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A B S T R A C T

Regenerative cell-based implants using periosteum-derived stem cells were developed for the treatment of large
3 cm fresh and 4.5 centimeter biological compromised bone gaps in a tibial sheep model and compared with an
acellular ceramic-collagen void filler. It was hypothesized that the latter is insufficient to heal large skeletal
defects due to reduced endogenous biological potency.

To this purpose a comparison was made between the ceramic dicalciumphosphate scaffold (CopiOs®) as such,
the same ceramic coated with clinical grade Bone Morphogenetic Protein 2 and 6 (BMP) only or a BMP coated
cell-seeded combination product. These implants were evaluated in 2 sheep models, a fresh 3 cm critical size
tibial defect and a 4.5 cm biologically exhausted tibial defect. For the groups in which growth factors were
applied, BMP-6 was chosen at a dose of 344 μg for 3 cm and 1.500 μg or 3.800 μg for 4.5 cm defects. An
additional group in the 4.5 cm defect was tested using BMP-2 in a dose of 1.500 μg. For all the cell based
implants autologous periosteum-derived cells were used which were cultured in monolayer during 6 weeks. For
the fresh defect 408 million cells and for the biologically exhausted tibial defect 612 million cells were drop-
seeded on the BMP coated scaffolds. Bone healing was studied during 16 weeks postimplantation, using standard
radiographs.

While fresh defects responded to all treatments, regardless the use of cells, the biologically hampered defects
responded in half of the cases and only if the BMP-cell combination product was used, supporting the concept
that cell-based therapies may become attractive in treating defects with a compromised biological status.

1. Introduction

The regeneration of bone to treat skeletal defects, due to trauma,
infection or extensive tumor resections becomes challenging in case of
severe bone loss. Therapies using allografts or synthetic bone void fil-
lers are insufficient due to their limited and non-predictable biological
potential [1,2]. In large defects, autografts, which are considered as
“the gold standard” for non-union treatment, even in combination with
Bone Morphogenetic Proteins (BMPs) do not convincingly alter the
outcome due to the large volumetric dimensions necessary to bridge the
gap and the insufficient bone stock of the human body [3,4]. So far,
these difficult orthopedic problems are addressed with bone transport
procedures or vascularized fibular grafts, but tissue engineered cell-

based therapies now rising at the horizon may provide new opportu-
nities for these challenging conditions [5–8].

Researchers put tremendous efforts in the development of cell-based
Advanced Therapy Medicinal Products (ATMPs), but for the treatment
of large bone defects they often cannot fulfil the surgeon's demand due
to the mismatch between the small-scaled cell-based implants and the
huge bone volumes to be repaired. Numerous biomaterial substitutes
for bone defects have been reported, using different scaffolds, combi-
nations of growth factors or use of cells but treatment efficiency re-
mains uncertain because of unpredictable bone formation [9].

Moreover the regeneration of new bone is often not achieved due to
the diseased microenvironment of the host inhibiting a correct interplay
between implant and recipient [10].
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Previous work from our laboratory focused on the search for cell-
based implants using periosteum-derived stem cells. It was documented
that these cells preserve their multipotency despite extended culture
expansion up to at least 30 population doublings [11]. The expanded
periosteum-derived cells have unique properties and bone-forming ca-
pacities in comparison with mesenchymal stem cells from other sources
[12]. Those cell-based implants showing a good biological potential, as
demonstrated in an ectopic nude mouse model [13,14], were identified
as good candidates for implantation in an orthotopic tibial mouse defect
[13]. Following success in the nude mice, these implants were scaled up
to larger dimensions and tested in a more clinically relevant animal
model, i.e. large tibial bone defects of 3 and 4,5 cm in sheep, according
to a previously published technique [15]. Sheep were divided in a
group with a 3 cm fresh defect (FD group) or a 4.5 cm biologically
exhausted defect (BED group) and treated with scaffold only, scaffold
coated with BMP-2 or 6, and cell-based ATMPs with BMP-2 or 6.
Throughout and after completion of the treatment, safety was carefully
monitored. The aim of this study was to investigate to what extent the
different implants could heal both types of bone defects.

2. Material and methods

2.1. Study design and surgery

All experiments in the sheep were performed with approval of the
Ethical Committee of the Medanex Clinic (CRO, Diest, Belgium) and
housed in accordance with the guidelines for the care of laboratory
animals. The animal experiments were carried out in accordance with
Directive 2010/63/EU and Belgian Royal Decree of 29 May 2013.

72 Swifter–Charollais female sheep were randomly assigned to a
group in which a fresh 3 cm tibial defect was studied (FD), or a group
with 4.5 cm defects that initially were left untreated to allow ingrowth
of fibrotic scar tissue, reducing the biological repair capacity and de-
signated as the biologically exhausted defects (BED).

For the FD group, 29 animals were divided in 3 subgroups, receiving
scaffold only (n = 8), scaffold with BMP-6 (n = 8) or the cell-based
ATMP (n = 13). For the BED group 43 animals were used, divided in 6
subgroups, i.e. scaffold only (n = 4), scaffold with BMP-2 (n = 8),
scaffold with BMP-6 (n = 8), cell-based ATMP with BMP-2 (n = 7) and
2 groups of cell-based ATMP with different doses of BMP–6 (n = 8 for
each group) (Table 1).

All surgical procedures were performed according to the Ilizarov
technique, leading to mechanically well stabilized defects by means of a
circular external fixator [15].

In the FD group the 3 cm fresh defect was created in the right tibia
and a polymethyl-metacrylate spacer (PMMA) (Palacos®, Heraeus
Medical, Wehrheim, Germany) was inserted immediately to induce a
Masquelet membrane [16,17]. For the subgroup receiving the cell-
based ATMP, a fragment of 1 by 2 cm of periosteum of the 3 cm re-
sected tibial segment was sampled for expansion of the periosteum-
derived cells (PDCs). Six weeks after the initial surgery the spacers were
removed and the created biological chambers were filled with the

implant according to each subgroup (Fig. 1). Sheep were then followed
up for 16 weeks at which time point a definite analysis of the new bone
regeneration was made using radiographs.

For the BED group 4.5 cm defects were created in the same way as
the 3 cm defects in the FD group, but left untreated without insertion of
a spacer. After 6 weeks, a complete debridement was performed of the
fibrotic ingrowth. For the subgroup receiving the cell-based ATMP a
simultaneous intervention was performed on the left tibia were through
a small incision a fragment of 1 by 2 cm of periosteum was sampled for
the cell culture of PDCs. Further treatment was analogous to the FD
group with spacer insertion, i.e. exchange for the implant after 6 weeks
according to the specific subgroups and follow-up till 16 weeks (Fig. 2).

2.2. Cell culture

The harvested periosteal samples measuring about 2 cm2 were used
for cell culture. The samples for cell culture were transported at 4 °C in
high glucose Dulbecco's Modified Eagle Medium (DMEM, Life tech-
nologies Europe BV, Thermo Fisher Scientific, Merelbeke, Belgium)
containing 2% antibiotic-antimycotic solution (AA) (100 units/ml pe-
nicillin, 100 μg/ml streptomycin and 025 μg/ml of amphotericin, Life
technologies Europe BV, Thermo Fisher Scientific, Merelbeke,
Belgium).

After drying and weighing, the specimens were rinsed twice with a
Hank's Balanced Salt Solution (HBSS) not containing CaCl2 and MgCl2
(Life technologies Europe BV, Thermo Fisher Scientific, Merelbeke,
Belgium), and minced in small pieces that were transferred to a 15 ml
falcon tube containing a 0.2% collagenase solution in high glucose
DMEM supplemented with 10% irradiated FBS (iFBS) and 1% anti-
biotics/antimycotic solution (=DMEM-c). Following an overnight in-
cubation at 37 °C using slow rotation, the periosteum-derived cells were
collected by centrifugation, washed twice and resuspended in high
glucose DMEM-c. The cells were plated in a T75 flask and allowed to
attach for 24 h. Non-adherent cells were removed by changing the
medium.

For expansion, cells were cultured in monolayer in growth medium
DMEM-c at 37 °C in a humidified atmosphere of 5% CO2 in T175 flasks.
The medium was refreshed every three days. When the cells reached 80
to 90% confluence, the cells were washed with HBBS and harvested by
treatment with TrypLE (Life technologies Europe BV, Thermo Fisher
Scientific, Merelbeke, Belgium). Cell passages were continued in the
same way during six weeks. Six days before the assembly of the cell-
based ATMP, the cells were seeded in T175 flasks without the anti-
biotic-antimycotic solution added to the medium. After two days of cell
culture, potential bacterial contamination was excluded using culture
bottles for detection of aerobic and anaerobic microorganism in the cell
culture medium (BacT/ALERT® FA Plus Aerobic and BacT/ALERT® FN
Plus Anaerobic – BioMerieux, Hospital Logistics, Aarschot, Belgium).

At cell harvest, residues of iFBS were removed using three washing
steps with HBSS. The presence of Bovine Serum Albumin (BSA), residue
of the iFBS, in the end product was checked using an ELISA kit (BCA
Protein assay Kit) and the cells were resuspended in DMEM

Table 1
Different treatment groups in the fresh defect model and the biologically exhausted defect model.

Treatment group Fresh defect (FD) of 3 cm Biologically exhausted defect (BED) of 4.5 cm

n = 29 n = 43

Scaffold only 8 4
Scaffold coated with BMP-6 (344 μg) 8 –
Scaffold coated with BMP-6 (1500 μg) – 8
Scaffold coated with BMP-2 (1500 μg) – 7
Cell-based ATMP with BMP-2 (1500 μg) – 8
Cell-based ATMP with BMP-6 (344 μg) 13 –
Cell-based ATMP with BMP-6 (1500 μg) – 8
Cell-based ATMP with BMP-6 (3800 μg) – 8
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supplemented with 10% autologous sheep serum.

2.3. Implants and ATMP assembly

For all the implants a dicalciumphosphate (DCP) scaffold CopiOs®
(Zimmer, Warsaw, Indiana, USA) was used. From the original scaffold
blocks, rings with a diameter of 2 cm and a central hole of 6 mm and a
thickness of 4 mm were shaped. For the 3 cm FD group 8 rings were
used, for the 4.5 cm BED group 12 rings.

For the combination of scaffold plus BMP, the rings were coated
with either BMP-2 (Medtronic, Minneapolis, USA) or BMP-6 (Genera
Inc., Kalinovica, Rakov Potok, Croatia) according to the subgroups.

For the FD group, the amount of BMP-6 coated onto each scaffold
ring was 43 μg (total of 344 μg). For the BED group the amount of BMP-
2 coated onto each scaffold ring was 125 μg (total of 1500 μg). For
BMP-6125 μg and respectively 317 μg per ring was used for the two
subgroups (total of 1500 μg and 3800 μg respectively). Subsequently,
the scaffolds rings were incubated for 1 h at 37 °C and seeded with 51.
106 cells (total amount of cells 408 million for FD and 612 million for
BED group) in 240 μl of DMEM with 10% autologous sheep serum and
once again incubated for 1 h at 37 °C. At last 25 ml of DMEM with 10%
autologous sheep serum was added for transport and implantation was
performed within 3 h after assembly of the ATMP. The residual trans-
port medium was centrifuged for calculating of cell seeding efficiency
by counting the remaining cells.

2.4. Analysis of bone formation

To evaluate the new bone formation standard radiographs were
taken in an anteroposterior and lateral direction at removal of the
spacer and insertion of the implant (day 1) and after 3, 6, 12 and
16 weeks. For those animals showing good bone formation, further
follow-up with radiographic imaging was performed up to 15 months.

These images were assessed for progression in bone formation and
gap bridging through the use of a simple numerical score (Table 2,
Fig. 3). If there was a total absence of bone formation, the score was
zero. If callus progression was visible but without bridging the score
was 1 and it increased according to the degree of cortical bridging up to
3 points when complete filling with full bridging was obtained. The
numerical rating is described in Table 2 and Fig. 3 presents radio-
graphic illustrations for each score.

Animals not obtaining a score equal or more than 2 were sacrificed
at 16 weeks post-implantation and the bone specimens were analyzed
by Nanofocus Computed Tomography (Nano CT, Phoenix NanoTom S,
GE Measurement and Control Solutions, Germany) to study the spatial
distribution and the remodeling of the newly formed bone tissue. The
animals scoring 2 or more were kept alive for long term evaluation with
radiographs and in vivo CT (CT Somatom Force, Siemens, Erlangen,
Germany) evaluation at 5 months post-implantation and radiographs at
9–15 months postoperatively.

Fig. 1. Surgical intervention creating a Fresh Defect. 1st Surgery: A = fresh defect of 3 cm, B = implantation of PMMA spacer. 2nd Surgery: C = induced Masquelet
membrane (*), D = implantation of ATMP.
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2.5. Safety study

For safety evaluations, sacrificed animals underwent a sampling of
the popliteal lymph nodes, liver, spleen and kidneys. The organs were
embedded, sectioned and stained with haematoxilin and eosin to
evaluate the organs for the presence of tumors, inflammation or in-
fection. Blood samples were taken at different time points (at start of
experiment as well as after 6, 12 and 16 weeks) and evaluated using
reference data for sheep for total blood count, kidney function, liver
function and alkaline phosphatase. On seven animals, a total necropsy
was performed for macroscopic evaluation of all organs, followed by a

Fig. 2. Surgical intervention creating a biologically exhausted defect. 1st surgery: A = Defect of 4.5 cm, 2nd SURGERY: B = Fibrotic ingrowth (Ø), C = Implantation
of PMMA spacer, 3rd surgery: D = Induced Masquelet membrane (*), E = Implantation of ATMP.

Table 2
The numerical rating on radiographs.

Score Progression Bridging

0 0 0
1 I 0
2 I Partial
3 I Full

Fig. 3. Numerical rating on radiographs, A = score 0, B = score 1, C = score 2, D = score 3.
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detailed histological examination.

2.6. Statistical analysis

A comparison of the outcomes in cell versus non cell treated groups
was performed using the two-tailed Fisher's exact test with the sig-
nificance level set at p < 0.05 (GraphPad Software, Inc., La Jolla, CA).

3. Results

3.1. Cell culture

The growth curves of the periosteum-derived cells from the animals
included in the cell-based ATMP group showed a continuous pro-
liferation with no signs of senescence using a Senescence-associated β-
galactosidase assay (0 up to 0.3% cell senescence present) after 6 weeks
of cell culture. The mean population doubling of the cells per passage
was 2.6 during the cell culture period of 6 weeks. Screening tests
throughout the period of cell culture showed absence of Mycoplasma
and any other aerobic or anaerobic bacterial contamination. At harvest
on day 41, a mean of 750 · 106 cells was available for each animal, of
which 408 · 106 or 612 · 106 were seeded on the 3 respectively 4.5 cm
dicalciumphosphate scaffold (DCP). The mean cell seeding efficiency
was 86%.

3.2. Evaluation of bone formation

At day 1 after construct implantation, the contours of the DCP
scaffold rings were slightly visible, but progressively disappeared
during the following 6 weeks as seen on 3 and 6 weeks postoperative
radiographs.

In the FD group, progression of the mineralization was observed in
21 of the 29 animals, obtaining score 2 at 6 or 12 weeks, while the other
8 did not show any bone formation. These 21 animals reached a score 3
at 16 weeks post-implantation, the distribution being 4 out of 8 control
animals (CopiOs® only), 7 out of 8 treated with CopiOs® + BMP-6
(Fig. 4) and 10 out of 13 that received the ATMP cell-based implant
(Table 3; Fig. 5).

In the BED group, only a limited number of animals showed pro-
gressive bone formation. The 4 controls treated with the DCP scaffold
only, showed no signs of bone formation (score 0 in 4 out of 4). In those
treated with the DCP scaffold plus BMP-6, 6 out of 8 defects remained
empty or showed atrophic tapered bone outgrowth from both sides of
the tibia (score 0). Two out of 8 animals showed some bone re-
generation but with a residual central gap and no bridging (score 1). On
the other hand the cell-based ATMPs (125 μg BMP-6/scaffold ring)
resulted in 3 out of 8 completely bridged defects (score 3), 3 partial
regenerations with a residual central gap (score 1) and 2 complete
failures (score 0) (Fig. 6). Increasing the BMP 6 dose did not result in
improved bone healing as the cell-based ATMPs (317 μg BMP-6/

scaffold ring) only regenerated the defect in one animal whereas the 7
other animals remained completely empty (score 0). In the group of
animals treated with a BMP-2 coated DCP scaffold (n = 7), 4 failures
were recorded with no signs of bone regeneration (score 0) and 3 ani-
mals with some bone regeneration but still with a central gap (score 1).
The sheep implanted with a BMP-2 coated ATMP seeded with cells
(n = 8) had no bone regeneration in 4 out of the 8 animals whereas the
other 4 showed a progressive filling and final bridging at 16 weeks
(score 3) (Table 4; Fig. 7).

Although both BMP-2 and BMP-6 groups had a similar quantitative
performance, the radiographic appearance of the newly formed callus
was different. The BMP-2 animals had a ‘suspension bridge’ type of
callus, initiating from the posterolateral side, probably due to intense
interaction between host and implant (Fig. 8). In the BMP-6 treated
animals the bone regeneration appeared in a uniform way throughout
the implant as if recruiting predominantly cells from the ATMP, an
observation that is subject for further investigation (Fig. 9).

All animals not reaching a score of 2 at 12 weeks, were sacrificed at
16 weeks post-implantation. Post-mortem Nano CT confirmed absent or
inadequate bone formation. Animals with a score 2 or 3 at 16 weeks
were kept alive. Healed tibiae from the non-sacrificed animals showed
complete bone integration on radiographs and CAT-scan at 4 months
post-implantation with clear signs of remodeling at 9–15 months since
start of the treatment (Fig. 10).

3.3. Safety

During the experimental period no adverse events were observed.
All sheep recovered uneventfully without local signs of infection at the
wound site or abnormal swelling of the tibia. Biochemical parameters
for kidney, liver function and blood cell count did not alter during the
experimental period.

From sacrificed animals, the post-mortem samples of popliteal
lymph nodes, spleen, liver and kidneys showed no histological ab-
normalities. In the 7 animals that underwent a total necropsy, no sig-
nificant pathological changes were revealed.

3.4. Statistical analysis

The difference in outcome for cell versus non cell-based implants in
the FD group was not significant at the p < 0.05 level (p = 1.0).
Pooling these results of the BED animals, irrespective of the type of BMP
used at optimal dose, demonstrates a significant difference between
those treated with (n = 16) or without cells (n = 15), the success rate
being 7 out of 16 versus 0 out of 15 (p = 0.0068).

4. Discussion

This study clearly documents that bone defects, deprived of a good
biologic condition can still be regenerated by tissue engineered

Fig. 4. Radiographs (score 2 or 3) at 16 weeks post-implantation. Group Fresh Defect with CopiOs® and BMP6 (344 μg) – n = 7.
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constructs, to an extent that it becomes clinical relevant.
The comparison of fresh defects versus biologically exhausted de-

fects in our study illustrates the difference in healing capacity of the
different implants and reveals that neither the selected ceramic scaffold
nor the same scaffold coated with BMP has sufficient potential to bridge
a defect with a hampered biological status.

For this purpose we developed a cell-based combination product, in
which the osteogenic periosteum-derived cells are cultured and seeded
on a clinical grade BMP-2 or 6 coated calcium phosphate scaffold at a
concentration of 47.000 cells per cubic millimeter, which is within the
range of normal osteocyte densities as reported in the literature [18].

Taking too low amounts of cells may lead to a mathematical mis-
match between the osteoprogenitor cell amount and the volumetric
dimensions of the cavity to be filled. This can be considered as a result
of ‘Mother Nature's cellular paradox’ i.e. the fact that cell size and ar-
chitectural arrangements among cells, as known from histological
analysis, are roughly the same for cell types with similar function across
all mammalian species [19]. This simply means that cell size does not
increase if body size increases and that for large volumes of bone repair
in a (pre)clinical setting huge amounts of cells are required. This im-
plies that ATMPs require a substantial upscaling effort to become suc-
cessful for application in geometrically large defects as encountered in

clinical practice. Although the cells for the assembly of the ATMP were
currently cultured and seeded manually, future use of closed systems
with robotics may become mandatory for application in the clinical
setting.

The choice for periosteum-derived cells (PDCs) has been based on
experimental work from our group, demonstrating their mesenchymal
multipotency and bone forming capacity [11,20]. To be valid for use in
patients the translational tests were performed with the dicalcium-
phosphate scaffold CopiOs®, being widely used in orthopedic surgery.
In contrast to most ceramics, CopiOs® is a low calcium containing
matrix with fast calcium release leading to quick disappearance on
radiographs after 6 weeks post-implantation. Experiments using en-
gineered implants with CopiOs® in an ectopic and orthotopic mouse
model and calciumphosphate in an ectopic sheep model [13,] [21] were
determinative for the choice of this scaffold. However, it is challenging
to optimize the choice of scaffolds in large animal models, as this re-
quires a lot of arms of the study and is not really justified in terms of the
3R principles for animal studies (refinement, reduction, replacement).
There may indeed be room for improvement of the BMP delivery system
as recently suggested [22–24]. Nevertheless in this study, an ELISA test
for detecting BMP-6 in the transport medium of the implants could not
reveal any residual protein, suggesting its high bond to the scaffold

Table 3
Numerical scoring on radiographs for the Fresh defect group.

Treatment group = Fresh Defects n Failure (score 0–1) Success (score 2–3)

Scaffold only 8 4 4
Scaffold coated with BMP-6 (344 μg) 8 1 7
Cell-based ATMP and BMP-6 (344 μg) 13 3 10

Fig. 5. Radiographs score 2 or 3) at 16 weeks post-implantation. Group Fresh Defect with CopiOs® and BMP6 (344 μg) and autologous periosteum-derived cells –
n = 10.
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(data not shown).
As growth factors we selected the novel designed clinical grade

BMP-6 for both groups and for the BED group we also added a com-
parison with the bench mark BMP, being BMP-2 [25,26]. We identified
BMP-2 and 6 as the best candidates for bone formation in an ectopic
nude mouse study comparing BMP-2, 4, 6, 9 activity in cellular

implants [27]. In the same study we noticed that bone formation was
poor not only in BMP-4 and -9 cell-based implants but also in those
without adding BMP. The effect of BMP-6 on in situ bone tissue en-
gineering has also been sufficiently shown in a minipig model described
by Bez et al. [28] and Mizrahi et al. [29] demonstrated that BMP-6 was
even more efficient in bone formation than BMP-2 when overexpressed
in mesenchymal stem cells. To avoid potential side effects, as reported
for BMP-2 [30–32], a relatively low dose of the growth factors was used
which nevertheless resulted in 4 out of 8 and 3 out of 8 healed animals
for BMP-2 respectively BMP-6. Increasing the dose of BMP-6 did not
improve the outcome and, surprisingly, even had an adverse effect as
only one out of 8 animals showed relevant bone formation. This may
appear contradictory to clinical recommendations of using higher doses
and needs further research to examine dose related effects. According to
the study of Nakamura [33] high concentrations of BMP-2 promotes
bone resorption rather than bone formation. This was also demon-
strated by Hunziker et al. [34] whose experiments using BMP-2 coated

Fig. 6. Radiographs at 16 weeks post-implantation. Group Biologically Exhausted Defects – n = 3. A = CopiOs® and BMP6 (1500 μg) and autologous periosteum-
derived cells 16 weeks post-implantation. B = CopiOs® and BMP6 (1500 μg) and autologous periosteum-derived cells 28 weeks post-implantation.

Table 4
Numerical scoring for the Biologically Exhausted Defect group.

Treatment group = Biologically Exhausted Defects n= Failure
Score 0–1

Success
Score 2–3

Scaffold only 4 4 0
Scaffold coated with BMP-6 (1500 μg) 8 8 0
Cell-based ATMP and BMP-6 (1500 μg) 8 5 3
Cell-based ATMP and BMP-6 (3800 μg) 8 7 1
Scaffold coated with BMP-2 (1500 μg) 7 7 0
Cell-based ATMP and BMP-2 (1500 μg) 8 4 4
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Fig. 7. Radiographs at 16 weeks post-implantation. Group Biologically Exhausted Defects – n = 4. A = CopiOs® and BMP2 (1500 μg) and autologous periosteum-
derived cells 16 weeks post-implantation. B = CopiOs® and BMP2 (1500 μg) and autologous periosteum-derived cells 28 weeks post-implantation.

Fig. 8. Radiographs of ATMP (CopiOs® + BMP2 (1500 μg) + autologous periosteum-derived cells). A = at implantation, B = 6 weeks post-implantation,
C = 16 weeks post-implantation.
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implants were in favor of doses lower than 100 μg/g calcium phosphate
coating material. The good effect of a low dose of BMP6 used in (pre)
clinical studies [24,35,36], is possibly a consequence of its resistance to
noggin and the affinity to all BMP-type 1 receptors [37].

The induced membrane technique of Masquelet [38,39] is re-
cognized for providing a helpful addition to bone defect reconstruction
nowadays and is widely used by orthopedic surgeons. Therefore, this
technique was applied in our preclinical study. The method is based on
the formation of an induced biological membrane around a PMMA
spacer. It prevents fibrous tissue invasion in the bone defect and creates
a pseudo-periosteal membrane rich in cells, vascularity and growth

factors. It forms a biological chamber facilitating the ATMP implanta-
tion. We used scarification of the inner layer of the induced membrane
as advocated by Luangphakdy et al. [40] at the time point of im-
plantation. This induces bleeding from a healthy vascular bed without
compromising the mechanical function of the outer layer. To promote
integration of the implant with the host bone, the medullary canal at
both bone ends close to the defect were opened to enhance blood supply
providing nutrients and oxygen inside the implant. The implantation
was performed 6 weeks after insertion of the spacer which is the op-
timal period as described in the literature [41]. At 6 weeks the mem-
brane shows good vascularization and peak production of natural

Fig. 9. Radiographs of ATMP (CopiOs® + BMP6 (1500 μg) + autologous periosteum-derived cells). A = at implantation, B = 6 weeks post-implantation,
C = 16 weeks post-implantation.

Fig. 10. Radiographs. A = in vivo CT scan after metal subtraction at 5 months post-implantation, B = radiograph at 9 months post-implantation, C = radiographs at
15 months post-implantation.
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growth factors [42].
Bone healing was assessed radiographically by two independent

experienced observers. When at 6 weeks post-implantation miner-
alization of the defect was observed, this always led to a progression of
healing (score 2 or 3 at 16 weeks). Although some radiographic images
might look delayed (score 2), they always evolved to score 3 allowing
the removal of the fixator. For fresh defects the CopiOs® scaffold only
showed a success in half of the cases, and enriched with BMP-6 the
results improved to 7 out of 8 sheep. The cell-based ATMP, which is
supposed to have the maximal biological potential, had possibly even a
slightly lesser rate of healing (10 out of 13 animals), potentially due to
normal biological variability. From these results we conclude that the
treatment of fresh defects does not benefit from periosteum-derived cell
supplementation. In contrast, BEDs, more representative for clinical
situations, do not respond to scaffold-only or BMP-6 or -2 enriched
scaffolds, all resulting in 0% healing. The cell-based ATMP with BMP-6
and BMP-2 in the same low dose (1500 μg) resulted in bone formation
in respectively 3 out of 8 and 4 out of 8 of the cases. Therefore, adding
cells to low dose BMP technology is a clinically relevant and significant
improvement (p = 0.0068) of the therapy. Due to low numbers and
limited power in this study computing exact probability is difficult.
However an unbiased estimate can be obtained, using a Markov chain
algorithm on the different groups in a R × C Exact Contingency table as
described by Raymond and Rousset [43,44]. Comparing different
treatment modalities (scaffold only, scaffold with BMP 1.5 mg, scaffold
with BMP 1.5 mg plus cells) within the biological exhausted defects
reveals a significant difference for those treated with cells (p = 0.0046)
versus the scaffold only or scaffold + BMP.

This success rate does not yet exceed 50% but given the size and
poor biological condition of the studied defects, these results already
show that cell-based ATMPs have the potential to bridge this kind of
large bone defects. Several improvements are possible and could be
addressed in further studies. They include, but are not limited to, fur-
ther optimization of scaffold technology, methods to increase survival
of the implanted cells [45,46], priming and selecting the cells before
implantation as suggested by Bolander et al. [13,47], the further opti-
mization of dosing of cells and growth factors [48,49], and a more
sophisticated immobilization device allowing for progressive load ap-
plication leading to enhanced tissue integration [50].

It has to be noticed that bone formation in defect reconstruction
requires special attention as there is a difference between the amount of
newly formed bone and the structural integrity necessary for the me-
chanical loading of a bone allowing unprotected weight bearing. It
needs to be emphasized that the scientist's interest in the bone forming
capacity of an implant does not always match the clinician's need for a
functionally repaired bone. Visible bone growth throughout a bone
defect may indicate that the implant has an osteogenic potential but
does not imply that it is clinically relevant [51].

Animal studies often report good results in so-called critical size
bone defects, but this should be interpreted with utmost care as the
described models use freshly created defects, which is in contrast with
the real clinical situation. In these fresh defects the biological repair
capacity can be surprisingly high due to the interaction of the implant
and the host. In a clinical setting, scarring, poor vascularization and
destroyed soft tissues/periosteum compromise the biological response.
In such a setting, the regeneration process relies more on the intrinsic
bone forming potency of the implant [52,53].

To our knowledge no reports on cell-based therapies have shown the
ability to bridge such large biologically exhausted defects in a more
robust way. We consider this study as the first to demonstrate the ca-
pacity of restoring large bone volumes in conditions that simulate the
real clinical situation.

No analysis based on histology, micro CT or biomechanical testing
has been made and is a limitation of our study but to overcome this, the
animals with good bone bridging (score 2–3) were not sacrificed but
considered as fully healed. During a period of approximately three

years, in which they were bearing full weight, no adverse events oc-
curred which confirms the good biomechanical properties of the re-
stored bone.

Another unresolved issue is the lack of knowledge about the me-
chanism of the in vivo release of the BMPs from the scaffold which
might be responsible for the variations in outcome in the study.
Therefore, smart scaffolds with controlled BMP release could be part of
future developments as well as further improvements by designing bone
implants that don't rely on BMP technology. The developmental en-
gineering principles, such as the use of ATMPs composed of organoid
bioassembles which is currently under study [54], may move the field
from combination products to engineered living tissues.
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