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ABSTRACT

For critical size bone defects and bone non-unions, bone tissue engineering using osteoblastic differentiated
adipose mesenchymal stem cells (AMSCs) is limited by the need for a biomaterial to support cell trans-
plantation. An osteoblastic three-dimensional autologous graft made of AMSCs (3D AMSC) was developed
to solve this issue. This autograft was obtained by supplementing the osteoblastic differentiation medium
with demineralized bone matrix. Two surgical models were developed to assess the potential of this 3D
osteogenic AMSC autograft. A four-level spinal fusion using polyetheretherketone cages was designed in six
pigs to assess the early phase of ossification (8—12 weeks postimplantation). In each pig, four groups were
compared: cancellous bone autograft, freeze-dried irradiated cancellous pig bone, 3D AMSC, and an empty
cage. A critical size femoral defect (n = 4, bone non-union confirmed 6 months postoperatively) was used to
assess the 3D AMSCs’ ability to achieve bone fusion. Pigs were followed by CT scan and explanted specimens
were analyzed for bone tissue remodeling by micro-CT scan, micro-radiography, and histology/histo-
morphometry. In the spine fusion model, bone formation with the 3D AMSC was demonstrated by a sig-
nificant increase in bone content. In the critical-size femoral defect model, the 3D AMSC achieved new bone
formation and fusion in a poorly vascularized fibrotic environment. This custom-made 3D osteogenic AMSC

autograft is a therapeutic solution for bone non-unions and for critical-size defects.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Critical size bone defects following trauma, infection, congenital
deficiency, or carcinologic resection remain a major healthcare
issue because of the difficulties in reconstructing large bone seg-
ments [1-5]. The current gold standard remains bone grafting with
autologous bone graft, but available quantities are limited and the
harvesting procedure is burdened by comorbidities [6]. The use of
massive bone allografts and large reconstruction with prosthetic
implants is often combined with autologous cancellous bone
grafting [6,7] or the use of osteoinductive materials such as dem-
ineralized bone matrix (DBM) [8,9] and bone morphogenetic
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proteins [10—12] to overcome the lack of osteoinduction and
osteogenic properties of synthetic/human materials.

Tissue engineering and cell therapy using mesenchymal stem
cells (MSCs) have suggested the possibility of implanting a living
tissue for bone reconstruction. Bone marrow was regarded as the
gold standard for MSCisolation [13], but new sources such as adipose
tissue were considered recently [14—17]. Adipose MSCs (AMSCs)
demonstrated several advantages over those from bone marrow,
including a less invasive harvesting procedure, an increased number
of stem cell progenitors yielded from an equivalent amount of tissue
harvested, increased proliferation and differentiation capacities, and
better angiogenic/osteogenic properties [18—21]. Osteogenic differ-
entiated AMSCs were shown to have a great healing potential in
various pre-clinical models when seeded on various scaffolds, such
as B-tricalcium phosphate, hydroxyapatite, type I collagen, poly
lactic-co-glycolic acid, and alginate [22—27].

Despite encouraging results in small animal models, however,
critical size bone reconstruction using scaffolds remains limited by
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the large size of the bone defect and consequently by the size of the
implant to engineer. The cellular engraftment of the seeded cells is
also limited by the poor diffusion of oxygen and nutrients. In
addition, the cellular position within the scaffold is a major limi-
tation for their in vitro and in vivo survival [28]. Bioreactors with
flow perfusion of scaffolds were designed to improve cell migration
within the implant for a more homogenous cellular distribution,
cell survival by delivering oxygen and nutrients to the core of the
implant, and osteogenic cell differentiation (by the fluid shear
force) [29—31]. Although these techniques are promising, relevant
pre- and clinical data in large animal models are limited [32].

To avoid the requirement of a scaffold for cellular trans-
plantation, our laboratory developed a graft made of AMSCs
differentiated in a three-dimensional (3D) osteogenic structure
with DBM (patented) [33]. To assess the potential of this 3D oste-
ogenic differentiated AMSC autograft, we developed two pre-clin-
ical large animal models in pigs: (i) a multilevel spine fusion using
polyetheretherketone (PEEK) interbody fusion cages; and (ii) a
femoral non-union model in which the pseudarthrosis in the
diaphysis of a femur was confirmed at six months. Subsequently,
the defect was cured by implanting the 3D osteogenic differenti-
ated AMSC autograft. The goal of the spine model was to assess the
early phases of ossification and bone neoformation between 8 and
12 weeks postimplantation while the primary endpoint of the
femoral non-union model was bone fusion between the two femur
segments (up to 6 months postimplantation). Bone formation/
fusion was assessed in vivo by CT scan and after sacrifice by micro-
CT scan, micro-radiography, histology, and histomorphometry.

2. Materials and methods

All materials were obtained from Lonza (Basel, Switzerland), Sigma—Aldrich (St.
Louis, MO, USA), or Invitrogen (Carlsbad, CA, USA), unless otherwise noted.

2.1. Source of the animals

Belgian landrace pigs (n = 6, <100 kg, <6 months) and MGH-miniature swine
(n =4, <50 kg, <6 months) were used as recipients. All procedures were undertaken
after the approval of the local ethics committee for animal care of the Université
catholique de Louvain (authorization number 2009b/UCL/MD/007). Animals were
housed according to the guidelines of the Belgian Ministry of Agriculture and Animal
Care.

2.2. The 3D osteogenic differentiated AMSC autograft

Inguinal subcutaneous adipose tissue was harvested under general anesthesia 3
months before each scheduled implantation. AMSCs were isolated by enzymatic
digestion, expanded, and differentiated using previously described procedures
[21,34,35]. Briefly, adipose tissues were washed in 0.9% NaCl, dissected in a Petri dish
(to remove vessels and fibrous connective tissue), and transferred to a 50-ml Falcon
tube containing collagenase. Tissues were digested at 37°C for 1 h. The collagenase
was inactivated by adding proliferation medium [Dubbelco’s Modified Eagle Me-
dium supplemented with 10% heat-inactivated fetal bovine serum, L-glutamine
(2 mm), antibiotics (penicillin 100 U/ml and streptomycin 100 pug/ml) and fungicide
(amphotericin B 1 pl/ml)]. After centrifugation, the supernatant was discarded, and
the pellet was resuspended in proliferation medium and filtered through a 500-um
mesh screen. This filtrate was centrifuged to obtain the stromal vascular fraction,
which was resuspended in proliferation medium. This initial passage of the primary
cells was referred to as passage 0 (P0). The cultures were maintained in proliferation
medium up to P4 before induction of differentiation by supplementing the prolif-
eration medium with dexamethasone (1 pm), sodium ascorbate (50 pg/ml), and
sodium dihydrophosphate (36 mg/ml) [21,36,37]. Osteogenic differentiation was
confirmed by staining for calcium phosphate with Alizarin red and immunohisto-
chemistry for osteocalcin.

The 3D structure (patented: PCT/EP2010/057847 [33]) was obtained by sup-
plementing the differentiation medium with porcine DBM at 10 mg/ml. DBM was
produced following the standard procedure of our University Tissue Bank (Unit of
Tissular and Cellular Therapy of the Locomotor Apparatus, University Clinical Hos-
pital St-Luc, Université catholique de Louvain, Brussels, Belgium). Briefly, porcine
cortical bone grafts were harvested and chemically treated (see below). The grafts
were ground to a powder (200 pm) that was decalcified by a 3-h immersion in 0.6 N
HCl prior to freeze-drying. The osteogenic property of the resulting product was
confirmed in vivo: freeze-dried cortical bone powder (as control) and DBM were

loaded into capsules and implanted in the left and right sides of the paravertebral
musculature of nude rats, respectively. Implants were harvested at day 30 post-
implantation and processed for histological analysis to confirm the resorption of the
bone powder in the left side and the osteoinduction at the DBM implantation site.
The supplementation of the differentiation medium with DBM induces the forma-
tion of the 3D osteogenic structure within the culture flasks. Differentiation,
microstructure, and mineralization of each 3D osteogenic differentiated AMSC
autograft were confirmed by Alizarin red staining, histology (hemalun-eosin, Mas-
son’s trichrome), and immunohistochemistry for osteocalcin (anti-osteocalcin
mouse monoclonal antibody OC4-30, Abcam, Cambridge, MA, USA). The entire
process to obtain this 3D osteogenic differentiated bone autograft required an
average of 76.3 4 24.6 days to complete.

The 3D osteogenic AMSC autografts designed to be implanted in the femur model
were further assessed by histomorphometry and micro-CT scan using a peripheral
quantitative computed tomography (pQCT) instrument (Model XCT Research SA,
Stratec, Pforzheim, Germany). A sample of each graft was fixed in formalin, embedded
in paraffin, and sectioned (5 pm). Hemalun—eosin and Masson’s trichrome staining
were performed. Histomorphometrical analysis was performed by point counting
under a microscope at 20x magnification with a standard 100 cross-grid representing
a surface of 0.16 mm? on the slide. Five regions of interest were analyzed per slide.
Quantification of the cellular portion, the neosynthesized extracellular matrix (ECM),
and the DBM fragments allowed us to define a ratio as [(DBM — ECM)/cell]. A high
ratio means that the DBM content is high and the proportion of ECM and cells is low,
thus indicating a poor quality of the graft. In contrast, a low index reflects a higher
concentration of cells and ECM content for optimal osteogenesis from AMSCs.

2.3. Lumbar spine fusion model: short-term bone formation analysis

2.3.1. Interbody fusion cages and experimental groups

PEEK interbody fusion cages were used as support for the grafts (Plivios postero-
lateral interbody fusion cages, DepuySynthes S.A., Brussels, Belgium).

Six Belgian landrace pigs were used as recipients. For each pig, four experi-
mental groups were created and implanted randomly in the lumbar spine (Table 1):
one cage was left empty (Empty group) and the three others were filled with freeze-
dried irradiated cancellous pig bone graft (FD group), cancellous bone autograft
(Auto group), or an engineered bone graft made of 3D osteogenic differentiated
AMSCs (AMSC group). Four animals were sacrificed at 8 weeks postimplantation,
and the remaining two at 12 weeks. Fig. 1 shows the experimental timeline followed
for this surgical model.

2.3.2. Freeze-dried irradiated cancellous pig bone graft

Porcine bone grafts were harvested on freshly euthanatized pigs and preserved
at —80 °C. Grafts were processed according to our University Tissue Bank (Unit of
Tissular and Cellular Therapy of the Locomotor Apparatus, University Clinical Hos-
pital St-Luc, Université catholique de Louvain Brussels, Belgium) protocol for human
bone allograft treatment, as previously described [38]. Briefly, allografts were cut to
the required sizes and chemically treated. First, the pieces were defatted in baths of
absolute acetone followed by NaOH immersion (for prion inactivation in clinical
conditions) at room temperature. Reduction of immunogenicity was obtained by
protein coagulation, nuclear acid precipitation, and cell membrane degradation
following NaCl and oxygenated water treatment. After each step, allografts were
intensively rinsed with a continuous distilled water flow. Allografts were freeze-
dried (<5% of residual moisture) and stored at room temperature. Finally, treated
grafts were sterilized by y-irradiation at 25,000 Gy (IBA Mediris, Fleurus, Belgium).
This treatment inactivates viruses such as HIV and hepatitis B and C and diminishes
bacterial activity in clinical conditions. At the time of implantation, the bone graft
was morselized using a rongeur and impacted into the PEEK cage.

2.3.3. Bone autograft
Cancellous bone autograft was harvested perioperatively from an adjacent
vertebral body [39,40]. Taking care not to damage the lumbar pedicle, tissues were

Table 1
ID Pig type Intervention Outcome
647 Landrace Spine fusion Euthanised at POW 8
500 Landrace Spine fusion Euthanised at POW 8
789 Landrace Spine fusion Euthanised at POW 12
761 Landrace Spine fusion Euthanised at POW 12

770 Landrace
827 Landrace
652 MGH-miniature
738 MGH-miniature

Euthanised at POW 8
Euthanised at POW 8
Bone fusion at POW 26
Bone growth, broken
plate at POW 14

Bone fusion at POW 29
Euthanised at POW 29,
no bone growth.

Spine fusion
Spine fusion
Femoral non-union
Femoral non-union

740 MGH-miniature
741 MGH-miniature

Femoral non-union
Femoral non-union
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Fig. 1. Description of the experimental procedure. A. Steps involved in the in vitro engineering of the graft to achieve 3D structure. B. Spine fusion and femur non-union in vivo

models.

dissected to the periosteum to expose the lateral side of the vertebral body. A
1 x 1 cm window was opened, and the bone cortex was lifted. A volume of +1 cm? of
cancellous bone graft was harvested using a curette. Bone wax (Bonewax, Ethicon,
Auneau, France) was inserted in the defect to avoid unnecessary bleeding. The bone
graft was then inserted into the PEEK cage and implanted.

2.34. Surgical procedure and follow-up

A lateral approach by a left lumbotomy was used to perform a four-level anterior
lumbar interbody fusion procedure. Surgery was performed under strict aseptic
conditions in an operating theater (Experimental Surgery Laboratory, Université
catholique de Louvain). Pigs were anesthetized by intramuscular injection of a mix
of tiletamine and zolazepam (Zoletil, Vribac, Glattbrugg, Switzerland) at 15 mg/kg
and xylazine (Rompun, Bayer, Diegem, Belgium) at 2 mg/kg. General anesthesia was
maintained by isoflurane inhalation (Foréne, Abbott, Diegem, Belgium). Disc levels
of interest (L2—L3, L3—L4, L4—L5, L5—-L6) were identified by fluoroscopy. A left
lumbotomy was performed and a trans-Psoas approach was used to expose the
intervertebral discs. At each level, the annulus fibrosus was incised to expose the
nucleus pulposus, which was removed. Adjacent cartilage endplates were reamed
and the PEEK cages implanted.

Cefazolin (Cefazoline Sandoz 1 g, Sandoz, Vilvoorde, Belgium) was used for
prophylactic antibiotherapy at a dose of 20 mg/kg. Local analgesia was achieved by
subcutaneous infiltration of 20 ml of levobupivacaine at 2.5 mg/ml (Chirocaine,
Abbott, Diegem, Belgium). General analgesics (Buprenorphine, Temgesic, Reckitt
Benckiser Healthcare Ltd., Hull, UK) were administered routinely. Animals were
housed separately with access to food and water ad libitum. Wound, pain, and
general conditions were monitored daily. Postoperative radiological assessment of
the implants was obtained by CT scan 2—3 days postoperatively. Pigs were then
scanned every 4 weeks until sacrifice. Four pigs were euthanized at 8 weeks, the
remaining two at 12 weeks postoperatively (Table 1). The spine specimens were

then explanted and processed for micro-CT scan, micro-radiography, non- and
decalcified histology, and immunohistochemistry (see below).

2.3.5. Implant assessment

2.3.5.1. CT scan. Each animal was followed-up by CT scan (Siemens Somaton Defi-
nition AS, Brussels, Belgium) every 4 weeks. The content of each cage was analyzed
sagittally by multiplanar reconstruction for which slice thickness was determined at
2 mm and the analyzed region of interest was a mean of =70 mm?. Results are
expressed in Hounsfield units (HU).

2.3.5.2. Micro-CT scan. Before histological processing, the microstructure and total
bone density of the tissues within the PEEK cages were analyzed using a pQCT in-
strument (XCT Research SA, Stratec, Pforzheim, Germany). Results are expressed in
mg/cm®.

2.3.5.3. Histology. For non-decalcified histology, explanted implants were fixed in
methanol, embedded in methyl methacrylate (MMA) [41], and sectioned (200 pm)
using a diamond band saw (D-22581, EXAKT, Norderstedt, Germany). Slides were
ground and polished up to 80 um between two sheets of ground glass to be
microradiographed, stained with 1% methylene blue (85662, Merck, Hohenbrunn,
Germany) and 1% Fuchsin (B-2340, Sigma—Aldrich), and finally mounted on glass
slides for histomorphometry. For decalcified histology, explants were fixed in 4%
formaldehyde overnight, decalcified, embedded in paraffin, and sectioned (5 pm).
Hemalun—eosin and Masson'’s trichrome staining were performed.

2.3.5.4. Microradiography. Microradiographs of each non-decalcified slide were
produced for qualitative analysis purposes. Non-decalcified slides were placed on
fine-grained radiological emulsifications (VRP-M, Slavich Geola, Vilnius, Lithuania)
and exposed to X-rays (Machlett X-ray tube, Baltograph, Balteau, Liége, Belgium) for
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1 h. X-ray films were revealed, rinsed, and fixed. The microradiographs were scan-
ned before being mounted on histological slides.

2.3.5.5. Histomorphometry. Histomorphometrical analysis was performed on non-
decalcified slides. Five slides of each four experimental groups in two pigs sacri-
ficed at 8 weeks (nos. 770 and 827) and two pigs sacrificed at 12 weeks (nos. 761 and
789) were microphotographed at 2.5x magnification (Nikon Camera Digital Sight
DS5MC, powered by DS U2 unit and controlled by Nikon Element BR Ver. 3.00 SP5
software; Nikon, Brussels, Belgium). Image] 1.43i software (Image], Image Processing
and Analysis in JAVA, public domain, National Institutes of Health, Bethesda, MD,
USA) was used to quantify the proportion of the area occupied by bone, chondroid
tissue, fibrocartilage, necrosis, and fibrosis on each slide. The scale was established
by matching computed pixels with a graticule picture. Results are expressed as a
percentage of the area of the PEEK cage section.

2.4. Femoral non-union model: long term bone remodeling assessment

The objective of the femoral non-union model was to assess the 3D osteogenic
AMSC autograft in the stringent conditions of a fibrotic poorly vascularized im-
plantation site. MGH-miniature swine were used instead of Belgian landrace pigs
because of their limited size/weight growth following implantation.

2.4.1. Surgical procedures

Four pigs underwent surgery to induce a femoral non-union. In each pig, a
lateral paramuscular approach was used to create a critical bone defect of 1.5 times
the diameter of the femoral shaft in the mid-diaphysis of one femur. The periosteum
was removed from the diaphyseal shaft. The bone defect was stabilized by two 4.5-
mm titanium locking compression plates positioned on the anterior and lateral sides
of the femur. Postoperative care and follow-up were achieved as described in Sec-
tion 2.3.4. Non-union was confirmed by the absence of bone healing on CT scan at 6
months postoperatively [2]. Three months after the non-union induction, adipose
tissue was harvested; AMSCs were isolated, expanded up to P4, and differentiated
into the 3D osteogenic AMSC bone autograft as described in Section 2.2.

After radiological non-union confirmation at >6 months, each animal was
implanted with a 3D osteogenic AMSC autograft. Through the same surgical
approach, one locking compression plate was temporarily removed to allow access
to the non-union site. Fibrotic tissues were removed and the bone stumps were
heightened. The 3D osteogenic AMSC autograft was then implanted, and the locking
compression plate was replaced. Wound closure, prophylactic antibiotherapy,
analgesia, and postoperative care were achieved as described in Section 2.3.4.

Follow-up by CT scan was performed at 3 and 6 months postimplantation of the
3D osteogenic differentiated AMSC autograft. At 6 months postimplantation, ani-
mals were sacrificed and the femurs were explanted. Fig. 1 shows the experimental
timeline followed for this surgical model.

2.4.2. Implant assessment

Explants were micro-CT scanned, fixed, and embedded in MMA. They were
subsequently cut at 200 um, ground and polished for micro-radiography and his-
tology (see Section 2.3.5.3). The endpoint was the cure of the non-union, defined as a
bone bridging of the critical size bone defect on at least one cortical of the femoral
shaft.

2.5. Statistics

All results are expressed as mean + SD except for micro-CT scan measurements
(mean + SEM). The one-sample Kolmogorov—Smirnov test and Q—Q plots were used
to assess the normality of values. Statistical differences between groups with a
normal distribution were tested by Student’s t-test or one-way analysis of variance
with the Bonferroni post hoc test. When the distribution of variables was normal but
without equality of variance, the Tamhane T2 post hoc test was used instead of the
Bonferroni test. The Mann—Whitney and Kruskal—Wallis nonparametric tests were
performed for non-normal distributions. Statistics were performed with PASW 18
(SPSS, IBM, New York, NY, USA). A P value <0.05 was considered as significant.

3. Results
3.1. Assessment of the 3D osteogenic AMSC autograft

All grafts demonstrated a 3D structure prior to implantation
(Fig. 1). Non-differentiated cells were expanded up to P4 during a
mean of 18.9 + 4.4 days. AMSCs were osteogenically differentiated
after 26.0 & 6.4 days of culture. DBM was then added to the culture
media after 36.6 + 8.6 days, and the full 3D osteogenic differenti-
ated AMSC autograft was obtained after a mean of 76.3 + 24.6 days
of culture. Immunohistochemistry for osteocalcin demonstrated
osteoblastic differentiation and matrix deposition for each implant.

For grafts implanted in the critical size defects, a correlation was
observed between the index defined by the equation
[(DBM — ECM)/cell] and the fusion rate (Fig. 4A). A low index was
associated with bone fusion (pigs 652 and 740). In contrast, a high
index was correlated with a lack of in vivo bone fusion (pig 741).

3.2. Spine fusion model

3.2.1. CT scan analysis

The empty cages demonstrated a significant increase of density
between 0, 8, and 12 weeks (86.0 + 17.9 vs. 183.2 + 69.1 vs.
276.5 + 88.4 HU at 0 vs. 8 vs. 12 weeks, respectively, P < 0.05). In
contrast, a significant decrease in radiological density was observed
in the FD group (377.8 + 67.9 vs. 154.5 + 78.5 HU at 0 vs. 12 weeks,
respectively, P < 0.05). A significant increase in radiological density
was observed between 0 and 12 weeks postimplantation in the
PEEK cages loaded with the 3D osteogenic AMSC autograft
(90.2 £ 19.6 vs. 163.0 + 38.2 HU at 0 vs. 12 weeks, respectively,
P < 0.05, Fig. 2A).

Radiological density between different experimental groups at
postoperative week 0 (just after implantation) demonstrated a
significantly higher density in the FD (377.8 + 67.9 HU) and Auto
(284.5 + 63.3 HU) groups in comparison with the empty cages
(86.0 +17.9 HU) and the AMSC group (90.2 +19.6 HU; P < 0.005). In
contrast, at 8 weeks postimplantation the FD group (155.0 + 70.5
HU) demonstrated a decrease in radiological density and did not
differ significantly from the empty cages (183.2 + 69.1 HU) and the
AMSC experimental group (112.0 + 15.9 HU). The cages filled with
autograft (292.5 + 62.5 HU) demonstrated a significantly higher
(P < 0.005) radiological density than the FD and the AMSC groups
but not the Empty group. At 12 weeks postimplantation, no sig-
nificant differences were found between groups.

3.2.2. Micro-CT scan density analysis

The empty cages demonstrated a significant increase in bone
density between 8 and 12 weeks (2029 + 7.4 mg/cm® vs.
262.1 + 8.8 mg/cm’ at 8 vs. 12 weeks, respectively, P < 0.001). In
contrast, a strong decrease in mineral content was observed in the
FD group during the same interval (1943 + 7.5 mg/cm> vs.
141.1 =7.6 mg/cm? at 8 vs. 12 weeks, respectively, P < 0.001). In the
Auto group, a decrease in bone density was observed
(280.7 + 7.9 mg/cm’ vs. 248.8 + 10.4 mg/cm® at 8 vs. 12 weeks,
respectively, P < 0.05). The comparison of bone density between 8
and 12 weeks in the AMSC group demonstrated a significant in-
crease of mineral content (149.5 + 2.9 mg/cm? vs. 169.8 + 5.4 mg/
cm? at 8 vs. 12 weeks, respectively, P < 0.005, Fig. 2B). At 8 weeks, a
significantly higher mineral density was found in the Auto group
(280.7 + 7.9 mg/cm?>) as compared to all other experimental con-
ditions (P < 0.001). The FD (194.3 + 7.5 mg/cm?®) and Empty
(202.9 + 7.4 mg/cm?) groups were not significantly different, but
they had a significantly higher mineral content than the AMSC
group (149.5 + 2.9 mg/cm?, P < 0.001).

At 12 weeks postimplantation, the Empty (262.1 + 8.8 mg/cm?)
and Auto (248.8 + 10.4 mg/cm’) groups were not statistically
different but demonstrated a significantly higher mineral density
than the AMSC (169.8 + 54 mg/cm>, P < 0.001) and FD
(1411 + 7.6 mg/cm?, P < 0.001) groups. A significantly denser
mineral content was found for the AMSC experimental condition
when compared to the FD group (P < 0.05).

3.2.3. Microradiographical and histomorphological analysis of the
PEEK cages

Microradiographs demonstrated bone growth in the cages left
empty (Fig. 2C). In contrast, massive bone resorption was confirmed
in the FD group. In the Auto group, the presence of bone was
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12 weeks (n = 5 for each experimental condition) by surface histomorphometry. A, B, and C. Results expressed as a ratio relative to 8 weeks for bone, fibrocartilage, and necrosis

content, respectively, *P < 0.05. D. Representative microphotographs of each experimental group.
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Ratio (DBM-ECM)/Cells of the
3D AMSC grafts
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740

741

Fig. 4. Results of the femoral non-union model. A. Microphotographs of each engineered graft prior to implantation. Quantification of the demineralized bone matrix (DBM),
extracellular matrix (ECM), and cell content is represented as a ratio: (DBM — ECM)/cell. A high ratio indicates poor quality and thus a poor osteogenic capacity. B. Demonstration of
the gap with a poorly vascularized fibrotic content left between the bone stumps after 6 months of non-union. C. CT scan findings at 6 months of non-union and after implantation
of the 3D osteogenic AMSC autograft.
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confirmed at 8 and 12 weeks. In the AMSC group, bone neo-
formation was confirmed (Fig. 2C).

Surface histomorphometry demonstrated a significant increase
in bone formation in the Empty group between 8 and 12 weeks
(8.3 &+ 5.2% vs. 21.7 + 16.5% of the total analyzed area in the PEEK
cage at 8 vs. 12 weeks, respectively, P < 0.05; Fig. 3A). In the FD and
Auto groups, no significant increase in bone content was observed.
Bone neoformation quantified by surface histomorphometry in the
AMSC group improved significantly between 8 and 12 weeks
(2.2 £1.5% vs. 8.5 + 5.5% of the total analyzed area in the PEEK cage
at 8 vs. 12 weeks, respectively, P < 0.05), as demonstrated by the
ratio of bone quantification between 12 and 8 weeks (Fig. 3A, D).
Histomorphometrical quantification demonstrated a decrease in
fibrocartilage content between 8 and 12 weeks in the Empty group.
In contrast, an increase of fibrocartilage tissue was observed in the
FD and Auto groups. A decrease in fibrocartilaginous content was
observed in the AMSC group. However, none of these results were
statistically significant. Trends are depicted in Fig. 3B by the ratio in
fibrocartilage quantification between 12 and 8 weeks.

The presence of necrotic tissue slightly increased in the Empty
group and decreased in the FD, Auto, and AMSC groups as
demonstrated by the ratio of necrotic tissue content between 12
and 8 weeks in Fig. 3C. None of these results were statistically
significant.

3.3. Descriptive histology of the spine specimen

Bone neoformation was found in the Empty group. Histological
analysis of the explanted specimen showed a succession of newly
formed tissues with mainly fibrocartilage at the periphery of
chondroid tissue around growing bone. The new bone appeared
mainly as woven bone with fewer remodeling areas than in the
AMSC group, especially at 8 weeks. Fibrotic tissues were very
cellular. Necrotic tissues seemed to be fragments of bone that had
fallen into the PEEK cage during implantation.

In contrast, in the FD group, mainly bone fragments and fibrotic
tissues were observed. Fibrotic tissue was poorly cellularized. Little
cartilage tissue was present at 8 weeks, and it started to appear at
12 weeks postimplantation. Bone fragments were weakly stained
and pale and in the process of resorption. Necrotic tissues were
mainly found at 8 weeks.

In the Auto group, bone fragments showed fewer remodeling
processes when compared to the Empty and AMSC groups.
Mineralized bone areas with osseous growth activity were con-
trasted with resorption zones with fewer new bone deposits.
Fibrous tissue also looked less cellularized. Cartilage and chondroid
tissue were observed.

Finally, in the AMSC group, structured tissue formation was
observed in a succession of fibrotic well-cellularized tissue, fibro-
cartilage, chondroid tissue, and bone. Bone tissue was mainly
woven bone with a lot of remodeling processes, particularly at 8
weeks. Lamellar bone with pre-osseous deposits was also observed
in lower proportions (Fig. 3D).

3.4. Femoral non-union model

In all four pigs, a non-union of the femur diaphysis was
confirmed by CT scan at >6 months by a macroscopic disruption
between the bone segments (Fig. 4B, C). The pseudarthrosis was
further demonstrated by the interposition of fibrotic tissue during
re-intervention (Fig. 4B). In pigs 652 and 740, complete bone fusion
was observed at 26 and 29 weeks postimplantation, respectively.
Bone fusion was confirmed by CT scan (Fig. 4C), macroscopically at
the explantation, by micro-CT scan, micro-radiography, and non-
decalcified histology (Figs. 5 and 6). Pig 738 demonstrated bone

growth at the site of implantation but loss of stabilization due to
plate breakage that occurred 14 weeks after graft implantation.

In pig 741, no bone neoformation occurred, as demonstrated by
CT scan, micro-CT scan, and micro-radiography. A poorly vascular-
ized fibrotic tissue was observed at the site of implantation.

Histological analysis of the harvested femur specimens of pigs
652, 738, and 740 demonstrated new bone formation in the initial
2-cm bone defect. In pig 738, a bone nodule was found at the site of
non-union without any connection to the diaphyseal stumps
(Fig. 5). When bone fusion was achieved, bone tissue found at the
implantation site demonstrated remodeling with Haversian fea-
tures (Fig. 6, pictures A and B) and denser bone formation at the
periphery of the diaphysis (Fig. 6, picture C). Chondroid tissue was
observed as well as unstructured cartilage, with evidence sup-
porting the endochondral ossification pathway.

4. Discussion

Bone tissue reconstruction using MSCs has been contemplated
for a long time. Studies have shown that adipose tissue is a reliable
and efficient source for MSC isolation and osteogenic differentia-
tion [21,42,43]. However, large bone defects remain problematic
due to the necessity of a scaffold for cell delivery. In this regard,
many advantages can be found in the 3D AMSC bone autograft.
First, cell expansion can easily be matched to the size of the defect,
and this technique allows large-scale production. AMSCs are fully
differentiated prior to transplantation into osteoblasts by the
addition of DBM, which in this case does not serve as a carrier
alone. Moreover, the graft has intrinsic osteoinduction properties
due to the differentiated AMSCs, as showed by Supronowicz et al.,
who demonstrated the increased bone induction potential of
AMSCs cultured with DBM when compared to DBM alone [44]. The
unique aspect of this concept is the induction of the 3D construct by
the addition of DBM, helping the cells to synthesize ECM and start
the mineralization process prior to in vivo implantation. Finally, the
engineered product is easily handled during the surgical procedure,
behaving as a sort of bone putty that can be molded into the bone
defect.

To demonstrate the potential of this 3D osteogenic differenti-
ated AMSC autograft, relevant pre-clinical data in large animal
models are mandatory. Large animal experimental trials in ortho-
pedic surgery were mostly developed in ovine and canine models.
Pigs were less considered mainly because of handling difficulties.
Previous studies have shown, however, that dogs and pigs are the
best animal models for orthopedic studies because their bone
mineral density, anatomy, morphology, and healing physiology are
similar to those of humans [45—47]. The pig was already used for
spine fusion models, and the differences between the human and
porcine vertebrae have been characterized [48—51]. In models of
large bone defects, the pig was previously used and demonstrated a
strong advantage over sheep and goat in terms of bone structure
and remodeling [45,52]. Therefore, we developed a spine fusion
and a critical size bone defect model in pigs to assess the potential
of our 3D AMSC autograft. Our spine fusion model focused on the
early phase of bone neoformation and graft resorption between
0 and 12 weeks. In contrast, the femur model was designed as a
critical size large defect model; we first proved the irreversibility of
the defect and then tested the graft after 6 months of bone non-
union.

In the spine fusion model, the empty cages showed the capacity
of a blood clot to induce bone fusion between two vertebral bodies.
When compared with other experimental groups, filling an inter-
body cage with any type of material has a lower fusion potential
than the callus formed by blood components after implantation.
Necrotic bone tissues observed in this experimental group were
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Fig. 5. Representative microphotographs and microradiographs of the explanted femur specimen of the four pigs implanted with the 3D osteogenic AMSC autograft (* = position of

the screws).

probably bone fragments that fell into the interbody fusion cage
during the implantation procedure. In contrast, none of the critical
size defects left empty in the femur model had the ability to restore
the excised bone tissue, demonstrating the limits of the physio-
logical healing capacity of a postoperative blood clot.

In the spine fusion as well as in the femoral defect model, the
auto-transplantation of 3D AMSCs proved feasible and easy to
manage. Histology of the spine specimen showed a bone formation
process similar to the Empty group with bone, fibrocartilage, and
chondroid tissue. When compared to the FD and Auto groups, the
healing process was closer to the bone healing physiology. In the
femur model, the implantation demonstrated the potential of
differentiated AMSCs to induce bone fusion in the poorly

vascularized fibrotic tissues found after 6 months of non-union.
This demonstrated the osteogenic potential of osteoblastic differ-
entiated AMSCs. These results are in accord with previous experi-
mental studies that showed the ability of osteoblastic differentiated
AMSCs to induce bone formation in vivo [42], in contrast with the
poor bone consolidation capacity of non-differentiated AMSCs [53].

A major advantage of the 3D AMSC bone autograft is that it does
not require a scaffold. In this aspect, a correlation was found be-
tween the number of living cells and ECM present in the graft prior
to implantation and the fusion success. This finding revealed the
importance of the cellular component of the construct and
demonstrated the inability of DBM alone to induce new bone for-
mation. However, in this particular application, DBM is used during
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Fig. 6. Histological findings in the femoral non-union model after implantation of the 3D osteogenic AMSC autograft in pig 740. A and B. An osteon structure (at 20x and 40x,
respectively). C. Bone fusion zone (1.25x). D and E. Chondroid tissue and fibrocartilage (at 1.25x and 10x, respectively). F. Bone remodeling with new bone deposits (20x).

culture to potentiate osteogenic differentiation and 3D formation.
The osteoinduction capacity of the DBM was proved in an in vivo
intramuscular nude rat model by the presence of woven bone, bone
marrow, and mineralized tissue. Thus, bone induction factors such
as bone morphogenetic proteins are probably exhausted during the
long culture process, which remains the major drawback of this
technique. Indeed, the time required for the full 3D differentiation
amounts to 2.5 months, therefore prohibiting any use in emergency
situations and requiring careful planning of surgical procedures.

In our spine model, remodeling and slight resorption were
observed in the autograft experimental group. This behavior is
compatible with the physiological healing of bone autograft. The
main problem observed with autologous bone graft is that the bone
is devascularized. Previous research demonstrated that the major-
ity of osteocytes do not survive the harvesting and implantation
procedure [54]. Although autologous bone remains the gold stan-
dard for bone grafting, the procedure is associated with harvesting-
related comorbidities and is available in limited quantities [6,7]. In
contrast, the 3D AMSC bone graft is expanded from a small amount
of adipose tissue: harvesting-related morbidities are reduced to a
minimum, and the expansion capacity means that quantity is not
an issue.

In spine fusion surgery, freeze-dried irradiated bone allograft is
often used for its ease of handling, despite its poor mechanical
[55,56] and biological properties [38,57]. In our experimental
model, this group demonstrated a massive resorption of the min-
eral content as assessed by CT scan, micro-CT scan, and micro-
radiography. Small discrepancies between radiological and histo-
morphometrical findings can be explained by the partially resorbed
residual bone allograft being stained on histological slides but
sufficiently demineralized to not appear upon radiological exami-
nation. Such a massive resorption is compatible with previous
experimental and clinical observations on the use of freeze-dried
irradiated bone allograft [58,59]. In this experimental setup, the
FD experimental condition was restricted to cancellous bone.
Freeze-dried irradiated cortical and cortico-cancellous bone grafts
have been used successfully in many surgical applications, such as
spine fusion [60]. However, the chemical and physical treatment

applied to this type of grafts precludes their use for large bone
defect reconstructions [59] in contrast with autologous bone and
the 3D AMSC autograft.

5. Conclusions

This 3D osteogenic construct made of osteoblastic differentiated
AMSCs was easily and reproducibly generated. It proved to be easily
handled in operative conditions. In a model of spine fusion in pigs,
the 3D AMSC graft demonstrated a potential to form new bone. The
femoral non-union model showed the potential of our 3D engi-
neered graft to induce bone fusion in the unfavorable fibrotic
environment of a bone non-union. However, graft assessment of
the cellular component prior to implantation is mandatory.
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