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Abstract

Purpose Vertebral body defects represent one of the most

common orthopedic challenges. In order to advance the

transfer of stem cell therapies into orthopedic clinical

practice, we performed this study to evaluate the safety and

efficacy of a composite bioartificial graft based on a

hydroxyapatite bone scaffold (CEM-OSTETIC�) com-

bined with human mesenchymal stem cells (MSCs) in a rat

model of vertebral body defects.

Methods Under general isoflurane anesthesia, a defect in

the body of the L2 vertebra was prepared and left to heal

spontaneously (group 1), implanted with scaffold material

alone (group 2), or implanted with a scaffold together with

0.5 million MSCs (group 3) or 5 million MSCs (group 4).

The rats were killed 8 weeks after surgery. Histological

and histomorphometrical evaluation of the implant as well

as micro-CT imaging of the vertebrae were performed.

Results We observed a significant effect on the formation

of new bone tissue in the defect in group 4 when compared

to the other groups and a reduced inflammatory reaction in

both groups receiving a scaffold and MSCs. We did not

detect any substantial pathological changes or tumor for-

mation after graft implantation.

Conclusions MSCs in combination with a hydroxyapatite

scaffold improved the repair of a model bone defect and

might represent a safe and effective alternative in the

treatment of vertebral bone defects.
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Introduction

Vertebral body fractures represent one of the most common

orthopedic disorders. Depending on the type and severity

of the injury, both conservative and/or surgical treatment is

applied. Severe vertebral bone defects requiring vertebral

body replacement by an autologous graft or vertebroplasty

occur mainly due to (1) traumatic comminute fractures, (2)

compressive fractures due to osteoporosis, (3) vertebral

osteolytic malignant tumor metastases or (4) vertebral

hemangioma [1]. Traumatic comminute fractures affect

mostly young people and often have a severe impact on the

integrity of the spinal column, in a significant number of

cases complicated by spinal cord injury [2, 3]. Moreover,

the integrity of the spine can be disrupted by other patho-

logical processes, for example metastatic foci of malignant

tumors or metabolic disorders (osteoporosis, hyperpara-

thyroidism, Paget disease) [1].

As a standard surgical treatment, autologous bone grafts

are used to promote healing of the vertebral body. However,

various problems are associated with graft harvesting,

including donor site morbidity and often a limited amount

of autologous grafting material. The possible use of allo-

grafts is accompanied by significant drawbacks including

immunogenicity and possible microbial contamination. An

unpredictable portion of the free grafting material is also

lost by resorption. Finding an alternative treatment strategy

and the development of bioartificial bone graft substitutes

are therefore one of the major challenges in orthopedics. For

the treatment of bone defects, synthetic calcium-based bone

materials are used due to their similarity to the mineral

phase of bone, their osteoconductivity and good biocom-

patibility [4, 5]. However, for the successful repair of large

bone defects, the grafted material should also have osteo-

inductive or even osteogenic properties. In order to enhance

bone formation within the implanted synthetic grafts, var-

ious growth factors such as bone morphogenic protein 2

(BMP-2), tumor necrosis factor beta (TGF-b) or insulin-like

growth factor-1 (IGF-1) have been used in combination

with the synthetic bone material [6, 7]. Additionally,

methods of tissue engineering using mesenchymal stem

cells (MSCs) have been studied as a potential therapeutic

tool for bone tissue regeneration [8, 9]. The osteogenic and

immunological properties of MSCs, together with the pos-

sibility to relatively easily obtain, cultivate and produce

these cells in large amounts, represent advantages over

other types of cells. MSCs are particularly attractive for

their low immunogenicity [10]. They were shown to sup-

press the proliferation of immune cells (T and B lympho-

cytes, dendritic cells, natural killer cells) and to modulate

the fate and function of macrophages [11, 12]. Combined

with hydroxyapatite scaffolds, they enhanced the osteoin-

ductivity of calcium-based scaffolds and promoted bone

healing in various experimental bone defects including long

bone fractures [13], spinal fusion [14] and craniofacial

defects [15]. However, the specific biomechanical proper-

ties of vertebrae do not allow generalizing the results from

other types of bones to those of vertebral body defects

treated with a tissue engineered graft. In response to this,

animal models of vertebral body defects in rats or sheep

were recently used to study the effect of bone replacement

materials [16, 17]. Nevertheless, reports discussing the

effect of stem cell-based bone substitutes in the treatment of

vertebral body defects are rare in the literature, although

this approach represents a promising tool for vertebral bone

regeneration. In particular, the possibility of using autolo-

gous human MSCs to improve bone healing without the

necessity for long precultivation of the cells on a scaffold

prior to transplantation might significantly simplify the

treatment of such bone defects and provide a viable alter-

native to traditional surgery.

In order to implement stem cell therapies into orthope-

dic clinical practice, we have conducted a study to evaluate

the safety and efficacy of a hydroxyapatite bone scaffold

combined with defined human bone marrow-derived mes-

enchymal stem cells in a rat model of vertebral body

defect.

Materials and methods

Animals

We used 30 Wistar rats (Velaz, Prague, Czech Republic)

with body weights of 300–350 g. We included only males

in our study to minimize the effects of hormone levels on

the variability of the healing as well as bone regeneration

[2, 18]. This study was performed in accordance with the

European Communities Council Directive of 24 November

1986 (86/609/EEC) regarding the use of animals in

research and was approved by the Ethical Committee of the

Institute of Experimental Medicine ASCR, Prague, Czech

Republic. All efforts were made to minimize the number of

animals used in the study.

Experimental groups

Rats were randomly divided into one of the following

groups: (1) rats with a vertebral defect only (group 1)

(n = 8); (2) rats with a vertebral defect and with an

implanted hydroxyapatite scaffold (group 2) (n = 7); (3)

rats with a vertebral defect and with a hydroxyapatite

scaffold as well as 0.5 9 106 human MSCs implanted

(group 3) (n = 7); (4) rats with a vertebral defect and with

a hydroxyapatite scaffold as well as 5 x 106 human MSCs

implanted (group 4) (n = 8).
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Cell isolation and cultivation

Human MSCs were isolated from the bone marrow of four

different human donors aged between 28 and 66 years. All

procedures for MSC preparation were performed under

good manufacturing practice conditions (GMP) in Bioi-

nova, Ltd. (Prague, Czech Republic) and approved by the

State Institute for Drug Control of the Czech Republic

(SUKL, Czech Republic). The mononuclear fraction con-

taining MSCs was separated from the blood by gradient

centrifugation using 25 % Gelofusin� (B. Braun, Melsun-

gen, Germany) and seeded on plastic dishes at a concen-

tration of 5–10 9 106 cells/75 cm2. The cells were

cultivated in media containing Alpha MEM Eagle without

deoxyribonucleotides, ribonucleotides and UltraGlutamin

(Lonza, Basel, Switzerland) supplemented with 5 %

thrombocyte lysate (Bioinova, Prague, Czech Republic)

and 10 lg/ml gentamicine (Lek Pharmaceuticals, Lju-

blanja, Slovenia); non-adherent cells were washed out by

changing the medium. When the cells reached 80 % con-

fluence, they were detached from the surface of the dishes

with 1 ml/75 cm2 of TrypLE CTS SelectTM solution

(Gibco, Ca, USA) and expanded. Cells of the second pas-

sage were analyzed and used in further experiments. The

expression of specific surface markers was assessed using

fluorescent-activated cell sorting (FACS) analysis

(FACSAria flow cytometer, BD Biosciences, San Diego,

USA). The cells expressed CD105, CD73 and CD90 and

were negative for CD45, CD34, CD14 or CD11b,

CD79alpha and HLA-DR surface molecules. In order to

verify the differentiation potential of the MSCs, the cells

were differentiated into osteogenic, chondrogenic and

adipogenic lineages using standard differentiation media as

described previously [19]. Cell viability (more than 95 %)

was evaluated by using trypan blue staining, and the cul-

tures were tested for the presence of bacterial, fungal and

mycoplasmatic contamination. Though the ages of the

donors ranged over almost 40 years, cell cultures grown

under standard operating procedures in GMP facilities did

not show any significant differences in cell proliferation or

differentiation between the donors. The cells were frozen in

aliquots in saline containing 7.5 % dimethylsulfoxide

(DMSO) and 5 % albumin and stored in liquid nitrogen at

-160 �C until use.

Preparation of bone implants

MSCs were thawed, centrifuged and washed three times

with pre-warmed PBS to remove the residual freezing

solution. Cell suspensions at a concentration of 0.5 or

5 9 106 cells/ml were prepared and transferred to vials. A

pre-wetted hydroxyapatite bone scaffold CEM-OSTETIC�

(Berkeley Advanced Biomaterials, Inc., Berkeley, USA)

(0.02 g) was soaked in the cell suspension, and the sus-

pension containing the material was centrifuged at

1,000 rpm. After centrifugation, the excess PBS was

removed, and the content of the vial was mixed with a

small sterile spatula to form a homogenous cell–material

mixture and applied to the lesion of the animal

immediately.

Surgery

After the induction of anesthesia with 5 % isoflurane in

room air (flow 300 mL/min), the animals were maintained

in 2 % isoflurane anesthesia (flow 300 mL/min) via a face

mask throughout the operation. Under aseptic conditions, a

2-cm lateral skin incision at the L1–L3 level was made. The

dorsal muscles were shifted laterally, and the body of the

L2 vertebra was exposed from the ventrolateral side. A

bone defect (2 9 5 9 1.5 mm) was created using a mi-

crodrill from a ventral approach. The defect was either left

empty, filled with CEM-OSTETIC� material only, or filled

with the material loaded with 0.5 or 5 9 106 MSCs and

covered with a Hyprosorb� (Hypro, Otrokovice, Czech

Republic) resorbable collagen membrane. The soft tissues

and skin were sutured with nonresorbable thread. Trans-

planted animals (with a scaffold only or a scaffold loaded

with cells) were immunosuppressed daily with 10 mg/kg

intramuscular cyclosporine (10 mg/kg, Sandimmun�,

Novartis, Basel Switzerland), and bacterial infection was

prevented by Gentamicine (0.5 ml, Gentamicine Lek�, Lek

Pharmaceuticals, Ljublanja, Slovenia). The rats were killed

8 weeks after surgery.

Histological analysis

At the end of the experiment, the animals were intracar-

dially perfused under deep anesthesia (pentobarbital

150 mg/kg) with 4 % formaldehyde in 0.1 M PBS. The

vertebrae were dissected, postfixed in 10 % formaldehyde

and further decalcified with formic acid. From each sample

three transversal blocks were embedded in paraffin, cut in

4-lm-thin sections and stained with hematoxylin–eosin

(H&E) or naftol AS-D chloroacetate esterase for myeloid

cells including polymorphonuclear granulocytes. Sections

were examined under a light microscope and histomor-

phometrical analysis was performed using NIS-Elements

software (Nikon Instruments, Inc., USA). Immunofluores-

cent staining for human mitochondria (anti-cytochrome

c oxidase subunit II antibody, MT-CO2, ABcam, Cam-

bridge, UK) was used to identify possible surviving

transplanted cells. This antibody has frequently been used

successfully for human cell detection in animal models

[20–23]. Antigen–antibody complexes were visualized

using goat anti-mouse IgG secondary antibody conjugated
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with Alexa-Fluor 488 (Molecular Probes). The samples

were examined using a spectral confocal microscope (Carl-

Zeiss, Germany).

Micro-CT analysis

From each group one specimen was selected for microto-

mographic analysis of its microstructure. The specimens

were scanned using a previously developed setup [24]. The

specimens were irradiated using a micro-focus X-ray tube

L8601-01 (Hamamatsu Photonics K.K., Japan) with 5 lm

emission spot, tungsten anode and divergent cone beam.

For the imaging a flat panel X-ray detector C7942CA-22

(Hamamatsu Photonics K.K., Japan) with resolution

2,368 9 2,240 pixels and physical dimensions 120 9

120 mm was used. For the acquisition we used 360 pro-

jections with 1� increment. Maximum possible magnifica-

tion was used, corresponding to source–object distance

170 mm and source–detector distance 500 mm. Because

the L8601-01 source produces X-ray beam with continuous

energy spectrum, beam hardening correction was applied to

the acquired radiographs to account for the non-uniform

attenuation of the samples. The images were reconstructed

using a cone-beam backprojection algorithm which has

been previously proven suitable for precise imaging of

trabecular microarchitecture of whole-bone samples [25,

26]. Resolution of the reconstructed three-dimensional

images is approximately 30 lm3.

Statistical analysis

The values are reported as mean values ± SEM. One-way

ANOVA with a post hoc honestly significant difference

(HSD) test was used for the comparison among individual

groups.

Results

Histological examination

A description of representative sections is given for each

group. In the group with a bone defect only, histological

analysis revealed signs of bone healing with reactive os-

teoplasia and focal cartilaginous metaplasia (Fig. 1a). In

the group receiving a hydroxyapatite bone scaffold alone,

deposits of granular refringent material were clearly

observable with an occasional granulomatous reaction

against the exogenous material. Isolated regions of new

bone and osteoid formation were found on the surface of

the material (Fig. 1b). Qualitative differences were found

in the groups receiving a hydroxyapatite bone scaffold

loaded with MSCs. Larger trabeculae were formed around

the implant, and the material was partially incorporated in

the newly formed bone in the group receiving 0.5 million

MSCs (Fig. 1c). More interestingly, significant formation

of bone tissue in the defect was found in the group

receiving a hydroxyapatite bone scaffold loaded with 5

million MSCs (Fig. 1d–f). The scaffold was apparently

incorporated in the bone tissue and partially resorbed. In

the vicinity of the implantation site, reactive osteoplasia

(unrelated to the implanted material) and scar formation

was present in some cases, probably as a consequence of

surgical trauma. No significant granulomatous reaction,

inflammatory changes or tumor formation were observed in

any group transplanted with MSCs. Figure 2 shows rep-

resentative sections stained with naftol AS-D chloroacetate

esterase. In the bone defect only, the intratrabecular space

contained hematopoietic bone marrow with multiple

myeloid cells stained positively for naftol AS-D chloro-

acetate esterase (brightly red) (Fig. 2a). In the group trea-

ted with augmentation material alone, the material was

typically surrounded by a rim of macrophages, giant cells

and polymorphonuclear granulocytes (Fig. 2b). In the

group treated with a combination of material loaded with

0.5 million cells, isolated polymorphonuclear granulocytes

positive for naftol AS-D chloroacetate esterase were pres-

ent (Fig. 2c). In the group treated with the hydroxyapatite

bone scaffold loaded with 5 million cells, no polymor-

phonuclear granulocytes were present at the bone–material

interface (Fig. 2d).

A few transplanted cells positive for the human mito-

chondrial marker (MT-CO2) were found at the site of the

lesion 8 weeks after surgery (Fig. 3), suggesting only a

limited survival of the transplanted cells. The staining for

MT-CO2 was negative in animals transplanted with

material alone.

Histomorphometry

Quantitative analysis of the samples did not reveal signif-

icant differences in the percentage of new bone formation

between the groups with a defect alone (33.84 ± 1.84 %)

and with a defect treated by CEM-OSTETIC� alone

(40.34 ± 3.85 %), suggesting the poor osteoinductive

properties of the hydroxyapatite bone scaffold alone.

However, significantly (p \ 0.01) greater bone formation

was found in the group treated with CEM-OSTETIC�

combined with 5 million MSCs (65.60 ± 4.89 %) in

comparison to those groups treated with a scaffold loaded

with 0.5 million MSCs (38.91 ± 5.76 %) or a scaffold

(p \ 0.05) or a defect alone (p \ 0.01). The amount of the

residual scaffold material in the group treated with CEM-

OSTETIC� plus 5 million MSCs was not significantly

different from that seen in the other groups (Fig. 4).
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Micro-CT imaging

Eight weeks after the onset of the injury, in the group with

a bone defect only, representative micro-CT scans showed

the incomplete regeneration of the vertebral body in the

defect area. The location of the vertebral defect was clearly

observable (Fig. 5a). In the group with a defect filled

with CEM-OSTETIC� alone, rather diffuse/noncompact

deposits of the material were observable (high-density

signal) (Fig. 5b). In contrast, in the group with CEM-OS-

TETIC� combined with 0.5 million MSCs, we found

compact filling of the defect with hypertrophy above the

niveau of the surrounding bone (Fig. 5c). This corresponds

to our histological findings, in which we observed greater

bone formation and incorporation of the material and a

compact interface between the bone substitute material and

the newly formed bone in this group. In the group with

material combined with 5 million MSCs, we found a higher

resorption rate of the scaffold with apparent new bone

formed above the level of the original defect (Fig. 5d).

These findings correspond to the histological (Figs. 1, 2)

and histomorphometrical results (Fig. 4), where we found

significantly greater bone formation and slightly increased

material resorption.

Fig. 1 Representative micrographs of vertebral defects 8 weeks after

surgery. a The image shows reactive osteoplasia with foci of

cartilaginous metaplasia (white arrows) in the group with a bone

defect only. b In the group treated with material alone, occasional

new bone formation (white arrows) is apparent on the surface of the

material (asterisk). c Trabeculae of mixed woven and lamellar (white

arrows) on the surface of the augmentation material (asterisks) were

formed in the group treated with 0.5 million cells. d In the group

treated with 5 million MSCs, the scaffold (asterisks) was incorporated

into a large amount of lamellar bone tissue (white arrows). e In the

group treated with 5 million MSCs, broader trabeculae (white arrows)

on the surface of the augmentation material were formed. f Areas of

bone tissue (white arrows) with incorporated granules of augmenta-

tion material (asterisks) were seen in the group treated with 5 million

MSCs. Rims of active osteoblasts (black arrows) are observable on

the trabeculae surface (H&E, scale bar 100 lm)
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Discussion

In our study, we evaluated the effect of MSCs in com-

bination with a hydroxyapatite-based scaffold (CEM-

OSTETIC�) on bone regeneration in the vertebral body.

We have observed the significant formation of bone tissue

in the defect in animals receiving a hydroxyapatite bone

scaffold loaded with 5 million MSCs. The scaffold was

apparently incorporated in the bone tissue and partially

resorbed. It was previously shown that the combination of

MSCs and hydroxyapatite scaffolds improves bone for-

mation when implanted in vivo. However, the healing

Fig. 2 a Defect only. Broad trabecula of predominantly woven bone

with multiple cement lines as a result of the healing process (black

asterisks). Intertrabecular spaces contain hematopoietic bone marrow

with multiple myeloid cells stained positively for naftol AS-D

chloroacetate esterase (brightly red). b Augmentation material (white

asterisks) surrounded by a rim of macrophages and giant cells (white

arrows) and fibrous tissue (black asterisks) in the group treated with

material alone. Only isolated polymorphonuclear granulocytes

positive for naftol AS-D chloroacetate esterase (black arrow) are

present. c Isolated polymorphonuclear granulocytes positive for naftol

AS-D chloroacetate esterase (arrow) in association with augmentation

material (white asterisks) and newly formed bone trabeculae (black

asterisks) in the group treated with 0.5 million cells. d Bone trabecula

with a rim of active osteoblasts (black asterisks) and augmentation

material (white asterisks). No polymorphonuclear granulocytes are

present in the group treated with 5 million MSCs. Staining for naftol

AS-D chloroacetate esterase, scale bars 100 lm

Fig. 3 a Transplanted cells positive for the human mitochondria

marker MTCO2 (green; DAPI, blue) were found at the site of the

lesion 8 weeks after surgery in the group receiving 5 million MSCs.

b The staining for MTCO2 was negative in animals transplanted with

a scaffold alone. Scale bars 20 lm
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process and bone formation are different in various types of

bones. Therefore, several efforts have been made recently

to establish a model of vertebral body defect for testing

bioartificial substitutes and novel materials [27, 28]. In the

recent study of Liang et al. [16], the authors established a

rat model of a vertebral body defect and used a combina-

tion of a poly(lactic-co-glycolic acid) (PLGA) scaffold and

BMP to treat the bone defect; they concluded that the

model reflects the physiology of bone defects caused by a

bone fracture or after the removal of a neoplasm from the

vertebral body.

Due to their properties, MSCs represent a potential tool

to improve the healing of bone defects in orthopedics.

Before clinical application, the safety and functionality of

the transplanted cells must be tested in appropriate animal

models, and the cell and transplant preparation should be

optimized. The process used in our study to cultivate and

characterize the MSCs was carried out in accordance with

good manufacturing practice (GMP) and approved for

preclinical and clinical studies by the State Institute for

Drug Control. The characteristics of the cell phenotype

complied with the standards defined by the International

Society for Cellular Therapy (ISCT) [29]. In order to

simplify the preparation procedure of the graft as much as

possible and to demonstrate its potential clinical applica-

bility, we avoided lengthy cultivation, differentiation and

expansion of the cells prior to implantation. Instead, we

used the cells directly after thawing and washing out the

freezing media. In the literature, various protocols for the

preparation of MSC-based bone grafts have been reported

[13, 30]. However, for clinical use, the graft preparation

should be easy and feasible in hospital settings. Our results

showed significantly greater bone formation in the group

transplanted with the material loaded with 5 million MSCs

in comparison to the groups treated with material loaded

with 0.5 million cells or a scaffold alone, suggesting that

high-density cell loading is necessary to promote the os-

teoinductive activity of the graft. Choi et al. [13] showed

significant bone formation in a femoral defect model after

the transplantation of a fibronectin-coated HA/TCP scaf-

fold combined with 7.5 million adipose tissue-derived

MSCs, but not with 0.75 million, in comparison to material

alone and pointed out the cell-loading density-dependent

manner of bone formation. Interestingly, when they loaded

the material with 75 million MSCs, they found only a

minor increase in bone formation in comparison to 7.5

million MSCs.

In our experiments, the amount of residual scaffold in

the group transplanted with 5 million MSCs was not sig-

nificantly different from the amounts found in the other

groups. Interestingly, Zerbo et al. [31] reported that the

degradation of hydroxyapatite after transplantation is likely

to be due to chemical dissolution rather than due to the

activity of osteoclasts, which is in agreement with our

findings. We did not find any histological signs of osteo-

clastic resorption of the hydroxyapatite scaffold in our

experiments.

The mechanisms by which the transplanted cells con-

tribute to bone formation are still not completely under-

stood. Huang et al. [14] showed that mesenchymal stem

cells combined with a hydroxyapatite/PLGA/collagen I

scaffold differentiate into osteoblasts and produce extra-

cellular matrix within the graft for posterolateral spinal

fusion. Other authors have shown that transplanted MSCs

associated with a biomaterial survive only for a limited

time after transplantation and recruit cells from the host

tissue, thus contributing increased bone formation and bone

healing rather indirectly [32].

We observed reactive osteoplasia with foci of cartilag-

inous metaplasia in the group with an empty defect and

those animals treated with hydroxyapatite only, possibly as

a result of the trauma-related activation and differentiation

of mesenchymal stem cells normally present in the bone

marrow. The presence of cartilaginous areas in the center

of bony trabecules may be interpreted as a result of early

endochondral ossification. Additionally, the micro-CT

scans of the defect showed incomplete healing. This could

lead to the decreased firmness of the bone, which in clinical

practice could result in higher post-operative morbidity.

However, when the scaffold was combined with MSCs,

such cartilaginous tissue was not observed, and the depo-

sition of bone matrix occurred on the surface of the bone

Fig. 4 Histomorphometrical analysis of new bone formation in

vertebral bone defects. Significant bone formation was observed in

the group transplanted with CEM-OSTETIC� and 5 million MSCs

(n = 8) in comparison to CEM-OSTETIC� and 0.5 million MSCs

(**p \ 0.01) (n = 7), CEM-OSTETIC� alone (*p \ 0.05) (n = 7) or

a defect only (**p \ 0.01) (n = 8). The amount of residual scaffold

in the group treated with CEM-OSTETIC� and 5 million MSCs was

not significantly different from the other groups
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substitute material. The endochondral type of ossification

via the remodeling of cartilage occurs in a low oxygen

environment with a poor blood supply [33] and is consid-

ered as a primary mechanism of bone fracture healing.

Interestingly, Tortelli et al. [34] showed in a murine model

of ectopic bone formation that the implantation of a

hydroxyapatite scaffold material loaded with MSCs led to

endochondral ossification and that the obtained bone was

of host origin. On the other hand, the intramembranous

ossification route does not involve cartilage formation and

remodeling and has been observed after the transplantation

of differentiated osteoblasts in a murine model [34]. In our

experiments, the bone tissue was apparently of host origin,

and we found only very few human cells in the bone lesion

at the end of the experiment. We can speculate that after

the MSCs were transplanted, they provided various growth

factors and cytokines [35] and supported the attraction of

host osteoprogenitor cells via paracrine signalling, thus

creating a favorable environment for the healing of the

bone defect via endochondral ossification.

A cellular immunological reaction might have negative

effects on bone healing, lead to the formation of fibrous

tissue and in turn influence the mechanical properties of the

new bone, which may contraindicate the use of hydroxy-

apatite-based scaffolds for vertebral bone repair. In our

study, we observed a granulomatous foreign body reaction

at the material–bone interface in animals transplanted with

the material alone. In contrast, such an inflammatory

Fig. 5 Representative micro-CT scans of vertebrae extracted

8 weeks after the induction of a defect and the implantation of the

material. a The image shows an incompletely regenerated empty

defect (white arrow), b a defect filled with CEM-OSETIC� only,

c with CEM-OSTETIC� combined with 0.5 million MSCs and d with

CEM-OSTETIC� and 5 million MSCs
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reaction around the transplant was apparently reduced in

the groups receiving MSCs, likely due to the immuno-

modulatory and immunosuppressive properties of MSCs

[36], which might significantly improve the bone healing

process [37]. In our experiments, we used cyclosporine A

as an immunosuppressant. Several groups observed

potentiation between cyclosporin A and the immunosup-

pressive effect of human MSCs in vitro [38, 39]. However,

since the animals with an HA scaffold only also received

immunosuppression, the effect observed in animals trans-

planted with a scaffold loaded with cells is most likely due

to the presence of the cells rather than just immunosup-

pression. Different experimental approaches to xenogenic

MSC transplantation in terms of using immunosuppressive

drugs are discussed in the literature. Tcacencu et al. [40]

implanted human MSCs seeded on a peptide hydrogel in

the mandible of immunosuppressed rats (with cyclosporine

A) and reported significantly better alveolar bone density

and decreased osteoclast numbers at the site of the injury,

which they ascribed to the immunomodulatory effect of the

MSCs and their interaction with host monocytes and

macrophages. Kim et al. [10] showed that transplanted

xenogenic bone marrow MSCs loaded onto an HA/b-TCP

scaffold generated new bone formation in the posterolateral

lumbar spine of non-immunosuppressed rabbits and poin-

ted out the low immunogenicity and good survival of the

transplanted MSCs.

Consistent with other studies that used MSCs for

orthopedic treatment, we did not observe any signs of

neoplasm formation [41]. Also, no significant bone defor-

mation or spinal cord compression was observed in the

transplanted animals, suggesting the safety of the trans-

plantation procedure.

Conclusion

Our study showed that the implantation of a hydroxyapatite

scaffold combined with human MSCs, cultivated and

expanded according to a large-scale manufacturing proto-

col, was safe and significantly increased bone formation in

a rat model of vertebral body defect. MSCs combined with

a hydroxyapatite scaffold might represent a safe and

effective alternative in the treatment of vertebral bone

defects. We tested a simple procedure of graft preparation,

which might be easily reproduced in hospital settings. Our

results will contribute to the translation of cell therapies

into clinical practice.
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