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Segmental bone defects that are caused by trauma, infection, tumor resection, or osteoporotic fractures present
significant surgical treatment challenges. Host bone autograft is considered the gold standard for restoring function but
comes with the cost of harvest site comorbidity. Allograft bone is a secondary option but has its own limitations in the
incorporation with the host bone as well as its cost. Therefore, developing new bone tissue engineering strategies to treat
bone defects is critically needed.
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| 1. Introduction

The repair of large bony defects that are caused by trauma, infection, tumor resection, or fractures has traditionally relied
on the use of bone autograft or allograft. Technological advances have allowed for the development of alternative
approaches for the repair of bone defects and fracture non-unions using tissue engineering strategies in combination with
stem/progenitor cells, bone growth factors, and scaffolds of varying biomaterials. Many different types of stem cells,
derived from various tissue sources, have been explored to promote stem cell-mediated bone regeneration with varying
degrees of success.

Adult or postnatal stem cells can be isolated from almost any tissue. The most commonly studied postnatal stem cells
include bone marrow mesenchymal stem/stromal cells (BMMSCs), muscle-derived stem cells (MDSCs), adipose-derived
stem cells (ADSCs), umbilical cord-derived mesenchymal stem cells (UC-MSCs), periosteal stem cells (PSCs), dental
pulp-derived stem cells (DPSCs), periodontal ligament stem cells (PDLSCs), peripheral blood-derived mesenchymal stem
cells (PB-MSCs), urine-derived system cells (UDSCs), stem cells from apical papilla (SCAP), and induced pluripotent
stem cells (iPSCs).

| 2. Comparison of Bone-Regenerative Potential of Different Stem Cells

Given that stem cells can be isolated from almost every tissue, which cells are more effective remains a critical and
unanswered question. Several studies have compared different sources of stem cells for bone regeneration.

2.1. BMMSCs Are Better Than ADSCs for Bone Tissue Engineering

Hayashi et al., compared the osteogenic differentiation of rat MSCs from bone marrow, periosteum, and adipose tissues in
vitro and in vivo and found that MSCs from bone marrow and the periosteum were more osteogenic and formed
significantly more bone in vivo than ADSCs . Stockmann P et al., demonstrated that culture-expanded PSCs were as
efficient as ADSCs and BMMSCs in terms of treatment of unicortical calvarial defects &. Another group found that, in
critical-size sheep tibiae defects, ADSCs were not as efficient as BMMSCs for defect healing when seeded within a
collagen scaffold, although they were much more efficient in bone healing when combined with platelet-rich plasma Bl Xu
L et al., compared the human BMMSCs and ADSCs isolated from bone marrow and adipose tissue obtained after total hip
arthroplasty patients for epigenetic differences and in vivo bone regeneration. They demonstrated that BMMSCs
regenerated more bone in a critical-size bone defect model in mice than ADSCs, likely due to their intrinsic epigenetic
regulation of osteogenic and adipogenic genes 4. Mohamed-Ahmed S et al., compared the osteogenesis of human
ADSCs and BMMSCs from the same donors using poly(L-lactide-co-g-caprolactone) scaffolds both in vitro and in vivo.
They found that both ADSCs and BMMSCs demonstrated mineralization in vitro. However, BMMSCs showed higher ALP
activity than ADSCs. In vivo, defects with BMMSC-seeded scaffolds had higher cellular activity than defects with ADSC-
seeded scaffolds. Moreover, the bone formation in defects with BMMSC-seeded scaffolds was greater than it was in
defects with ADSC-seeded scaffolds, especially at the early timepoints. These results suggest that although ADSCs have
the potential to regenerate bone, the rate of bone regeneration with ADSCs may be slower than with BMMSCs [31,



2.2. ASDSCs Are More Efficient at Promoting Bone Repair Than BMMSCs and Similar to DPSCs

Mohammed EEA compared human AFDSCs and BMMSCs for their repair capacities in rat lumbar spine defects using a

gel-foam scaffold. The results showed that human AFDSCs are more effective than the human BMMSCs for spinal fusion
ir (6]

repair 8/,

Maraldi T et al., compared DPSCs and AFDSCs for bone regeneration in critical-size calvarial bone defects using collagen
as a scaffold. The authors found that both DPSCs and AFDSCs promoted bone regeneration by direct differentiation into
osteoblasts while increasing blood vessel formation in the regenerated bone area using human mitochondria as a tracing
marker [,

2.3. DPSCs Exhibit Similar Bone Regeneration as BMMSCs

Nakajima K et al., compared stem cells from human exfoliated deciduous teeth (SHED) to that of human DPSCs and
BMMSCs for bone regeneration using a polylactic-coglycolic acid barrier membrane as a scaffold in 4 mm calvaria defects
of immunodeficient mice. Micro-CT results showed that the degree of bone regeneration with SHED in the bone defect
was almost equivalent to that with human DPSCs and BMMSCs 12 weeks after transplantation. The ratio of new bone
formation relative to the pre-created bone defect was not significantly different among groups with SHED, hDPSCs, and
hBMMSCs. In addition, the histology demonstrated that SHED produced the greatest amount of osteoid and widely
distributed collagen fibers compared to the human DPSC and BMMSC groups. Thus, SHED transplantation exerted a
bone regeneration ability that was sufficient for the repair of bone defects [8l. Lee Y et al., compared BMMSCs' and
DPSCs’ cell morphology, cell proliferation, trilineage differentiation, mineral synthesis, and osteogenic gene expression in
vitro and their bone regeneration in vivo using Bio-Oss® as a scaffold. It was shown that the BMMSCs and DPSCs
exhibited similar morphology, proliferative ability, surface marker profile, and trilineage differentiation potential in vitro.
However, the BMMSCs exhibited a higher mineral deposition and expression levels of osteogenic marker genes, including
ALP, RUNX2, and osteocalcin (OCN) . In the in vivo studies, the new bone volume density in both cells groups was
significantly greater than that in the empty control or Bio-Oss®-only group. Moreover, the new bone formation and
Collagen l/osteoprotegerin protein expressions of the Bio-Oss® BMMSCs or Bio-Oss®-DPSCs groups were higher than
those of the Bio-Oss®-only group [&. Finally, the Bio-Oss®+BMMSCs and Bio-Oss®+DPSCs groups had a similar bone
mineral density, new bone formation, and osteogenesis-related protein expression [&. Vater C et al., also compared
DPSCs and BMMSCs for proliferation and bone regeneration in a critical-size calvarial bone defect. The authors found
that DPSCs showed a 2-fold lower population doubling time and a 9-fold increase in proliferation when seeded onto
mineralized collagen matrix (MCM) scaffolds compared to BMMSCs, but DPSCs showed a significantly lower osteogenic
capability than BMMSCs. However, the pre-seeding of MCM scaffolds with DPSCs and BMMSCs did not enhance bone
defect healing in vivo, as the healing of the critical-size bone defect in NMRI nude mice was comparable among all groups
(101, Another study compared the bone regeneration of the DPSCs and BMMSCs using MBCP and Bio-Oss® scaffolds in a
rabbit calvarial bone defect model. Despite the inferior bone-regenerative capacity of DPSCs and BMMSCs at early time
points after bone injury compared to autologous bone grafting, at 8 weeks post-operatively, the efficiency of the BMMSCs
combined with MBCP and Bio-Oss® was comparable to that of the autogenous bone. DPSCs in combination with both
scaffolds showed slightly inferior bone formation compared to autologous bone grafting (L1,

2.4. ADSCs Are Better Than DPSCs for Bone Regeneration

Zhu Y et al., compared ADSCs and DPSCs for bone regeneration using bovine-derived xenografts with 10% porcine
collagen as a scaffold. The study found that although DPSCs had higher proliferative abilities, ADSCs exhibited greater
mineral depositions and higher osteogenic-related gene expression, indicating a better osteogenic differentiation potential
of ADSCs [2. After applying cryopreserved ADSCs and DPSCs in a critical-size calvarial defect model, both
cryopreserved mesenchymal stem cells significantly improved the bone volume density and new bone area at 2, 4, and 8
weeks. Furthermore, the combined treatment with ADSCs and xenografts was more efficient in enhancing bone repair
compared to the combined treatment with DPSCs at all time points 12, The authors further evaluated the sequential early
bone healing process both histologically and radiographically, confirming a high level of agreement between these two
methods, which supports the conclusion 22,

2.5. MDSCs Are Similar to BMMSCs for Bone Regeneration

Gao X et al., compared the bone regeneration of Lenti-BMP2-transduced human BMMSCs and MDSCs in a critical-size
mouse calvarial bone defect model using fibrin sealant as a scaffold. The authors found both Lenti-BMP2-transduced
BMMSCs and MDSCs regenerated functional bone in 6 weeks, with near complete defect healing. No significant
differences were found in terms of the new bone volume and defect healing percentage between Lenti-BMP2-transduced



human BMMSCs and MDSCs 131, However, non-transduced human BMMSCs and MDSCs all formed negligible amounts
of new bone, which indicated that BMP2 signaling is required X2, Lough D et al., compared MDSCs with ADSCs and
BMMSCs isolated from the same mice for bone regeneration. The authors found that while all populations exhibited
mesenchymal stem cell multilineage capacity, ADSC- and BMMSC-enriched constructs were capable of forming small
bone aggregates. In contrast, MDSCs self-assembled a form of organized cortico-cancellous bone structures within two-
and three-dimensional in vitro systems. MDSCs also augmented defect healing, angiogenesis, and diploic space
formation in a cranial defect mice model in vivo 4],

2.6. PSCs Are More Efficient Than BMMSCs for Bone Regeneration

Agata H et al., compared the bone regeneration capacities of BMMSCs and PSCs and found that PSCs were capable of
osteogenic differentiation in vitro, although less efficiently than BMMSCs; however, when PSCs were pretreated with
FGF2 and BMP2, they induced greater bone formation in vivo when compared to the BMMSCs 15, Gonzalez-Gil AB et
al., compared the therapeutic potential of PSCs and BMMSCs in combination with biomaterials in a bone non-union
model. PSCs, BMMSCs, and bone graft were isolated from green fluorescent protein (GFP)-transgenic rats. Animals were
divided into six groups. It was found that in the live bone allograft (LBA) group, all the animals showed bone bridging (n =
6), whereas in the CSBMP2 group, four out of six animals demonstrated healing. In the PCL and PCLPSC groups, a
reduced number of animals showed radiological healing, whereas no healing was detected in the PCL-BMMSC group.
Micro-CT results showed significant new bone formation in the LBA, CSBMP2, and PCL-PSC groups when compared
with the CTL group. Finally, tracking of cellular implants demonstrated significantly higher survival of the PSCs when
compared with BMMSCs 18],

In summary, BMMSCs are still the most commonly used postnatal stem cells. BMMSCs are more efficient than ADSCs for
bone regeneration and are equivalent to MDSCs, but slightly better than DPSCs. AFDSCs and PSCs are more effective
than BMMSCs and comparable to DPSCs for bone regeneration.

3. Advantages and Disadvantages of Different Stem Cells for Potential
Clinical Applications

In summary, many sources of stem cells are available for bone tissue engineering. The source of the stem cells to be
utilized in clinical practice will depend on the patient's needs and the availability of donor tissues. BMMSCs are the most
commonly used and overall are most effective in terms of promoting bone regeneration. PSCs are also as effective as
BMMSCs, but their isolation procedures are invasive 4. MDSCs are often available during treatment of orthopedic
trauma, can be isolated with easy muscle access, and regenerate functional bone efficiently, although they require BMP4
or BMP2 stimulation 23, ADSCs are readily available at the point of care despite being less effective than BMMSCs.
DPSCs are also attractive due to their near-similar efficacy compared with BMMSCs for bone regeneration 12, They
represent a great cell source for dental bone loss or craniofacial bone reconstruction. UC-MSCs are also promising
because their harvest is not invasive 12, They can be used for both mother and infant (children) treatment and allow for
stem cell banking for later use. Most of the recent studies on PBMSCs for bone regeneration are also encouraging due to
their effectiveness and relative ease of availability for isolation. Recent investigations on UDSCs are especially
encouraging in that they are effective, readily available at the point of care, non-invasive, inexpensive to isolate, and
suitable for stem cell banking. Applications of different stem cells for different bone defect repairs are summarized in
Figure 1.
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Figure 1. Schematic summary of 12 different stem cells for bone tissue engineering. The graph was created by Xiang
Xiao using Figma (https://www.figma.com, accessed on 11 February 2024).

4. Prospective Applications of Stem Cells in Bone Tissue Engineering for
Human Bone Tissue Repair

Despite extensive preclinical studies using many different stem cells from different tissue resources, the clinical
applications of stem cells are still limited due to most of the stem cells needing culture and expansion. Therefore, the
development of new methods or devices allowing for the point-of-care isolation of stem cells for bone defect repair or non-
union fracture repair is critical. For example, Zhang Y et al., reported a point-of-care device for isolating and processing
BMMSCs, forming a composite with a scaffold in 5 min, which achieved clinically satisfactory bone repair for 42 patients
(18] Furthermore, stem cell banking of different stem cells for future application is also an important strategy. UC-MSCs,
PBMSCs, UDSCs, DPSCs, MDSCs, ADSCs, and BMMSCs are all excellent stem cell resources that are also suitable for
stem cell banking.

The choice of scaffold to deliver cells is also important. Fibrin sealant scaffolds are FDA-approved (such as Tisseel Fibrin
Sealant) and, when used for delivery of cells or growth factors, are easily absorbable, with the newly formed bone being
similar to native bone, with normal blood vessel and bone marrow anatomy L8820 BCP or TCP or hydroxyapatite
scaffolds are not easily absorbable and often remain in the newly regenerated bone; these residues do not integrate with
the host bone and likely offer inferior bone biomechanical properties. Bioactive growth factor peptide-conjugated scaffolds
may be more suitable to deliver with stem cells, with better safety than gene delivery approaches 2. |deally, stem cell-
based strategies in bone tissue engineering will need the stem cells from both the donor and the host to differentiate into
osteoblasts, secrete collagen | and other organic bone matrix components, and then mineralize to form fully functional
bone. The orchestration of osteogenesis with angiogenesis is also important. The combination of stem cells, their
secretome, bone growth factors, and bio-engineered scaffolds will be highly effective. Finally, exosomes or extracellular
vesicles derived from stem cells offer a cell-free strategy of delivering osteogenic cargos to enhance bone formation. This
approach is very promising due to its nature of not eliciting an immune response when used allogenically.
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