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Abstract 

Autologous cell-based tissue engineering may offer new 

opportunities for the treatment of long bone defects. Experimental 

work in small animal models requires an important upscaling to 

meet the dimensions of geometrically large bone segments that 

need reconstruction, and this is of uttermost importance to make 

tissue-engineered cell-based therapies work in clinical conditions. 

Many fragmentary results in laboratory conditions using mice or 

rats are described, but a framework for a stepwise upscaling is 

lacking. Nevertheless, this is essential to guide the preclinical 

process to a reliable outcome and hence needs to be included in 

the translational research strategy to lead to predictive results in 

patients. A structured flowchart provides insight  in the progress  of 

the development of a robust tissue-engineered product, the 

process to reach the clinic, and the critical funding to support this 

translational step. 
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Introduction 

It remains a challenge for orthopaedic surgeons to reconstruct 

large defects of long bones originating from trauma, infection, 

prosthesis removal, tumour resection or native conditions such as 

congenital pseudarthrosis of the tibia. To avoid the morbidity 

associated with present techniques for the repair of bone loss, and to 

reduce the economic burden due to recurrent surgeries, prolonged 

hospitalization, functional impairment and working incapacity, the 

attention has become focused on tissue-engineered products. They are 

known as Advanced Therapy Medicinal Products (ATMPs) in Europe, 

and Human, Cells, Tissues and cellular and tissue based Products 

(HCTPs) in the United States [1,2]. The application of these products is 

based on strategies using the penta-concept, bringing cells, growth 

factors and an appropriate scaffold together in a well- prepared biological 

chamber in vivo, while the bone is mechanically stabilized [3]. 

However, upscaling a tissue-engineered construct towards 

clinically relevant dimensions is challenging, and a clear-cut scenario 
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for translation from bench to bedside is lacking.  

Current laboratory research is often restricted to the reconstruction of 

skeletal defects in small animal models (mice or rats), which is not 

always relevant for human applications [4-7]. The absolute 

geometrical dimensions of the specific defect under investigation 

must be taken into account, requiring suitable large animal models to 

ensure an effective translation of research findings towards use in 

patients. 

Since different parts of the skeleton have different restorative 

capacities, animal models should target the anatomical part of the 

skeleton that is clinically relevant. Whereas the study of calvarial 

defects may be relevant for craniofacial reconstructions, a long bone 

model is most appropriate to study diaphyseal repair [8]. Researchers 

should also try to mimic the compromised environment characteristic 

of many patients undergoing skeletal defect reconstructions, where 

destruction of soft tissues and periosteum, and poor vascularization 

are rather the rule than the exception. 

When comparing results of different studies, species, skeletal 

maturity of the animal, conditions of mechanical loading of the limb, 

follow-up period of the study, and most importantly a strict protocol 

of reproducible surgical procedures, are all key variables which must 

be managed properly as proposed by Sparks [9]. 

To address all aforementioned issues, we describe our three-stage 

approach involving animal models of increasingsize. 

Animal Models 

Nude mice model 

Since a nude mouse model prevents immunological reactions, it 

is used extensively for the screening of ATMP combination products 

across species (e.g. human, rabbit, sheep) [10,11]. 

We use an ectopic model in which ATMPs of different 

composition with regard to progenitor cell type expanded bone 

marrow or periosteum-derived cells, growth factors and scaffolds, are 

evaluated for their capacity to form new bone. In this first screening, 

information is gathered about the osteogenic potential of the ATMP 

in conditions free from normal physiological loading. In addition, as 

alterations in the bone regulatory cascades will lead to a change in 

bone forming capacity, the mouse model allows studying specific 

signalling pathways through systemic or conditional knock-outs. 

ATMP effectiveness is measured by examining the bone 

formation after implanting constructs subcutaneously. At removal 8 

weeks postoperatively, the presence of bone, cartilage, blood vessels 

and bone marrow is studied with Nanofocus Computed Tomography 

(Nano CT) scanning and histologic analysis. When the implanted 

cells are from human origin, their contribution to the formed bone is 

assessed through in situ hybridization. 

Once an ATMP has demonstrated good bone forming capacity, 

this construct is implanted in an orthotopic area. A tibial defect is 

used because the main final application involves long bones and most 

frequently the tibia, being one of the bones most prone to non- union 

[12]. As internal fixation devices may interfere with the biological 

processes of bone healing and create artefacts in imaging techniques, 

a custom-made external fixator is employed [13]. A bone 
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defect spanning 30% of the length of the tibia is created at a mid- 

diaphyseal level, in which the ATMPs are implanted (Figure 1). After 

8 weeks, the tibias are collected and the bone forming capacity of the 
implanted ATMPs is evaluated using Nano CT, histology and in situ 
hybridization. 

Although ATMPs can demonstrate an acceptable bone forming 

capacity in the nude mouse ectopic and orthotopic model this is not 

necessarily predictable for the effect in humans and therefore it is 

further evaluated at level 2 of the proposed flowchart. 

Rabbit model 

This model uses skeletally mature rabbits with a 3 cm tibial 

defect completely denuded of periosteum and stabilized by a circular 

custom-made frame (Figure 1) [14]. The defects are pre-treated for 

6 weeks with a cement spacer to induce a foreign body reaction, 

resulting in a Masquelet membrane. Control groups free of treatment 

show these defects to be critical. These controls are essential to exclude 

any spontaneous regeneration of bone, which would interfere with 

the assessment of new bone formation induced by the ATMP. 

Due to the relatively low cost compared to larger animals, large 

series of rabbits can be used to study the effect of varying doses of 

growth factor, the amount of cells per cubic millimetre, as well as 

modifications to the structure or composition of the scaffold. 

Rabbit experiments also serve as a first pre-clinical phase in which 

the feasibility of upscaling the ATMP as well as its safety and efficacy 

can be monitored. Healing obtained in a 3 cm critical size defect in  a 

rabbit can deliver a proof of concept, but taking into account the 

dimensions and geometry of the human tibia, these defects are still 

volumetrically too small to serve as an appropriate model for the 

defect repair in human patients. 

Sheep model 

To study anatomically equivalent defects with volumes 

comparable to those found in the human patient, we developed a 

non-union model in sheep as previously reported (Figure 1) [15,16]. 

In this model, we mimic the human non-union situation presenting 

with scars, fibrosis and compromised soft tissue/periosteum as close 

as possible. To this purpose, a critical size defect of 4,5 cm is 

created in the tibia. After installation of an external fixator, a 4, 5  cm 

fragment of bone and periosteum is resected and the defect left 

empty. After 6 weeks, the fibrotic tissue ingrowth at the defect area 

is removed and the bone gap is pre-treated with a cement spacer to 

induce a Masquelet membrane. Another six weeks later, the cement 

is removed and in the resulting cavity, which has become a 4.5 cm 

bio chamber, the ATMP is implanted. The bone forming capacity of 

the combination product is evaluated after a period of 16 weeks post 

implantation, most relevant being radiographical follow-up as to give 

a first indication of its efficacy. Long-term clinical observation with 

return to full unrestricted weight bearing, repeated radiographic and 

CT-imaging and final histologic and mechanical evaluation can 

complete the study [16]. 

Considerations 

Most reconstructions in patients involve adults, making it a logical 

step to perform translational experiments in animals with closed 

growth-plates and thus comparable biological potential with regard to 

tissue regeneration. This is essential in order to assess the osteogenic 

effect of an implanted ATMP, since significant bone formation can 

occur in skeletally immature animals, even after creation of a critical 

size defect ≥ 4.5 cm[17]. 

Fresh defects, which are most commonly used in translational 

research, do not reflect the clinical situation of a ‘biologically 

exhausted’ defect. Our proposed model mimics this fibrotic, atrophic, 

defect/non-union, characteristic for many patients and research in this 

model has already proven that cell-based therapies are mandatory to 

regenerate bone in these conditions (Figure 2) [16]. 

For the treatment of critical size defects, the assumption that an 

equal defect in terms of percentage in a mouse versus a sheep tibia can 

be used to predict the clinical outcome in humans carries a significant 

risk. Although both defects have the same relative dimensions, there 

is a huge difference in absolute volume, which brings about significant 

biological, mechanical and manufacturing challenges (Figure 3). A 

mathematical mismatch arises between the amount of osteoprogenitor 

cells and the volumetric dimensions of the cavity to be filled due to 

the absent correlation between cell and body size. This necessitates 

much more cells for a large animal or human patient to fill a defect 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

Figure 1: 1A (Clinical picture of mouse (1), rabbit (2) and sheep (3) model) , 1B = corresponding radiographies of the tibial defects. 
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Figure 3: Schematic representation of the volumetric increase of defects using a 4 mm tibial defect in a mouse (diameter 1 mm), a 30 mm gap in a 

rabbit’s tibia (diameter 8 mm) and a 450 mm sheep tibial defect (diameter 20 mm). 

 

 
 

 

with the same relative (to body size) dimensions. This highlights the 

potential role of cell-based ATMPs, containing large populations of 

osteochondroprogenitor cells grown ex vivo, in bridging such critical 

size defects. It emphasizes the risk that extrapolating results obtained 

from small animal models directly to human patients, may not be 

clinically relevant and a systematic upscaling approach using sheep or 

goats is indispensable, tibial defects of ≥ 4 cm being most relevant for 

long bone critical size defects in human (Figure 4) [18,19]. 

Upscaling to a clinical relevant model allows testing feasibility 

by performing all steps in the procedure, including the surgical 

intervention, exactly as in human patients. Logistical requirements 

are also similar (e.g. harvesting, transportation and expansion of cells) 

and performed according to the same strict time-frames. As such, the 

model also reflects the overall financial implications of the procedure 

in patients since the amount of growth factors needed and the 

production costs associated with cell culture in a good manufacturing 

practice (GMP) environment are also comparable. 

The use of the 3-stage approach advocated here has important 

financial implications. Upscaling translational research from the 

nude mouse model to rabbit and further to sheep requires a 

corresponding upscaling of funding. Items to be covered include the 

cost of animals, food and housing during the experimental period, 

surgical procedures and materials, postoperative care, cell culture 

and expansion, growth factors, scaffold, and ATMP assembly. Our 

experiments demonstrate an 11-fold increase in costs up-scaling from 

the nude mouse to the rabbit and a further 5-fold increase up-scaling 

from the rabbit to sheep. 

Nevertheless, the investment brings important additional 

benefits. The consideration of geometric factors is key to ensure that 

potential products can be manufactured with the desired shape and 

the required structural integrity to fill the volume of defects equivalent 

to those found in humans. Moreover, information can be gathered 

about the amount of osteoprogenitor cells that can survive in such 

large constructs in vivo. 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
Figure 2: Clinical (A) and radiographical (B) illustration of sheep tibial defects: Empty (1) and treated (2) with tissue engineered cell-based implant. 
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The large animal model can also be used for training the rules of 

Good Manufacturing Practice (GMP) required by regulatory 

directives for manufacturing cell-based products [20]. These 

regulations were first introduced by the US Food and Drug 

Administration and also implemented in Europe (Commission 

Directive 2003/94/EC) to ensure the identity, quality, safety, purity 

and potency of tissue-engineered products. These guidelines are 

mandatory for use in clinical trials [21]. In contrast to biochemically 

derived biological products, the analysis and characterization of 

tissue-engineered products is complex. A quality control pipeline will 

help to guide the manufacturing process, in which manual operations 

are still dominant, but will progressively be replaced by automated 

cell-culture bioreactors. 

Documentation standards as well as procedures to ensure 

reproducibility and traceability of critical components within this 

manufacturing process can also be developed, for eventual translation 

to a full GMP environment producing ATMPs for use in the clinical 

setting. 

Whereas for conventional testing of drug development the classic 

three phasic trial model is used, this is not appropriate for tissue- 

engineered products. Seeking to repair damaged bone tissue the use 

of randomized controlled trials including healthy volunteers is not 

possible. Regulatory agencies agree on exploratory trials to establish 

safety and proof of concept. This should reflect the results in the 

large animal model to the best extent, illustrating once more the 

importance for the best ‘human like’ model in the preclinical phase. 

Conclusions 

In conclusion, skeletal defect research using small animal models 

still has its value, but rather as a screening method of potential ATMP 

candidates. Animal models, irrespective of their size, will never 

exactly predict the outcome of a therapeutic intervention in humans, 

as they are not exposed to systemic variables such as smoking, 

alcohol consumption, drug treatment or underlying morbidities. 

The translational researcher must try to use models that mimic the 

human situation as close as possible. The use of relevant animal 

models in a progressive upscaling approach described here, achieves 

this aim. It provides information on not only safety and efficacy of a 

potential ATMP, but also on the biocompatibility of materials and 

the logistical feasibility and cost of translation to a clinical setting.  It 

ensures that all critical elements are addressed at an early stage  in 

the ATMP development process, allowing decisions on potential 

translation of findings to the clinical setting to be made on robust 

objective information. 

Moreover, a well-organized experimental set-up such as that 

described here, will help administrators and decision takers, judging 

on the funding of translational research, and decide to which research 

activities they will commit their support. 
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Figure 4: Flowchart for the translational research of cell-based therapy in the treatment of long bone defects. 
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