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Abstract

Cell populations and their interplay provide the basis of a cell-based regenerative con-

struct. Serum-free preconditioning can overcome the less predictable behavior of serum

expanded progenitor cells, but the underlying mechanism and how this is reflected

in vivo remains unknown. Herein, the cellular and molecular changes associated with a

cellular phenotype shift induced by serum-free preconditioning of human periosteum-

derived cells were investigated. Following BMP-2 stimulation, preconditioned cells dis-

played enhanced in vivo bone forming capacity, associated with an adapted cellular

metabolism together with an elevated expression of BMPR2. Single-cell RNA sequencing

confirmed the activation of pathways and transcriptional regulators involved in bone

development and fracture healing, providing support for the augmentation of specified

skeletal progenitor cell populations. The reported findings illustrate the importance of

appropriate in vitro conditions for the in vivo outcome. In addition, BMPR2 represents a

promising biomarker for the enrichment of skeletal progenitor cells for in vivo bone

regeneration.
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1 | INTRODUCTION

Cell-based constructs represent an attractive alternative strategy for

restoring the function of damaged organs or tissues where currently

no reliable treatment is available today.1–3 Key in the construct's suc-

cess lies in a bioinspired design, typically based on appropriate and

potent progenitor cells, which upon stimulation and implantation

direct tissue repair together with the available host environment to

facilitate integration.4,5 In consequence, the cell source may define

the tissue-forming potential of the construct, whereas a carefully

developed manufacturing process with appropriately selected culture

and priming conditions appears primordial. Nonunion bone fractures

are typically caused by a lack of a sufficient number of appropriate

progenitor cells to bridge the defect.6 With this principle in mind for

the treatment of large long bone defects, human periosteum-derived

cells (hPDCs) represent a clinically relevant source of progenitor cells

due to their crucial role in postnatal fracture healing.7,8 Similarly to in

vivo fracture healing in mice,9 in vitro expanded hPDCs delivered on a

ceramic scaffold require active bone morphogenetic protein (BMP)-

signaling during ectopic in vivo bone formation.10 Notably, exogenous

BMP-stimulation could further enhance the bone forming capacity.11

Moreover, it was reported that the osteochondrogenic potential of in
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Significance statement

A critical number of in vitro expanded progenitor cells pro-

vide the key driving force in a cell-based regenerative con-

struct. Standard expansion protocols highly affect the initial

cellular phenotype due to the focus on fast expansion rather

than on the maintenance of the progenitor potential. This

article describes a serum-free preconditioning regime of in

vitro expanded human periosteum-derived cells that lead to

a progenitor cell with enhanced in vivo bone forming capac-

ity at the single cell level. This phenotype shift was associ-

ated with an adapted cellular metabolism and activation of

pathways and transcriptional regulators involved in bone

development and fracture healing, illustrating the impor-

tance of appropriate in vitro conditions for the in vivo

outcome.

vitro expanded hPDCs could be associated with elevated mRNA tran-

scripts of the BMP type 1 and type 2 receptors.12 This is of particular

interest since BMP-ligands are indispensable stimulatory factors in

the periosteum during fracture healing13 and signal through a complex

of type 1 (ALK1/ACVRL1, ALK2/ACVR1, ALK3/BMPR1A, and ALK6/

BMPR1B) and type 2 (BMPR2, ACVR2A, and ACVR2B) transmem-

brane serine/threonine kinase receptors. As such, the expression level

and availability of the BMP-receptors on a progenitor cell is crucial for

their ability to respond and undergo subsequent differentiation upon

BMP-stimulation.14

Unfortunately, this part is often a neglected parameter in the

preparation and characterization of cell-based constructs. Instead,

current progenitor markers are selected based on the cells' ability to

proliferate and differentiate under nonphysiological conditions.15,16

Indeed, the use of platelet lysate or serum may have a proliferative

effect, but involves an uncontrolled cocktail of factors introducing

issues with repeatability, potency, and control of the process.

Instead, serum-free culture systems were recently reported to stabi-

lize the quality and the purity of the cell population.17 As an out-

come, these features can improve reliability, reproducibility, and

robustness of the manufacturing process and be more predictive of

the in vivo outcome.

In the present study, we elucidate the mechanism of the improved

biological potency of serum-free preconditioning of serum-expanded

hPDCs, resulting in elevated ectopic and orthotopic bone forming capac-

ity depending on active BMPR2-signaling. Detailed analysis by single-cell

RNA sequencing confirmed that preconditioning induced a phenotype

switch, potentially reflecting the regenerative activation of the progenitor

cells as well as a clear shift in cellular metabolism. Combined, the pres-

ented findings provide a detailed and novel characterization protocol of a

potent cell-based construct. We believe that these findings will inspire to

develop more relevant culture conditions for progenitor cells and function

as a guide regarding characterization strategies for regulatory bodies.

2 | MATERIALS AND METHODS

In vitro expanded hPDCs were preconditioned in a serum-free

chemically defined medium (CDM) or growth medium (GM) con-

taining 10% FBS as control for 6 days. Directly following

preconditioning, stimulation with BMP-2-supplemented CDM or

GM was carried out on monolayer cultures for an additional 6 days.

In vivo evaluation was performed ectopically and orthotopically in

NMRInu/nu mice. For this, cells were seeded onto CopiOs (Zimmer,

Wemmel, Belgium) CaP-matrices followed by implantation. In vivo

development of the implanted constructs was studied up to

8 weeks. Detailed materials and methods are provided in Supple-

mental Information. The ethical committee for Human Medical

Research (KU Leuven) approved all procedures, and the patient

informed consents were obtained. The animals were housed

according to the guidelines of the Animalium Leuven (KU Leuven).

Detailed materials and methods are provided in Supplemental

Materials and Methods.

3 | RESULTS

3.1 | CDM preconditioning causes metabolic
adaptation

The metabolism and physiology of progenitor cells are dependent on

their cell state and environment. Therefore, we initially investigated

the temporal profiles of progenitor and differentiation state in hPDCs in

terms of morphology and marker expression upon serum-free

preconditioning in a chemically defined medium (CDM) as compared

with standard serum-containing growth medium (GM) culture. During a

9-day culture period, CDM was confirmed to maintain viability without

cell proliferation while an upregulation of skeletal progenitor markers

was observed including Vascular endothelial growth factor receptor

(VEGFR), Platelet-derived growth factor receptor (PDGFR)β/α,

Vascular-endothelial (VE)-Cadherin (Figure S1). Upon supplementing

the GM or CDM with BMP-2 in the preconditioned hPDCs,

upregulated osteochondrogenic differentiation was seen in the CDM-

primed cells, as reflected by a significant upregulation of chondrogenic

markers SOX9, Collagen type (COLL)2 and COLL10 as well as for the

osteogenic markers Runt-related transcription factor (TF) (RUNX)2,

Osterix (OSX), and COLL1 (Figure S2). The temporal profiles of mRNA

transcripts showed that 6 days of preconditioning followed by 6 days

of BMP-2 priming induced a significant cellular adaptation and differ-

entiation when compared with serum containing conditions (Figures S1

and S2). In order to evaluate whether the shift in progenitor state was

also affected on metabolic level, we investigated the temporal adaptation

in metabolite concentrations in conditioned medium. In addition, we

evaluated mRNA transcript levels of markers involved in multiple meta-

bolic pathways during preconditioning and BMP-2 priming in CDM com-

pared with GM cultures. Measurements of glucose and lactate in the

conditioned medium revealed that hPDCs cultured in GM are highly gly-

colytic in comparison to CDM cultured cells (Figure 1A,B). At day 6, it

was shown that prolonged culture time further elevated the difference in
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F IGURE 1 Adapted metabolism in chemically defined medium (CDM)-cultured cell populations. Analysis of metabolites in conditioned
medium and mRNA transcript analysis of metabolic markers in preconditioned and BMP-2 primed cells in CDM or growth medium (GM).
Measurements of glycolytic metabolites in conditioned medium: glucose (A), lactate (B), ratio lactate:glucose (C), and pyruvate (D). mRNA
transcript analysis of associated markers GLUT1 (E), HK1 (F), PYGL (G), IDH2 (H), SDHA (I), ATP5O (J), and PRPS1 (K). Measurements on the
conditioned medium for amino acid metabolism: glutamate (L), glutamax (M), NH3 (N), and mRNA transcript analysis of GLS1 (O). Trajectory
analysis displaying the relative gene expression of HK1, IDH2, PYGL, GLS1, SDHA, ATP5O, and the mitochondrial (MT) genes CYB, ND3, ATP6 vs
pseudotime (P). Statistical significance: P-value: * < .05, ** < .01, *** < .001 or # < .05, ## < .01, ### < .001 to GM (A, B, D, L, M, N) or day 0 (E-
K, O)
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glycolytic activity, as indicated by a strong increase in the lactate:glucose

ratio (Figure 1C). The glycolytic activity coincided with increased pyru-

vate uptake (Figure 1D) and was reflected on the gene expression level

by increased expression of glucose transporter 1 (GLUT1) at day 3 and

hexokinase 1 (HK1) by day 6 (Figure 1E,F). In addition, the elevation in

glycogen phosphorylase liver isoform (PYGL) expression levels indicated

the potential recruitment of glucose from the glycogen stores to maintain

the energy balance in the CDM cultured cells (Figure 1G). Interestingly,

the addition of BMP-2 to the medium induced higher glucose consump-

tion in GM cultures but did not affect the overall glucose:lactate ratio,

suggesting that the cells remained strongly glycolytic. This view was fur-

ther reinforced by the increased expression of GLUT1 and HK1. Of note,

the strongly increased uptake of glucose at day 6 of BMP stimulation

was accompanied by a decreased uptake of pyruvate.

These results suggested that preconditioning in CDM led to cells

becoming less glycolytic, as reflected by the lactate:glucose ratio. In

addition, the expression of PYGL was strongly enhanced, further indic-

ative of glycogenolysis. Moreover, the increased pyruvate uptake

combined with the elevated expression levels of isocitrate dehydroge-

nase (IDH2), succinate dehydrogenase subunit A (SDHA), and ATP

F IGURE 2 Elevated in vivo bone formation by in vitro BMP-2 stimulated human periosteum-derived cells (hPDCs) under serum-free
conditions. Upon in vivo implantation of in vitro BMP-2 stimulated hPDCs seeded onto CopiOs scaffolds at 50,000 cells/mm3, constructs

scanned by nano-CT for 3D visualization displayed mineralized tissue after 4 weeks of implantation (red arrows), but not in nonstimulated
controls where only scaffold remnants were seen (green arrows) (A). Quantification of mineralized tissue normalized to total explant volume (B).
The mineralization in constructs containing serum-free stimulated hPDCs had started at 2 weeks (C) whereas a more mineralized and dense tissue
was seen in the same condition after 8 weeks (D). Quantification confirmed a higher percent of mineralized tissue at week 8 (E). Qualitative
analysis after 4 weeks confirmed bone formation in constructs containing BMP-2-stimulated cells by hematoxylin and eosin (H&E) staining (black
arrows) whereas remodeling of the newly formed bone was confirmed by a TRAP staining (blue arrows) (F). In the BMP-2/CDM condition,
Masson's trichrome (MT) staining confirmed presence of mature bone regions (green arrows) and bone marrow formation (red arrows). The
appearance of early mineralized tissue after 2 weeks in the BMP-2/CDM-condition was confirmed by MT staining (black arrows) while graft
contribution was depicted by hOCN (G). nano-CT scans upon 4 weeks implantation of CaP-matrix seeded with 37.5, 25, and 12.5 × 103 primed
hPDCs/mm3 scaffold (H) and quantified mineralized tissue formation (I). H&E and MT confirmed bone (black arrows) and bone marrow (gray
arrows) while Alcian blue (AB) staining confirmed GAG rich areas (gray arrows) (J). Statistical significance: P-value: * < .05, ** < .01, *** < .001 and
#< .05 to week 4. Scale bar: A-D: 250 μm; F-G: 20 μm H&E, MT, and hOCN, 50 μm TRAP; H: 1 mm; J: 100 μm
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synthase subunit 5O (ATP5O) (Figure 1H-J) suggest a shift toward oxi-

dative phosphorylation as a main source of energy. Unsupervised con-

struction of an inferred pseudotime trajectory using Monocle218 on

single-cell RNA sequencing data supported the transitional

upregulation of HK1, IDH2, PYGL, and SDHA together with

upregulation of mitochondrial genes MT-CYB, MT-ND3, and MT-ATP6

upon transfer from GM cultures to CDM (Figure 1P). This potential

adaptation continued upon BMP stimulation, with a decreased depen-

dence on glycogen. Interestingly, BMP-2 induced increased gene

expression of phosphoribosyl pyrophosphate synthetase 1 (PRPS1)

(Figure 1K) indicating increased de novo nucleotide biosynthesis and

potentially an increased need for reductive potential through the pen-

tose phosphate shunt.

Taken together, these data indicate that hPDCs are highly glycolytic

during expansion in GM, which is largely unaffected by BMP stimulation

under serum containing conditions. Conversely, preconditioning in CDM

appears to abrogate glycolytic activity to induce a shift toward oxidative

phosphorylation, potentially accompanied by recruitment of the glycogen

stores.

Analysis of the amino acid metabolism demonstrated a high pro-

duction of glutamate during expansion in GM (Figure 1L). At day 6 of

expansion, cells in GM displayed increased glutamine uptake and NH3

production (Figure 1M,N), suggesting that the increased concentra-

tions of glutamate are converted from glutamine. However, BMP

stimulation reduced the production of glutamate and NH3, while

increasing glutamine consumption and expression of glutaminase

(GLS1) (Figure 1O). Consequently, BMP-2 appears to increase the

need for reductive potential and stimulates nucleotide synthesis, but

does not affect energy homeostasis.

3.2 | Enhanced in vitro differentiation resulted
in elevated ectopic in vivo bone formation

To evaluate the enhanced differentiation potential and the altered

metabolic profile seen in CDM cultures, BMP-2 primed cells were

seeded onto a CaP-matrix with no in vivo bone forming capacity when

seeded with nonprimed hPDCs. Subsequently, constructs were

implanted in an ectopic NMRInu/nu mouse model for 4 weeks. Analysis

of 3D reconstructed nano-CT scans displayed various tissue formation

profiles by the different constructs (Figure 2A). Both CDM and GM

cultures supplemented with BMP-2 displayed de novo formation of

mineralized tissue (red arrows, Figure 2A). Of note, the newly formed

tissue was both larger and more homogeneous in the CDM condition.

In control explants seeded with preconditioned but not BMP-2 stimu-

lated hPDCs, only remnants of CaP-grains from the scaffold were

seen (green arrows, Figure 2A). Upon quantification, a 10-fold higher

amount of mineralized matrix was observed at 4 weeks in constructs

seeded with hPDCs treated with BMP-2 supplemented CDM, as com-

pared to constructs containing cells stimulated under GM conditions

(Figure 2B). Due to the clear difference in de novo formed bone in

CDM-BMP-2 cultures, explants at 2 and 8 weeks were investigated.

Mineralized tissue was detected from 2 weeks on (Figure 2C). By

week 8, the bone tissue had fully matured (Figure 2D). Upon quantifi-

cation, there was an increase in mineralized tissue formation at week

4 and 8, as compared with week 2, in CDM cultures supplemented

with BMP-2 (Figure 2E).

Qualitative tissue analysis was carried out by histology and IHC.

At 4 weeks, de novo bone tissue was found in sections containing

BMP-2 stimulated cells, depicted by hematoxylin and eosin (H&E)

staining (black arrows, Figure 2F). Active remodeling was suggested

by areas positive for TRAP staining in the BMP-2 stimulated con-

structs (blue arrows). In BMP-2 supplemented CDM conditions, the

presence of areas of different maturity was confirmed by a Masson's

trichrome (MT) staining, as reflected by intensity in blue (black arrows)

for different densities and red stain for mature bone tissue (green arrows,

Figure 2G). Moreover, this staining displayed bone marrow infiltration

(red arrows) in the zones of early mineralized tissue (Figure 2G). Contri-

bution to de novo formed bone by the implanted cells was confirmed by

IHC for human osteocalcin (hOCN) (Figure 2G). In order to evaluate

whether the CDM preconditioned cells possessed higher bone forming

capacity per cell, reduced cell seeding density was evaluated using

37,500, 25,000, and 12,500 hPDCs/mm3 and compared with the initial

density of 50,000 hPDC/mm3 scaffold. Robust and homogenous bone

formation was seen when 37,500 hPDCs/mm3 was used while limited

bone formation was seen with 25,000 hPDCs/mm3 and no bone forma-

tion in the 12,500 hPDC/mm3 condition (Figure 2H-J and Figure S3). In

summary, these data indicate that the enhanced in vitro differentiation

capacity as a result of serum-free preconditioning could be correlated to

improved bone forming capacity in vivo where implanted cells formed

ectopic bone through the endochondral route.

3.3 | Healing of a critical size long-bone defect by
serum-free in vitro BMP-2 stimulated hPDCs

Based on the ectopic endochondral bone formation of the serum-free

in vitro primed cells, the orthotopic behavior was next assessed in a

critical size tibial defect in athymic mice. Upon implantation, the in

vivo behavior of the in vitro CDM-BMP-2 primed cells seeded onto a

CaP-carrier was analyzed by nano-CT, histology, and IHC at 2, 4, and

8 weeks. nano-CT analysis of week 2 explants displayed bridging of

the defect by a mineralized tissue (Figure 3A). After 4 weeks, the

implant had undergone remodeling similar to a cartilaginous callus

since a more mineralized structure was seen. After 8 weeks, the frac-

ture was completely bridged and the typically larger intermediate frac-

ture callus was completely remodeled to the original bone's size and

mineralized content. Nonunions were confirmed in all controls up to

8 weeks after the creation of the defect (Figure 3B). H&E staining

confirmed that the fracture was filled with fibrous, nonmineralized tis-

sue (Figure 3C). Quantification of the reconstructed CT-scans dis-

played a large callus volume in the week 2 explants, which was

reduced with healing time (Figure 3D). In addition, quantification of

trabecular number displayed a larger number of trabecular bone spic-

ules in the early callus (Figure 3E). Interestingly, the trabecular thick-

ness increased with fracture healing time (Figure 3F). Qualitative
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F IGURE 3 Healing of a critical size bone defect by in vitro primed human periosteum-derived cells (hPDCs) when seeded onto a CaP-matrix.
hPDCs preconditioned in chemically defined medium (CDM) followed by priming in BMP-2 supplemented CDM and seeded onto a CaP-matrix
were implanted in a critical size tibial defect in mice. Fracture healing was investigated at week 2, 4, and 8 by nano-CT (A). The critical size defect
was confirmed by implantation of nonstimulated cells on the CaP-matrix (B) where hematoxylin and eosin (H&E) staining confirmed fibrous tissue
formation (C). Reconstructed nano-CT images were used to analyze callus volume (D), trabecular number (E), and trabecular thickness (F).
Histology confirmed endochondral fracture healing by Alcian blue (AB) staining visualizing GAG-rich areas (black arrows) (G) and quantification
(H). H&E staining visualizing de novo formed bone (gray arrows), Masson's trichrome (MT) staining confirming bone maturation (blue arrows)
(G) and quantification (I). TRAP staining displaying active remodeling (green arrows) and IHC for hOCN confirming contribution of the implanted
cells (white arrows) and quantification (J). Statistical significance: P-value: * < .05, ** < .01, *** < .001. Scale bar: A-B 1 mm; G: 100 μm
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assessment by Alcian blue staining confirmed the presence of a carti-

laginous fracture callus, rich in glycosylated glycosaminoglycans (GAG)

at week 2 (black arrows, Figure 3G). At week 4, a reduction in the

GAG-rich area was seen and completely vanished by week 8, con-

firmed by quantification (Figure 3H). H&E staining confirmed that the

cartilaginous callus present at week 2 became mineralized and trans-

formed into bone at week 4 (gray arrows), which further matured by

week 8, when also bone marrow was present (red arrows). MT

staining confirmed the presence of mature mineralized tissues (blue

arrows) at all time points. Of note, quantification confirmed that the

percentage of mature area increased with fracture healing time

(Figure 3I). Remodeling of the cartilaginous matrix was confirmed by

TRAP-staining at week 2 (green arrows). Active remodeling was taking

place at week 4 and became less pronounced at week 8. Active contri-

bution of the implanted cells was confirmed by IHC for hOCN at week

2 (black arrows) and at week 4, whereas only small positive areas were

present in week 8 explants, suggesting that predominantly host cells

contribute to the final remodeling and maturation of the bone tissue

(Figure 3J). Combined, these data confirm that in vitro priming of

hPDCs in CDM gives rise to more bone formation per cell when

seeded onto a CaP-matrix followed by in vivo implantation, and is suf-

ficient to heal a critical size tibial defect in mice.

3.4 | Single-cell RNA sequencing reveals a
phenotype switch upon CDM preconditioning

To better understand the underlying mechanism to the elevated bone

forming capacity followed by BMP-2 priming at the cellular level,

single-cell RNA sequencing (scRNA-seq) was performed in order to

obtain a high-resolution map of the hPDC transcriptome in response

to CDM preconditioning. Upon visualization in t-distributed stochastic

neighbor embedding (t-SNE) plots,19 a clear separation of hPDCs

expanded in GM from progenitors preconditioned in CDM could be

observed (Figure 4A). When performing a pseudobulk comparison of

F IGURE 4 Single-cell RNA sequencing reveals a phenotype switch upon chemically defined medium (CDM) preconditioning. Single-cell
transcriptomics on human periosteum-derived cells (hPDCs) expanded in growth medium (GM) for 6 days and preconditioned in CDM at day 6 revealed
a clear separation of the conditions (A). Genes found differentially expressed between both conditions in a pseudobulk analysis were characterized by
gene ontology terms related to osteochondral development (B). Graph-based clustering identified 29 different clusters which were categorized based on
their marker expression and marker-associated gene ontology (C). Relative expression of POSTN, CD34, BMPR2, and ACAN (D) with corresponding
pseudotime expression obtained via unsupervised ordering of hPDCs in GM (blue) and CDM (red) (E). An overview of selected ligand-receptor
interactions in the predominant subpopulations of both conditions (F). Circle size reflects P-value, and the mean of the average expression of interacting
molecules between clusters is indicated by color. CC, chondrogenic cell; CTC, connective tissue cell; OCP, osteochondral progenitor
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both conditions, gene ontology (GO) terms describing the upregulated

genes in CDMwere associated with skeletal development, stem cell pop-

ulation maintenance, cell fate commitment, and the BMP signaling path-

way (Figure 4B). We then performed graph-based clustering and

combined cluster-specific markers with their GO terms to annotate the

clusters from the CDM and GM population (File S1). This showed that

preconditioning in CDM enriches for gene expression profiles associated

with specified osteochondrogenic progenitors (Figure 4C and File S1).

Gene expression of markers for chondrogenic and osteochondrogenic

subpopulations in GM and CDM is shown in Figure 4D. Interestingly,

pseudotime analysis obtained via unsupervised ordering of hPDCs in GM

(blue) and CDM (red) displayed an increased expression corresponding to

the transition from GM to CDM (Figure 4E). Since functional BMP-

signaling is indispensable for bone regeneration, we next evaluated

the expression of BMP-type 1 receptors and BMPR2 across all cells

and noticed an increased expression profile among preconditioned

osteochondroprogenitor cell (OCP) subpopulations (Figure S5A,B). This

was confirmed by Fluorescence-activated cell sorting (FACS; Figure S5C-

E). Next, we hypothesized that this phenotype shift could be related to

an adaptation of the signaling pathway activity. Therefore, the Cel-

lPhoneDB repository20 was used to predict molecular interactions

between cell populations via specific ligand-receptor pairs to generate a

potential cell-cell communication network in GM and CDM (Figure 4D).

Connective tissue cells, the most abundant cell type in GM, were found

to interact predominantly by WNT and fibroblast growth factor. This was

abrogated in the OCPs, the most abundant populations in the CDM pop-

ulation. Instead, these cells demonstrated enhanced activity of the BMP,

NOTCH and PDGF signaling pathways. Since functional BMP-signaling is

indispensable for bone formation and fracture healing, we next evaluated

the expression of BMP-receptors in the specific clusters, which demon-

strated upregulation in the clusters containing osteochondral progenitors,

CD34+ progenitors, chondrogenic cells, and BMPR2+ osteochondral

F IGURE 5 Gene regulatory networks related to development and fracture healing underlie the phenotype of preconditioned human
periosteum-derived cells (hPDCs). A SCENIC-based t-SNE plot colored by gene regulatory network activity shows three predominant cell states
corresponding to the culture conditions and cycling cells (Ai), as defined by the binary regulon activity matrix (Aii). Subpopulations could be
identified based on individual regulons: the chemically defined medium (CDM) consists of a SMAD5/SOX9high and a RUNX2/POU5F1/
NANOGhigh population (B). The growth medium (GM) was enriched for serum-responsive transcription factors such as TEAD1 and ELK3 as well
as the RUNX2 suppressor STAT1
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progenitors (Figure 4D). Taken together, the preconditioning in CDM

appears to activate physiologically relevant pathways associated with the

progenitor cell response to in vivo fracture healing.

3.5 | Genetic signature and transcriptional regulation
of the CDM population

The adaptation of gene expression is the result of altered regulatory

activity; therefore, we aimed to characterize the TFs involved in the

phenotype shift. For this, SCENIC21 was used to map gene regulatory

network activity and cell states. This revealed three robust cell states

corresponding to the two culture conditions and cells undergoing

mitosis (Figure 5Ai). The state of the GM-cultured cells was driven by

TFs including serum-responsive TFs ETS-related transcription factor

(ELF)1/2, ETS like-1 protein (ELK3), and transcriptional enhancer fac-

tor (TEAD)1; whereas the state of the CDM preconditioned cells was

driven by TFs SMAD5, Sex determining region Y-box (SOX)4, SOX9,

and Runt-related TF 2 (RUNX2) (Figure 5Aii). The Homeobox-protein

(HOXD)11 regulon was predicted to be active in all cells independent

of conditions, in correspondence with the tibial origin of the original

periosteal biopsies from which the cells were derived. Moreover, a

potential gene regulatory network was identified in the CDM popula-

tion regulated by Msh homeobox (MSX)1, SOX4, and SOX9

(Figure S4A). By analyzing the individual activity of marker TFs, we

found two subpopulations in the CDM-preconditioned cells, charac-

terized by either SOX9, SMAD5, or RUNX2 activity. Interestingly,

cells with an active RUNX2 regulon appeared to also display enhanced

stemness, as seen by the POU5F1 (OCT4) and NANOG regulons

(Figure 5B). In contrast, STAT1high cells found in the GM cultured

population were predominantly negative for RUNX2, in accordance

with the literature.22 MSX1 and Paired Related Homeobox (PRRX1),

pivotal TFs during limb skeletal development were found in both con-

ditions, but enriched after CDM preconditioning. In addition, regulon

activity of SOX4, SOX9, MSX1, and RUNX2 appeared to correlate

with gene expression of BMP-receptors BMPR1A, BMPR1B, and

BMPR2, the PDGF receptors PDGFRα, PDGFRβ, and PDGFRL as well as

ligands from the NOTCH family (Figure S4B-E). This altered regulatory

landscape further elucidates the underlying mechanism of the

enhanced progenitor cell capacity observed in the CDM population,

suggesting the activation of a process that closely mimics the progeni-

tor response seen during in vivo fracture healing.

3.6 | BMPR2+ progenitors possess elevated
differentiation capacity

Next, we aimed to define a biologically relevant marker for the potent

progenitor population generated by the CDM preconditioning. BMP-

signaling was one of the processes that was frequently upregulated in

the CDM-clusters as seen by the GO analysis. Since BMP-ligands are

crucial during fracture healing and signal through a receptor complex,

we evaluated the expression of BMP receptors by flow cytometry in

the CDM and GM populations (Figure S5). BMPR2 displayed a signifi-

cantly higher expression in CDM cultures in terms of expressing cells,

as well as number of receptors per cell. In order to elucidate the

potency of the BMPR2+ hPDC population, FACS was used to enrich

for a BMPR2+ population after 6 days of CDM preconditioning

(Figure 6A). The purity of the BMPR2+ and BMPR2− populations was

confirmed by flow cytometry (Figure 6B). Next, the sorted BMPR2+

F IGURE 6 Enhanced differentiation and bone forming potential in BMPR2+-progenitors. BMPR2+ human periosteum-derived cells (hPDCs)
preconditioned in chemically defined medium (CDM) were sorted by flow cytometry (A) and purity was confirmed in BMPR2+ and BMPR2−

populations (B). Sorted cells were seeded for stimulation in BMP-2 supplemented CDM followed by mRNA transcript analysis for chondrogenic
(SOX9 and ACAN) (C) and osteogenic (RUNX2 and OSX) lineage markers (D) and marker for vascular recruitment (VEGF) and BMP-target gene ID1
(E). In vitro primed BMPR2+ hPDCs were then seeded onto a CaP-matrix at 25, 18.75, 12.5, and 6.25 × 103 cells/mm3 scaffold followed by
subcutaneous implantation. Reconstructed nano-CT images display three-dimensional (3D) images of de novo mineralized tissue and qualitative
analysis by hematoxylin and eosin (H&E), Masson's trichrome (MT) and TRAP of explants for bone (black arrows), bone marrow (red arrows), and
remodeling (blue arrows) harvested 4 weeks after implantation (F). Quantification of mineralized tissue volume (G), trabecular thickness (H), and
trabecular number (I). Statistical significance: P-value: * < .05, ** < .01, *** < .001. Scale bar: reconstructed 3D CT images: 500 μm,
histology: 50 μm
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and BMPR2− populations were cultured separately for another 6 days

in BMP-2 supplemented CDM and osteochondrogenic differentiation

was investigated by mRNA transcript analysis. Elevated mRNA tran-

script levels of the chondrogenic markers SOX9 and ACAN was seen

in the BMPR2+ enriched population when compared with the

BMPR2− population (Figure 6C). In parallel, elevated expression in the

BMPR2+ population was also seen for the osteogenic markers RUNX2

and OSX (Figure 6D), as well as for the vascular recruiter VEGF and

BMP target gene ID1 (Figure 6E).

In order to investigate whether the BMPR2+ enriched cell population

possessed elevated in vivo bone forming capacity compared with

unsorted cells, BMP-2 stimulated BMPR2+-cells were seeded onto a

CaP-matrix at densities for which we had previously established that

unsorted cells were incapable of forming bone (Figure 2H). These

F IGURE 7 Functional BMPR2-signaling is required for hPDC-mediated fracture healing. Human periosteum-derived cells (hPDCs)
preconditioned in chemically defined medium (CDM) was transfected with a HA-tagged overexpressing BMPR2 mutant functioning as an
inhibitor (Inh) followed by BMP-2 stimulation. Functional transfection was confirmed by Western blot (A) and overexpression of BMPR2 was
confirmed by mRNA transcript analysis up to 6 days (B). Analysis of impaired in vitro differentiation in the transfected cells (Inh and Inh + BMP-2)
was associated with decreased mRNA transcripts for ID1 (C) and chondrogenic markers SOX9 (D), COLL2 (E), ACAN (F), and osteogenic markers
RUNX2 (G), OSX (H), and COLL1 (I). Implantation of the transfected cells followed by BMP-2 stimulation and seeding onto a CaP-matrix in a
critical size tibial defect in mice impaired fracture healing, as visualized by nano-CT and histology for hematoxylin and eosin (H&E), Alcian blue
(AB), and Masson's trichrome (MT) at week 2 (J), week 4 (K), and week 8 (L). Statistical significance: P-value: * < .05, ** < .01, *** < .001. Scale bar:
reconstructed three-dimensional CT images: 1 mm, histology: 100 μm
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constructs, loaded with 25,000, 18,750, 12,500, and 6,250 primed

BMPR2+ hPDCs/mm3, were then ectopically implanted in a nude mouse

model. Bone formation was investigated 4 weeks after implantation by

nano-CT and histology. Reconstructed nano-CT scans displayed homo-

geneous and robust formation of de novo mineralized tissue at 25,000

and 18,750 hPDCs/mm3 scaffold, whereas homogeneous but less evenly

distributed bone was observed in 12,500 hPDCs/mm3 scaffold and only

limited mineralization was found in 6250 hPDCs/mm3 scaffold

(Figure 6F). Subsequently, de novo-formed bone was confirmed by histo-

logical analysis for H&E, MT, and TRAP. Quantification of the

reconstructed nano-CT images displayed increased de novo-mineralized

tissue formation with increasing cell seeding density (Figure 6G). More-

over, no difference between trabecular thickness could be seen between

the three bone forming conditions (Figure 6H). However, trabecular

number displayed elevated numbers with increasing cell seeding

(Figure 6I). Upon histological evaluation, robust bone formation was con-

firmed in conditions containing 25,000 and 18,750, limited in 12,500

while none in 6250 hPDCs/mm3 CaP matrix (Figure 6J). Combined,

these data suggest that BMPR2 represents a relevant marker to be used

for the enrichment of a potent bone-forming population of in vitro-

expanded periosteum derived progenitor cells.

3.7 | Functional BMPR2 expression is crucial for
hPDC-mediated fracture healing

The importance of the upregulated functional expression of BMPR2 in

CDM cultures was investigated by transfecting CDM preconditioned

hPDCs with a BMPR2 mutant, functioning as a silencer when over-

expressed. Functional transfection was confirmed by Western blot for

the HA-tagged BMPR2 mutant on protein level (Figure 7A). In addition,

mutant BMPR2 overexpression was confirmed in the transfected cells

(Inh) on mRNA transcript level 16 hours after transfection. This over-

expression was stable for at least 6 days, which represents the time of

preconditioning (Figure 7B). Expression of ID1, a target gene of the BMP

signaling pathway, confirmed the loss of BMP responsiveness in trans-

fected hPDCs (Figure 7C). Thereafter, transfected cells were stimulated

in BMP-2 supplemented CDM for 6 days. A twofold downregulation of

the chondrogenic marker SOX9 was seen in the transfected cells

(Figure 7D). Analysis of the cartilaginous matrix marker COLL2 displayed

an over 10-fold downregulation (Figure 7E). In addition, ACAN displayed

a fourfold decrease in the cultures transfected with the BMPR2 mutant

(Figure 7F). Analysis of RUNX2 and OSX also displayed an inhibition in

the transfected cells upon BMP-2 stimulation (Figure 7G,H). Moreover,

the osteogenic matrix marker COLL1 displayed an over fourfold down-

regulation in the transfected cells upon BMP-2 stimulation (Figure 7I). By

seeding the transfected, BMP-2–stimulated cells onto a CaP matrix

followed by implantation into a critical size tibial defect in nude mice, the

fracture healing potential was investigated. Analysis 2 weeks after

implantation displayed no formation of a mineralized callus (Figure 7J).

At 4 weeks, some mineralized zones could be seen, without any connec-

tion between the formed spicules (Figure 7K). At week 8, impaired frac-

ture healing was confirmed since no bridging of the two bone ends could

be observed (Figure 7L). Combined, these data suggest that functional

BMPR2-signaling is crucial for the osteochondrogenic and bone forming

capacity in CDM preconditioned hPDCs.

4 | DISCUSSION

The success of cell-based constructs developed for regenerative medi-

cine has been hampered largely due to a nonreliable in vivo biological

potency of the implant.23 This has been associated with a lack of in depth

characterization of the in vitro product and its relation to in vivo potency.

In terms of cell-based constructs, the cells provide the driving force for

the construct's tissue forming capacity by direct or paracrine contribu-

tions to the newly formed tissue.3 Consequently, nonreliable behavior of

the construct has been associated with a lack of control over progenitor

cell commitment during the in vitro preimplantation stage, due to non-

optimal culture conditions.15,24,25 Herein, we characterized the mecha-

nism on a cellular, molecular, and transcriptional basis of an improved

differentiation capacity generated by serum-free preconditioning of in

vitro-expanded hPDCs. Captivatingly, we also explored at the single-cell

level how the preconditioned cells underwent a phenotype switch

toward more potent skeletal progenitor cells.

Upon seeding the serum-free preconditioned and in vitro BMP-2

primed cells onto a CaP-matrix followed by in vivo implantation, a sig-

nificantly higher bone forming capacity was seen as compared with

GM conditions. In addition, the bone forming process was shown to

follow the endochondral pathway, in line with a bioinspired healing

strategy for the treatment of long bone fractures.4 This was further

confirmed since implantation into a critical size long bone defect in

mice displayed fracture healing through the formation of an interme-

diate cartilaginous callus with successful bridging within 4 weeks after

implantation. This potent effect of a short in vitro priming period dis-

plays how powerful the right combination of progenitor cells and

preconditioning followed by stimulation can be. This is of notable

interest for pleiotropic growth factors such as BMP ligands, for which

the safety has been debated in recent years due to the implantation

of supraphysiological doses.26 The potency of solely in vitro priming

on the other hand has shown limited success due to insufficient tissue

formation in vivo,27 likely due to a heterogeneous and noncommitted

progenitor population.28 In attempts to overcome this, prolonged dif-

ferentiation time increases the maturity thus potentially also in vivo

tissue formation, but challenges integration at the defect site upon

implantation.28,29 The herein presented in vitro priming of progenitor

cells generates a clear enrichment in specified skeletal progenitors.

This leads to secretion of crucial signaling molecules that upon implan-

tation can function in a paracrine signaling manner with both graft-

and host-derived progenitors, allowing for full integration and further

remodeling at the fracture site.12

Recruitment of osteochondrogenic precursor cells to the fracture site

relies on a strictly controlled temporal and spatial chemotactic navigation

of signals. In this setting, secreted growth and differentiation factors play

a crucial role.12,30–34 Commonly, these soluble factors signal through cell
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surface receptors. Subsequently, the stimulatory effect of the growth

factor ligand is directly correlated to the presence and availability of the

specific receptors on the cell surface.35 Once signaling is activated, the

combined effect of the growth factors affects progenitor cell migration,

proliferation, lineage determination, differentiation, survival, and/or activ-

ity. Therefore, it can be speculated that expressed signaling pathway

receptors, not yet occupied by cell-secreted growth factors, may be

interesting markers for the enrichment of a more specified progenitor cell

population.36 Through a detailed characterization, we could define

BMPR2 as a cell surface marker associated with the increased

osteochondrogenic potential seen in the CDM preconditioned cells, but

not yet fully used by growth factors secreted by the cells. The elevated

capacity induced by BMP-2 stimulation was further supported by an

increased expression of VE-cadherin, a molecule shown to stabilize the

BMP-receptor-ligand complex.37 In addition, in vivo implantation of the

BMPR2+ sorted hPDCs confirmed the increased cell differentiation

potential. This was shown by maintained bone forming capacity with

reduced cell seeding density, since sufficient cell numbers have been

proven crucial for a construct's bone forming capacity.38 In line with

previous findings, a further reduction in cell numbers imperiled reliable

bone formation.39 Furthermore, when BMPR2 was silenced through

dominant negative BMPR2 (dnBMPR2) expression, compromised in

vitro differentiation and in vivo bone formation were seen. Down-

stream BMPR2 signaling is determined at the cell membrane level sub-

jected to the formation of heterodimer/homodimer complex formation

with the type 1 receptor, and the complex inducing or subsequent bind-

ing of the BMP-2 ligand.40,41 It is not clear at what level the dnBMPR2

affected this complex formation in the investigated cells. However, due

to the significantly reduced differentiation capacity seen in the investi-

gated cells, it is anticipated that the downstream signaling from poten-

tial homo- as well as heterodimers was affected. Of note, the crucial

importance of BMPR2 in periosteal cells is in line with previous

research where BMPR2 was shown to be expressed by cells associated

with fracture healing.42 Of particular interest, BMPR2 was specifically

strongly expressed by cells located within the thickening of the perios-

teum adjacent to the fracture 3 days after fracture.

During fracture repair, resting progenitor cells from the periosteum are

recruited to the fracture site to undergomassive proliferation and differen-

tiation upon the accurate signaling instructions.42,43 In this setting, their

energy and redoxmetabolism is adapted in order to survive in hypoxic and

nutrient deprived conditions.43 These adaptationswere previously charac-

terized in mouse PDCs.44 Interestingly, hypoxic culture conditions were

shown to provoke recruitment of the glycogen stores to maintain the

energy balance. Concomitantly, redox homeostasis was preserved by

increased uptake of glutamine, which was subsequently converted into

glutamate by GLS1 for glutathione biosynthesis. These combined adjust-

ments resulted in increased cell survival and bone forming capacity in vivo.

Preconditioning in CDM followed by stimulation with BMP-2 seems to

induce a similar metabolic adaptation, as gene expression of the glycogen

recruiting protein PYGL was significantly increased. Moreover, addition of

BMP-2 appeared to impose an increased demand for reductive potential,

reflectedby the elevated transcriptionof PRPS1 andGLS1.

To confirm whether the enhanced cell potency was due to cellular

reprogramming at the single cell level, single-cell RNA sequencing was

performed. Interestingly, preconditioning in CDM was demonstrated

to induce a clear phenotype switch with elevated expression of

markers and signaling clusters associated with skeletal system devel-

opment, tissue regeneration, stem cell maintenance, cell fate commit-

ment, and the BMP-signaling pathway. Upon clustering of the

complete data set, it was shown that the individual clusters from

CDM origin displayed elevated markers and processes related to

osteochondral progenitor cells. On the other hand, the majority of the

GM-originated clusters displayed markers and elevated processes

related to connective tissue, once again confirming the more homoge-

nous and osteochondro-specific progenitor commitment in the CDM

population. Detailed analysis on the transcriptional level confirmed

upregulated and active involvement of the regulon SOX4, SOX9,

MSX1, and RUNX2 regulons to the enhanced potential in the CDM

population. These data are in line with recent findings mapping the

hierarchy of human skeletal stem and progenitor cells present in the

human foetus, but also activated during postnatal fracture repair.45

However, the preconditioned progenitors described and characterized

herein are most likely further committed in their osteochondrogenic

specification, since the majority of the cells do not proliferate in the

absence of BMP-2.

In conclusion, our findings suggest that the CDM preconditioning

of hPDCs induced a phenotype switch of the in vitro serum expanded

progenitor cells, leading to a more potent bone forming cell popula-

tion when assessed in vivo. Interestingly, cell characterization was

associated with an elevated expression of markers related to limb

development and fracture healing. Specifically, the presence and

activity of BMPR2 appears crucial for the improved in vivo bone for-

ming capacity of the cells. In addition, the improved cell differentiation

was associated with a cellular switch toward a more efficient metabo-

lism, potentially related to the elevated resistance to harsh conditions

as encountered during in vivo implantation. These findings support

the importance of the appropriate design and development of cell-

based constructs. Moreover, the presented data reflect how crucial

the in vitro culture conditions are for the in vivo outcome and hence

open up new opportunities and perspectives for the characterization

and regulation of cell-based products.
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