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Abstract

The field of skeletal tissue engineering has in recent years been transformed by the
identification of specific skeletal progenitor cell populations and their role in bone
fracture healing. Specifically, progenitor cells residing within the periosteum have
been shown to be crucial for bone regeneration. Importantly, this is not a phenom-
enon performed by one common progenitor cell, instead, distinct skeletal progen-
itor cell populations have been identified within the periosteum, shown to also
contribute to different aspects of tissue repair. These findings represent major steps
in the field of regenerative medicine, since there is currently no reliable treatment
for patients with a failing endogenous repair system. Therefore, insights regarding
the specific cell populations and factors that steer their homing and differentiation
in vivo can aid in the development of optimized and personalized engineered
treatment strategies. In this chapter, we highlight the crucial role of periosteum-
derived cells in bone development, homeostasis, and repair. We next provide an
overview of the periosteum-residing skeletal progenitor cells identified so far and
their role in bone regeneration. Subsequently, we discuss the required steps to
isolate and expand periosteal cells in vitro, and the current state of the art in the use
of periosteum-derived cells for bone formation and regeneration following the
intramembranous, endochondral, or osteochondral tissue repair route. Finally, we
present an overview of periosteal cells in the preclinical and clinical setting and
discuss their future potential.

1 Introduction

Cell-based strategies in regenerative medicine have emerged as promising treat-
ment alternatives when the patient’s intrinsic regenerative potential is hampered
(Bianco et al. 2013). Yet, the majority of developed products still faces difficulties
in the translation of in vitro findings to more clinically relevant in vivo settings. It
has been suggested that one of the major reasons for this is the limited attention
paid to the mechanism of action in the natural healing process of the damaged
tissue of interest (Bianco et al. 2013; Heathman et al. 2015). In general, the cell
population(s) of choice provides the driving force of the “living” implants regen-
erative capacity. Thus, the success of a cell-based construct highly relies on the
choice of (a) potent and reliable progenitor cell population(s) able to form the
required tissue, together with the subsequent stimulatory cues to frame and support
these cells. As a result, the current lack of convincing clinical success in available
therapies may be an issue related to the lack of a solid scientific basis supporting a
quality by design. To deal with this, the developmental engineering principle has
been proposed and gained attention by fusing concepts from developmental biol-
ogy with engineering principles (Ingber et al. 2006; Lenas et al. 2009a, b). The
concept of developmental engineering initiated a paradigm shift in the field of
regenerative medicine. Instead of developing constructs resembling the original
healthy tissue, scientists have now started developing treatments recapitulating

102 J. Bolander et al.



events in healthy tissue regeneration in order to overcome the existing limitations
present in a compromised environment.

A crucial aspect when designing a cell-based regenerative construct is defined as
having sufficient knowledge with regards to the anatomical and physiological
properties of the original tissue to be restored or replaced. Thereafter, critical factors
required for the regeneration should be combined to develop a functional,
engineered solution for a well-defined clinical problem. With this in mind, the
chosen factors (i.e., cells, stimulatory factors, 3D matrix) used in the development
of a cell-based construct should therefore be inspired by the essential or even crucial
factors required and sufficient for a natural healing process.

Bones represent unique organs in the human body due to their capability to
regenerate upon damage without scar tissue formation. However, when the fracture
environment is compromised, for instance, due to the large size, the patient has an
impediment of the natural repair system (disease, genetic disposition, poor life style)
or the surrounding environment including vascularity is severely affected, additional
repair strategies are required for successful healing. Examples include massive
trauma, but can also arise secondary, such as after osteosarcoma resection surgery
or in patients with co-morbidities such as diabetes, and may lead to the development
of a nonunion. Unsuccessful treatment of a nonunion leads to significant loss of
mobility and independence with substantial loss in quality of life. In addition,
prolonged hospitalization and work incapacity primes towards a large economic
burden for the patient as well as society. Unfortunately, prolonged failure to regen-
erate the defect may even lead to amputation of the limb.

In recent years it has been established that the periosteum is not only largely
involved in bone strength maintenance, and its preservation is crucial for normal
bone repair (Duchamp de Lageneste et al. 2018). Consequently, periosteal cells have
gained an increasing interest from an engineering perspective for skeletal tissue
engineering purposes. The inner cambium layer of periosteum contains a heteroge-
neous cell population including fibroblasts, endothelial, and progenitor cells. The
population of progenitor cells can be further separated based on their fate commit-
ment. Even though it can be hypothesized that the detailed identification of the
specific populations of skeletal progenitor cells present in the periosteum has just
started, several specific progenitor cell populations have recently been identified that
contribute to intramembranous bone formation and endochondral fracture healing
and are listed in Table 1. Upon isolation of periosteum derived cells (PDCs), the
heterogeneous and plastic-adherent populations are expanded and exhibit great
clonogenicity, growth, and differentiation capacity. Even though their bone forma-
tion potential has been confirmed to exceed those of the more commonly used
progenitor cells such as bone marrow stromal cells or adipose tissue derived
progenitor cells (Agata et al. 2007; Colnot 2009; Hayashi et al. 2008; Yoshimura
et al. 2007), only a fraction of research publications in the field of skeletal tissue
regeneration report the use of PDCs. This is most likely due to limited access.

The periosteum is easily accessible once a fracture occurs, but the periosteum’s
critical role in fracture healing limits the maximum size of the biopsy, in order not to
jeopardize the healing. Therefore, the use of human periosteum derived cells for
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research purposes is limited to settings where an orthopedic surgeon or
traumatologist is committed and able to collect a limited sample. Post-mortem
collection can be an alternative, but requires the ability to collect the sample within
6 hours and requires additional administrative procedures and ethical approval in
most countries. Upon successful collection and in vitro expansion of periosteum
derived cells, several interesting and innovative routes have been undertaken in vitro
and in vivo to utilize and understand the unique ability of PDCs to improve or restore
the regenerative potential of bone defects.

2 Primary Cells: Periosteal Cells

The bony skeleton has a remarkable regenerative potential, generated by pools of
skeletal stem and progenitor cells which differentiate into bone and cartilage to
consolidate fractures. An essential source of these cells is the periosteum, the tissue
which envelops nearly every bone. The periosteum is involved in bone growth,
remodeling, and repair. In this chapter, we summarize the current knowledge on
bone regeneration, the role of the skeletal stem and progenitor cells in this process,
and the periosteum as a source thereof and their application in tissue engineering.

Table 1 Overview of skeletal stem cells identified so far

Skeletal stem cells identified in mouse

Candidate markers
Location of
discovery Reference

CD45� Ter119� Sca1+

PDGFRα+
Perivascular
cells

(Morikawa et al. 2009)

CD146 Perivascular
cells

(Sacchetti et al. 2007)

Nestin (overlapping with LepR) Perivascular
cells

(Isern et al. 2014; Kunisaki et al. 2013;
Mendez-Ferrer et al. 2010; Ono et al.
2014)

Grem1 Growth plate
and
metaphysis

(Worthley et al. 2015)

CD45� Ter119� Tie2� AlphaV+

thy�6C3� CD105� CD200+
Growth plate (Chan et al. 2015)

PTHrP Growth plate (Mizuhashi et al. 2018)

CD73 Growth plate (Newton et al. 2019)

Gli1 Growth plate (Shi et al. 2017)

Thy1� 6C3� CD200+, CD105� Periosteum (Debnath et al. 2018)

Postn Periosteum (Duchamp de Lageneste et al. 2018)

HoxA11 Periosteum (Pineault et al. 2019)

Mx1+ α-SMA+ Periosteum (Ortinau et al. 2019)

Skeletal stem cells identified in man

CD146� PDPN+ CD73+

CD164+
Growth plate (Chan et al. 2018)
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3 Developmental Origin

Bone is formed through two different processes. One involves the direct formation of
bone within a membrane. This is referred to as primary, direct, or intramembranous
ossification, which forms the flat bones of the skull, parts of the mandible and the
lateral ends of the clavicles. The remainder of the axial and appendicular skeleton
including the long bones is formed by secondary or endochondral ossification, a
process involving the formation of a temporary cartilage template, which is subse-
quently replaced by bone.

During long bone development, undifferentiated mesenchymal cells condense
into the shape of the bone. The mesenchymal condensations then undergo differen-
tiation and become embedded in a cartilaginous matrix. At this point in time, the
outline of the bone is in place but the future joint areas, the joint interzones, are still
filled with cells. As the ephiphyseal end of the bone acquires its shape, the cells in the
interzones undergo apoptosis, thereby forming the joint cavity and completing the
blueprint of the prospective bone and joint. The cartilage anlage of the bone then
undergoes radial and longitudinal expansion by interstitial and appositional growth,
respectively. The cartilage template itself is enveloped by a cellular condensation of
perichondrial cells. The expansion of the condensate is driven by proliferating
chondrocytes, which give rise to columnar structures. Towards the end of the
columns, the chondrocytes gradually undergo hypertrophy. Hypertrophic
chondrocytes then enter apoptosis to leave lacunae in the matrix or transdifferentiate
into osteoblasts. These lacunae are subsequently invaded by blood vessels, which
provide essential nutrients, oxygen, and mesenchymal cells that differentiate into
osteoblasts. The osteoblasts remodel the cartilaginous matrix and synthesize the first
bone matrix, thereby forming the primary center of ossification. The bone lengthens
as the proliferating chondrocytes progressively undergo hypertrophy, thereby mov-
ing up the ossification front. The perichondrium adjacent to the primary ossification
center now forms the periosteum of the new long bone (Moreira et al. 2000)
(Fig. 1a).

The periosteum itself is a double-layered tissue which envelops nearly every bone
in the body (Dwek 2010) (Fig. 1b). It is connected to the bone by the fibers of
Sharpey. The inner layer is highly osteogenic, while the outer fibrous layer is
collagenous and poor in elastin fibers. Throughout the surface of the fibrous layer
runs an extensive vascular and neural network, which in part runs through the bone
cortex. The vasculature of the outer layer is one of the major blood supplies of the
bone. Upon close examination of the outer periosteal layer, it can be further dissected
into two substrata: the aforementioned highly innervated and vascularized layer and
a deeper more fibroelastic region. This layer is located directly adjacent to the inner
periosteal layer, contains more elastic fibers than the superficial layer, and is not very
vascularized. The periosteal tendons are attached to this stratum.

The inner layer of the periosteum is densely populated with fibroblasts, progen-
itor cells, and osteoblasts (Allen et al. 2004). These osteoblasts directly line the
cortex of the bone. Referencing the cambium layer of the trees, which is responsible
for appositional growth and creates the characteristic ring pattern, the inner layer of
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Fig. 1 Anatomy of joints and the periosteum. Schematic drawing of a synovial joint (a) An
enlarged view of the boxed area is shown in (b) For clarity, the fibrous layer of the periosteum is
folded backwards
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the periosteum was named the cambial layer by Henri-Louis Duhamel in 1742. In a
strikingly parallel fashion, the cambial layer of the periosteum is responsible for the
radial growth of bones. The cambial layer also hosts a vascular and neural network.
Resulting from the large presence of vessels, a significant number of pericytes can be
found in this stratum of the periosteum (Diaz-Flores et al. 1992).

While the growth plate chondrocytes continue to lengthen the bone, the periosteal
osteoblasts lining the cortex begin to deposit bony matrix to expand the radius of the
bone by intramembranous ossification. Meanwhile, joint cavitation finishes at the
interzones, leaving the articular surfaces uncovered. This allows the formation of
articular cartilage (Archer et al. 2003). At the periphery of the cartilage anlage, the
fibrous capsule of the joint is formed in a similar fashion as the perichondrium and
periosteum condensed. Consequently, the fibrous joint capsule, the perichondrium,
and the periosteum share similar developmental pathways in their formation.

The periosteum surrounds the diaphysis up to the groove of Ranvier, a circum-
ferential groove in the periphery of the epiphyseal cartilage, where it provides both
osteoblasts and chondrocytes for appositional growth. It thereby also encapsulates
the perichondrium lining the epiphyseal growth plate, the ring of LaCroix, to provide
additional structural integrity. Beyond the groove of Ranvier, the periosteum transi-
tions into the perichondrium which is in turn continuous with the joint capsule
(Davies 1963).

In later stages of development, blood vessels also invade the epiphyseal cartilage
and a secondary ossification center is formed. As secondary centers of ossification
are mostly intra-articular, they are not covered in periosteum, contrary to the primary
centers of ossification.

Both the periosteum and the growth plates continue to increase the size of the
bones until skeletal maturity is reached. At this point the growth plates undergo
ossification, otherwise referred to as closure of the growth plates. The periosteum
becomes relatively quiescent and takes on the role of a reservoir of osteoblasts and
osteochondroprogenitors. Throughout life, these cells delicately interplay with bone
resorbing osteoclasts to continuously remodel the bone cortex in response to
mechanical loading.

4 Fracture Healing

The relative quiescence of the skeletal progenitor cells within the periosteum is
abruptly terminated upon fracture of the bone. The degree of periosteal cell activa-
tion depends on the location of the fracture and its mechanical stability. If the fracture
occurs in the metaphysis of the bone, the relative contribution of the periosteum to
the healing process is rather limited, as the spongious bone of the metaphysis is rich
in osteogenic bone marrow stromal cells. Diaphyseal fractures however are, if not
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properly fixated, bridged by a healing response concerted primarily by the perios-
teum. Conversely, rigid fixation hampers the periosteal response (McKibbin 1978).
Bone fracture healing involves most often both intramembranous and endochondral
ossification and is generally described as a five-stage process.

4.1 Stage 1: Hematoma Formation

The hematoma is the crucial initial signaling center which initiates the cellular and
molecular cascades of fracture healing, and its removal leads to defective bone healing
(Mizuno et al. 1990). The hematoma is formed as a result of the rupture of blood
vessels at the moment of trauma (Fig. 2a). At this point, the extrinsic coagulation
cascade activates in response to the exposed subendothelial tissue factor (TF) (Broos
et al. 2011). This leads to the activation of thrombin, which converts inactive fibrin-
ogen into fibrin, which forms a cross-linked fibrin clot. Concomitantly, platelets
activate and translocate their integrin receptors to the membrane. These have high
affinity for fibrin, fibrinogen, von Willebrand Factor (vWF), thrombospondin, and
fibronectin, leading to platelet aggregation. The platelets become trapped in the fibrin
clot and degranulate. Inside platelet granules is a large store of mediators of inflam-
mation such as cytokines, chemokines, and growth factors. Therefore, the stage of
hematoma formation is accompanied by a phase of inflammation.

4.1.1 The Clearing of Debris
The release of the pro-inflammatory cytokines interleukin-1 (IL-1), interleukin-6
(IL-6), and tumor necrosis factor alpha (TNFα) recruits neutrophils, lymphocytes,

Periosteum

a b c d
Cortical bone

Hematoma
O2

pH lactate

Potent progenitors

Pre-hypertrophic chondrocytes

Proliferating chondrocytes

Mineralized chondrocyte

Osteoblasts

Osteoblasts

Osteoclasts

Blood vessel
Blood vessel

Woven bone
Lamellar bone

Hypertrophic chondrocytes

GFs: FGFs, PDGFs, IGFs, TGFβ,
PTH,     Wnt, BMPs

GFs: BMPs,TGF-β,VEGF
GFs: BMPs,VEGF, RAN KL,M-CSF

Fractured
bone ends

Marrow

Fig. 2 The fracture healing cascade. Immediately after fracture a hematoma is formed which
initiates fracture healing (a). Stem and progenitor cells in the periosteum undergo rapid expansion
and begin to form a soft cartilaginous callus (b). The vascularized callus becomes weight-bearing as
the hard callus is formed. (c) Cartilage is then removed and replaced by bone, later followed by the
coupled remodeling of the newly formed bone (d)
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and monocytes to the fracture site by promoting their extravasation. Neutrophils are
the first to arrive to the defect site (Xian et al. 2004) and start clearing debris and dead
cells by phagocytosis (Stuart and Hehir 1992). Additionally, neutrophils play an
important role in preventing sepsis (Segal 2005).

At the same time, the damaged edges of the bone need to be eroded, meaning high
numbers of osteoclasts are required. This is also mediated by the immune system, as
receptor activator of nuclear factor kappa-B ligand (RANKL) produced by activated
T-lymphocytes and NK cells can induce the differentiation of osteoclasts from
monocytes and B-lymphocytes (Kong et al. 1999; Manabe et al. 2001).

4.1.2 Recruitment of Stem and Progenitor Cells
The inflammatory ligands released by the platelets and type 2 macrophages in the
hematoma, specifically TNFα and stromal cell-derived factor 1 (SDF-1, CXCL12),
recruit stromal and periosteal stem/progenitor cells to the site of tissue injury (Bocker
et al. 2008; Kitaori et al. 2009). This recruitment is maintained by signals from the
invading immune cells. The macrophage-derived chemokines MCP-1 and CXCL7,
produced by NK cells, have both been found to be involved in recruiting progenitors
from the periosteum, endosteum, and bone marrow (Almeida et al. 2016; Ishikawa
et al. 2014) As a result, the initial migratory signals released by the degranulating
activated platelets are sustained, albeit through different molecules, by the innate
immune system. Concomitantly, interferon-gamma (IFN-γ) and TNFα released by
NK cells and T-lymphocytes (Croitoru-Lamoury et al. 2011; Dorronsoro et al. 2014)
activate the immunosuppressive functions of the stem and progenitor cells. The
bestowal of immunosuppressive properties onto a cell type by cells of the immune
system is referred to as licensing, which is used to control the inflammatory phase.

4.2 Stage 2: Reinnervation, Revascularization, and Formation
of the Cartilaginous Callus

The growth factors initially released by platelets and later by macrophages in the
hematoma induce activation and rapid proliferation of periosteal progenitors. In
particular, the platelet-derived growth factor (PDGF) and fibroblast growth factor
(FGF) pathways initiate a rapid cell expansion in the cambial layer, resulting in
thickening of the periosteum. Periosteal cells distal from the fracture differentiate
into osteoblasts and drive intramembranous ossification to increase stability at
the broken ends. Cambial cells proximal to the fracture invade the hematoma,
where the fibrin clot acts as a temporary scaffold, and start producing cartilaginous
matrix. The hematoma is then rapidly replaced by hyaline cartilage, formed primar-
ily by PDCs. This cartilaginous structure represents the soft callus, a transient tissue
which acts as a template for the further regeneration of the bone. It bridges the gap
created by the fracture (Fig. 2b) and provides some stabilization of the fracture.

Concurrent with the formation of the callus, blood supply is restored through
revascularization. This process is regulated by the angiopoietin and vascular endothe-
lial growth factor (VEGF) pathways. The angiopoietins are vascular morphogenetic
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proteins, which promote the ingrowth of new vessels from preexisting vessels in the
periosteum (Lehmann et al. 2005). Neo-angiogenesis on the other hand is mainly
regulated by the VEGF pathway and progresses differently depending on the fracture.
In the absence of displacement, vessel sprouting mainly occurs from within the
medullary arterial system. However, if major displacement occurs, the periosteum is
the main source of new vessels, only followed by the medullary cavity later on
(Rhinelander and Baragry 1962).

Reinnervation of the fracture site slightly precedes revascularization and is
orchestrated by periosteal cells and macrophages. In response to nerve growth factor
(NGF), periosteal nerve fibers begin to sprout dendrites and undergo duplication
before invading the fracture callus (Li et al. 2019). Blood vessels and nerve fibers
follow very similar paths in the skeleton (Bjurholm et al. 1988), but nerves are
thought to provide the template of the branching pattern by attracting new vessels via
VEGF signaling (Li et al. 2013).

4.3 Stage 3: Formation of the Hard Callus

Next, subperiosteal intramembranous ossification creates a bony hard callus, making
the fracture callus mechanically stable and weight-bearing (Fig. 2c). At this time, the
callus consists of two components: the hard and soft callus, where respectively
intramembranous and endochondral ossification take place (Einhorn 1998; Schell
et al. 2017).

4.4 Stage 4: Cartilage Removal and Bone Formation

Calcification of the soft callus follows a similar mechanism as endochondral ossifi-
cation at the growth plate. Proliferating chondrocytes exit from mitosis, undergo
hypertrophy, and produce pro-angiogenic ligands such as VEGF. The invading
vessels bring with them perivascular cells that are osteoblast progenitors (Maes
et al. 2010). This process leads to the transition of the callus into calcified cartilage,
a structure which is nearly identical to the primary spongiosa found at the growth
plate.

4.5 Stage 5: Coupled Remodeling

The callus is now fully composed of woven bone and surrounded by a new cortex.
At this stage the bone enters the phase of coupled remodeling: osteoblasts deposit
bone matrix to create a fully mechanically competent lamellar structure, while
osteoclasts resorb excessive matrix from the transitional callus to restore the med-
ullary cavity (Fig. 2d).

It is clear that endochondral fracture healing has strong parallels to the endochon-
dral bone forming pathway during development. Both progress through a cartilage
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intermediate, in which chondrocytes proliferate, swell, and die, to ultimately be
replaced by bone. However, where in development the role of the periosteum is
restricted to appositional growth by intramembranous ossification, its role becomes
much more varied in endochondral fracture healing. It is the source of the
osteochondral progenitors which form the cartilaginous soft callus and the osteo-
genic progenitors which largely form the hard callus. While the progenitor cells
located in the bone marrow, BMSCs, actively contribute to the healing, their role is
secondary to the PDCs. Because the PDCs are so crucial in fracture healing and are
able to recapitulate bone formation as seen during development, they can be
considered a prime cell source for skeletal tissue engineering and developmental
engineering in particular (Lenas et al. 2009a, b).

5 Identification of Skeletal Stem Cells within the Periosteum

The ideal cell for a developmentally engineered implant for fracture repair is a
skeletal stem cell (SSC), preferably of periosteal origin due to their critical role in
fracture healing (Duchamp de Lageneste et al. 2018). By definition of a stem cell,
this would mean a cell that is able to self-renew and differentiate into multiple cell
fates, thereby contributing to tissue ontogeny, homeostasis and regeneration (Bianco
and Robey 2015). In recent years, multiple postnatal, lineage-restricted SSCs have
been identified in multiple compartments of the bone in both human and mouse.

Groundbreaking work in identifying the first bone marrow-derived cells capable
of restoring cartilage, bone, stromal tissues, and the hematopoietic compartment was
performed in the 1960s by Tavassoli and Crosby (Tavassoli and Crosby 1968).
Twenty years later, the concept of multipotent cells, capable of in vivo self-renewal,
was proposed (Owen and Friedenstein 1988), shortly thereafter dubbed mesenchy-
mal stem cells (MSCs) (Caplan 1991). These cells were characterized as plastic-
adherent, immunosuppressive, capable of in vitro colony formation, in vitro differ-
entiation into the osteogenic, chondrogenic, and adipogenic lineage and in vivo self-
renewal. They express the cell surface proteins CD73, CD90, and CD105, but no
hematopoietic lineage markers.

Unfortunately, nonskeletal fibroblastic cells have also been labeled multipotent
mesenchymal stem cells by their ability to make in vitro bone, cartilage, and fat (Via
et al. 2012). The term MSC should be therefore be avoided for clarity issues.
Moreover, it is fundamentally flawed, as no adult stem cell should be called a
“mesenchymal” cell, since this term is reserved for an embryonic tissue. In current
literature, MSCs have thus become a heterogeneous aggregate of plastic-adherent
cells capable of tri-lineage differentiation in vitro, leading to great inconsistencies
and the impediment of clinical applications based on stromal stem cell populations
(Robey 2017). In light of the recent identification of bona fide SSCs within the
skeleton, it has been proposed to completely abolish the term MSC and adopt the
term bone marrow stromal cell (BMSC) to refer to the original “MSC” (Bianco and
Robey 2015).
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Skeletal stem cells have been described in the growth plate, in association with
blood vessels as pericytes, the bone marrow, the periosteum, and fracture cal-
luses. A multipotent perivascular population with in vivo self-renewal was
described by Morikawa et al. as CD45�Ter119� Sca1+ PDGFRα+ cells, with
in vitro osteogenic, chondrogenic, adipogenic clonogenicity (Morikawa et al.
2009). Other pericyte-like SSCs are found in the bone marrow and express the
surface marker CD146 (Sacchetti et al. 2007). These cells are of subendothelial
origin, are clonogenic, and give rise to a bone ossicle in vivo which supports
hematopoiesis.

Multiple SSCs have been described in the murine bone marrow, although caution
when interpreting these data is advised due to the absence of highly specific markers
(Mendez-Ferrer et al. 2015). Nestin is commonly used to refer to bone marrow
stromal stem cells. Indeed, in the bone marrow resides a self-renewing perivascular
cell positive for Nestin, capable of osteochondral differentiation (Mendez-Ferrer
et al. 2010). Later studies demonstrated a partial overlap between a subpopulation of
Nestin-positive cells and cells expressing leptin receptor (LepR) throughout the bone
marrow (Kunisaki et al. 2013). While LepR+ cells are indeed a major source of
osteogenic and chondrogenic cells throughout adulthood (Zhou et al. 2014) and
share an overlap with Nestin-positive cells, this can in part be attributed to the
limitations related to the Nestin-GFP label. Moreover, over 17 different stromal
subpopulations express LepR (Baryawno et al. 2019), less than 10% of which is
capable of colony formation (Zhou et al. 2014). These labels are therefore not
markers for bona fide SSCs (Zhou et al. 2014).

Gremlin-Cre traced cells (Worthley et al. 2015) located in the murine metaphysis
have demonstrated all hallmarks of a true SSC. Furthermore, neither Nestin-Cre nor
LepR-Cre are capable of tracing these Grem1+ cells. This would indicate that these
cells are true SSCs, found at the boundary of the growth plate. The growth plate itself
is indeed a reservoir of stem cells, where at least two more stem cell populations are
driving the clonal expansion that keeps bones growing (Mizuhashi et al. 2018)
(Newton et al. 2019). A fourth stem cell population at the growth plate is marked
by Glioma-associated oncogene 1 (Gli1) and appears crucial for the maintenance of
bone mass in postnatal life (Shi et al. 2017).

Chan et al. defined a human SSC population which is hematopoietic lineage
negative, does not express the pericyte marker CD146, but is positive for CD164,
podoplanin (PDPN), and CD73 (Chan et al. 2018). The nonoverlap can be explained
by the ability of the pericyte-like cell to give rise to fat and its subendothelial
localization. In addition, a bone, cartilage, and stroma precursor derived from Chans
SSCs is CD146+. In previous work, Chan et al. had identified a mouse SSC, which is
CD45�Ter119�Tie2�AlphaV+Thy�6C3�CD105�CD200+ (Chan et al. 2015). While
the cell surface markers do not appear to correlate well between mouse and human, the
identification was performed based on transcriptome similarity, measured through
single-cell RNA sequencing. Both SSCs were discovered in the growth plate, but
the hSSC could also be isolated from the periosteum, the adult femoral head, and the
fracture callus. In addition, hSSC-like cells can be generated from iPSCs or BMP2-
treated human adipose stroma (HAS).
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While of great importance for our knowledge of bone in growth and homeostasis,
periosteal stem cells are of particular interest as a cell source for clinical application
in a tissue engineering context. It is widely accepted that the SSC responding to
fracture is located in the periosteum (Marecic et al. 2015). Colnot and colleagues
described a multipotent periosteal stem cell (PSC) dependent on the presence of the
matrix protein Periostin (Duchamp de Lageneste et al. 2018) which gives rise to most
cells in the fracture callus. Another periosteal stem cell upstream of the LepR-Cre and
Osx-Cre stromal cell populations is marked by expression of HoxA11 (Pineault et al.
2019). A third PSC is marked by expression of Mx1 and α-smooth muscle actin
(α-SMA). These cells and their progeny gave rise to most of the fracture callus and
were also found to express CD140 and Grem1, but not Nestin (Ortinau et al. 2019).

A final periosteum-specific SSC and two distinct periosteal progenitor
populations were identified by Debnath et al., using a green fluorescent protein
(GFP) cathepsin K reporter mouse (Debnath et al. 2018). All populations were
negative for hematopoietic lineage markers, did not express CD90.2 and 6C3, and
had low expression of CD49f and CD51. The periosteal stem cell (PSC) was defined
CD105�CD200+, while the progenitor populations were CD105�CD200� and
CD105+CD200var. A human equivalent of the PSC was also identified by the
CD105�CD200+ signature. These stem and progenitor cells were found to exclu-
sively perform intramembranous ossification during homeostasis, but acquired
osteochondrogenic differentiation potential during fracture healing. This plasticity
is well in line with the role of the periosteum in development and repair.

Taken together, a plethora of SSCs has been described across all skeletal com-
partments including the periosteum, summarized in Table 1 and recently reviewed
(Ambrosi et al. 2019). The extent to which these cells are truly distinct subpopula-
tions and not a common population described by different markers in various
settings and models remains to be addressed. Another issue is the limited work
performed in man. However, in the context of fracture healing, it can be concluded
that the periosteum appears a very relevant source of stem and progenitor cells.

6 Isolation of Periosteum-Derived Cells

Human periosteum-derived cells (hPDCs) can be isolated from patients undergoing
surgery for bone fracture repair without the need of additional surgery. Of note, the
periosteum becomes gradually thinner with age and is nearly invisible in patients of
high age, reducing both the number of cells to isolate, but also the osteochon-
drogenic potential (Moore et al. 2014). The quality of the samples and the number
of cells possible to isolate is therefore highly dependent on the age of the patient,
with minors or adolescents being the ideal donors. Generally, periosteal biopsies are
small (~0.5 cm2) as to not jeopardize a positive clinical outcome and approximately
4000 plastic adherent cells can be isolated/mg of periosteal tissue after the first
passaging (Fig. 3a). Since most layers of the periosteum are generally cell-poor, it is
highly advised to optimize the cell isolation procedure for the specific setting.
Primary culture of hPDCs therefore usually starts out in a 6-well plate, as hPDCs
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tend to slow down their proliferation speed at low confluency. Mouse periosteum-
derived cells (mPDCs) are slightly easier to obtain, since after sacrifice of the mice,
periosteum from entire long bones (e.g., femur, tibia, fibula) can be stripped to
collect cells. The processing of periosteum from tissue to single cell is species
agnostic and described below.

A combination of mechanical and enzymatic dissociation of the tissue is optimal
for maximum cell yields. The mechanical step usually involves the cutting of the
periosteum into the smallest possible pieces (~ 0.5 mm) with a scalpel or razor blade,
which optimizes the surface area exposed to the proteolytic enzymes. The perios-
teum is significantly easier to cut after removal of excessive liquid by gently placing
on a sterile gauze pad.

Regarding enzymatic digestion, multiple options are available. Liberase has been
used (He et al. 2017b), although a combination of collagenase and dispase may be
preferable. Moreover, both type II and type IV collagenase can be used to isolate
hPDCs and mPDCs. Collagenases are proteases which cleave Pro-X-Gly-Pro
sequences between X and glycine, where X is a neutral amino acid. This sequence
is found with high frequency in collagen. Collagenase is unique among proteases in
its ability to degrade the triple-helical native collagen fibrils.

Often, collagenase solutions are mixed with dispase to further enhance the
breakdown of the matrix. Dispase is a gentle protease which cleaves fibronectin,
collagen type IV, and collagen type I, all of which are present at high levels in the
periosteal matrix.

After enzymatic digestion, the duration of which should be optimized, the
collagenase-dispase mix is removed by centrifugation, and the cell pellet is
resuspended in culture medium (Fig. 3b). It is often not possible to perform a cell
count for hPDCs at this point due to their low numbers. Instead, seeded hPDCs
should be viewed through a brightfield microscope and cell attachment can be
visualized just hours postseeding (Fig. 3c). Within 2–4 h after seeding, most
hPDCs adhere to the plastic of the culture plate and begin to display their charac-
teristic spindle-like elongated morphology (Fig. 3d).

Fig. 3 Steps of PDC isolation. A typical sample of human periosteum as obtained from patients
undergoing osteosynthesis or distraction osteogenesis (a). After digestion, the pellet should be clear
of RBCs (b). Approximately 12 h after seeding, nonadherent cells are removed. PDCs typically
have an elongated fibroblast-like phenotype, show at 4X (c) and 10X (d) magnification. Scale bar:
200 μm.
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In the event where large pieces of debris or cell aggregates are observed, multiple
options are available for their removal. Visibly large debris can be removed by
passing the lysate through a 70-μm nylon mesh. Aggregates of cells can be disso-
ciated by thoroughly and carefully pipetting the cell suspension with a 1000-μl
pipette. This step is gentle on the cells, but should only be performed in the absence
of debris, to prevent the clogging of the pipette tip. If unsuccessful, deoxyribonu-
clease I (DNase I) represents a gentle option. DNA released by apoptotic or dead
cells increases the viscosity of the sample and can lead to the aggregation of cells. In
cases where high numbers of cell clumps and dead cells are observed, DNase is the
recommended next step to try and increase the single cell yield.

As previously mentioned, the periosteum is highly vascularized. It is therefore
very well possible that a large amount of cells from the hematopoietic lineage
contaminate the sample. The most straightforward way to remove these cells is to
wait for the PDCs to adhere and change the medium which contains the plastic
nonadherent blood cells. This should be done within 24–48 h after the start of the
culture. If left unchecked, red blood cells (RBCs) will die, which releases reactive
oxygen species (ROS) into the culture. NK cells can also have detrimental effects on
the culture, as their cytotoxicity is regulated by a balance of stimulatory and
inhibitory signals. The culture medium does not support this tightly regulated
balance, which therefore results in cytotoxicity towards the hPDCs.

6.1 In Vitro Expansion

Tissue engineered living implants require large numbers of cells, estimated from
15 to 45 million cells for restoring the joint surface, to over 500 million to bridge a
4 cm tibia defect (Wakitani et al. 2002) Traditionally, PDCs are expanded in 2D
cultures in media supplemented with fetal bovine serum (FBS). Under serum-
containing conditions, hPDCs have shown a remarkable in vitro expansion potential
for up to 30 population doublings with a doubling time of approximately 55 hours
(Lambrechts et al. 2016). While FBS provides good results in terms of expansion, it
has a few drawbacks. First and foremost, it is xenogeneic, which hampers translation
to the clinic. Secondly there is major batch-to-batch variability in the composition of
FBS. In addition, FBS contains unknown concentrations of numerous biologically
active components which are known to interfere with periosteal chondrogenesis,
TGF-β1 and BMP signaling (Fitzsimmons et al. 2004; Shahdadfar et al. 2005). In
recent years, human platelet lysate (hPL) has been suggested as an alternative
medium supplement (Astori et al. 2016; Doucet et al. 2005). While hPL also has
lot-to-lot variability, it has the advantage of being xeno-free. Pooling of large
numbers of donors (20–120) is now being performed to reduce this batch effect
(Strunk et al. 2018). One of the most striking differences which can be observed
when comparatively culturing hPDCs in FBS- and hPL-supplemented media is the
increased proliferation. This observation is consistent for multiple sources of cells
originating from the mesenchyme, including the bone marrow, umbilical cord,
corneal stroma, and adipose tissue (Ben Azouna et al. 2012; Fazzina et al. 2016;
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Matthyssen et al. 2017; Reinisch et al. 2007). In addition, hPL-expanded MSCs were
reported to have an enhanced osteogenic and chondrogenic differentiation potential
(Jonsdottir-Buch et al. 2013; Salvade et al. 2010). To address the issues, with
interfering ligands, stimulatory factors, and batch-batch inconsistency, a shift toward
alternate supplements and chemically defined media (CDM) has been advocated and
intensively investigated (Bolander et al. 2017, 2019).

It is important to stress that PDC culture conditions need to be optimized
depending on the source of the periosteum. This entails the basal media, the growth
factor-containing excipients, and combinations thereof. Human- and sheep-derived
PDCs can be efficiently expanded in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% FBS. For hPDCs, this 10% FBS can be replaced by 10%
hPL, with positive effects on their proliferation and bone-formation capacity (Gupta
et al. 2019). Sheep PDCs on the other hand also proliferate faster when cultured with
10% hPL, but also rapidly become senescent (in-house data, unpublished). DMEM
as a basal medium does not support expansion of murine PDCs, where α-minimal
essential medium is advised as the basal medium of choice (van Gastel et al. 2012).

6.2 3D Culture

Bioreactor setups have been proposed to increase the scalability of cell therapies.
One option for 3D bioreactor culture is the use of spinner flasks with microcarriers.
Using collagen-based microcarriers, it was shown that a spinner flask setup with
hPL-supplemented medium had multiple advantages: hPDC proliferation speed
increased dramatically, while improving the in vivo bone forming capacity, which
is a critical parameter in bone tissue engineering. The significant decrease in culture
time due to the use of hPL and a 3D-setup is likely to make this strategy more cost-
effective in the long run (Gupta et al. 2019).

7 Periosteum Derived Cells in Regenerative Medicine

In the development of a successful cell-based implant for a critical bone fracture, the
first step is to make a clinical characterization of the defect (Fig. 4a). This includes to
define the size, stability, complexity (which tissue types are affected), severity of
damaged surrounding soft tissue, potential vascularization issues, and identification
of the required treatment strategy. This may help to define which regenerative route
(e.g., intramembranous or endochondral fracture healing) may be required.

The next step is to define how the implant should be designed to meet critical
regulatory and clinical criteria. In critical sized defects or defects with a severely
damaged surrounding environment, a cell-based implant may significantly improve
the potential timely success of regeneration. Next, biologists can determine which
crucial biological processes that are involved in the tissues to be regenerated and
define which factors and molecular events are required for the recapitulation thereof
based on a the appropriate choice of progenitor cell (Fig. 4b). With a cell-based

116 J. Bolander et al.



Fi
g
.
4

S
te
p
s
to

ta
k
e
in
to

co
n
si
d
er
at
io
n

in
th
e
d
ev
el
op

m
en
t
of

a
ce
ll-
b
as
ed

co
n
st
ru
ct

fo
r
th
e
tr
ea
tm

en
t
of

cr
it
ic
al

b
on

e
fr
ac
tu
re
s.

(a
)
C
lin

ic
al

ch
ar
ac
te
ri
za
tio

n
of

th
e
de
fe
ct
in

te
rm

s
of

lo
ca
tio

n,
si
ze
,d
am

ag
es

tis
su
e(
s)
,a
ff
ec
te
d
su
rr
ou

nd
in
g
en
vi
ro
nm

en
t,
co
-m

or
bi
di
tie
s.
(b
)
B
as
ed

on
th
e
ch
ar
ac
te
ri
za
tio

n,

Periosteum Derived Cells in Skeletal Tissue Regeneration 117



implant, there are often a critical number of cells that are required to induce
differentiation. Therefore, to reach sufficient cell numbers, cell expansion can be
carried out according to standard protocols in vitro, or postimplantation in situ. If the
latter is chosen, the issues with integration will be limited, but require a sophisticated
environment that also induces sufficient steering for differentiation and matrix
production. The next step is differentiation strategy, which molecules and 3D
environment are required to steer the specific path of differentiation. As a final
step, cell and tissue maturation needs to be directed in vitro and the final living
tissue intermediates are then assembled for implantation into the fracture site
(Fig. 4c). Uniquely, periosteum derived cells are crucial, required, and actively
contributing to both intramembranous and endochondral fracture healing and their
potential is ideal for the development of skeletal tissue regenerative constructs for
the treatment of both direct and endochondral tissue regeneration.

8 Periosteum Derived Cells for Intramembranous Fracture
Healing

The cells provide the driving force in a cell-based construct for regenerative pur-
poses, but their differentiation and matrix secreting potential is stringently depending
on the presented micro- and macroenvironment. Due to the complex environment
that is represented by the progenitor cells homing niche in vivo, it is a difficult task to
create an in vitro equivalent. Consequently, extensive research in terms of develop-
ment of scaffolds and stimulatory molecules regarding how these affect cell behavior
has been carried out. Initially, a scaffold was mainly used for delivering cells to the
defect site, but as our understanding of the crucial role of the microenvironment on
cell behavior evolved, the surrounding matrix is today almost as important as the cell
itself. Scaffolds can be made of natural or synthetic biomaterials. Appropriate
carriers for skeletal tissue regeneration, and in particular for long bone fractures
should possess osteoconductive and/or osteoinductive properties, while supporting
osseointegration. For intramembranous bone formation, Ca2+-based scaffolds have
shown to be suitable carriers for periosteum derived cells. In an early in vivo ectopic
study in mice, Eyckmans et al. showed that when in vitro expanded human perios-
teum derived cells (hPDCs) seeded on a Collagraft™ carrier (an open porous
composite made of CaP granules consisting of 65% hydroxyapatite (HA) and 35%
β- tri-calcium phosphate (β-TCP), embedded in a bovine collagen type I matrix),
were able to form ectopic bone 8 weeks postimplantation (Eyckmans et al. 2010). In
order to understand the osteoinductive effect of CaP-based materials on hPDCs, the

�

Fig. 4 (continued) the regenerative processes required to treat the defect successfully need to be
identified to design a suitable cell-based implant in terms of cell population to use, cell expansion,
what medium is needed, proliferative and differentiation-inducing factors, and what kind of 3D
environment is favorable? (c) Then these factors are combined in the development of a cell-based
construct for the treatment of the critical defect
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mechanisms of action were investigated. It was shown that the de novo bone was
mainly formed by the hPDCs, and the process required Ca2+ in the scaffold to initiate
the osteoinductive program in the implanted cells. Moreover, inhibition of endoge-
nous bone morphogenetic protein and Wnt signaling by overexpression of the
secreted antagonists Noggin and Frzb, respectively, also abrogated osteoinduction.
Further, it was shown that proliferation of the engrafted hPDCs was strongly reduced
in the decalcified scaffolds or when seeded with adenovirus-Noggin/Frzb transduced
hPDCs. This indicated that cell division/proliferation of the engrafted hPDCs was
required for direct bone formation. It can be hypothesized that this would not be
required with higher cell seeding numbers. However, higher seeding densities did
not improve bone formation, implicating that higher cell numbers may limit avail-
ability of nutrients thus jeopardize the survival of implanted cells. Lower seeding
number on the other hand allows the cell to proliferate to reach the required cell
density in the implant, prior to the onset of differentiation.

Subsequently, enhanced in vitro differentiation prior to in vivo implantation of the
same progenitor cell population was studied to improve bone formation. For this,
hPDCs were seeded on Collagraft™ scaffolds (calcium phosphate rich matrix or
CPRM) or on decalcified scaffolds (calcium phosphate depleted matrix or CPDM),
followed by subcutaneous implantation in nude mice to trigger ectopic bone forma-
tion. In this system, CPRM, but not CPDM scaffolds that lacked Ca2+, supported
osteoblast differentiation and bone formation by the seeded hPDCs. Microarray gene
expression analysis at 20 h after seeding, and 2, 8, and 18 days after implantation
showed that both matrices triggered a similar gene expression cascade. However,
gene expression dynamics progressed faster in CPRM scaffolds compared to CPDM
scaffolds. The difference in transcriptional dynamics was associated with differential
activation of hub genes and molecular signaling pathways related to calcium signal-
ing (CREB), inflammation (TNFα, NF-kB, and IL-6), and bone development (TGFβ,
β-catenin, BMP, EGF, and ERK signaling). Starting from this set of pathways, a
growth factor cocktail was developed that could enhance osteogenic differentiation
in vitro and in vivo bone formation through the intramembranous pathway. With the
key factors required for CaP-induced bone formation by hPDCs identified, the effect
of the specific characteristics of the CaP-material was assessed next. CaP naturally
exists in bone as hydroxyapatite, but can also be used as a synthetic or partly
synthetic material. Interestingly, it was shown that scaffolds containing natural
hydroxyapaptite were more beneficial for bone formation, compared to fully syn-
thetic materials in combination with hPDCs (Roberts et al. 2011).

The unknown mechanism by which natural biomaterials showed improved
osteoinductive properties when seeded with hPDCs in comparison with synthetic
materials has hampered the optimization of novel biomaterials suitable for the
clinical setting. It was recently shown that this may be due to a different activation
of the innate immune system (Sadtler et al. 2019). Therefore, further knowledge
regarding how these different materials activate the early molecular events
governing bone tissue formation by hPDCs was required. For this, hPDCs were
combined with three types of clinically used CaP-scaffolds to obtain constructs with
a distinct (high-natural HA), moderate (partly natural HA), and no (synthetic HA)
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bone forming capacity in combination with hPDCs in vivo. Protein phosphorylation
together with mRNA transcript analysis for key ligands and target genes was
investigated 24 hours post-cell seeding in vitro and 3 and 12 days post-ectopic
implantation in nude mice. A computational modeling approach was used to deduce
critical factors and the level of activation that was required for bone formation
8 weeks postimplantation. Interestingly, the combined Ca2+-mediated activation of
BMP-, Wnt-, and PKC signaling pathways 3 days post implantation was able to
discriminate the bone forming from the nonbone forming constructs. Subsequently, a
mathematical model able to predict in vivo bone formation by hPDCs with 96%
accuracy was developed. These results illustrated the importance of defining and
understanding key CaP-activated signaling pathways required for in vivo bone
formation. With this information, it was clear that hPDCs can be robustly steered
towards in vivo intramembranous bone formation when seeded onto CaP-based
carriers with appropriate characteristics. However, the intramembranous bone
forming process is slow and routinely only generates limited amounts of bone and
bone marrow by the implanted cells. In a complex environment such as a large
fracture, it is crucial to get a bridging between the bone ends for successful healing.
Consequently, the endochondral route may be of greater value as a target for the
typical complex bone fractures requiring treatment in the form of a cell-based
construct.

9 Periosteum Derived Cells for Endochondral Fracture
Healing

Periosteum derived cells have been shown to be crucial in long bone fracture healing
due to their contribution to both the intramembranous and endochondral bone
healing process. Furthermore, their activation is to a large extent initiated and steered
by members of the BMP-family (Salazar et al. 2019; Tsuji et al. 2006). In an attempt
to enhance and steer the bone forming capacity of hPDC-CaP-constructs towards the
endochondral pathway, the osteochondrogenic response of BMP-ligands with a
known role in fracture repair has been evaluated in vitro (Bolander et al. 2016).
BMP-2, -4, -6, and -9 were shown to induce in vitro differentiation of hPDCs.
Subsequently, these ligands were coated onto clinically approved CaP-scaffolds
with limited (BioOss1) or no (CopiOs1) bone forming capacity followed by
seeding with hPDCs. Protein lysates and conditioned media were investigated for
activation of BMP signaling pathways 24 h post seeding. Upon in vivo implantation,
the most abundant bone formation was found in BMP-2 and BMP-6-coated scaffolds
8 weeks postimplantation. Interestingly, implanted cells actively contributed to the
newly formed bone and remnants of cartilage could be observed in BMP-coated
CopiOs1-constructs. This confirmed the synergistic effect of combined CaP and
BMP stimulation for bone formation by hPDCs. Interestingly, computational anal-
ysis displayed that the type of BMP-ligand as well as the specific CaP-scaffold
affects skeletal tissue formation, observed in a qualitative as well as quantitative
manner (Bolander et al. 2016).
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From the BMP-family members, BMP-2 and BMP-7 were the first to obtain
approval for clinical applications. However, their use has been associated with
unpredictable bone formation. This has been attributed to a number of factors
including the delivery of supraphysiological levels of BMPs and insufficient pro-
genitor cells in the damaged fracture environment (Pobloth et al. 2015; Shields et al.
2006). In vitro primed cell-based regenerative constructs could overcome this hurdle
by delivering the crucial number of appropriately primed cells in vitro to regenerate
the damaged tissue in vivo. However, in vitro stimulation of progenitor cells for
in vivo tissue regeneration is challenging. Long-term in vitro stimulated cells often
fail to integrate with the host, likely due to the maturity of the tissue (Yamashita et al.
2015). Shorter priming periods on the other hand do not seem to be sufficient in
terms of clinically relevant results (Eyckmans et al. 2013). A potential reason for this
can be that the in vitro priming is carried out in media containing serum (Ryan 1979).
Indeed, serum contains an undefined and variable range of factors such as cytokines
and inhibitors that bind to cell surface receptors. In consequence, batch-to-batch
variability significantly affects the characteristics of cell-based implants, leading to
unpredictable behavior and outcomes (Baker 2016; Jung et al. 2012). Since stimu-
latory ligands bind to cell surface receptors which may be occupied by factors in the
serum, a serum free preconditioning of hPDCs prior to growth factor treatment was
hypothesized to improve the cellular response. Consequently, a preconditioning
regime of hPDCs in serum free chemically defined media (CDM) was developed
which led to adapted progenitor cell subpopulations with improved osteochon-
drogenic differentiation capacity (Bolander et al. 2017). This phenotype shift was
marked by reduced positivity for CD105 but enhanced positivity for CD34 together
with elevated mRNA transcript expression of marker genes such as FGF2, VEGF,
and BMP type 1 and 2 receptors. The preconditioned hPDCs was then assembled
into microspheroids in order to mimic the cellular condensations preceding endo-
chondral fracture healing and by providing biomimetic 3D cues. The microsperoids
were simultaneously treated with BMP-2 under serum free conditions, and cell
specification towards the osteochondrogenic lineage was observed in vitro (Bolander
et al. 2017). Interestingly, physiologically relevant levels of autocrine and paracrine
growth factors were secreted by the fate-steered engineered microtissues. In vivo, the
self-sustained implant proceeded to form bone in the ectopic setting and was able to
regenerate a critical size long bone defect in mice through the endochondral path-
way. Interestingly, the implanted cells largely contributed to the formation of the
initial cartilaginous callus at week 4 and to the immature bone at week 4, but less to
the remodeled mature bone at week 8. These findings suggest that the major impact
of the implanted cells occurs in the early phase and aids in the recruitment of cells
from the host environment that subsequently aid in the later stage remodeling phase.

In a similar approach, periosteum-based microspheroids were used for the scal-
able production of a larger implant, developed through the assembly by fusion
between the microspheroids after 7, 14, 21, or 28 days of in vitro differentiation in
a growth factor cocktail consisting of standard low glucose growth medium
supplemented with ascorbate-2 phosphate, dexamethasone, proline, Rho-kinase
inhibitor Y27632, ITS+, BMP-2, GDF5, TGF-β1, BMP-6, and basic FGF-2 (Nilsson
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Hall et al. 2020). It was shown that a significant maturation of the microspheroids
took place between day 14 and 21, reflected by elevated expression of FOXA2,
DMP1, and SCIN which are crucial for chondrocyte hypertrophy (Ionescu et al.
2012), cartilage–bone transition (Ye et al. 2005), and bone resorption (Song et al.
2015), respectively. In vivo, histology and immunohistochemistry was used to
distinguish between the day 14 and day 21 samples as “early prehypertrophic”
stage for day 14, and “late prehypertrophic” stage for day 21 modules. Based on
these findings, microspheroids from day 21 were used as microtissues to fuse in a
mold design to mimic the critical size defect in a nude mouse model. Upon
implantation, the macrostructure was able to heal the defect through endochondral
bone formation. The regenerated and remodeled bone exhibited already after
8 weeks similar morphological properties to those of native tibia. The significance
of these research findings lies in the ability to use the microspheroids as a living “bio-
ink” allowing bottom-up manufacturing of multimodular tissues with complex
geometric features and specified quality attributes.

In an attempt to further understand the improved regenerative potential by serum
free preconditioning of hPDCs, in depth profiling by single-cell RNA sequencing
was performed (Bolander et al. 2019). Interestingly, preconditioning in CDM was
shown to induce a phenotype switch at the single-cell level with elevated expression
of markers and signaling clusters associated with skeletal system development,
tissue regeneration, stem cell maintenance, cell fate commitment, and the
BMP-signaling pathway. In a comparative analysis between cells in serum-
containing growth medium (GM) and CDM by clustering of the complete data set,
it was shown that the individual clusters from CDM origin displayed elevated
markers and processes associated with native osteochondral progenitor cells. On
the other hand, the majority of the GM-originated clusters were more heterogeneous,
with subpopulations enriched for markers related to connective tissue as well as
chondrogenic and osteogenic progenitors. These findings once again confirmed the
more homogenous and osteochondro-specific progenitor commitment of the CDM
subpopulation. Detailed analysis on the inferred transcription factor activity linked
upregulated and active involvement of the SOX4, SOX9, MSX1, and RUNX2
regulons with the enhanced bone forming potential in the CDM population. Of
note, these data were in line with recent findings mapping the hierarchy of human
skeletal stem and progenitor cells present in the human fetus, but also activated
during postnatal fracture repair (Chan et al. 2018). Specifically, it is of great
importance that a similar progenitor cell program can be activated after extensive
in vitro expansion, a phenomenon known to reduce the progenitor cell potential in
the presence of serum.

Furthermore, when the serum-free preconditioned cells were primed with BMP-2
under serum-free conditions for an additional 6 days in vitro, and then seeded onto
the CopiOs1 carrier followed by in vivo implantation, enhanced bone formation was
seen in comparison to cells cultured under serum-containing conditions. In order to
define a marker for the cell population with enhanced bone forming capacity,
BMP-receptor expression was investigated on the protein level due to the indispens-
able role of BMP-ligands as stimulatory factors in the periosteum during fracture
healing (Salazar et al. 2019). BMP-ligands signal through a complex of type
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1 (ALK1/ACVRL1, ALK2/ACVR1, ALK3/BMPR1A, ALK6/BMPR1B) and type
2 (BMPR2, ACVR2A, and ACVR2B) transmembrane serine/threonine kinase
receptors. As such, the expression level and availability of the BMP-receptors on a
progenitor cell are of relevance for their ability to respond and undergo subsequent
differentiation upon BMP-stimulation (Salazar et al. 2016). Unfortunately, this part
is an often neglected parameter in the preparation and characterization of cell-based
constructs. Instead, current progenitor markers are selected based on the cell’s ability
to proliferate and differentiate under nonphysiological conditions (International
Stem Cell Initiative et al. 2010; Verbeeck et al. 2019).

Initially, the expression of BMP-receptors was investigated by mRNA transcript
analysis and on the protein level by flow cytometry. Encouragingly, all investigated
receptors including ALK2, ALK3, ALK6 and BMPR2 were confirmed to be
upregulated upon serum-free preconditioning both in terms of number of positive
cells, but also in number of receptors per cell. However, a specifically drastic
increase was seen for BMPR2, which was therefore selected for further investiga-
tion. When sorting for BMPR2+ cells, elevated bone forming capacity was con-
firmed even with reduced cell numbers. In addition, silencing of BMPR2 abrogated
fracture healing in an orthotopic mouse model for a critical size defect. Interestingly,
the improved cell differentiation seen in the serum-free preconditioned hPDCs was
associated with a cellular switch towards a more efficient metabolism, 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.

In terms of biomaterial for endochondral tissue formation by hPDCs, CaP-based
materials have shown to be suitable in combination with BMPs. In addition,
polyethylene glycol (PEG) hydrogels functionalized with the cell-binding motif
Arginine-Glycine-Aspartic Acid (RGD) have been confirmed to support prolifera-
tion, chondrogenic gene expression, and matrix production of encapsulated hPDCs
(Kudva et al. 2018). In growth medium, the hPDCs in the RGD-functionalized
hydrogels maintained high levels of viability and demonstrated an enhanced prolif-
eration when compared with hPDCs in nonfunctionalized hydrogels. Additionally,
the RGD-containing hydrogels promoted higher glycosaminoglycan (GAG) synthe-
sis and chondrogenic gene expression of the encapsulated hPDCs, as opposed to the
nonfunctionalized constructs, when cultured in two different chondrogenic media.
These results demonstrated the potential of hPDCs in combination with enzymati-
cally degradable PEG hydrogels functionalized with adhesion ligands for cartilage
regenerative applications. Interestingly, the chondrogenic phenotype in the encap-
sulated hPDCs could be further enhanced upon the addition of TGF-β releasing
beads (Kudva et al. 2019).

10 Osteochondral Tissue Repair by Periosteum Derived Cells

Human periosteum derived cells have also been used for osteochondral tissue repair.
In vitro expanded periosteal cells were seeded in micromass cultures and simulta-
neously stimulated with a growth factor cocktail comprising transforming growth
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factor (TGF)-β1, BMP-2, growth differentiation factor (GDF)5, BMP6, and fibro-
blast growth factor (FGF)2 for 28 days (Mendes et al. 2018). To evaluate in vivo
tissue formation by the in vitro treated micromass cultures, they were implanted
ectopically in nude mice and orthotopically in critical-size osteochondral defects in
nude rats followed by evaluation through microcomputed tomography (μCT) and
immunohistochemistry. mRNA transcript analysis after 28 days of in vitro culture
revealed the expression of early and late chondrogenic markers and a significant
upregulation of NOGGIN as compared to human articular chondrocytes. Histolog-
ical examination revealed a bilayered structure comprising of chondrocytes at
different stages of maturity. Ectopically, the implanted tissues generated both bone
and mineralized cartilage at 8 weeks post implantation. Osteochondral defects
treated with the in vitro stimulated cells displayed glycosaminoglycan (GAG)
production, type-II collagen, and lubricin expression. Immunostaining for human
nuclei suggested that hPDCs contributed to the repair of both the subchondral bone
and articular cartilage. This study was the first to use periosteal cells for stable
cartilage formation. Due to their fate towards the osteogenic and endochondral
lineage, it is hypothesized that PDCs would not be able to form articular cartilage
and it is not yet clear why the in vitro primed tissues formed bone in the ectopic
setting, while it formed articular cartilage when implanted in the osteochondral
defect in the joint. This suggests that the differentiation events depend on their
specific location and thus environmental cues. However, it remains to be evaluated
how these implants perform in a larger animal model with a more clinically relevant
load, as well as in a long term study.

11 Periosteal Cells in the Preclinical Setting

Rodents represent the most commonly utilized models to evaluate the in vivo
behavior of in vitro engineered cell-based implants. Even though they fill an
important purpose to deliver Proof of Concept as a screening model, obtained results
are largely biased since the small scale generally avoids issues with nutrient deple-
tion and upscaling. Therefore, larger animals are required prior to clinical translation
and a summary of some reported models and their advantages and disadvantages are
presented in Table 2.

In general, larger animal models are solely used as orthotopic models and can
from a surgical point of view in the field of skeletal tissue engineering be categorized
as (1) calvarial defect, (2) segmental long bone defect, and (3) osteochondral defect,
all three with different critical size highly depending on location, age of animal and
species. The calvarial defect provides a good nonloading bone healing environment
with relative biological inertness due to poor blood supply and limited access of
bone marrow. This is essential since the model is aimed to resemble the atrophic
mandibular/craniofacial bone in humans. Furthermore, it provides a suitable large
scale environment to study the design of implants to follow the intramembranous
ossification route. The standard rodent calvarial bone defect is typically created by
using a trephine drill that makes a circular defect in the cranial skeleton on the
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midline (Szpalski et al. 2010). However, the reliability of the model is highly
depending on the precision of the sagittal suture and careful protection of the dura
mater underlying the defect, important for the healing of the cranial skeleton.
Furthermore, the filling materials should be strong and resistant enough to avoid
the dilation of brain tissue beneath the defect (Ji et al. 2012). The use of periosteal
cells for the treatment of a calvarial defect in a porcine model was utilized in a study
with the goal to investigate the bone forming potential of progenitor cells from
adipose, bone marrow, and periosteal tissue (Stockmann et al. 2012). Autologous
progenitor cells were harvested and expanded in vitro to reach sufficient cell
numbers. Thereafter, cells were seeded onto collagen scaffolds of low cross-linked
bovine collagen type I and cultured for osteogenic differentiation in the presence of
osteogenic induction medium for another 7 days. Then, a coronal-sagittal approach
was used in the forehead region of the pig and cylindrical defects of 1 cm in depth
and 1 cm in diameter were created. The internal plate of the neurocranium remained
completely intact during the procedure and the cell-seeded scaffolds were subse-
quently implanted into the fresh monocortical calvarial bone defects. At 90 days, the
majority of defects treated with autologous cells showed complete osseous regener-
ation but the control defects without implanted cells did not demonstrate bone
healing. Off note, no difference in bone regeneration induced by the different cell
population was noted (Stockmann et al. 2012).

Segmental long bone defects on the other hand allow researchers to test and
understand the regenerative implants destined for long bones. The creation of
segmental long bone defects is usually performed through an osteotomy approach
utilizing a drill or saw to surgically remove the required length of bone from a
predetermined site, producing a consistent defect in all subjects. The bone itself can
be fixed internally with either bone plates, intramedullary rods (Horner et al. 2010)
or by an external fixator such as the Ilizarov fixation technique (Lammens et al.
1998). Equally important as fixation is the specific segmental model in terms of
defect environment. Bone regeneration is an area where biology is directly correlated
with geometric and mechanical conditions, and combined play an indisputable role
which needs to be taken into account in translational research. The segmental bone
defect models is often used to evaluate implants developed for the treatment of
nonunion bone fractures, representing a highly avascular environment filled with
fibrotic tissue. Therefore, it is important that not only the defect size, but also the
surrounding environment represent a clinically relevant setting. Since this is often a
neglected factor, clinical translation remains a considerable challenge, in particular
since robust outcomes in well-defined large animal models are lacking. In an attempt
to develop a reliable model of a nonunion defect (pseudoarthrosis), skeletal imma-
ture and mature sheep were evaluated with tibial bone defects of both 3.0 and 4.5 cm
in immature and 4.5 cm in mature animals (Lammens et al. 2017). The size of the
defects was selected based on the guidelines that critical size defects should be at
least 2 to 2.5 times the diameter of the bone. According to these guidelines, a 3 cm
defect should be made in the skeletal immature sheep and a 4.5 cm defect in the
skeletal mature. Upon defect creation, gaps were left empty during a period of
6 weeks to allow ingrowth of fibrotic scar tissue that was subsequently removed
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for the implantation of a cement spacer for another 6 weeks to induce a Masquelet
membrane (Masquelet and Begue 2010). After the 6 weeks of membrane induction,
6/12 of the young sheep with a 3 cm defect showed of 50% bone filling up the defect
area. In the group of 4.5 cm defect of skeletal immature sheep, some bone formation
was seen in 5/20 animals. While no bone formation was seen in the 4.5 cm defect in
skeletal mature animals. Combined these data confirms that not only the size of the
defect, but also the age of the animal and the surrounding environment play a crucial
role in the selection of a suitable animal model for preclinical testing.

A more straight forward sheep model of critical sized middiaphyseal femur
defects was used to evaluate an engineered periosteal substitute, intended for the
treatment of a critical sized long bone defect after tumor resection (Knothe Tate
et al. 2011). The periosteal substitute consisted of an isotropic elastomer alone, the
isotropic elastomer with collagen membranes, the isotropic elastomer with a colla-
gen membrane and autologous periosteal cells or the elastomer with autologous
periosteal strips. Upon the creation of 2.54 cm segmental defects in the mid-
diaphyseal femur, the 3.5 cm long periosteal substitutes designed to overlap
0.5 cm distal and proximal to the defect were immediately implanted with a
5 mm overlap with the native periosteum. Bone formation was evaluated by
micro-CT and histomorphometry after 3 and 16 weeks post implantation. Improved
fracture regeneration was seen in the groups with membranes incorporating perios-
teal factors (cells or strips) as compared to isotropic control membranes made of the
same material or membranes with only collagen strips. Quantification based on
histological evaluation further confirmed an improved bone regeneration in mem-
branes containing the full periosteal strips in comparison to the periosteal cells.
Consequently, these data suggests that not only the periosteal progenitor cells, but
also the periosteal niche as such is important for the regenerative potential of the
periosteum. These findings are in line with recent literature where the periosteal
homing in mice was studied and specifically the matrix protein periostin was
identified as crucial for the regenerative potential of periosteal cells (Duchamp de
Lageneste et al. 2018).

12 Clinical Evaluation of Periosteal Cells

The quest to identify and characterize the different progenitor cell populations
present in the periosteum may just have started, but their unique capabilities have
already brought them to the clinical setting. Upon conducting a search for clinical
trials containing the keywords periosteum/periosteal, seven trials can be found. Five
of these are already completed, one is recruiting and a final study is yet to be started
(Clinicaltrials.gov 2019). In a completed study from 2018, the aim was to evaluate
the possible benefit on wound healing and flap stability of a periosteum inclusion,
comparing a “split-full-split” thickness flap elevation versus a “split” thickness
approach for the treatment of isolated-type gingival recessions in the upper jaw. In
another completed study from 2007, the use of periosteum versus bone fixation was
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evaluated in forehead lift. In this procedure, variable methods of fixation have been
described with different rates of success. In a third completed study from 2008, an
arthroscopic-assisted posterior cruciate ligament (PCL) reconstruction was
performed using a femoral knot/press-fit technique with a periosteum-enveloping
graft in a tibial tunnel. The investigators evaluated the results of patients with PCL
ruptures, who underwent PCL reconstruction using this unique technique. In a study
from 2015, a study directed towards the evaluation of two autogenous regenerative
materials, marginal periosteal pedicle graft (MPP) and platelet rich fibrin (PRF) as
membrane barriers for treating intrabony defects was evaluated. This study was
conducted due to the periosteum’s reported significant clinical outcomes, but the
limited availability of the periosteum makes it necessary to evaluate other autoge-
nous alternatives such as PRF that could offer predictable outcomes. In another study
completed 2014, clinical and radiographic evaluation of autogenous periosteal
pedicle graft in comparison with collagen membrane for management of periodontal
intrabony defects was evaluated. Encouragingly, the periosteal group showed
reduced defects at 6 months post treatment. Unfortunately, apart from this study,
no results are posted in any of the other completed studies. In another currently
recruiting study, periosteum in the recession defect site for gingival recession will be
used as an autologous graft after raising a flap and the results will be compared with a
group treated by the current standard treatment, coronally advanced flap with
subepithelial connective tissue graft. In the final study that is a prospective interven-
tional study yet to start recruitment, the effectiveness of a periosteal pedicle will be
evaluated and compared as grafting technique in combination with an egg shell
derived nano hydroxyapatite as regenerative graft material for regeneration of
intrabony defects. In a currently active study, evaluation of the clinical efficacy
and safety of autologous osteo-periosteal cylinder graft transplantation for Hepple V
osteochondral lesions of the talus is done. Half of participants will receive autolo-
gous osteo-periosteal cylinder graft transplantation, while the other will receive
osteochondral graft transplantation as a control group.

In conclusion, the completed, currently ongoing or planned studies using perios-
teum covers a broad range of conditions as well as treatments. Even though the first
study was completed in 2008, it was only in recent years that the number of studies
has started to increase. This may be linked to the increasing general knowledge of the
periosteum and the potency of the progenitor cells within. However, it is surprising
that there are currently no studies registered for the treatment of critical size bone
fractures, or periosteum derived cell-based implants for critical bone defects. Since
commonly, all registered studies used the periosteum as a tissue, rather than the
isolated and expanded cells. When searching PubMed in December 2019 with the
keyword “periosteum” 8798 articles are found, while 10,003 articles show up with
“periosteal” as a keyword. In addition, when searching for “periosteal cells” 2022
articles are found, while 533 are found on the search of “periosteum derived cells.”
These search results suggest that the use of periosteum derived cells is still limited
and mainly restricted to research laboratories. However, with the increasing knowl-
edge regarding their unique potential, their role in tissue engineering strategies will
most likely increase.
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13 The Potential of Periosteum Derived Cells as In vitro
Models to Evaluate Treatments for Specific Patients

The field of cancer biology is in general a great inspiration for regenerative medicine.
In cancer, a small population of cells self-renew to replenish the growing cancer. In
order to eliminate the disease, these proliferating cells need to be eliminated. To
achieve this, it requires that the specific mother cell is identified, the proliferative
mechanism needs to be understood and a treatment that stops the proliferation of the
specific cell, in the explicit setting, could be developed for an effective treatment. For
this, patient specific models have been created in order to define personalized
treatment (Aleman and Skardal 2019). A similar personalized medicine approach
was used to define a treatment alternative to rescue Fibroblast Growth Factor
Receptor (FGFR)3 skeletal dysplasia phenotypes through the generation of
patient-specific induced pluripotent stem cells (iPSCs) which functioned as in vitro
models in the identification of a suitable treatment (Yamashita et al. 2014). Even
though iPSCs represent a great in vitro model since their (epi)-genetic memory
remains, the generation of iPSCs requires a long culture period, the process is not
very efficient and costly, and safety issues remain. Combined, these factors limit
their use as a cell-population for a regenerative implant. However, in vitro models
could be very interesting when the goal is to target the intrinsic repair mechanisms by
the recruitment of endogenous stem/progenitor populations into damaged tissue
followed by cell proliferation, differentiation and tissue metabolic activity (Luyten
and Roberts 2018). By understanding how the patients cells respond to specific
treatments in vitro, the in vivo outcome can me optimized with increased potential
for success (Aleman and Skardal 2019). For this, a small sample of their periosteum
would be sufficient to optimize a suitable treatment based on the status of their
periosteal cells, their cell surface markers, and potential mutations that can be
characterized in vitro, prior to in situ intervention.

14 Conclusions

Regenerative constructs that mimic our body’s natural regenerative system represent
an attractive strategy for restoring the function of damaged organs or tissues where
currently no reliable treatment is available (Ho-Shui-Ling et al. 2018; Langer and
Vacanti 1993; Ma et al. 2014). Key in the construct’s success lies in a bioinspired
design, typically using appropriate and potent progenitor cells, which upon prolif-
eration and differentiation into tissue intermediates direct tissue repair in vivo
together with the available host environment to facilitate integration (Ingber et al.
2006; Lenas et al. 2009a). It is clear that periosteum derived progenitor cells play a
crucial role in bone development, maintenance, and fracture healing. Recent pro-
gress made in the field of periosteal progenitor cell identification has begun to
unravel the specific populations available, and with this information, treatments to
target these to direct in vivo tissue formation have only just begun. Based on this,
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periosteum derived cells represent a very attractive cell source in the development of
in situ treatment strategies or cell-based constructs for (large) skeletal defects.
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