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Abstract

Bone nonunion is a pathological condition in which all bone healing processes have stopped, resulting in abnormal mobility
between 2 bone segments. The incidence of bone-related injuries will increase in an aging population, leading to such
injuries reaching epidemic proportions. Tissue engineering and cell therapy using mesenchymal stem cells (MSCs) have
raised the possibility of implanting living tissue for bone reconstruction. Bone marrow was first proposed as the source of
stem cells for bone regeneration. However, as the quantity of MSCs in the bone marrow decreases, the capacity of
osteogenic differentiation of bone marrow stem cells is also impaired by the donor’s age in terms of reduced MSC
replicative capacity; an increased number of apoptotic cells; formation of colonies positive for alkaline phosphatase; and
decreases in the availability, growth potential, and temporal mobilization of MSCs for bone formation in case of fracture.
Adipose-derived stem cells (ASCs) demonstrate several advantages over those from bone marrow, including a less invasive
harvesting procedure, a higher number of stem cell progenitors from an equivalent amount of tissue harvested, increased
proliferation and differentiation capacities, and better angiogenic and osteogenic properties in vivo. Subcutaneous native
adipose tissue was not affected by the donor’s age in terms of cellular senescence and yield of ASC isolation. In addition, a
constant MRNA level of osteocalcin and alkaline phosphatase with a similar level of matrix mineralization of ASCs remained
unaffected by donor age after osteogenic differentiation. The secretome of ASCs was also unaffected by age when aiming to
promote angiogenesis by vascular endothelial growth factor (VEGF) release in hypoxic conditions. Therefore, the use of
adipose cells for bone tissue engineering is not limited by the donor’s age from the isolation of stem cells up to the
manufacturing of a complex osteogenic graft.
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creates a fibrous scar, bone tissue is unique in its scarless
regenerative properties.

Two different types of bone repair exist: direct and indirect
bone healing also called intramembranous and endochondral
ossification, respectively.”® Direct or primary bone healing
can occur in long bone only if there is a perfect reduction and
stabilization of the bone fragments. It is a direct attempt made
by the bone cortex to reestablish new haversian systems

Introduction

Bone is a highly specialized organ that serves many purposes.
First and foremost, bone plays a structural role, but it serves
other functions such as mineral storage (calcium, sodium,
phosphate, and magnesium) and hematopoiesis as it stores
marrow. Bone’s structural role includes protection for the
brain, spinal cord, and chest organs, as well as rigid internal
support for the limbs. The internal architecture of bone
accounts for its lightness and high tensile strength, which
result from its hollow and tubular shape composed of a

collagen matrix with mineral deposits.'

A fracture is defined as a loss of continuity in the bone
architecture. It can be the result of a direct trauma, repeated
solicitations (fatigue/stress fractures), or other pathological
situations such as cysts or tumors. A bone fracture is a patho-
logical situation characterized by pain, swelling/hematoma,
abnormal mobility/deformity of a bone segment, and func-
tional impairment. Whereas soft-tissue healing of a wound
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through the use of remodeling units known as cutting cones. A
cutting cone unit is comprised of a cutting head of osteoclasts,
which penetrate parallel to the axis of the bone and bridge the
fracture, followed by osteoblasts that line the wall of the
cutting cone. A blood vessel grows with the cutting head at
the center of the unit. In this form of ossification, little or no
callus is observed upon radiographic examination.

In contrast, the vast majority of long-bone fractures heal by
indirect ossification, which is a combination of intramembra-
nous and endochondral bone formation. Intramembranous
ossification is the direct formation of bone from osteoprogeni-
tors and mesenchymal stem cells (MSCs) residing in the peri-
osteum along with the cutting cones remodeling the fracture,
whereas endochondral bone healing involves the recruitment,
proliferation, and differentiation of MSCs into cartilage that
will secondarily calcify and eventually be replaced by bone.

At the end of primary repair, a phase of bone remodeling
occurs. This phenomenon involves bone resorption by osteo-
clasts and a secondary new bone deposition by osteoblasts that
will be enclosed in the new matrix in the form of osteocytes.
Bone remodeling occurs constantly in the entire skeleton. Fol-
lowing a fracture, the normal shape of the bone will be recon-
structed according to the load repartition on the structure. It is
responsible for the scarless healing capacity of bone tissue.

Adequate bone healing thus requires a careful combina-
tion of physiological and biomechanical factors. The coor-
dination and interaction between these factors leads to an
uneventful restoration ad integrum. In contrast, any distur-
bance in the sequence of the healing cycle will end in
complications such as delayed union or nonunion. Research
on the key elements determining the pathway to bone
regeneration has led to various models, one of which is
referred to as the diamond concept.'’

According to the diamond concept, there are 4 key factors in
bone regeneration: (1) mechanical stability: the bridging frac-
ture callus allows load transmission and restoration of the archi-
tecture of the bone according to Wolff’s law; (2) osteogenic
cells: local multipotent MSCs are recruited and migrate to the
fracture callus, and these cells differentiate into the osteoblastic
and chondroblastic phenotype during callus maturation;
(3) growth factors: cytokines such as interleukin-1 (IL-1) and
-6 (IL-6), tumor necrosis factor-a, platelet-derived growth
factor (PDGF), vascular endothelial growth factor (VEGF),
insulin-like growth factor (IGF), and transforming growth
factor-B (TGF-P) superfamily members initiate a cascade of
cellular events starting the bone healing process; and (4)
adequate scaffold: the extracellular matrix provides a natural
support for cellular interaction.

Any disturbance in the delicate balance between these key
factors will lead to complications such as nonunion. A bone
nonunion is a pathological condition in which all bone healing
processes have stopped, resulting in an abnormal mobility
between 2 bone segments. This condition is also known as a
pseudoarticulation or pseudarthrosis. An unhealed bone after 8
to 12 weeks of treatment is considered to be in delayed con-
solidation; after more than 6 mo, it is defined as a nonunion.'!

The prevalence of nonunions varies with each bone and is
considered to be around 10% for all long-bone fractures
combined."""'? This incidence can increase up to 30% when
associated with comorbidities such as diabetes or a smoking
habit.'>'® Identified risk factors can be systemic (e.g., sys-
temic diseases, gender, age, and hormonal milieu) or local
(infection, high-energy trauma, extended soft-tissue damage,
loss of blood supply, irradiation, bone loss, extended perios-
teum damage, and bone denervation and instability).'*!>

With the rise in life expectancy, the incidence of bone-
related injuries in an aging population is on the rise and
reaching epidemic proportions.'® A significant increase in
the number of persons over 65 y of age is predicted to occur,
with a rise from today’s 13% of the American population to
16.9% and 25.9% by 2030 and 2060, respectively.'!” Conse-
quently, the cost associated with bone nonunion has a major
risk to increase drastically in the next few decades. Indeed,
the total cost of these complications is currently estimated
between 10,000 and 100,000 euros per patient in Europe. '

Therefore, other therapeutic approaches for the treatment
of nonunions have been proposed, including the injection of
concentrated autologous bone marrow or ex vivo culture
expanded MSCs. These new cell therapy treatments are
currently being investigated to facilitate bone healing. At
clinicaltrials.gov, 15 clinical studies (4 completed, 4 recruit-
ing, 4 not yet recruiting, and 3 of unknown status) are cur-
rently investigating the potential of MSCs from bone
marrow, fat tissue, or umbilical cord. Nine of the studies
include patients between 18 and 65 y, 3 studies have no age
limitations, and 1 study extends to 75 y old.

In the context of population aging and the therapeutic use of
MSCs to promote bone healing, this review investigated the
impact of donor age on (1) the native cellular mechanisms of
MSCs implied in the physiology and pathophysiology of
bone healing and (2) the heterogeneity introduced by
“macrodifferences” (starting material, isolating methods, and
cell production processes) and “microdifferences” (donor-to-
donor variability, donor conditions at the time of sampling) that
could also significantly modify the cell manufacturing processes
and quality of the final cell therapy product for bone healing.

Using autologous or allogeneic MSCs is a key parameter to
develop a cell-based therapy for bone nonunion. Although
autologous MSCs lead to no immunologic rejection, the
process is economically difficult to implement and cellular
autograft manufacturing is time-consuming. In contrast, the
use of allogeneic MSCs allows for large-scale expansion of
MSCs, and isolation from selected donors coupled with cryo-
preservation provides a readily available source of stem cells.

Impact of Age on Bone Marrow MSC
Cellular Mechanism for Bone Healing

Bone tissue demonstrates a remarkable ability to remodel in
association with its capacity to heal/regenerate following
fracture as supported by the presence of a stem cell popula-
tion in the bone marrow. Bone marrow comprises the
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stromal and hematopoietic compartments. The stromal tissue
functions as a scaffold of cells that provide physical and
functional support to the hematopoietic cells. The stromal
fraction is able to adhere to tissue culture plastic, whereas the
nonadherent hematopoietic cells can be readily removed
from the adherent stromal cell cultures by a simple wash
step.”® Under specific conditions, multipotent precursor cells
in bone marrow stroma are able to differentiate into bone,
cartilage, and adipose tissue.>'**> MSCs are a source of
progenitors for osteoblasts, which are responsible for osteo-
genesis and also regulate osteoclastogenesis.

The molecular events that govern fracture healing are a
complex network of signals of tissue damage, cell death, cell
recruitment, cell proliferation, cell differentiation, and tissue
formation.>® Different sets of effector molecules such as
cyclooxygenase-2 (COX-2), IL-1, IL-6 (effectors of inflam-
mation), transforming growth factor-f3 (TGF-B) (as a mitogen
agent), fibroblast growth factor (FGF), insulin-like growth fac-
tor (IGF), platelet-derived growth factor (PDGF), bone mor-
phogenetic proteins (BMPs, osteogenic agents), and VEGF and
angiopoietins (angiogenic factors) demonstrated a direct
impact on the proliferation and differentiation of MSCs.>

As bone density declines with age, the quantity of MSCs
in the bone marrow decreases. Preclinical models in rats
and mice demonstrated a discrepancy between experimen-
tal models. A significant reduction of bone progenitors in
the bone marrow with age was found in one study,?*
whereas another demonstrated a significantly higher num-
ber of progenitor cells in older mice (by 20%).%° In a study
of humans, a significant reduction of the precursor cells
was found in the second and third decades among iliac crest
samples obtained from healthy patients aged 5 to 70 y.¢
Muschler et al. also confirmed that the total number of
nucleated cells in bone marrow aspirates decreased with
donor age.?” In addition to the decrease of MSC number
in the bone marrow, others reported a decrease of the repli-
cative capacity of MSCs from human donors between 59
and 75 y of age.?®** The decrease of MSCs from patients in
this age range could be explained by a significantly shorter
size of the mean telomere restriction fragment in compar-
ison to patients younger than 18 y.?® On the other hand,
Zhou et al. reported an increase with donor age of apoptotic
cells with positive staining for senescence-associated
B-galactosidase.?’ Therefore, most of the research on
human specimens indicates that aging decreases the avail-
ability, growth potential, and temporal mobilization of
MSCs for bone formation in case of fracture.*®

Age negatively affects the capacity of MSC harvest-
ing and proliferation from bone marrow, and the capac-
ity for osteogenic differentiation of bone marrow stem
cells was also impaired by the donor’s age. Two studies
found that the formation of colonies positive for alkaline
phosphatase decreased with donor age over 50 y.2%3!
Zhou et al. also confirmed the reduction of alkaline
phosphatase expression in MSCs from bone marrow of
older donors.?

In order to overcome the influence of age on the quality of
stem cell products, the use of allogeneic bone marrow MSCs
seems to be more appropriate for developing a cell therapy
for bone healing. Most clinical studies reported at www.cli
nicaltrials.gov (with search items “bone fracture” and “bone
marrow MSCs in bone healing for autologous and allogeneic
MSC”) focused on the autologous approach for patients aged
18 to 75 y (12 vs. 2 trials, respectively). Two clinical phase 3
studies using the autologous bone marrow approach did not
demonstrate efficacy of bone marrow stem cells in a large
cohort of patients.**** Thus, it is crucial to consider the
impact of age in inclusion criteria to homogenize the selec-
tion of patients for bone marrow stem cell transplantation.

To overcome the effect of age on the autologous source of
stem cells, a new source of MSCs with a lower impact of donor
age has been proposed. Adipose-derived stem cells (ASCs)
were recently demonstrated to have several advantages over
those from bone marrow, including a less invasive harvesting
procedure, a higher number of stem cell progenitors from an
equivalent amount of tissue harvested, increased proliferation
and differentiation capacities, and better angiogenic and osteo-
genic properties in vivo.**** Although the MSCs from bone
marrow and adipose tissue are quite similar, there are some
innate differences in their biology (bone marrow MSCs and
ASCs can be differentiated with regard to functional gene
expression) and release of growth factors in a hypoxic environ-
ment (as found in the bone nonunion tissue with <1%
oxygen).*** In a pig preclinical model, Schubert et al. con-
firmed the superiority of ASCs in comparison to bone marrow
MSCs. Indeed, they demonstrated the importance of osteo-
genic differentiation before implantation to promote better in
vitro and in vivo angiogenesis (by VEGF release) and osteo-
genesis of the ASCs.* Schubert et al. also investigated the
potential of osteogenic ASCs with juvenile pig.***

As with bone marrow-derived stem cells, questions remain
about the impact of donor age in terms of ASC content, isola-
tion, and efficacy (growth factor release by ASCs) to cure
bone nonunion. Aside from financial considerations, the
impact of age is the most important factor when determining
if an autologous or allogeneic approach is better in clinical
terms. Because preclinical animal models are not able to mimic
the influence of the long-term course of age on ASCs, this
review will focus on the relationship between human life span
and ASC properties in terms of safety, proliferation, and
osteogenicity for bone repair.

Impact of Age on the Adipose Tissue
for ASC Isolation and Safety

Adipose tissue is a highly complex tissue composed of
mature adipocytes (more than 90%) and a stromal vascular
fraction, which includes fibroblasts, preadipocytes, vascular
smooth muscle cells, endothelial cells, resident immune cells
(monocytes/macrophages, lymphocytes), and ASCs.***8
Although adipose tissue is a more reproducible site from
which to isolate stem cells than bone marrow, the density
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of ASCs can be significantly impacted by the location and
composition of the native adipose tissue. The main reservoir
of ASCs is found in the subcutaneous adipose tissue of the
human body rather than in the visceral fat tissue.*’ Although
there is a high density of stem cells per volume of tissue
(+1 x 10° per g of adipose tissue), the cellular composition
of the native fat tissue can be significantly influenced by a
systemic condition as found in type 2 diabetic patients.>
Indeed, 2 studies demonstrated that the cellular composition
of adipose tissue is very sensitive to chronic hyperglycemia
(in type 2 diabetes), as evidenced by adipose tissue inflam-
mation, which is characterized by infiltration of inflamma-
tory cells, increased production of cytokines, and induced
systemic insulin resistance.>'>* They found that excessive
caloric intake led to increased oxidative stress in the adi-
pose tissue of mice with type 2 diabetes and promoted
senescence-like changes, such as an increase of senescence-
associated galactosidase activity, p53 expression, and produc-
tion of proinflammatory cytokines. Recently, Wu et al.
demonstrated that the yield of ASCs was affected by donor
age by comparing adipose tissue from infants (0.5 + 0.3 y)
versus adults (34 + 11 y) and older patients (59 + 11 y).>*
Kornicka et al. and Choudhery et al. confirmed that ASC
expansion was affected by a donor’s age >50 y old in terms
of colony forming unit and doubling time of stem cell
proliferation.’*>> In contrast, Dufrane et al. confirmed the
similarity of ASC isolation in 8 human donors (19-62 y old)
in terms of ASC expansion up to passage 4. This was con-
firmed in a larger series of patients (6-72 y old) transplanted
with autologous ASCs for bone regeneration and wound
healing.’®>” This difference between studies could be
explained by the fact that older patients were characterized by
different clinical histories in terms of diabetes, obesity, . . . (not
reported in Kornicka et al. and Choudhery et al., see above).”*>>

The risk of oncogenicity is another important issue that
can be associated with the age of ASC donors. To date, no
tumors were diagnosed in patients transplanted with ASCs
since ASCs were reported with rare chromosomal abnorm-
alities.’*>® Meza-Zepeda et al. also demonstrated no cyto-
genetic abnormalities after long-term culture of human
MSCs for several months.®® At present, there are no data
on the impact of donor age on human ASCs. In comparison
to bone marrow MSCs, however, Chen et al. demonstrated
that ASCs had a better resistance to senescence with lower
levels of biomarkers related to senescence, while Choudhery
et al. reported a higher cellular senescence (with a higher
expression of pl6 and p21 genes and a higher activity of
senescence-associated p-galactosidase).’>®! Since MSCs in
culture are in a highly proliferative state under nonphysiologic
conditions (which may support the accumulation of DNA
damage, resulting in loss of cell cycle regulation and eventu-
ally malignant transformation after long-term cell culture), the
number of cellular passages of ASCs could explain the differ-
ence between experimental studies performed on human cells.
In vitro, Dufrane et al. confirmed the stability of the ASC
genome (from young patients aged between 6 and 13 up to

patients older than 47 y old) up to passage 16.°%°7°% All
genetic analyses revealed minor rates (near the detection
threshold) of chromosomal aneuploidy, mainly tetrasomies,
suggesting tetraploidy as classically observed in cultured cells
(cutoff: ~4.5%). Minor trisomy 7 was also detected in pas-
sages 1, 4, and 10 (cutoff: ~2%) as previously reported.®®
Cells could exhibit recurring chromosomal alterations without
involving a selective growth advantage in vitro, and MSCs
with or without chromosomal alterations did not induce tumor
formation 8 weeks after injection in immunocompromised
mice. A higher rate of monosomy 7 (15%) was detected in
the sample at passage 16. Monosomy 7 is mainly involved in
myeloid malignancies and is not described in mesenchymal
tumors.** These aneuploid cells do not have a proliferative
advantage because they are not detected on the karyotype of
metaphase cells. Some studies described karyotype changes in
MSCs after 11 to 14 passages (1.5-5.95% of cells).*>%¢ In vivo
oncologic safety (with young and old patients as donors of
ASCs) was confirmed by the absence of adverse events in
immunodeficient animal recipients 1 or 3 mo postimplanta-
tion and in patients up to 54 mo after implantation; ASC
implantation after shorter in vitro culture (passage 4) and
osteogenic differentiation before implantation (thus reducing
the chromosomal abnormalities by genetic stability) avoided
the selection of tumoral cell clones.>®>76?

The development of cellular therapies with the greatest
clinical potential is fraught with safety concerns related to
product purity.®” Indeed, unspecific isolation methods are
commonly used that are based on plastic adherent growth with
removal of nonadherent cells, which results in heterogeneous
cell preparations (composed of ASCs and mainly fibroblasts),
which can induce differences upon long-term culture in terms
of more quickly proliferating cell types overgrowing the
slowly dividing cells.*®* "' This change of cellular growth can
induce heterogeneity of the selection of the cell clone,
highlighting the concerns of regulatory authorities about the
negative impact of fibroblasts in stem cell therapy products
and thus can influence the capacity of cellular expansion with-
out genetic instability.”* ASCs and dermal fibroblasts from the
same donors demonstrated a similar pattern of cellular
proliferation up to passage 16 with no influence of donor age
(19-62y). A major difference between both cell types was found
in terms of VEGF and stromal cell-derived factor 1 (SDF1)a
secretions in low oxygen tension, which also validated the con-
cept that ASCs secrete a lower amount of SDF-1a in compar-
ison to dermal fibroblasts (in each oxygen and glucose
condition). This tool can specifically discriminate fibroblasts
and ASCs and can be rapidly implemented and performed
before the release of ASC-based therapy (providing a response
within 24 h) for young and older human donors of ASCs.”

Impact of Age on the Osteogenic
Properties of ASCs

Although the human donor’s age seems to have no major
deleterious effects on ASC isolation, expansion, purity of the
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Fig. 1. (A, B) Impact of age on adipose stem cells differentiation to obtain a 3-dimensional (3D) scaffold-free and oteogenic graft. (A) No
impact of the donor’s age was found on the time required to isolate and expand adipose stem cells (from native adipose tissue) and to obtain
finally differentiated to the scaffold-free 3D osteogenic graft. The integrity of the 3D graft was histomorphologically assessed at the end of
manufacturing by the potency score (before implantation). A score of the graft integrity (for the optimal 3D graft) between —1 and +1 in
terms of cell viability counting, interconnective tissue integrity, and demineralized bone matrix content. Note that a final 3D graft was always
obtained (individual donors without any impact of donor age, which ranged from 5 and 70 y) for adipose-derived stem cells incubated with
demineralized bone matrix, demonstrating the reproducibility of the manufacturing procedures.

cell therapy product, and genetic stability, questions remain
regarding the capacity to induce new bone tissue formation
for the treatment of bone nonunion in older patients.

The beneficial effects of MSCs on bone remodeling are
mainly provided by a paracrine effect.”* 7 The secretome of
the ASCs contains various endocrine factors involved in the
bone activity. In bone regeneration, implanted ASCs secrete
various osteoblast-activating factors (macrophage colony-
stimulating factor [M-CSF], receptor activator of nuclear
factor kappa-B ligand [RANKL], BMP-2, BMP-4, and
hepatocyte growth factor [HGF]) and bone-related extracel-
lular matrix proteins, including HGF and extracellular

matrix proteins, corroborating their paracrine role in osteo-
genesis.”” Wu et al. demonstrated that human ASCs, from
infant to older ages, exhibit a similar pattern of expression of
osteogenic genes such as RUNX-2 and osteocalcin, while
Kornicka et al. and Choudhery et al. reported a lower in vitro
osteogenicity by older ASCs (>50 y old).>*> Although a
small advantage was found in vitro when using ASCs
obtained from infants, they conclude that elderly ASCs
still represent a valuable stem cell source for osteogenesis
(similar to adult cells) for autologous stem cell transplanta-
tion. These results were confirmed by Chen et al., who
demonstrated a constant mRNA level of osteocalcin and
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alkaline phosphatase with an in vitro level of matrix miner-
alization in ASCs regardless of donor age.®' However, for in
vivo bone reconstruction, the impact of age on ASCs prop-
erties can be overcome by growth factor release and osteo-
genic differentiation of ASCs (before transplantation).*
ASCs are angiogenic, as they express VEGF, FGF-2, and
IL-6.7 Vériter et al. recently demonstrated that ASCs mostly
secreted VEGF (to promote angiogenesis) in the hypoxic
conditions found in a bone nonunion in contrast to a lack
of stimulation for insulin-like growth factor-1 (IGF-1) and
FGF-2.%" They also noted that the differentiation of ASCs
did not induce a significantly greater release of BMP-2.>’
Critical size bone reconstruction (as found in bone non-
union) using stem cells also remains limited by the large size
of bone defects and consequently the size of the engineered
implant required for a 3-dimensional (3D) graft. Several
scaffold-free systems have been investigated, but creating
sufficient thickness to fill a critical size bone defect is diffi-
cult.”® Dufrane et al. developed a graft made of scaffold-free
autologous ASCs differentiated in a 3D osteogenic structure
with demineralized bone matrix [DBM] (Dufrane et al. pat-
ent: Multidimensional biomaterial and method for producing
the same World Intellectual Property Organization (WIPO)
2010139792 A2; Fig. 1). Studies have demonstrated the
safety and efficacy of this graft to cure a femoral critical
size bone defect in a pig preclinical nonunion model at 6
mo postimplantation.** Complete stem cell differentiation in
an osteogenic 3D structure significantly improved the effi-
cacy of bone reconstitution by promoting angiogenesis and
osteogenesis and the safety by lowering the risk of growth
factor release.*® After osteogenic differentiation, human and
pig ASCs demonstrated similar in vitro (VEGF release and
viability in hypoxic conditions) and in vivo (angiogenicity
and osteogenicity with cellular engraftment and graft miner-
alization, respectively) properties.**** Subsequent to the
preclinical experiments, these products were developed to
treat specific patients with end-stage “untreatable” patholo-
gies and in the case of conventional treatment failure. The
capacity of human ASCs to produce a scaffold-free osteo-
genic 3D graft, clinical safety, and surgical feasibility were
confirmed. The most important outcome was the proof of
concept in terms of feasibility for manufacturing a scaffold-
free 3D implant from human autologous ASCs differentiated
into an osteogenic phenotype with demineralized bone
matrix (DBM). For clinical application of this advanced
therapy, all procedures were validated using human ASCs
(following good manufacturing practices) and DBM with the
goal of being able to uniformly reproduce the manufacture of
a structural and stable 3D implant in all patients despite
clinical constraints such as interdonor variability in terms
of age. A mean of 105 d (without any impact of donor age)
for graft manufacture was compatible with clinical implan-
tation (Fig. 1A). The size of generated 3D bone-like tissue
(a mean of 12.6 cm’ for the 3 grafts) was significantly
increased by nearly 6 times (compared to 2 cm® of native
adipose tissue for each patient from 6 to 66 y old), and it was

Donors < 18 years old Donors =60 years old

Fig. 2. Impact of donor’s age on the integrity of the scaffold-free
3-dimensional (3D) graft. Macroscopically, the 3D osteogenic
graft was obtained for donors aged below I8 y old and older
60 y old (upper level). Microscopically, the collagen matrix, the
cellularity with 4’,6-diamidino-2-phenylindole (DAPI) staining
(middle level, original magnification: x10), and the osteocalcin
expression (lower level, original magnification: x25) were main-
tained in the 3D graft for young and old donors of adipose tissue
for adipose-derived stem cell isolation, proliferation, and differ-
entiation.

always sufficient to fill the bone defect. However, when
donors of adipose tissue were classified by the age in groups
of <18, 18 to 60, and >60 y old, the quantity of native adipose
tissue required to generate an implant large enough to fill
the bone defect was less for young donors in comparison to
those over 18 y (3 g vs. 8 g, respectively). Finally, the quality
(assessed by the potency histomorphological score in terms
of cell/tissue composition and 3D characterization) of the
final tissue-engineered product was not affected by the age
of the donor of native tissue.**>® A normal score for an opti-
mal graft was established between —1 and +1 to obtain the in
vivo efficacy for osteogenicity and bone tissue remodeling. In
this series, we recorded scores of 0.14 4+ 0.49, —0.05 + 0.28,
and —0.43 + 0.35, respectively, for patients <18 y (mean,
10y), 18 to 60 y old (mean, 41 y), and >60 y old (mean, 65 y),
without any significant impact of donor age on the final
structure of the 3D scaffold-free grafts (Figs 1B and 2).
Therefore, the use of adipose cells for bone tissue engineer-
ing is not limited by donor age from the isolation of stem
cells up to the manufacturing of a complex 3D scaffold-free
graft.
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Conclusions

The impact of aging on ASC functions for bone tissue
engineering is not a limiting factor for an autologous
approach of cell therapy in terms of effectiveness of the
regenerative capability and interaction with environmental
extrinsic signals. Indeed, for clinical autologous cell trans-
plantations, old and young ASCs are expected to produce
similar effects. However, the role of exosomes secreted by
human ASCs needs to be investigated effectively, both in
laboratory and clinical settings, to assess the real impact of
age on ASC properties, including intrinsic secretion and
extrinsic interaction with the implanted host tissue. Finally,
it is clear that a prospective controlled trial is needed to
clinically assess the impact of age on a specific indication
of bone regeneration, while determining the multiple fac-
tors that affect the ASC properties of patients, such as dia-
betes and obesity alone. These questions need to be
answered before ASCs can be proposed as a standard auto-
logous or allogeneic cell source for the treatment of bone
defects.
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