery, BLI, or μCT). In this study, the mice were anesthe-

tized by an IP injection of ketamine/dexmedetomidine. Although we

tested the dosing carefully prior to study start, several animals did not

tolerate the anesthesia during the 8-week follow-up period. Five per-

centage of the animals died during the surgery from bleeding. Since the

mouse cranium is very thin, bleeding can easily happen when drilling

the skull. Seventeen percentage were excluded from the analysis due to

implant shifting. Clinical grade fibrin glue was used for implant fixation,

as it is known to be a nontoxic. However, it did not prevent graft

shifting in several cases, as verified by μCT 3D image reconstruction at

day 0. Consequently, these animals were excluded from the study. Also,

our study compared primary BM-MSC with induced iNCC-MPCs. While

the significant difference in the ossification characteristics exhibited by

those two cell types are likely due to differences in their developmental

origin, it cannot be excluded that cell processing contributed to this

effect. In future studies, iMSCs43 from a matching donor should be used

for comparison with iNCC-MPCs to draw more specific conclusions.
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