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1 Introduction 

 

Over the last decade, huge interest in cell-based approaches in regenerative 

medicine evolved. A cell in focus for bone tissue engineering in the wider sense of 

meaning is the mesenchymal stem cell (MSC), as these cells are the natural 

progenitors of bone cells and they have intriguing features making them a 

promising tool for bone (re-)generation. 

In the field of fracture healing, there is still the problem that despite enormous 

progress in therapies over the last decades, 5 to 10% of all fracture healing events 

show poor healing due to biological or mechanical reasons [34].  

In the present study, the potential for systemically administered cells to promote 

bone formation in inflammatory and non-inflammatory environments was 

investigated on the one hand; on the other hand, the efficacy of locally implanted 

MSC form allogeneic and autogenic sources to consolidate large bone defects 

was addressed.  

 

I Bone Modelling and Remodelling 

 

To maintain the health and integrity of bone, a constant cycle of resorption and 

formation, the so-called bone remodelling occurs. About 5 - 10% of the skeletal 

mass are remodelled per year in healthy adult humans. The steady state between 

resorption and formation is intricately regulated and influenced by various internal 

and extrinsic effectors (Fig. 1) [52].  
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Fig. 1: Regulation of skeletal homeostasis and bone mass. Bone homeostasis is influenced by 

numerous intrinsic and extrinsic factors. Adapted by permission from Macmillan Publishers Ltd 

from [52, page 350].  

 

1.1 Physiological Bone Remodelling  

 

The physiological bone remodelling requires tight spatio-temporal collaboration of 

osteoclasts, osteoblasts, which form the so-called basic multicellular unit (BMU, 

Fig. 2) and their respective precursor cells [110]. It is anticipated, that remodelling 

occurs within the so-called bone remodelling compartment (BRC), a highly 

vascularized compartment that is sealed from its surrounding by bone lining cells 

forming a canopy [54]. How the precursor cells invade into the BRC is not fully 

elucidated; both crossing the bone lining cell monolayer and recruitment out of the 

microvasculature of the BRC is plausible [37]. 
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Fig. 2: Basic multicellular unit of bone remodelling. To maintain bone homeostasis, 

physiological bone remodelling requires highly regulated coupling of bone resorbing osteoclasts 

and bone forming osteoblasts. Reproduced with permission from [16, page 907], Copyright 

Massachusetts Medical Society.  

 

The process of bone remodelling can be distinguished into sequential phases: 

activation, resorption, reversal, formation and termination (Fig. 3) [96].  

 

 
Fig. 3: Model of bone remodelling. The process of bone remodelling can be divided into 

sequential phases: Initiation, transition and termination. During the initiation phase, bone is 

resorbed by osteoclasts. During the transition phase, osteoclasts undergo apoptosis and 

osteoblasts are recruited. These osteoblasts form bone during the formation phase. Reprinted from 

[78, page 202] with permission from Elsevier.  

 

Bone remodelling has to be initiated by an initiation signal. There is no unique 

signal but a variety of them, like the bones age, mechanical signals or micro-

cracks within the bone. Micro-cracks for example disrupt the dense lacuno-

canalicular network, leading to osteocyte apoptosis. Soluble factors released by 
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the decaying osteocytes or by macrophages removing the dead cells induce 

osteoclastogenesis from monocytic precursors. Essential for the fusion and 

function of osteoclasts are the osteoblastic factors receptor activator for nuclear 

factor κB ligand (RANKL) and macrophage colony stimulating factor (M-CSF). 

After fusion, the osteoclasts adhere to the bones surface [14], where they polarize 

and form an isolated, extracellular microenvironment by formation of the so-called 

sealing zone [118]. To resorb the mineralized bone, the lumen between the 

osteoclast and the bone is acidified by secretion of hydrochloric acid. Various 

proteinases are involved in the degradation of the organic matrix, but the 

predominant enzyme is the thiol-proteinase cathepsin K [14]. In the formation 

phase, the resorption lacunae are filled with new bone deposited by osteoblasts. 

During this process, some osteoblasts are embedded into the new bone matrix, 

where they terminally differentiate into osteocytes, thus re-establishing the lacuno-

canalicular network.  

Bone formation and resorption can also occur uncoupled. In vivo, uncoupling leads 

to osteopenic disorders like osteoporosis when resorption outbalances formation 

or to osteopetrosis if reversed.  

 

1.2 Load-Induced Bone Modelling and Mechanotransduction 

 

One of the factors that influences the intricate steady state of bone homeostasis is 

mechanical loading [32]. In 1892, Julius Wolff postulated that bone adapts to its 

mechanical demands [127]. Observational studies show a considerable bone loss 

after prolonged bed-rest, immobilization or space flight [115]. On the other hand, 

exercise induced bone gain is observed e.g. in the playing arm of tennis players 

[51]. Based on observations in humans, there are various animal models to study 

the adaption of bone to altered load situations. To model bone loss, cast-

immobilization, hind limb unloading e.g. by tail suspension or sciatic neurectomy 

are used [50, 123-125]. To model bone formation, in rodents usually load is 

applied to one ulna or tibia. Externally applied mechanical strain was shown to 

significantly increase bone apposition in the ulnae of rats [99] and mice [71].  
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By externally applied axial compression of the ulna and thus stretching of the 

normal curvature of the bone, strain occurs inside the bone matrix and cells. 

Depending on the resulting strain, bone apposition occurs (Fig. 4).  

 
Fig. 4: Loading of the ulna leads to a distinct strain distribution within the bone. The highest 

strain is shown in red, the lowest in white. Bone apposition corresponds to the strain distribution. 

The red line indicates the bone surface at the beginning of the loading experiment [100, page 324].  

 

Osteoblasts and Osteocytes have been identified as the bone’s mechanosensors 

[15, 105]. Within the bone, strain is translated into fluid flow in the lacuno-

canalicular system (Fig. 5). The flow is perceived by the osteocyte processes in 

the pericellular matrix and transduced into intracellular biochemical processes [22, 

83]. 
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Fig. 5: Mechanotransduction in bone. Mechanical loading of bone results in fluid flow in the 

lacuno-canalicular system formed by osteocytes. The osteocytes perceive the fluid flow via their 

processes. Inside the osteocytes, the mechanical signal is transduced into biochemical processes. 

Adapted from [22, page 109].  

 

By shear stress produced by the fluid flow, for instance, mechanosensitive ion 

channels and receptors and thus subsequent signalling pathways are activated 

[119]. Among these pathways are mitogen activated protein kinase (MAPK) 

cascades, which lead to a down-regulation of e.g. RANKL expression in vitro 

[103], inactivation of glycogen synthase kinase 3-β and thus accumulation of β-

catenin and activation of downstream gene cascades. 

 

An anabolic response on the cellular level in form of increased osteoblast numbers 

relative to a non-loaded control [76, 106] and osteoid formation [76] is evident 

within 4 to 5 days after a single loading bout in rats (Fig. 6). It is unclear, whether 

this increase in osteoblast number is solely due to proliferation of local cells or if 

circulating cells are also recruited as it is anticipated in physiological bone 

remodelling [90].  
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Fig. 6: Active osteoblasts and osteoid apposition appear within 4 days on the medial 

periosteal surface of loaded ulnae. Reproduced with permission from [76, page 103], Copyright 

© 2011 American Society for Bone and Mineral Research.  

 

Differential gene analysis in loaded and non-loaded ulnae in rats showed a 

considerable up-regulation of genes 4 hours after initial loading [76]. Among the 

early up-regulated genes were the C-C motif chemokines CCL2 (monocyte 

chemotactic protein-1, MCP-1) and CCL7 (MCP-3). Both cytokines were shown to 

have a chemo-attractive effect on MSC in migration assays in vitro [40] and in vivo 

in rodents [107, 113]. During the time course of loading, platelet-derived growth 

factor (PDGF) isoforms A and C were up-regulated as well. Expression of genes 

associated with matrix-formation peaked between 12 to 16 days after first loading. 

Considering the up-regulation of chemoattractive molecules after mechanical 

loading, a possible role for systemically administered mesenchymal stem cells 

(MSC) in load induced bone formation is conceivable.  

 

 

II Fracture Healing and Regenerative Medicine 

 

Bone formation is not only necessary in bone modelling or remodelling but also to 

restore the bones integrity after injury.  
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1.3 Regular and Delayed Fracture Healing  

 

Fractures are among the most frequent injuries of the musculoskeletal system. 

Fracture healing is a highly dynamic and complex process, that is influenced by 

various factors and that requires a tight spatio-temporal coordination of various 

cellular processes.  

Giannoudis and colleagues brought up the “diamond concept” of fracture healing, 

which describes the pillars of regular fracture healing being the mechanical 

environment, the disposability of osteogenic cells, osteoinduction by growth factors 

and osteoconduction by an appropriate scaffold [45]. 

 

1.3.1 Regular Fracture Healing 

 
In regular healing of fractures, two general principles can be distinguished: primary 

and secondary healing. Primary fracture healing, also called cortical healing, is a 

direct attempt of the cortex to re-establish its integrity [35]. This form of fracture 

healing occurs, when the bone ends are aligned in a correct anatomical way 

without formation of a gap and fixed rigidly with interfragmentary strain below 2 % 

[77]. In primary fracture healing, bone-resorbing osteoclasts form cutting cones at 

the end of the osteon nearest to the fracture site and ream cavities beyond the 

fracture, which are filled up with new bone by osteoblasts. This process results in 

union of the bone and formation of new Haversian canals at the same time [77]. 

As most fractures are mechanically more instable with larger interfragmentary 

strains, this form of fracture healing is rarely seen in clinics. The more common 

type of healing is secondary fracture healing.  

 

Processes in secondary fracture healing - or indirect healing - are more complex. 

Secondary fracture healing can be divided into three consecutive and overlapping 

stages: The inflammatory phase, the repair stage - uniting the stages of soft and 

hard callus formation - and the remodelling stage [23, 44, 108] (Fig. 7). 
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Fig. 7: Stages of secondary fracture healing. The process of secondary fracture healing can be 

divided in three consecutive and overlapping stages: The initial inflammatory stage, the repair 

stage that can be divided into the stage of soft callus formation and hard callus formation and the 

remodelling stage. Adapted from [23, page 137]. 

 

The initial inflammatory cascade leading to fracture healing is induced by 

disruption of the bone itself, the surrounding soft tissue and vessels at the fracture 

site. With blood exuding from damaged vessels, circulating inflammatory cells 

invade the fracture gap. Almost immediately, the coagulation cascade is activated, 

leading to formation of a fracture hematoma, being characterized by high lactate, 

low pH, and hypoxia [63]. The inflammatory cells within the hematoma together 

with cytokines lead to recruitment of additional immune cells. Degranulating 

platelets for instance release transforming growth factor (TGF)-β and PDGF, 

which act as chemotactic agents on macrophages and other inflammatory cells 

[74]. Additionally, these factors positively influence the migration of MCS [38] and 

osteoblasts to the injured region. During the first acute inflammatory phase, 

polymorphonuclear neutrophils (PMNs), which secrete chemo-attractive cytokines 

and interleukin 6 (IL-6) [23], infiltrate the damaged region. Thereafter, other 

inflammatory cells like macrophages and lymphocytes invade the hematoma.  

 

Neovascularization is mandatory for the formation of new bone. Due to the 

activation of hypoxia inducible protein-1α (HIF-1α) by low oxygen tension, 

angiogenic factors like vascular endothelial growth factor (VEGF) are up-regulated 

[65], thus leading to formation of new vessels that are mandatory for the formation 

of new bone [111]. With the new vessels, perivascular cells invade the fracture 
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site. These pericytes are discussed to be MSC that are necessary for the progress 

of the healing [18, 27, 112].  

Early after fracture, intramembranous ossification occurs in some distance to the 

fracture gap. This process is initiated by periosteal osteoblasts and precursor cells. 

Growth of the soft callus is further driven by proliferation and maturation of 

chondrocytes derived from MSC. Cartilage forms at both sides of the fracture gap 

and grows towards the fracture line. During callus maturation, the chondrocytes 

within the callus become hypertrophic and mineralize, thus showing typical 

characteristics of endochondral ossification. When bridging and thereby 

mechanical stabilization of the fracture gap by the callus is achieved, blood 

vessels start to grow into the mineralized cartilage, enabling recruitment of 

monocytes and MSC from peripheral blood. While monocytes differentiate into 

cartilage-resorbing cells, MSC differentiate into osteoblasts that fill the resorption 

cavities with bone [35, 79, 108]. 

Once the fracture is stabilized by and filled with new bone, resorption of the 

periosteal callus by osteoclasts begins. In this remodelling process, woven bone is 

replaced by lamellar bone, thus re-establishing the original geometry and stability 

of the bone [35, 79, 108]. 

 

1.3.2 Impaired Fracture Healing 

 
Poor fracture healing is anticipated to occur in 5 to 10% of all cases [34]. In 

impaired healing, a delayed healing and the formation of a non-union can be 

distinguished. A delayed healing is evident, when a fracture lacks bony 

consolidation within 5 to 6 months after trauma, but a progression of the healing 

process is evident [91]. The American Food and Drug Administration (FDA) 

defined a fracture non-union as a fracture existing for more than 9 month without 

the evidence of a healing progression for more than 3 consecutive months [13]. In 

Germany, fractures lacking bony consolidation for more than 6 month after trauma 

are classified as non-union [117].  

There are many known risk factors that promote delayed healing or the formation 

of a non-union. In experimental studies and clinical observations for instance, 

smoking has been identified as a risk factor for impaired fracture healing [1, 97]. 
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Further systemic factors are e.g. comorbidities like diabetes or peripheral artery 

occlusion disease, age, the nutritional state, medication with steroids or cytostatic 

drugs [55, 117]. 

 

There is evidence, that a balanced inflammatory stage is essential for a 

satisfactory healing outcome [77, 85]. In an experimental model in rats using blunt 

chest trauma to simulate poly-traumatic patients, significantly elevated levels of 

the pro-inflammatory cytokine IL-6 during the early inflammatory phase and 

impaired fracture healing outcome could be detected [98]. Other reasons for 

impairment of the healing of bone defects can be found in high biomechanical 

instability, extensive periosteal injuries, infection, or the sheer size of the defect 

itself [55, 117].  

 

Fracture non-union 
 

According to their appearance in radiographies, non-unions can be classified as 

hypertrophic, oligo- or normotrophic and atrophic [68] (Fig. 8).  

 

 
Fig. 8: Classification of non-unions. From left to right side: Hypertrophic non-union with 

excessive callus formation, normo- or oligothrophic non-union with normal callus formation but lack 

of bridging, atrophic non-union without callus formation. Adapted from [68].  
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Hypertrophic non-unions show extensive callus formation - often in the typical 

elephant foot form - which indicates adequate supply with blood and nutrients. The 

reason for the lack of healing can be found in poor mechanical stability of the 

fracture region, leading to continually disruption of newly formed tissue. In most 

cases of hypertrophic non-unions, a more rigid stabilization of the fracture is 

sufficient to stimulate healing [120]. This can be achieved by surgical means like 

the exchange of an existing osteosynthesis to a more rigid one or by non-surgical 

stabilization by casting or bracing.  

In the most severe type of non-unions, the atrophic non-union, no or little callus 

formation is observed. Characteristic for atrophic non-unions is the resorption of 

the bone ends adjacent to the fracture gap. In general, atrophic non-unions are the 

result of deficiencies in biological processes [91] or high mechanical instability 

combined with insufficient perfusion. [80] 

 

Treatment of atrophic non-unions aims to restore the biological potential for 

healing of the fracture or defect region. The gold standard in treatment of atrophic 

non-unions still is the transplantation of autologous bone grafts [111]. This type of 

graft is the only one that combines osteogenic, osteoinductive and 

osteoconductive properties [117]. Furthermore, there is no risk of graft rejection 

and transmission of diseases, as it is with allogeneic grafts. Within autologous 

bone grafts, cancellous, cortico-cancellous or vascularized grafts can be 

distinguished, but the most commonly used is the cancellous graft [111]. Mostly, 

autologous grafts are harvested from the iliac crest due to the large quantity of 

progenitor cells and growth factors at this site as well as the bone quality and the 

relative ease of the surgical approach [111]. Due to the limited availability of 

autologous grafts, other methods for the treatment of atrophic non-unions are 

desirable.  

 

The application of osteoanabolic growth factors like BMP-2 or BMP-7 is another 

option in treatment of delayed healing fractures or non-unions. In preclinical 

studies, the efficacy of recombinant human (rh) BMPs to promote healing has 

been assessed using models of critical and non-critical sized bone defects [74]. In 

general, treatment with rhBMP led to improved biomechanical properties and 

faster bony bridging of defects. In clinical studies comparing the healing outcome 
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of acute tibial shaft fractures treated with standard procedures - autologous bone 

graft and intramedullary nailing - or rhBPM-7 and rhBMP-2 respectively, the 

recombinant BMPs have been shown to be equivalent to the respective standard 

but not superior [42, 47]. In 2001 and 2002 respectively, the use of rhBMP-7 and 

rhBMP-2 on non-unions or pseudarthroses has been approved by the European 

Medicines Agency (EMA). In humans, a retrospective study on the off-label use of 

BMP-2 for treatment of acute fractures at other sites than the tibia and non-unions 

showed a success rate of 66% [116].  

 

A recent approach in treatment of manifest non-unions is the local application of 

osteogenic precursor cells. The effectiveness of the application of bone marrow 

aspirates for treatment of tibial non-unions could be shown in a clinical study in the 

early 1990 [56]. A further clinical study with sixty patients enrolled could draw a 

positive correlation between the number of progenitors injected percutaneously 

into the non-union site and the volume of the newly formed bone [57]. This 

indicates that an increase in the number of osteoprogenitor cells in fracture healing 

is favourable.  

1.3.3 Osteoprogenitor Cells in Fracture Repair 

 
The contribution of local periosteal and stromal osteoprogenitor cells to fracture 

healing has been investigated quite extensively. Analysis revealed that osteoblasts 

and osteocytes within the fracture callus originate equally from periosteum, 

endosteum and bone marrow, while chondrocytes might primarily be derived form 

periosteal progenitor cells [26]. Of the three compartments, the periosteum seems 

to be the most important source for osteoprogenitor cells, as stripping of the 

periosteum leads to reductions in the bone’s cortical thickness, cross section area 

and moment of inertia as well as significantly inferior mechanical properties 

compared to animals with intact periosteum [81]. The importance of the 

periosteum as a source for osteoprogenitors is further emphasized by fact that 

periosteal stripping is often used to create delayed or non-unions experimentally.  

While the contribution of local periosteal and stromal osteoprogenitors to fracture 

healing is well known [25, 26], the role of circulating osteoprogenitor cells is less 

clear. In 2001, first evidences for physiologically circulating skeletal stem cells in 
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healthy individuals were provided [67]. The authors were able to isolate cells with 

osteogenic potential by plastic adherence out of the peripheral blood from 

humans, mice, rabbits and guinea pigs; however the colony forming efficiency 

ranged between 2.7 and 0.18 CFU-F per 106 plated cells and below.  

Another study used flow cytometry to investigate, if the number of circulating 

osteoprogenitor cells is increased in states of increased bone formation like the 

gain in bone mass during adolescence or during fracture healing [33]. The authors 

found a significantly higher number of circulating, osteocalcin positive osteogenic 

cells in adolescent individuals relative to adults. Furthermore, they could correlate 

the abundance of the cells to serum levels of the bone formation markers 

osteocalcin and bone specific alkaline phosphatase. The authors could also 

demonstrate an increase in the number of circulating cells positive for osteocalcin 

and alkaline phosphatase, respectively, in individuals with fractures relative to 

healthy individuals. Taken together, this study gives evidence for a significant 

number of physiologically circulating bone precursors and indicates a possible role 

for circulating precursors in fracture healing [33]. 

The role of circulating osteoprogenitor cells is further emphasized by a study 

comparing the abundance of circulating plastic adherent MSC after hip fracture 

and total hip arthroplasty in elderly women, respectively [5]. Here, circulating MSC 

appeared in 22 % of the cases in the blood within 39 to 101 h after fracture, 

whereas no circulating cells were detected in arthroplasty-patients. In a control 

group of surgically treated fractures of the lower limbs in young people, the same 

observation as in the elderly hip fracture patients was made with even higher 

appearance rates of circulating osteoprogenitor cells [5].  

 

The question, if circulating osteoprogenitor cells are physiologically recruited to 

sites of skeletal injuries has been addressed by Kumagai et al. [66]. The authors 

established a parabiosis model of a GFP-transgenic mouse and a wild type mouse 

by conjunction of the circulation, so cells of one mouse circulate through the other 

one. After a fibular fracture in the wild type mouse, GFP-positive cells from the 

transgenic parabiosis-partner could be detected in the evolving callus. It was also 

demonstrated, that the number of GFP-positive cells within the callus increases 

with parabiosis time (Fig. 9).  
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Fig. 9: Cells with osteogenic potential are recruited out of the circulation during fracture 

healing. Micrographs of fracture calli in parabiosis wild type-partner (GFP-negative) show 

increasing presence of partner-derived GFP-positive cells with increasing parabiosis time. The 

GFP+ cells show activity of AP, thus proving contribution to bone formation. Reproduced with 

permission from [66, page 170], Copyright © 2007 Orthopaedic Research Society.  

 

Staining of alkaline phosphatase revealed a co-localization of AP with GFP+-cells, 

thus providing evidence for a contribution to bone formation, as AP is essential for 

the mineralization process and a marker for active bone formation.  

Taken together these aforementioned studies give strong evidence for a role and 

possible contribution of circulating cells to bone regeneration, thus making an 

artificial increase of their number a promising treatment option for impaired 

fracture healing.  
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1.4  Mesenchymal Stem Cells in Regenerative Medicine 

 

MSC are in focus for regenerative approaches for several decades now due to 

their high proliferation capacity and differentiation potential. Besides, MSC are 

able to secrete a broad spectrum of biologically active factors with regenerative 

and anti-inflammatory effects [94].  

In the 1970th, Friedenstein and colleagues were the first to describe cells grown 

out of the stroma of bone marrow from guinea pigs [41], forming colonies of 

fibroblastic cells referred to as colony forming unit-fibroblasts (CFU-F). The 

number of MSC in bone marrow declines with age: in new-borns, one cell in 

10,000 bone marrow cells is a MSC, while in middle aged people the ratio declines 

to 1:250,000 to 1:400,000 [17].  

Nowadays, various sources are routinely used for the isolation of MSC, e.g. 

adipose tissue, umbilical cord and dermis [122, 129], but bone marrow remains the 

most frequently used source for MSC for bone regeneration.  

 

Due to different sources used for isolation as well as differing isolation and 

expansion protocols, the term “mesenchymal stem/stromal cell” refers not to a sole 

cell type but to a highly heterogeneous population. Even if the same source, e.g. 

bone marrow, is used, growth rates and morphology of the cells can vary 

considerably [12]. To enable the comparison of MSC-related studies despite the 

differing approaches, minimal criteria have been defined to reproducibly identify 

human MSC [31, 58]. These criteria include plastic adherence, expression of a 

specific pattern of cluster of differentiation (CD) surface antigens comprising of 

CD105, CD73 and CD90, the lack of expression of CD34, CD45 and CD11b and 

the potential to differentiate into osteoblasts, chondrocytes and adipocytes [31]. 

Besides these three traditional lines, MSC could be differentiated in vitro into 

myocytes and tenocytes as well [17] (Fig. 10).  
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Fig. 10: The mesengenic process according to Caplan et al. Mesenchymal Stem Cells are able 

to differentiate into a multitude of mesenchyme-derived tissues, among those bone, cartilage and 

fat but also tendon and muscle. Reprinted from [19, page 12] with permission from Elsevier.  

 

Other promising attributes of MSC for regenerative approaches are their low 

immunogenicity and their immunomodulatory capacity. [10] In vitro, MSC were 

shown to be able to inhibit the proliferation of mitogen activated T-lymphocytes in 

mixed lymphocyte reaction [29], thus indicating immunomodulation in vivo. The 

exact mechanism of immunomodulation is still under investigation. A recent 

publication could demonstrate the involvement of Fas/Fas-ligand induced T-cell 

apoptosis in MSC-mediated immunoregulation in mice [3]. Furthermore, a number 

of recent studies suggest a role for the anti-inflammatory cytokine TNFα induced 

protein/gene 6 (TNFAIP6/TSG-6) that is released by hMSC after activation by 

tumour necrosis factor α. [72, 101].  

 



1 Introduction 

18 

1.4.1 Local Delivery of Stem Cells for Regenerative Medicine  

 
The local application of stem cells for regenerative approaches is predominantly 

limited to bone or musculoskeletal injuries. Generally, a local application is 

coupled to the use of an appropriate scaffold material to hold the cells in place.  

 

1.4.2 Systemic Delivery of Stem Cells for Regenerative Medicine 

Trafficking and Homing of Stem Cells after Systemic Administration 

Trafficking of intravenous injected cells has been investigated in various studies. 

Gao et al. [43] injected radioactive labelled cells in rats and monitored the 

distribution of the cells by using a gamma camera for 48 hours. Radioactivity was 

primarily detected in the lungs and secondary in parenchymal organs like liver, 

spleen and kidneys. Only a small proportion of the radioactive signal could be 

detected in bone. In sub-lethally irradiated immunodeficient mice, hMSC 

administered via different routes could be traced for up to 75 days [82]. The 

administered cells could be detected in parenchymal organs like lung, liver and 

spleen consistently. The calculated donor cell frequency was highest in the lung 

and lowest in skeletal tissues [82].  

 

Homing of stem cells to injured tissues or organs is driven by a variety of cyto- and 

chemokines. One of the most prominent chemo-attractants for stem cells, both 

hematopoietic and mesenchymal, is the CXC-motif chemokine ligand 12 (CXCL-

12), also known as stromal cell derived factor-1α (SDF-1α). One of the 

physiological roles of SDF-1 is the retention of hematopoietic stem cells that 

express one of the receptors for SDF1, the CXC motif chemokine receptor 4 

(CXCR4) in the bone marrow. It is known, that also a distinct proportion of 

mesenchymal stem cells is positive for this receptor [128] and thus able to migrate 

upon SDF1-gradients. Under hypoxic conditions - as they are in the early fracture 

healing phase - SDF-1 is up regulated via HIF-1α signalling [21]. Experiments 

demonstrate a central role for SDF-1 in the recruitment of progenitor cells to sites 

of bone formation [89] or musculoskeletal injuries [61] and a significant influence 

on their differentiation [59]. Otsuru and colleagues investigated the recruitment of 

intravenously injected, GFP-transgenic osteoblast precursors to BMP-2 containing 
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pellets implanted into nude mice. The in vivo migration and ectopic bone formation 

induced by the injected cells was completely abolished by administration of a 

specific antibody against the receptor for SDF-1 [89]. The blockade of 

CXCR4/SDF-1 signalling by a specific antagonist during fracture repair altered the 

callus composition in means of a significantly reduced hyaline cartilage volume, 

total callus volume and mineralized bone volume [121]. Furthermore, the 

expression of genes associated with endochondral ossification was reduced, too. 

Mechanical properties were not influenced by blocking the CXCR4/SDF-1 axis.  

Chemo-attractive properties were also shown for PDGF [38, 92] that is released by 

platelets during the early phase of fracture healing [18, 74]. Other molecules 

exerting chemo-attractive action on MSC are MCP-1 and 3 [9, 107]. Local 

application of MCP-3 in fibular defects lead to an enhanced recruitment of 

circulating osteoprogenitor cells [113].  

 

Systemically Applied Mesenchymal Stem Cells for Regenerative Approaches 

Systemic application of MSC has been used successfully in various models for 

diseases and also in special cases in clinics. A single intravenous dose of 5x105 

MSC was sufficient to compensate hyperglycaemia and to prevent nephropathy in 

a mouse model for streptozotocin-induced type-1 diabetes [36]. In a model for 

stroke, application of 3x106 BMSC via the lateral tail significantly enhanced 

functional recovery [75]. Treatment with MSC was also successful in a model of 

cisplatin-induced acute kidney injury in rats. Here, injection of MSC lead to 

reduced apoptosis of renal tubular cells, acceleration of tubular cell regeneration 

and preservation of renal function [95]. 

In addition to the experimental studies, there are numerous clinical trials in 

different phases on MSC-based therapies. Systemic application of allogeneic MSC 

reverted graft-versus-host disease, a severe complication after bone marrow 

transplantation [60, 93]. In hematopoietic stem cell transplantation, engraftment 

could be improved by co-transplantation of MSC [69]. Furthermore, MSC 

application after myocardial infarction reduced ventricular tachycardia episodes 

and improved the overall status of the patients [53].  
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1.5 Stem Cells in Experimental Approaches for Bone Regeneration 

 

The contribution of ex vivo expanded osteogenic or epithelial progenitor cells to 

bone formation and regeneration has been investigated in various experimental 

studies. There are two general approaches for the delivery of cells: a local 

application or a systemic one.  

 

Local Application of Progenitor Cells for Bone Regeneration 

The effect of locally implanted progenitor cells on fracture or bone defect healing 

has been addressed by various researchers. The application of syngeneic 

endothelial progenitor cells seeded on gel foam in segmental bone defects in rats 

was shown to be superior to a non-cell loaded control [7]. After 10 weeks of 

healing, the authors found bony bridging of the defect in all EPC-treated animals 

but in none of the animals without EPC-implantation. Micro-computational analysis 

revealed amongst others a significant increase in the absolute bone volume and in 

the relative bone volume per callus volume [7].  

Similar effects were detected after the application of human multipotent adipose-

derived stem cells (hMADS) in long bone defects in immunodeficient rats [114]. 

Here the authors found a significantly improved healing after treatment with 

hMADS compared to treatment with human fibroblastic cells or PBS [114]. 

As the application of autologous stem cells in bone defects faces the same 

limitations as autologous bone grafts do – namely the limited availability – a focus 

has to be drawn to the possibility to use allogeneic stem cells, as such an 

approach would overcome the major drawbacks of the autologous approach.  

The outcome of experimental studies considering the use of allogeneic stem cells 

is somewhat heterogenic. There are reports of successful use of allogeneic cells 

for bone regeneration, but other studies report opposite. Recently, a study in 

sheep reported equal bone formation after implantation of autogenic and 

allogeneic MSC seeded on polycaprolactone-β-tricalcium phosphate scaffolds into 

critical size defects [11]. However, new bone formation was considerably inferior to 

treatment with autologous bone graft. Another study reported no bone formation 

adjacent to tumour prostheses coated with allogeneic MSC while autologous cells 

demonstrated sufficient bone formation [24].  
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The reason for impaired bone formation with allogeneic MSC was addressed in 

mouse models with different immune deficiencies [30]. The authors suggest T-

cells and interferon gamma (IFNγ) being responsible for the impairment.  

 

Systemically Administered Osteoprogenitor Cells for Bone Defect Repair 

Only few studies investigated the effect of systemically administered MSC or 

osteogenic precursor cells to bone defect healing so far. Devine and colleagues 

injected β-galactosidase transgenic, osteogenic D1 cells into BALB/c mice that 

received a closed fracture of the femur that was stabilized with an intramedullary 

needle [28]. They were able to detect the injected cells in the fracture callus from 

one to 6 weeks post fracture by X-Gal staining. The cells were principally located 

in areas of woven bone formation. Furthermore, the authors described a peak of 

the appearance of stained cells between 4 and 6 weeks after fracture. However, 

the authors could not detect any improvement of fracture healing due to the cells 

[28]. Another study conducted by Lee et al. investigated the efficacy of intravenous 

injected adipose-derived multipotent stem cells to consolidate a bone defect by in 

vivo imaging techniques [73]. They were able to demonstrate an accelerated 

increase in mineralized tissue in a unicortical drill-hole defect in mice by CT 

measurement. They also located the injected cells in the defect by in vivo 

bioluminescence and immunohistochemistry. 

Granero-Moltó et al. used a closed tibial fracture model to investigate the 

regenerative effect of systemically administered MSC [48]. After fracture, the 

authors infused 1x106 primary MSC depleted from cells positive for the 

hematopoietic markers CD34, CD45 and CD11b via the lateral tail vein. By using 

luciferase-transgenic MSC, the distribution of the cells could be monitored by in 

vivo bioluminescence imaging. The authors were able to detect the cells in the 

lung one day post infusion and fracture. On day three after fracture, the cells 

started to migrate towards the fractured limb. According to the authors, this 

process was mainly driven by CXCR4, as MSC negative for this receptor did not 

show homing to the fracture. After a healing period of 14 days, µCT analysis 

revealed amongst others a significant increase in callus volume and in new bone 

volume in MSC-treated mice. Assessment of the callus’ mechanical properties 

revealed a significant increase in toughness and ultimate displacement after MSC-
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treatment, while the callus stiffness was not influenced or even tended to be 

decreased, respectively.  

 

The discrepancy of the results of the aforementioned studies - reaching from no 

benefit to an improvement of the healing process - clearly demonstrates that 

further studies investigating the role of systemically applied MSC in fracture 

healing are needed.  
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1.6 Aim of the Study  

 

Mesenchymal stem cells represent a promising tool for regeneration of skeletal 

tissues. Clinicians still face considerable numbers of poor- or non-healing fractures 

despite the progress in treatment during the last decades. Here, application of 

MSC might be an interesting approach.  

 

In the present study, different routes of MSC application were investigated, a 

systemic and a local delivery.  

 

Regarding systemic MSC delivery, the following questions were addressed in 

C57BL/6 wild-type mice: 

• Are the injected MSC recruited to sites of bone formation induced by 

mechanical loading or injury? 

• Is bone formation enhanced after systemic MSC administration? 

 

Regarding local delivery of MSC, the following was investigated in a mouse model 

with humanized immune system: 

• Are MSC from autogenic and allogeneic sources equally effective in the 

consolidation of large bone defects? 
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2 Material and Methods 

 

To investigate the contribution of systemically or locally administered 

mesenchymal stem cells to bone formation and repair, various methods were 

applied.  

2.1 Material 

2.1.1 Reagents 

 
Tab. 1: Reagents 

Reagent Company 

0.5% Trypsin/0.2% EDTA (10x) Biochrom AG 

2-Mercaptoethanol for cell culture Gibco® 

Accutase PAA Laboratories GmbH 

Acetic acid Riedel-de Haën 

AEC Single Solution Zytomed Systems GmbH 

Agarose for DNA electrophoresis SERVA Electrophoresis 

Alizarin red S Sigma 

AlphaMEM Lonza 

Aquatex® Merck KGaA 

Bovine serum albumin Sigma-Aldrich® 

Calcein green Sigma 

Carbon dioxide MIT IndustrieGase AG 

Citric acid Sigma 

Clindamycin Ratiopharm 

Dako pen Dako 

Dimethyl sulfoxide Merck KGaA 

Disodium hydrogen phosphate Merck KGaA 

Disodium tartrate dihydrate Sigma-Aldrich 

DMEM/F-12 (1:1), liquid Gibco® 

DNA ladder 100 bp AppliChem GmbH 

Dulbecco’s MEM Biochrom AG 

Dulbecco’s PBS PAA Laboratories GmbH 

Ethanol, absolute VWR International 

Ethidium bromide 0.07% AppliChem GmbH 

Ethylenediamine tetraacetic acid VWR international 
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Fast Red Violet LB salt Sigma 

FBS MSC Qualified, USAD Approved regions Gibco® 

Formalin Merck KGaA 

FrekaDerm Fresenius 

Fungizone® Antimycotic, liquid Gibco® 

Gel loading solution, 6x Sigma-Aldrich® 

Giemsa solution AppliChem GmbH 

Hematoxilin Merck KGaA 

Hematoxilin Gill No. 2 Sigma 

Heparin, 5,000 IE/0.2 ml Ratiopharm 

Hoechst 33342 Merck KGaA 

Hydrochloric acid 2N AppliChem GmbH 

Hydrogen peroxide 30% Merck KGaA 

Isofluran, Forene® Abbot 

L-glutamine PAA Laboratories GmbH 

Methanol Fluka 

Methyl methacrylate Merck KGaA 

N,N-Dimethylformamide Sigma 

Naphthol AS-MX phosphate disodium salt Sigma-Aldrich 

Nitrogen MIT IndustrieGase AG 

Normal Goat Serum Jackson ImmunoResearch 

Octenisept Schülke 

Oxygen, medical grade MIT IndustrieGase AG 

Paraffin Paraplast Plus McCormickTM SCIENTIFIC 

Penicillin-Streptomycin, liquid invitrogenTM 

Safranin-O Sigma 

Silver nitrate Serva 

Sodium acetate Sigma 

Sodium carbonate Merck KGaA 

Sodium chloride Sigma-Aldrich® 

Sodium chloride, liquid 0.9% for injection Fresenius Kabi 

Sodium choride, liquid B. Braun Melsungen AG 

Sodium dihydrogen phosphate Merck KGaA 

Sodium thiosulfate Merck KGaA 

Tramal®, liquid Grünenthal 

Trisodium citrate dihydrate Merck KGaA 

Triton X-100 Sigma-Aldrich® 

Trizma® base Sigma-Aldrich® 

Trypan blue solution Merck KGaA 

Type-I collagen gel Amedrix  
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VECTASTAIN® Elite® ABC Kit Vector Laboratories 

Vector® NovaREDTM Substrate Kit Vector Laboratories 

Vitro-Clud® Merck KGaA 

Weigert’s iron hematoxylin Merck KGaG 

Xylene Riedel-de Haën 

β-Glycerophosphate disodium Sigma-Aldrich® 

β-Mercaptoethanol for RNA-isolation Signa-Aldrich® 

 

2.1.2 Consumable Supplies 

 

Tab. 2: Consumable supplies 

Consumable supplies Company 

Cell culture flasks nuncTM 

CryoTubeTM vials nuncTM 

HistoBond® glass slides Marienfeld GmbH & Co. KG 

Microtubes, 1.5 and 2 mL Eppendorf, Sarstaedt 

LD column Miltenyi 

Cell culture plates Corning, nuncTM, TPP  

 

2.1.3 Solutions 

 
Tab. 3: Solutions 

 
Solution Composition 

TAE buffer 
40 mM tris, 1 mM EDTA, 40 mM glacial acetic 

acid, pH 8.5 

TTBS buffer 
50 mM tris, 0.88 % NaCl, 0.1% Triton X-100, 

pH 6.7 

Citric acid buffer 
10 mM citric acid + 10 mM trisodium citrate 

dihydrate, pH 6.0 

Buffered 4% formaldehyde solution 
30 mM NaH2PO4 + 45 mM Na2HPO4 in 4 % 

formaldehyde, pH 7.0 

Injection solution 100 IE heparin/1 mL PBS 

Citrate-acetone-formaldehyde fixative for 

alkaline phophatase staining kit 

25 mL citrate solution (supplied with kit) + 

65 mL acetone + 8 mL 37 % formaldehyde 
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2.1.4 Primer 

 

Primers were synthesized by Thermo Fisher Scientific (Germany). 

 
Tab. 1: Primer 

 
mRNA Primer Sequence 5’ - 3’ PCR product size (bp) 

EGFP forward AAG TTC ATC TGC ACC ACC G 
173 

EGFP reverse TCC TTG AAG AAG ATG GTG CG 

GAPDH forward (murine) CCC GTT TGC AAC ATG GCG GC 
214 

GAPDH reverse (murine) GCG CCC GTT CAG ACC CAT CC 

p53 forward (human) GTT CCG AGA GCT GAA TGA GG 
159 

p53 reverse (human) TCT GAG TCA GGC CCT TCT GT  

GAPDH forward (human) GCT CAA CGA CCA CTT TGT 
66 

GAPDH reverse (human) CCC TGT TGC TGT AGC CAA AT 

 
 

2.1.5 Antibodies 

 
Tab. 4: Antibodies 

Antibody 
Produced 

in 

Target 

species 
Specificity Company 

CD 11b Microbeads  h, m CD11b Miltenyi 

Rabbit anti-EGFP antibody Rabbit - EGFP Abcam 

Goat anti-rabbit IgG, F(ab’)2-B Goat r IgG, F(ab’)2-B  Molecular Probes® 

IgG from rabbit serum Rabbit - IgG Sigma-Aldrich®  

Rabbit anti-Runx2 antibody Rabbit 
h, m, r, 

mk 
Runx2 Cell Signalling 

Rabbit anti-human CD8 

antibody 
Rabbit h CD8a Acris 

Rabbit anti-human β2-

microglobulin 
Rabbit h β2-microglobulin DAKO 

CD31 (PECAM) monoclonal 

antibody 
Rat h, m CD31 DAKO 

Rabbit anti-SDF1 antibody Rabbit  SDF-1 Novus Biologicals 
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2.1.6 Media 

 
Tab. 5: Media 

Medium Composition 

EGFP-MSC growth medium 

Dulbecco’s MEM/F-12 (1:1) + 10 % FBS MSC Qualified + 

1 % L-glutamine + 1 % penicillin-streptomycin + 0.5 % 

Fungizone® + 50 µM 2-Mercaptoethnol 

 

EGFP osteogenic differentiation 

medium 

EGFP-MSC growth medium + 10 mM β-glycerophosphate, 

0.2 mM ascorbate-2-phosphate 

  

Human MSC growth medium 1  

DMEM + 8 % platelet lysate + 80 IU heparin sulfate + 1mM 

L-glutamine + 100 U/mL penicillin + 100 µg/mL 

streptomycin 

  

Human MSC growth medium 2  
AlphaMEM + 10 % platelet lysate + 1 IU/mL sodium-

heparin 

  

Human MSC growth medium 3  
DMEM + 10 % FCS + 1 % L-glutamine + 1 % penicillin-

streptomycin + 0.5 % Fungizone® 

  

Human osteogenic differentiation 

medium 

Human MSC growth medium 2 + 10 mM β-

glycerophosphate, 0.2 mM ascorbate-2-phosphate + 

0.1 µM dexamethasone 

 

2.1.7 Kits 

 
Tab. 6: Kits 

Kit Company 

DNeaysTM Kit QIAGEN GmbH, Hilden, Germany  

HotStarTaq® Master Mix Kit QIAGEN GmbH, Hilden, Germany 

Leukocyte Alkaline Phosphatase Kit  Sigma-Aldrich®, Steinheim, Germany 

RNeasy MiniKit QIAGEN GmbH, Hilden, Germany 

OmniscriptTM RT Kit Qiagen GmbH, Hilden, Germany 

Bio-Plex Pro Cytokine Assay Bio-Rad, Hercules, CA, USA 

 



2 Material and Methods 

29 

2.1.8 Equipment 

 
Tab. 7: Equipment 

Equipment Type Company 

Anaesthesia system  FMI GmbH 

Camera DFC420C Leica 

Camera (monochromatic) DFC360FX Leica 

Centrifuge UniCen FR Herolab GmbH Laborgeräte 

Centrifuge, bench top 5417R Eppendorf 

Clean Bench - various 

Counting chamber Neubauer double Jordan Gamma GmbH 

External fixator  
Stiffness 3 N/mm and 

18 N/mm 
RISystems AG 

Gel documentation system Fusion-SL 3500.WL Vilber Lourmat 

Gigli wire saw Ø 0.22 and 0.44 mm RISystems AG 

Image processing software Metamorph AF, version 14.2 Leica 

Incubator various Heraeus 

Microscope IX70 Olympus 

Microscope (fluorescence) DMI6000 B Leica 

Microtome, precision CUT 6062 SLEE 

Microtome, sliding  Ultracut S Leica 

Non-invasive ulna loading 

device 
 

Wissenschaftliche Werkstatt 

Feinwerktechnik, Ulm 

University 

PCR device T1 Thermocycler Biometra GmbH 

Photometer Infinite M200 Tecan 

Surgical equipment  various 

Water bath SWB 20 Medigen 

µCT 1172 Skyscan 
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2.2 Methods 

2.2.1 Isolation/Preparation of Mesenchymal Stem Cells 

2.2.1.1 Murine EGFP-transgenic Mesenchymal Stem Cells 

 
Isolation of Cells 

MSC were isolates from mice transgenic for the enhanced green fluorescent 

protein (EGFP) (Strain C57BL/6-Tg/CAG-EGFP)131Osb/LeySop/J, Jackson 

Laboratory). Femurs and tibiae from mice aged 8 to 10 weeks were harvested and 

adjacent muscle was removed under sterile conditions. Bone ends were clipped 

and bone marrow was flushed into a 40 µm cell strainer with PBS. The bone 

marrow was minced using a syringe plunger and washed through the cell strainer 

with PBS. After centrifugation (300xg, 10 min, ambient temperature), the bone 

marrow cells were resuspended in medium and seeded at a density of 400,000 to 

500,000 cells/cm2 in culture flasks. Cells were cultivated at 37 °C under 8.5 % 

CO2, 6 % O2 and saturated humidity. Medium was replaced twice a week. 

 

To deplete MSC from contaminating hematopoietic cells, magnetic cell sorting was 

applied (MACS®, Miltenyi Biotech, Bergisch Gladbach, Germany). At 

subconfluence, the cells were detached by incubation with trypsin/ethylenediamine 

tetraacetic acid (EDTA) for 5 to 7 min at 37 °C. Medium was added and the cells 

were centrifuged (300xg, 10 min, 4 °C). The cells were resuspended in 90 µL cold 

MACS buffer and 10 µL CD11b MicroBeads were added, followed by incubation at 

4 °C for 15 min. After incubation, the cells were washed with 2 mL cold MACS 

buffer (300xg, 10 min, 4 °C). The cells were suspended in 500 µL cold MACS 

buffer and applied onto a LD-column placed in a MACS separator. Unlabelled cells 

were collected and the column was washed twice with MACS buffer to remove all 

unlabelled cells.  

The unlabelled cell fraction representing MSC was seeded at 1,000 to 

1,500 cells/cm2 in culture flasks. Cells were grown to subconfluence, trypsinised 

and cryo-preserved in liquid nitrogen in medium containing 20 % foetal bovine 

serum (FBS) and 10 % dimethyl sulfoxide (DMSO).  
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Cultivation of Cells 

Cells stored in liquid nitrogen were thawed in a water bath at 37 °C and added to 

19 ml medium to dilute DMSO. The cells were centrifuged (250xg, 10 min, ambient 

temperature) and counted in a counting chamber with trypan blue. For expansion, 

the cells were seeded at 1,000 to 1,500 cells/cm2 and cultured at 37 °C under 

8.5 % CO2, 6 % O2 and saturated humidity. Medium was changed twice a week. 

At subconfluence, cells were detached and reseeded for further expansion or 

experiment. Cells in passage 4 to 6 were used for injection.  

 

Cell Preparation for Injection 

24 h before injection, serum in the medium was reduced to 5 %. After two washes 

with PBS, cells were incubated with Accutase (5 mL per 175 cm2, PAA 

Laboratories) for 15 min at 37 °C for detachment. The cells were washed with PBS 

(250 g, 10 min, ambient temperature), resuspended in PBS and counted in a 

counting chamber with trypsin blue. For injection, 2x106 MSC were calculated per 

mouse. The suspension volume equating the required cell count was centrifuged 

(250 g, 10 min, ambient temperature) and the cells were suspended with a 

concentration of 1x106 MSC per 100 µL injection solution.  

 

2.2.1.2 Human Mesenchymal Stem Cells 

 
Human MSC used for local application in large bone defects were kindly provided 

by the group of Prof. Dr. med. Ingo Müller, Department of General Paediatrics, 

Haematology and Oncology, University Children´s Hospital Tübingen, and 

cultivated by the group of Prof. Dr. med. Hubert Schrezenmeier, Institute for 

Clinical Transfusion Medicine and Immunogenetics, University Hospital Ulm. 

The MSC were isolated from bone marrow aspirates of healthy donors by plastic 

adherence. The cells were cultivates in human MSC growth medium 1 at 37 °C, 

under 8.5 % CO2 and saturated humidity. At 80 % confluence, the cells were 

trysinised and reseeded. Medium was replaced once a week. Before transfer to 

Ulm, the cells were frozen in liquid nitrogen.  
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Cultivation of Cells 

The MSC were thawed and cultivated in human MSC growth medium 2 at 37 °C 

under 5 % CO2 and saturated humidity. One day before the surgeries, the cells 

were harvested, resuspended in PBS and transferred to the Institute for 

Orthopaedic Research and Biomechanics.  

 

Preparation of MSC for Local Delivery 

For local delivery, the MSC were seeded in a two-component collagen type-1 gel 

(Amedrix, Esslingen) in a density of 200,000 MSC/50 µL gel one day before 

surgery. For this, the cells were harvested using trypsin/EDTA and resuspended in 

PBS. The amount of cells needed was centrifuged (250 g, 10 min, ambient 

temperature) and resuspended in neutralization buffer (10 µL/gel). The cell 

suspension was quickly added to the collagen solution (40 µL/gel) and thoroughly 

but carefully mixed. The gel solution was quickly filled in the cavities of a 96-well-

plate at a volume of 50 µL/cavity. The gel was allowed to polymerize for 15 min on 

37 °C, then 150 µL AlphaMEM supplemented with 1 % L-glutamine were added 

per well.  

 

On the day of the surgery, 2 gels per mouse were selected based on visual 

examination of the cell distribution and morphology, immersed in PBS for two 

times 10 min on 37 °C to remove any media, placed in fresh PBS and transferred 

to the operation facility.  

 

2.2.2 In Vitro Analysis of Human Mesenchymal Stem Cells 

2.2.2.1 Mesenchymal Stem Cell Differentiation 

 
To investigate if the MSC are able to differentiate into the osteogenic lineage, 

human MSC were seeded in cell culture plastic wells at a density of 

10,000 cells/cm2 in human MSC growth medium 3 at 37 °C under 8.5 % CO2 and 

saturated humidity. After 24 h, growth medium was replaced by osteogenic 

differentiation medium. The medium was changed twice a week and cells were 

cultured for 21 days. The differentiation of the cells was qualitatively assessed 

using specific staining methods.  
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Alkaline Phosphatase Staining 

The activity of the alkaline phosphatase was analysed using the Leukocyte 

Alkaline Phosphatase Kit according to the manufacturer’s instructions. On day 21, 

the cells were fixed using citrate-acetone-formaldehyde fixative. Incubation of the 

cells with an AP substrate-containing solution resulted in the deposition of a red 

precipitate in cells with AP activity. 

 
Von Kossa Staining 

The deposition of calcium phosphate was analysed by von Kossa staining. Briefly, 

by incubation with silver nitrate, calcium ions are exchanged with silver ions. By 

reduction of the silver ions, a dark staining develops, showing places of mineral 

deposits.  

On day 21 cells were fixed with 4 % formalin solution, washed with demineralized 

water and incubated with silver nitrate (0.05 g/mL) for 60 min. After washing with 

demineralized water, the cells were incubated with pyrogallol (0.01 g/mL) for 10 

min, fixed with sodium thioslufate (0.05 g/mL), rinsed and air-dried.  

 

2.2.2.2 Analyses of Human MSC Seeded in Collagen Gel 

 
Cell Viability 

One hour after seeding and on the day of the surgery, two gels each were stained 

with 5 ng/mL Hoechst 33342 dye and 10 µg/mL propidium iodine for 20 min. The 

viability was qualitatively assessed using fluorescence microscopy. 

 

Two further gels each were lysed in RLT buffer to analyse the expression of p53. 

RNA-isolation, cDNA synthesis and PCR were performed as described above and 

stored at -80 °C until RNA isolation. Lysates were homogenized using 

QIAshredderTM columns and RNA was isolated using RNeasyTM Mini Kit and 

RNAse-Free DNAse Set according to the manufacturer. RNA concentration was 

determined photometrically.  

 

 



2 Material and Methods 

34 

• cDNA-Synthesis 

1 µg RNA was transcribed into cDNA using OmniscriptTM RT Kit according to the 

manufacturer instructions. The obtained cDNA was diluted 1:4 and used for PCR.  

 

• Qualitative Reverse Transcriptase Polymerase Chain Reaction 

Reverse transcriptase PCR was performed in a total volume of 20 µL using 10 µL 

HotStarTaq® Master Mix completed with 0.5 µM of the specific primer and 1µL 

cDNA. Specific primer pairs were designed using published gene sequences 

(PubMed, NCBI Entrez Nucleotide Database).  

The amplification products were mixed with gel loading solution at a ration of 6:1 

and separated on a 2 % agarose gel in tris-acetate-EDTA (TAE) buffer. The 

separated amplicons and DNA ladder were visualized using ethidium bromide 

staining (0.9 µM) and documented with a gel documentation system.  

 

2.2.3 In Vivo Experiments 

 

All experimental procedures were performed according to the national and 

international regulations for the care and use of laboratory animals and were 

approved by the national ethics committee (Germany, Regierungspräsidium 

Tübingen, No. 1000 and 1029) 

 

2.2.3.1 Systemic Delivery of EGFP-Transgenic MSC in Load Induced Bone 
Modelling and Fracture Healing  

 

Animal Model and Husbandry 

For the fracture healing study, male C57BL/6J mice aged 12 weeks were used. 

The study regarding load induced bone formation was conducted with male 

C57BL/6J mice aged 18 weeks. All mice were purchased from Charles River. 

The animals were housed in groups of 3 to 4 mice in Macrolon-Type II cages 

(370 cm2) at 14 h light and 10 h dark rhythm. Chow and water were offered ad 

libitum. Temperature in the animal room was maintained at 23 °C with 55 ± 10% 

humidity.  
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2.2.3.1.1 Load Induced Bone Formation 
 

The following experimental groups were investigated in the study:  

 

Experimental 

group 

Euthanasia (day of regimen) 

16 

(immunohistochemistry) 

16 

(histomorphometry) 

Mechanical loading 5 mice 7 mice 

Mechanical loading + EGFP-MSC 5 mice 7 mice 

 

Anaesthesia 

The non-invasive loading of the right ulnae was carried out under general 

anaesthesia using 7 % isofluran/oxygen for anaesthetization and 2 - 2.5 % for 

anaesthesia sustainment using a unit from FMI GmbH. 

 

In Vivo Loading  

Right ulnae of male C57BL/6J mice aged 18 weeks were loaded with 1,5 N in a 

2 Hz trapezoidal wave for 1 min per day on 5 consecutive days per week for two 

weeks. Left ulnae served as internal non-loaded control. 

The anaesthetized mouse was placed into the ulna-loading machine in a supine 

position. The right ulna was positioned between two silicon-padded cylinders with 

flexed carpus and flexed Articulatio cubiti. Then, the cyclic axial compression of 

the ulna was performed. On day two and eight of the loading regimen, 1x106 MSC 

in injection solution or injection solution as control were administered via lateral tail 

vein before loading. For histomorphometric analysis, mice received an 

intraperitoneal injection of calcein green (0.03 g/kg, Sigma) and alizarin red S 

(0.045 g/kg) on day 3 and 12, respectively. Mice were housed in the original 

groups during the experiment until euthanasia after 16 days.  

 

Euthanasia and Sample Recovery 

Mice were euthanized by cervical dislocation under general anaesthesia. From all 

mice the organs brain, lung, liver, spleen, heart and both kidneys were harvested 
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and fixed in 4 % formaldehyde or snap frozen in liquid nitrogen, depending on the 

further processing.  

Left and right ulnae were harvested and immediately fixed in 4% formaldehyde. 

 

2.2.3.1.2 Fracture Healing Study 
 

The following experimental groups were investigated in the fracture healing study.  
 

Experimental Euthanasia (days after surgery) 

group 3 10 21 

Osteotomy 6 mice 5 mice 6 mice 

Osteotomy + EGFP-MSC 6 mice 6 mice 6 mice 

 

Medication and Anaesthesia 

All mice received pain medication one day before and three days after surgery in 

form of 25 mg/L Tramadol hydrochloride (Tramal®) in drinking water. Surgery was 

performed under inhalation anaesthesia using a unit from FMI GmbH. 

Anaesthetization was done in a tube flown through with 7 % isolurane/oxygen. At 

absence of labyrinthine postural reflexes, mice were withdrawn from the tube and 

positioned in an inhalation mask for spontaneously breathing small animal. 

Anaesthesia was sustained with 2 – 2.5 % isoflurane/oxygen. As anaesthetized 

rodent don’t show eyelid closure reflex, Vidisic® eye ointment was administered to 

prevent drying-out. To prevent fluid loss during surgery, 500 µL isotonic sodium 

chloride solution were injected subcutaneously. For prophylaxis, 45 mg/kg 

antibiotics (Clindamycin) were injected subcutaneously. Body temperature was 

held at 37 °C by using heating plates.  

 

Preparations for Surgery 

The surgical procedures were conducted as described previously [102]. For 

surgery, the right hind limb of an anaesthetized mouse was shaved and 

disinfected using a disinfection solution for skin (FrekaDerm). The mouse was 

placed in prone position on a sterile covered heating plate and fixed with plaster 

stripes. The right hind limb remained freely movable. The eyes were covered with 

gauze. The mouse was covered with a transparent, sterile foil and the right hind 
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limb was lifted through a cut-out using forceps. The free paw was covered. The 

free part of the limb was disinfected again with disinfection solution for wounds 

and mucosa (Octenisept). 

 

Surgical Procedure 

The surgery was carried out under sterile conditions. After lateral incision of the 

skin and blunt preparation of the fasciae between M. biceps femoralis and M. 

vastus lateralis of M. quadriceps femoris, the femur of the right hind limb was 

exposed. The external fixator was fixed to the cranio-lateral side of the femur with 

4 mini-Schanz screws (ø 0.5 mm). The Trochanter tertius served as orientation 

point for the position of the most proximal screw. After drilling the first hole with a 

hand drill (ø 0.45 mm) orthogonal to the bone, the fixator was mounted with the 

first screw parallel to the longitudinal orientation of the femur. Next, the most distal 

drill hole was drilled and the fixator was fixed securely to the bone with the second 

screw. The position of the inner holes was dictated from the fit of the fixator. After 

all screws were mounted to the femur, the femur was osteotomised in the middle 

between the inner screws using a Gigli wire saw (ø 0.44 mm). Subsequently, the 

muscle was adapted by running stiches with absorbable suture (Vicryl 5-0). The 

skin incision was closed with non-absorbable sutures (Resolon 5-0). The wound 

was cleaned and disinfected with Octenisept.  

To assess the position of the fixator and the osteotomy, radiographs were taken 

from the still anaesthetized mice.  

 

During the recovery phase after anaesthesia, mice were irradiated with red light 

and the cages were heated via underlying heat plates. Two hours after the 

osteotomy was performed, all mice were anaesthetized again to administer either 

1x106 MSC in 100 µL injection solution or 100 µL injection solution as control via 

lateral tail vein.  

After the surgery, the mice were housed in the original groups until euthanasia.  

 



2 Material and Methods 

38 

 
Fig. 11: Post-surgical X-ray of an ostetomised femur with mounted external fixator (A) and a 

mouse one week after surgery wearing a fixator (B).  

 

Euthanasia and Sample Recovery 

The mice were euthanized at after 3, 10 or 21 days by cervical dislocation under 

general anaesthesia after blood withdrawal.  

From all mice the organs brain, lung, liver, spleen, heart and both kidneys were 

harvested and fixed in 4 % formalin or snap frozen in liquid nitrogen, depending on 

the further processing. From snap-frozen organs, DNA was isolated using 

DNeasyTM kit according to the manufacturer. 1 µg DNA was applied in PCR as 

described above.  

After harvesting, the femurs designated to biomechanical testing were immersed 

in 0.9 % sodium chloride solution until testing and afterwards fixed in 4 % 

formaldehyde. Femurs designated to (immuno-)histochemical analysis were fixed 

in 4 % formaldehyde immediately after being harvested.  

 

2.2.3.2 Local Delivery of Autogenic and Allogeneic Mesenchymal Stem Cells 
for Bone Defect Repair 

 

Animal Model and Husbandry 

For this study, mice with a humanized immune system were used. The mice were 

kindly provided by the group of Prof. Dr. med I. Müller, Department of General 

Paediatrics, Haematology and Oncology, University Children´s Hospital Tübingen, 

Germany. Briefly, mice of the strain NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (common 

name NOD/scid IL2rγ0) were irradiated with 250 cGy. Within 24 h, 1x106 human 
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haematopoietic stem cells in 100 µL PBS were administered intravenously. The 

mice received X mg/mL antibiotics (CotrimE-ratiopharm) via drinking water for four 

weeks to prevent opportunistic infections. To ensure optimal conditions for the 

human cells, 20 µg IL-7 were administered once a week until the mice were 

transferred to Ulm. 18 weeks after transplantation, the human engraftment was 

assessed by FACS analysis for CD45 in the peripheral blood. Animals displaying 

more than 5 % human cells in peripheral blood were transferred to Ulm and 

operated after two further weeks. The mice were housed in isolated ventilation 

cages to ensure a pathogen free environment. 

 

Medication, Anaesthesia and Preparation for Surgery 

Additional to the above-mentioned procedure, the mice received an s.c. injection 

of 15 mg/kg tramadol hydrochloride before surgery to achieve appropriate 

anaesthesia. The mice were prepared for surgery as described above.  

 

Surgical Procedure 

In general, the surgical procedure was similar to the procedure described above. 

After fixing the external fixator (stiffness 18 N/mm), a 1 mm large defect was 

created in the mid diaphysis by sawing two times using 0.22 mm Gigli wire-saw. 

After thoroughly flushing the defect, either the respective collagen gel was inserted 

into the defect or the defect was left empty (Fig. 12).  

 
Fig. 12: Critical-size defect in the femur of a NOD/scid-Il2rγ0 mouse before (A) and after (B) 

filling of the defect with collagen gel.  

 
After surgery the mice were housed in the original groups and received tramadol 

hydrochloride via the drinking water for three days.  
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Euthanasia and Sample Recovery 

The mice were sacrificed after three, 10 or 35 days by blood withdrawal from the 

Vena cava inferior under general anaesthesia. Before, about 50 µL whole blood 

were withdrawn form the lateral tail vein for FACS analysis to investigate the 

percentage of human cells in the peripheral blood.  
Right femurs were immediately fixed in 4 % formaldehyde solution for at least 24 h 

and applied to further histological processing. Spleen, humeri and tibiae were 

harvested for analysis of the human engraftment.  

 

2.2.4 Assessment of the In Vivo Studies 

2.2.4.1 Biomechanical Testing 

 
The healing outcome 21 days after osteotomy was assessed by three-point 

bending. For testing, the femoral heads were fixed to aluminium cylinders (ø 8mm) 

using UV-curing, two-component adhesive (iCEM® Adhesive; Heraeus-Kulzer, 

Hanau, Germany). The cylinder was fixed into a material testing machine (Z10, 

Zwick Roell, Ulm, Germany), serving as proximal support for the bending test. The 

condyles of the femur were placed on the distal bending support so that 20 mm 

free length (Lv) between the supports remained. The bending load F was applied 

on top of the callus and a force-displacement curve was recorded up to a 

maximum load of 4 N with a crosshead speed 2 mm/min. The flexural rigidity E*I 

was calculated from the slope k of the linear region of the force-displacement 

curve, the distance between the force vector and the proximal support (a) and the 

distal support (b) respectively according to E*I = k(a2b2/3Lv) in N/mm2 [102]. 
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Fig. 13: Scheme of three-point bending test (A) and femur mounted to the three-point 

bending device (B).   

 

2.2.4.2 µCT Analysis 

 

Femurs and ulnae were scanned in a SkyScan 1172 µCT device with a resolution 

of 8 µm/pixel. The peak voltage used for scanning is listed below. Dataset 

reconstruction was done using NRecon, the analysis itself was performed using 

CtAnalyser (CtAn). For analysis, the former osteotomy gap was defined as region 

of interest. To dissect bone from non-mineralized tissue, a threshold for bone was 

defined at 641.9 mg HA/cm3 [84]. Bone mineral density and moment of inertia 

were determined without threshold.  

 
Experiment kV µA 

Systemic application of MSC in load induced modelling 50 200 

Systemic application of MSC in fracture healing 50 200 

Local delivery of autogenic and allogeneic MSC 100 100 

 

The following ASBMR parameters were analysed: 
ASBMR parameter Unit 

BMD bone mineral density mg HA/cm3 

BV bone volume mm3 

TV tissue volume mm3 

BV/TV Ratio bone volume to tissue volume mm2 
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To investigate the load induced bone formation a 1 mm volume of interest (VOI) 

starting 3.5 mm distal from ulna-middle was analysed for the following ASBMR 

standard parameters: 

 

ASBMR parameter Unit 

BMD bone mineral density mg HA/cm3 

BV bone volume mm3 

BS bone surface mm2 

MMI(x) moment of inertia (x-axis) mm4 

Ct.Wi. cortical width mm 

 

2.2.4.3 Histological Analyses 

 

Sample Preparation 
 
Decalcified Histology 

The specimens for decalcified histology/immunohistochemistry were immersed in 

4 % formaldehyde for three to four days and subjected to decalcification with 20 % 

EDTA for 10 to 11 days. After decalcification, the specimens were dehydrated in a 

series of ethanol, infiltrated with paraffin and embedded in paraffin blocks for 

cutting with a precision microtome (CUT 6062, SLEE). From embedded bones, 

6 µm thick longitudinally sections were cut.  

 

Undecalcified Histology 

Specimens for undecalcified histology were immersed in 4 % formalin for at least 

three days, subsequently dehydrated in an increasing ethanol series over two 

weeks and degreased in xylene. After this, the specimens were infiltrated with 

methyl methacrylate (MMA) solution for 2 to 4 days, followed by a second 

infiltration step for 7 to 10 days. Subsequently, the specimens were immersed in 

destabilized MMA in glass vials. For polymerization, the vials were incubated at 

4 °C under air exclusion over night.  

Using a sliding microtome, the MMA-embedded femurs were cut longitudinally with 

6 µm thickness. From ulnae, 10 µm thick cross-sections were cut 4 mm distal of 

the ulna-middle.  
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Histological staining 
 
Safranin-O Staining 

Paraffin-embedded sections were deparaffinised and rehydrated. Then, sections 

were immersed in Weigert’s iron haematoxylin for 4 min and subsequently briefly 

immersed in acidified ethanol and rinsed with tap water for 5 min. Then, sections 

were stained with 0.02 % light-green for 3 min and rinsed with 1 % acetic acid. 

After that, sections were immersed in safranin-O solution for 5 min, dehydrated in 

an increasing series of ethanol and covered.  

After staining, cartilage is stained bright orange-red, mature bone develops 

turquoise-greenish and newly mineralized bone develops light green to turquoise.  

 

Giemsa Staining 
Methacrylate-embedded sections were recovered and rehydrated. The sections 

were immersed in Giemsa-solution in phosphate buffer for 45 min at ambient 

temperature. Subsequently, the staining was developed by immersion of the 

sections in 0.4 % acetic acid and ethanol. Then sections were dehydrated and 

mounted using Vitro-Clud®.  

After staining, mature bone develops blue-greyish, new mineralized bone develops 

light grey-violet and cartilage is stained dark purple.  

 

Immunohistological Staining 

In general, sections were deparaffinised in xylene and rehydrated in decreasing 

series of ethanol. Antigen retrieval was performed by immersion in citric acid buffer 

pH 6 at 95 °C for 20 min. Nonspecific binding sites were blocked with the 

respective blocking solution 1 h at room temperature. Sections were incubated 

over night at 4 °C with primary antibody and isotype control, respectively. 

Incubation with the matching biotinylated secondary antibody was performed at 

room temperature for 45 min. For signal amplification and detection, either HRP-

linked Streptavidin and subsequent ACE single solution were applied or 

VECTASTAIN® Elite® ABC kit and NovaREDTM substrate were used. The sections 

were counterstained with haematoxylin and mounted.  

 



2 Material and Methods 

44 

2.2.4.4 Histomorphometric Analysis  

 
Stained sections from ostetomised femurs were scanned at 50-fold magnification 

using a light microscope (Leica DMI6000 B). Amounts of fibrous tissue, cartilage 

and bone were determined by tracing the circumference of the regarding tissue 

area using image analysis software (Leica MMAF 1.4.0 Imaging System).  

 
Sections from ulnae were scanned at 200-fold magnification using a fluorescence 

microscope (Leica DMI6000 B) with double filter for red and green fluorescence. 

Using image analysis software (Leica MMAF 1.4.0 Imaging System), the 

endocortical and periosteal bone surface (BS, circumference), single (sLS) and 

double (dLS) label surface and inter label width (Ir.L.Wi) were determined. Using 

these parameters, mineralizing surface per bone surface (MS; (dLS+(sLS/2))/BS), 

mineral apposition rate (MAR; Ir.L.Wi/Ir.L.t, inter label time: 9 days) and bone 

formation rate (MARxMS/BS; µm2/µm/d) were calculated 

 

2.2.4.5 Statistics  

 

Results are depicted as box-whiskers-plots. Statistical analyses were performed 

using SPSS statistics software (Version 19, IBM Corp, Chicago, USA). For 

comparison of MSC and vehicle-treated groups, Mann-Whitney-U-test was 

applied. To compare results within one treatment group, a paired Mann-Whitney-

U-test was used. For comparison of multiple groups, one-way ANOVA with post-

hoc Bonferroni correction for multiple testing was applied. p ≤ 0.05 was assumed 

as significant. 
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3 Results 

3.1 Contribution of Systemically Administered MSC to Bone 
Formation in Load-Induced Bone Modelling and Fracture Healing  

 
Confirmation of Successful Systemic MSC Administration 
 
To confirm the successful intravenous injection of the EGFP-transgenic MSC and 

their distribution, DNA isolated from lung, brain, kidney, heart, liver and spleen on 

the various time points was applied to PCR. On all time points, we were able to 

detect the EGFP-transgene in the lung. Representative PCR results of lung 

lysates of mice sacrificed after 21 days are depicted in Fig. 14. On day 10 and 16, 

respectively, the transgene could also be detected in heart, liver and kidney in 

isolated cases. A positive signal in the lung was also used as inclusion criterion for 

further investigations. 

 
Fig. 14: Representative PCR results of lung lysates analysed for the EGFP-transgene of 
MSC- and vehicle-treated mice.  
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3.1.1 Contribution of Systemically Administered MSC to Load-Induced 
Bone Formation  

 

In Vivo Loading  
 
The non-invasive ulna loading was well tolerated by the mice. No sign of pain or 

pain related behaviour was observed. The body weight remained stable over the 

investigation period.  

 

Recruitment and Localization of the Injected MSC 
 
Immunohistochemistry for the chemo-attractive SDF-1 in ulnae of vehicle and 

MSC-treated mice revealed positive stained cells in the stroma in both treatment 

groups (Fig. 15 A and B). On day 16 of the loading regimen, there was no 

evidence for a regulation of SDF-1 by mechanical loading. Osteocytes in the 

cortex did not stain positive for SDF-1 (Fig. 15 C and D).   

 
Fig. 15: Immunohistochmical staining for SDF-1 in the stroma (A, B) and cortex (C, D) of 

loaded ulnae of mice treated with vehicle (A, C) or MSC (B, D), day 16. Positive stained cells 

were detect in the stroma. Calibration bar = 50 µm.  
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Staining for EGFP in ulnae of vehicle and MSC-treated animals revealed no 

engraftment of the injected cells (Fig. 16).  

 

 
Fig. 16: Immunohistochemical staining of EGFP in loaded ulnae of mice treated with vehicle 

(A) and EGFP-transgenic MSC (B) on day 16. A, B: marrow cavity; C, D: cortex and periosteum. 

No positively stained cells were detected. Calibration bar = 200 µm 

 

 

µCt Analysis of the Ulnae 
 
To assess structural alteration caused by mechanical loading, left and right ulnae 

from vehicle and MSC-treated mice were scanned at a resolution of 8 µm per pixel 

using a µCT device. Assessment of a VOI of 1 mm height located 4 mm distally of 

the mid-shaft (highlighted in red in Fig. 17 A) showed a significant increase in BV, 

Ct.Wi. and MMIx in the vehicle and MSC-treatment groups (Fig. 17). Inter group 

comparison revealed no significant differences between vehicle and MSC treated 

animals.  
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Fig. 17: µCT analysis of bone formation in ulnae after mechanical loading. The region 

assessed is highlighted red in the 3D-reconstruction (A). In this area, bone volume (B), cortical 

width (C) and moment of inertia (D) were assessed. Results are depicted as box plots; n=7 per 

group; asterisk denotes significant differences, p ≤ 0.05.  

 
 
Assessment of Dynamic Histomorphometric Parameters 
 
To investigate load induced bone apposition, the mice received intraperitoneal 

injections of calcein green on day 3 and alizarin red S on day 12. Assessment of 

the bone formation rate revealed a significant increase after loading in both the 

endosteal (Fig. 18 E) and periosteal (Fig. 18 F) region. Again, no significant 

differences were detected between vehicle and MSC treated animals.  
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Fig. 18: Analysis of bone formation rate in ulnae after mechanical loading by dynamic 

histomorphometry. For assessment of dynamic histomorphometric parameters, calcein green 

and alizarin red S were administered on day 3 and 12 of the loading regimen, respectively. 

Representative fluorescent micrographs are depicted in A-D. Calibration bar = 10 µm. Bone 

formation rate was evaluated in the endosteal (E) and periosteal (F) location. Results are 

presented as box plots. n=5 per group; asterisk denotes significant differences, p ≤ 0.05.  

 

 

3.1.2 Contribution of Systemically Applied Mesenchymal Stem Cells to 
Fracture Healing  

 

The contribution of systemically applied MSC to fracture healing was assessed by 

immuno-histology, µCT-analysis, histomorphometry and biomechanical testing.  

 

Recruitment and Localization of the Injected MSC 
 
Three days after osteotomy, positive staining for SDF-1 was detected in the 

stroma and periosteum of ostetomised femurs (Fig. 19). There were no obvious 

differences between vehicle and MSC treated animals visible.  
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Fig. 19: Staining for SDF-1 (CXCL-12) in animals treated with vehicle (A, C) and EGFP-

transgenic MSC (B, D) three days after surgery. In both the osteotomy region (A, B) and the 

stroma (C, D) positive staining for SDF-1 were observed in both treatment groups. Calibration bar = 

50 µm. 

 

By immunohistochemical staining for EGFP, some EGFP-positive cells could be 

detected in the bone marrow of the osteotomised femurs of MSC-treated mice 

three days after injection, but not in the osteotomy itself. Staining for EGFP in right 

femurs of MSC-treated mice on day 10 revealed few cells in the bone marrow and 

engraftment of MSC in the evolving callus (Fig. 20), where they persisted until 

sacrification on day 21 (Fig. 21). 
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Fig. 20: Immunhistochemical staining of EGFP in MSC-treated mice after 10 days. A: 

Overview of the whole callus stained with safranin-O; calibration bar = 500 µm. B-D: magnifications 

of the transition zone of endosteal callus and bone marrow (B), the cartilaginous partition of the 

callus (C) and zones of woven bone formation (D). B-D calibration bar = 50 µm.  

 

MSC present in fracture calli on day 21 were predominantly located at the margin 

of newly formed woven bone (Fig. 21 H). No or only few positive cells were 

detected in the cartilaginous part of the calli or in the bone marrow on day 10 and 

21 (Fig. 21). No positive signals could be detected in the left, intact femurs of mice 

that received an osteotomy of the right femur or in uninjured mice. In vehicle-

treated animals, no positive stained cells were detected (Fig. 21 C, E, G).  
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Fig. 21: Immunohistochemical staining of EGFP in longitudinal sections of fracture calli of 

vehicle (A, C, E and G) and EGFP-transgenic MSC-treated (B, D, F and H) mice 21 days after 
fracture. A+B: Overview over the whole callus of vehicle (A) and MSC-treated mice (B), calibration 

bar = 500 µm. C-H: magnifications of the bone marrow (C, D), the cartilaginous partition of the 

callus (E, F) and zones of woven bone (G, H). C-F calibration bar = 50 µm.  

 
 
µCT-Analysis of the Osteotomised Femurs 
 
To investigate the callus micro-architecture after 21 days in vehicle or MSC-

treated mice, the calli were scanned with a resolution of 8 µm per pixel using a 

µCT-device. Comparative analysis revealed a significant increase by 49 % 

(p=0.026) in the bone volume in the former osteotomy gap in mice of the MSC-

treatment group relative to the vehicle group. The parameters TV and BV/TV were 

not significantly altered but elevated in the MSC-group by 21 and 24 %, 

respectively. Analysis of the biomechanical properties of the fracture calli of 

vehicle and MSC-treated mice via three-point bending showed no significant 

differences between the treatment groups (Fig. 22).  
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Fig. 22: Assessment of the healing outcome after 21 days by µCT-analysis of the former 

fracture gap and biomechanical testing. No significant differences could be detected in the 

whole callus volume (TV) (A), but the bone volume (BV) is significantly elevated in the MSC 

treatment group (B). The relative proportion of bone in the callus (BV/TV) is also increased in the 

MSC treatment group, but not significantly (C). Biomechanical testing of the fracture calli showed 

no differences (D). Results are depicted as box plots; n=6 per group. Asterisk denotes significant 

differences, p ≤ 0.05. 

 

 

Histological Assessment of the Osteotomized Femurs 
 
For histomorphometric analyses, paraffin-embedded sections of femurs harvested 

on day 3, 10 and 21 were stained with safranin-O and light green. Using image 

analysis software, the sections were analysed for cartilage, fibrous tissue and 

bone. On day 3, no differences in callus composition were evident (not shown). On 

day 10, analyses revealed a 20 % higher content of cartilage in the calli of the 

MSC-treatment group (Fig. 23 E). Assessment of the fracture gap on 21 days after 

osteotomy analogously to µCT analysis revealed a slightly larger callus with more 

fibrous tissue (+ 22 %) and bone (+ 60 %) in the MSC treatment group (Fig. 23 F). 

The differences in callus composition did not reach significance.  
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Fig. 23: Histomorphometric analysis fracture calli 10 days (A, C, E) and 21 days (B, D, F) 

after surgery. The histomorphometric assessment of the whole callus on day 10 (E) and the 

former osteotomy gap on day 21 (F) revealed no significant alterations in the callus composition 

between vehicle (white bars) and MSC treated (grey bars) mice. Contents of bone and cartilage 

were increased in MSC-treated mice relative to the vehicle treatment group on day 10 and 21, 

respectively, but not significantly. A+C: safranin-O-stained calli from mice sacrificed after 10 days. 

Scale bar represents 500 µm. E+F: Histomorphometric analysis. White bars: vehicle group, grey 

bars: MSC-treatment. Results are depicted as box plots; n=6 per group.  
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Analysis of Serum Cytokine Levels  
 
To investigate, if the systemically administered MSC exert immunomodulatory 

action, serum of mice treated with vehicle or MSC solution obtained three days 

after osteotomy was analysed for the cytokines IL-1β, IL-6, IL-10, TNFα and MCP-

1. Multiplex analysis demonstrated no significant differences in the respective 

serum levels. The values obtained were largely in the physiological range [62], 

while only TNFα appeared to be slightly elevated (data not shown).  

 

 

3.2 Local Application of Autogenic and Allogeneic Mesenchymal 
Stem Cells for Large Bone Defect Repair 

 
In Vitro Characterization of MSC in Collagen Gel 
 

To assess the cell viability in the gel matrix, the cells were stained with propidium 

iodine and Hoechst 33342 dye one and 24 h after seeding. One hour after 

seeding, the cells in the gel matrix appeared rounded. Furthermore, the cells were 

stained double positive for PI and Hoechst dye, indicating reduced viability (Fig. 24 

A). 24 hours after seeding, most cells displayed a stretched, fibroblast-like cell 

morphology (Fig 24 C) and reduced double staining (Fig. 24 B). Cells embedded in 

the collagen matrix were also analysed for the apoptosis marker p53 one and 24 h 

after seeding. Qualitative PCR revealed no noticeable increase in p53. These 

observations were consistent for all donors.  
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Fig. 24: Representative staining of the viability of human mesenchymal stem cells seeded in 

a collagen matrix using Hoechst 33342 dye and propidium iodine 1 h (A) and 24 h (B) after 

seeding. After 24 h, the embedded MSC display a fibroblast-like phenotype (C). p53 

remained on the pre-seeding level (D). Calibration bar = 20 µm.  

 

To investigate the cell’s osteogenic differentiation potential, they were 

differentiated into the osteogenic lineage for 21 days. The MSC differentiated into 

the osteoblast lineage, demonstrated by qualitative staining for alkaline 

phosphatase and mineral deposition (Fig. 25).  
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Fig. 25: Qualitative analysis of osteogenic MSC differentiation. After 21 days of cultivation, the 

cells were stained for alkaline phosphatase (A) and for mineralisation using von Kossa method (B). 

Calibration bar = 100 µm.  

 

 

Histomorphometric Assessment of the Defect Region 
 
Histologic and histomorphometric assessment of the defect region from mice with 

empty defects, defects filled with collagen and the respective cell treatment groups 

revealed considerable differences in the healing outcome. In animals with 

untreated defect, the formation of a typical atrophic non-union with closed or 

almost closed cortical ends showing sings of resorption was found (Fig. 26 A). In 

defects filled with collagen gel, a larger regenerate with some bone formation was 

evident but no bridging of the defect (Fig. 26 B). In mice treated with allogeneic 

MSC, the defect region was predominantly filled with dense fibrous tissue (Fig. 26 

C), while defects in animals treated with autogenic MSC were predominantly filled 

with bone. (Fig. 26 D). Histology also revealed good integration of the regenerated 

bone in mice treated with autogenic MSC.  
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Fig. 26: Safranin-O stained sections of the defect region in animals with empty defect (A), 

and defects treated filled with collagen gel (B), allogeneic MSC (C) and autogenic MSC (D). 

Scale bar represents 500 µm.  

 

Quantification of the tissue composition confirmed the visual observation. 

Implantation of cell-free collagen resulted in a significant larger regenerate area 

compared to empty defects. In animals treated with autogenic MSC, significantly 

more bone was detected than in empty defects (+ 200 %, p=0.0002), collagen-

filled defects (+ 150 %, p=0.0022) or defects treated with allogeneic MSC (+ 

200 %, p=0.0002). There were no significant differences between bone content in 

empty defects, defects filled with collagen-gel and defects filled with allogeneic 

MSC-treated defects. In cartilage content, no differences were obvious (Fig. 27). In 

animals treated with autogenic MSC, significantly less fibrous tissue was detected 

when compared to the other collagen-gel treated groups.  
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Fig. 27: Histomorphometric analyses of the defect region in animals with empty defect or 

treated with autogenic and allogeneic MSC, respectively, after 35 days. n =4-8 per group. 

Asterisk denotes significant differences; p ≤ 0.05.  

 
 
µCT Analysis of the Defect Region 
 
Analysis of the defect region using µCT confirmed the data obtained by 

histomorphometry. Implantation of cell-free collagen gel resulted in a significant 

increase in TV compared to an empty defect (+ 69 %, p=0.0496). When cell-

seeded gels were implanted into the defect, TV was also increased, but the 

difference did not reach statistical significance. The BV/TV ratio was significantly 

higher in animals treated with autogenic MSC compared to animals with untreated 

defects (+ 205 %, p<0.0001), defects treated with cell-free collagen gel (+ 131 %, 

p=0.0005) or defects of animals that received allogeneic cells (+ 132 %, p=0.0003) 

(Fig. 28). 
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Fig. 28: µCT analyses of the defect region (A) and the bone per tissue volume ratio (B) in 

animals with empty defects and defects filled with cell-free collagen gel, collagen gel 

seeded with autogenic cells or collagen gel with allogeneic cells on day 35 after 
implantation. n = 4-8 per group. Asterisk denotes significance; p ≤ 0.05.  

 

 

Immunohistochemic Analyses 
 
In order to investigate the presence of the implanted human MSC, longitudinal 

sections of femurs were stained for human β2-microglobulin. Three days after 

implantation, positively stained cells were found in both, the collagen gel seeded 

with allogeneic cells and the gel seeded with autogenic MSC. Ten days after 

surgery, positively stained cells could be detected in the collagen matrix of the 

implanted gels in both groups as well. After 35 days, in the autogenic treated 

group, human cells were detected in the marrow compartments in the newly 

formed bone, but the newly formed bone itself was not stained positive for β2-

microglobulin. Cartilaginous areas in the defect region were negative for β2-

microglobulin, too. In mice treated with allogeneic MSC, there were still elongated 

cells with fibroblastic phenotype embedded in the collagen matrix, that were 

stained positive for β2-microglobulin (Fig. 29).  
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Fig. 29: Immunohistochemical staining for human β2-microglobulin in mice treated with 

allogeneic (A, C, E) and autogenic (B, D, F) human MSC on day 10 (A, B) and 35 (C-F) after 
implantation. A-D: interface of bone and collagen gel; E+F: centre of defect/collagen gel. Positive 

stained cells were found in the gel at all time points. New formed bone did not stain positive for 

human β2-microglobulin. Calibration bar = 100 µm.  

 

To investigate if an adverse immunoreaction towards the implanted MSC 

occurred, paraffin-embedded sections were stained for human CD8+ T-cells. On 

day 3, no positive stained cells were found in mice that received autogenic MSC 

(Fig. 30 B). In contrast, CD8+ cells were found next to the collagen gel in 

allogeneic treated mice (Fig. 30 A). Furthermore, in some animals that received 
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allogeneic cells, massive CD8+ cell influx was detected in the femur distally of the 

osteotomy.  

After 10 days, few positively stained cells were detected in animals treated with 

allogeneic cells, while there were no positively stained cells evident in animals 

treated with autogenic cells (Fig. 30 C and D).  

 

 
Fig. 30: Staining of human CD8 3 and 10 days after implantation of allogeneic (A, C) and 

autogenic (B, D) MSC. In allogeneic treated mice, CD8+ cells were detected, while there were no 

positive stained cells in animals treated with autogenic MSC. Calibration bar = 50 µm.  

 

To determine if there are differences in the formation of blood vessels, sections 

were stained for CD31 (PECAM), a marker for endothelial cells. After 10 days, 

positive stained structures were found in the surrounding of the collagen gel in 

both, mice treated with allogeneic and autogenic MSC (Fig. 31 A and B). There 

were no obvious differences evident. After 35 days however, more stained 

structures were detected in mice that received autogenic MSC compared to mice 

that received allogeneic cells (Fig. 31 C and D). Also the distribution of the vessel-

like structures differed between the groups; while they were mainly localized in the 
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soft tissue in the surrounding of the residual collagen gel in the allogeneic treated 

group, vessel-like structures were found throughout the whole regenerate in mice 

that were treated with autogenic MSC (arrowheads in Fig. 31 E and F)  

 

 
Fig. 31: Immunohistochemical staining for CD31 10 (A, B) and 35 (C - F) days after 

implantation of allogeneic (A, C, E) or autogenic (B, D, F) MSC. A - D: calibration bar = 50 µm; 

E+F: calibration bar = 250 µm.  

 
To gain insight into the differences in bone formation, the transcription factor 

Runx2, an early osteogenic marker, was stained. In mice treated with autogenic 
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MSC, more Runx2 positive cells were detected in the defect region compared to 

mice that received allogeneic MSC (Fig. 32).  

 

 
Fig. 32: Immunohistochemical staining for Runx2 in mice treated with allogeneic (A) or 

autogenic (B) MSC on day 10 after implantation. In mice treated with autogenic MSC, more cells 

stained positive for Runx2 were found. Calibration bar = 50 µm.  

 

After 35 days, sections were stained for the late osteogenic marker osteocalcin. In 

both animals treated with autogenic and allogeneic MSC, positive staining for 

osteocalcin was found in the defect region. As expected, more staining was found 

in the defect region of the autogenic treated group, as more bone was formed 

here. In animals treated with allogeneic cells, positively stained cells with 

elongated, fibroblastic phenotype were found in the residues of the collagen gel 

(Fig. 33). 

 

 
Fig. 33: Immunohistochemic staining for osteocalcin in mice treated with allogeneic (A, C) 

and autogenic (B, D) MSC. A, B: overview of the defect region; calibration bar = 250 µm. C, D: 

calibration bar = 100 µm.  
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4 Discussion 

The aim of this study was to investigate, firstly, if systemically administered MSC 

support bone formation induced either by non-invasive mechanical loading or by 

bone injury and secondly, if locally implanted autogenic and allogeneic MSC are 

equally able to consolidate segmental bone defects.  

 

4.1 Contribution of Systemically Administered MSC to Bone 
Formation in Load-Induced Bone Modelling and Fracture Healing  

 

4.1.1 Contribution of Systemically Administered MSC to Load-Induced 
Bone Formation  

 
Due to the anticipation, that circulating osteoblast precursors could be recruited 

into bone remodelling compartments in physiological bone remodelling [54], it was 

hypothesized that systemically administered MSC are recruited in load induced 

bone modelling. In contrast to the hypothesis, no engraftment of the injected cells 

in regions of new bone formation was detected. Apparently, the local stimulus and 

the subsequent - presumably only local - up-regulation of several chemokines like 

CCL2, CCL7 or PDGF as it is described in literature is not sufficient to recruit the 

injected cells [76]. Staining for SDF-1, the factor that is anticipated to be 

predominantly responsible for stem cell recruitment, revealed positive cells in the 

stroma of both non-loaded and loaded ulnae in both treatment groups. There were 

no considerable differences in the staining. Mantila Roosa et al. postulated, that 

chemokines up-regulated within the first hours after mechanical loading may be 

active to recruit osteoblasts or their committed precursors to the site of loading. 

Later in the phase of matrix formation, no additional cells are needed, so 

chemokines - among them SDF-1 - are rather down-regulated [76]. In the present 

study, no noticeable regulation of SDF-1 by mechanical loading was evident by 

immunostaining on day 16 of the loading regimen. Probably, gene expression 

analysis is more accurate to detect minor regulatory effects.  
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Independent of further treatment, significant increases in BFR and also in the 

structural parameters BV, Ct.Wi. and MMIx were detected after loading, as it was 

to be anticipated form literature [71]. However, there was no further enhancement 

of bone formation after systemic delivery of MSC. So, the increase in bone 

formation is rather due to an activation of formerly quiescent bone lining cells that 

were activated by mechanical stimuli [90] or recruitment of local or perivascular 

MSC.  

 

 

4.1.2 Contribution of Systemically Applied Mesenchymal Stem Cells to 
Fracture Healing  

 
Fracture healing is a complex cascade of cellular processes. One step mandatory 

for successful healing is recruitment and proliferation of stem- and/or progenitor 

cells committed to the osteoblast lineage. The importance of this step led to the 

hypothesis that systemic administration of MSC, the natural progenitor of 

osteoblasts, might be beneficial for the healing of fractures. Indeed, several 

studies reported the recruitment of intravenously injected osteoprogenitor cells to 

sites of bone healing [28, 48, 73]. These studies also demonstrated a participation 

of the injected MSC on fracture healing; however, the reported effects were rather 

moderate, ranging from no beneficial effect [28] to enhanced bone formation with 

[48] or without [73] improvement of biomechanical properties.  

 

Mandatory for progenitor cell recruitment is an appropriate stimulus. During 

fracture healing, a plethora of cyto- and chemokines is up-regulated, as fracture is 

associated with a certain degree of inflammation and hypoxia [63, 64]. Some pro-

inflammatory cytokines execute chemo-attractive action on progenitor cells of the 

mesenchymal [20] and presumably also the endothelial lineage. A described 

previously, CXCR-4/SDF-1 signalling is believed to be the key mechanism of stem 

cell trafficking and recruitment [21, 61]. Immunohistochemistry revealed strong 

expression of SDF-1 after osteotomy, so a stimulus for progenitor cell migration 

and recruitment is present. Recruitment of the MSC to the fracture site seems to 

be time dependent, as no labelled cells could be detected in or near the osteotomy 
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on day 3 after surgery but on day 10 and apparently even more on day 21 after 

surgery. This observation is supported by studies reporting a time-dependent 

manner of the recruitment of endogenous circulating osteogenic progenitor cells in 

a parabiosis model and the observations of Granero-Moltó et al. [48], that 

intravenously injected cells migrate to a fracture site with time, with the first 

evidence for a fracture-near location 3 days after fracture. However, proliferation of 

the injected cells and thus increased numbers in later stages of fracture healing 

cannot be excluded.  

 

To confirm a systemic presence of the injected cells in the mice, lung tissue was 

analysed for the reporter gene. It was possible to detect the transgene up to 21 

days after injection. But in contrast to studies regarding MSC-trafficking after 

intravenous administration [4], presence of the injected cells in other organs was 

not consistent.  

The retention of intravenous injected cells in the lung shortly after administration is 

often described; it is anticipated, that intravenous injected cells are initially retained 

in the lung and re-enter the circulation in a secondary step [39, 43]. This so-called 

first pass effect is the major drawback that has to be overcome in therapeutic 

approaches aiming to use intravenous injection of cells [39].  

 

In the present study, recruitment of systemically administered MSC to the site of 

fracture healing was demonstrated by immuno-localization of EGFP-labelled - and 

thus injected - MSC at the margins of newly formed bone in the fracture callus at 

early and later healing time-points. The cells adopted a cuboidal shape that is 

typical for osteoblasts. The location of the cells as well as their phenotype 

suggests a partaking at the bone formation process. Interestingly, in transitions 

zones from cartilage to bone, positively stained cells were detected, but only very 

few cells were found in the cartilaginous part of the callus. This finding is 

corroborated by Devine et al. [28]. The reason for the absence of EGFP-positive 

cells in the cartilaginous part of the callus might be the avascularity of the tissue, 

but there are also fate decision studies giving hints that cartilage in the fracture 

callus might primarily be derived from the local periosteal progenitor cells, and 

thus no or little circulating cells or cells residing in the bone marrow are involved in 

cartilage formation [25, 26].  
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To investigate, if systemic administration of MSC improves fracture healing, µCT, 

biomechanical and histomorphometric analyses were performed. CT analyses 

revealed a slightly larger callus volume in animals treated with MSC, but this did 

not reach statistical significant difference. However, a significantly higher bone 

volume was evident in the osteotomy gap of mice treated with MSC compared to 

the vehicle-treated control. Both, the larger callus and bone volume are in 

accordance with literature, but the effects reported seem to be larger [48]. 

Biomechanical testing revealed no statistical significant differences in callus 

stiffness comparing MSC- and vehicle-treated animals. Granero-Moltó et al. 

describe improvement of the biomechanical properties of as early as 14 days after 

fracture in mice that received MSC in comparison to mice that received PBS only. 

They report significant increases in toughness and ultimate displacement, while 

stiffness was not significantly altered [48], as it is the case in this study. Indeed, 

mean callus stiffness seemed even to be reduced in the study of Granero-Moltó et 

al. [48].  

Histomorphometric analyses revealed no statistically significant differences in 

callus composition, but 21 days after fracture, there is a trend evident towards 

more bone in mice treated with MSC, thus confirming µCT data. Discrepancies 

between data obtained by µCT and histomorphometry result form differences in 

the dimension. While µCT measures the whole 3-dimensional callus, in 

histomorphometry, 2-dimensional sections and thus “snap-shots” of the callus 

composition are assessed.  

 

The immunomodulatroy action of systemically administered MSC reported by 

others [48] was not found in the present study. However, in house studies 

demonstrated that an isolated femur-fracture as it was applied here is unable to 

induce any considerable systemic inflammatory response even 6 h after 

osteotomy and that the initial inflammatory response is down-regulated to 

physiological levels within 24 h in rodents. To achieve considerable systemic 

inflammation, a second trauma is necessary [98]. However, it cannot be fully 

answered, if the applied MSC have an immunomodulatory effect, as earlier time-

points after fracture would be necessary to investigate this.  

 



4 Discussion 

70 

Besides the use of primary MSC or pluripotent stromal cell lines, the use of more 

osteogenically primed cell lines like MC3T3-E1 for systemic therapy of bone 

defects is described [46]. Furthermore, genetically modified MSC that over-

express the chemokine receptor CXCR-4 or insuline-like growth factor-1 (IGF-1) 

have been injected intravenously after fracture. Overexpression of CXCR4 

markedly increased homing of the injected MSC to the fracture site; however, the 

authors did not investigate if the enhanced homing resulted in a better healing 

outcome compared to native MSC [48]. In comparison to native MSC, IGF-1 

transgenic MSC markedly enhanced fracture healing, while application of native 

MSC did not result in markedly improvement compared to vehicle treatment [49].   

Even if the use of pre-osteoblastic cell lines or genetically modified cells is feasible 

in pre-clinical animal models and allows the investigation of autocrine and 

paracrine mechanisms of cell action, it is no alternative for treatment of human 

patients, so other strategies have to be found to enhance fracture healing.  

 

 

4.2 Local Application of Autogenic and Allogeneic Mesenchymal 
Stem Cells for Large Bone Defect Regeneration 

 
Despite significant progress in the treatment of large bone defects, there is still the 

need for new therapeutic approaches. As mentioned in the introduction, 

autologous bone graft is still the gold standard for treating large bone defects, but 

the availability of autologous bone material is limited. Use of allogeneic bone 

material usually leads to inferior results, as allogeneic bone has less intrinsic 

osteogenic potential [111].  

Recent advances were made in the filed of cell therapy. In a clinical study, 

percutaneous application of concentrated autologous bone marrow was effective 

in almost 90 % of treated non-unions. Furthermore, a positive correlation between 

progenitor cell number and outcome was drawn [57]. However, there was only a 

small cohort included into this study and large, randomized case-control studies on 

the use of autologous bone marrow or MSC to treat non-unions are missing so far.  

In the present study, the efficacy of autologous and allogeneic human MSC to 

consolidate large bone defects in mice with a humanised immune system was 
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investigated for the fist time. Generally, MSC - especially human MSC - are 

described to be immunoprivileged in means of not inducing an adverse 

immunoreaction or being immunomodulatory [2, 3, 70, 86]. Due to these 

properties, a safe and effective use of MSC from non-related donors to treat non-

healing fractures might be conceivable. The present results, however, indicate a 

higher efficacy of autologous cells, demonstrated by stronger staining for early 

osteogenic markers like Runx2 in the defect region and significantly higher 

amounts of newly formed bone compared to allogeneic cell treatment.  

Literature regarding the issue of usability of allogeneic cell for bone regeneration is 

quite heterogeneous. In accordance with the present findings, allogeneic MSC 

were found to be inferior to autologous cells regarding bone formation when spray-

coated in a fibrin-matrix onto the surface of massive bone tumour prostheses [24]. 

Furthermore, xenogeneic implantation of human MSC in segmental defects in 

rabbit radii or sheep tibiae resulted in inferior outcome compared to application of 

autologous MSC but no evidence for an inflammatory reaction was found [87, 88]. 

In contrast to these studies, others report equal but only little bone formation when 

applying autologous and allogeneic ovine MSC on PCL-scaffolds into segmental 

tibia defects in aged sheep [11]. Moreover, there are reports for an enhancement 

of bone regeneration by application of allogeneic MSC in critical-sized bone 

defects in rabbits [126] or in combination with biomaterial in long bone defects in 

dogs [6].  

 

Staining for human CD8+ cells on day 3 revealed no invasion into the defect 

region or the cell-loaded collagen gel in autogenic treated mice, while there were 

positively stained cells at the interface of the surrounding soft tissue and the 

collagen gel in mice treated with allogeneic MSC. The same observation was true 

for day 10, where CD8+ cells were detected in the vicinity of the collagen gel after 

allogeneic treatment. T-cells and IFNγ were associated with inhibition of bone 

formation induced by allogeneic cells by Dighe et al. [30]. The authors implanted 

cells of a BALB/c derived bone marrow cell line into mouse models with differing 

severity of immune deficiency [30]. The cells were able to form bone nodules in 

immunocompetent syngeneic BALB/c mice or in immunocompromised animals 

lacking mature T and B cells and natural killer cell cytolytic function, but not in 

allogeneic immunocompetent C57BL/6 mice. Here, elevated numbers of T- and B-
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cells and macrophages as well as higher levels of IFNγ in the implants were 

reported. Interestingly, the absence of T-cells in NCr nude mice was sufficient to 

enable bone growth in an otherwise allogeneic organism [30]. However, in the 

present study, first staining for human IFNγ revealed no positive results, 

suggesting other mechanisms being responsible for the inferior bone formation. 

 

It is still unclear, how the implanted cells contribute to bone regeneration. On the 

one hand, they can provide trophic factors that influence host cells in a paracrine 

way, but on the other hand, a direct action of the locally implanted cells like matrix 

formation is possible. In the recent study, cells stained positive for human β2-

microglobulin were found in the implanted gel in both, gels loaded with allogeneic 

and autogenic MSC on day 10 after implantation. After 35 days however, in the 

group that received autogenic MSCs, positively stained cells were only found in 

the marrow compartments in the regenerated bone, but bone itself did not stain 

positive for the human marker. In the allogeneic MSC treated group, cells of 

human origin were detected in the defect region in residues of the collagen gel. 

Generally, endochondral fracture healing is anticipated to recapitulate embryonic 

long bone development. Hence, it is anticipated that hypertrophic cartilage 

undergoes apoptosis and the lacunae are filled with host-derived cells. The 

absence of bone positive for human marker present here is in line with this 

hypothesis; however this finding does not exclude the possibility for a direct 

contribution. In a canine model, transplanted allogeneic cells could be detected in 

the defect region 4 weeks after implantation, but not after 8 weeks [6]. The authors 

suggest that the implanted cells differentiate into the osteoblast lineage first, then 

undergo apoptosis within 8 weeks after implantation and are replaced by host 

cells. In contrast to the present findings, a recent study using cartilaginous 

implants for treatment of large bone defects in mice reported trans-differentiation 

of donor-derived chondrocytes into bone rather than apoptosis of donor cells and 

replacement by host-derived cells [8]. Others also reported donor-derived bone 

formation after implanting hMSC-derived cartilage subcutaneously [104, 109]; 

however, the xenogeneic cartilaginous templates were implanted into 

immunodeficient mice. As stated previously, the absence of T-cells is sufficient to 

enable bone formation in a allogeneic setting [30], thus it would be interesting to 

repeat such a xenogeneic cartilage transplantation in immunocompetent models.  
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Taken together, the results of the present study demonstrated a beneficial effect of 

intravenously delivered MSC in fracture healing, shown by a significant increase in 

bone volume in the MSC-treated group relative to vehicle treatment, but there was 

no benefit in load-induced bone formation. Questions that remain to be answered 

regarding a systemic application of MSC include, whether the beneficial effect on 

fracture healing is a direct effect of the cells themselves or whether the cells 

secrete trophic factors that foster the potential of resident cells. Furthermore, it has 

to be addressed, whether the homing potential of MSC is solely dependent on 

CXCR4 expression or whether other molecules are able to recruit MSC in a similar 

way.  

The results regarding local application of allogeneic or autogenic MSC for 

treatment of large bone defects or non-unions demonstrate superior action of 

autogenic MSC, shown by a higher expression of osteogenic markers on day 10 

and an increased bone content on day 35 after implantation. Absence of staining 

for human markers in the regenerated bone suggests indirect action of the 

implanted MSC on bone formation; however to understand the underlying 

mechanisms, further studies are needed.  

 

In conclusion, local application of MSC to regenerate bone seems to be more 

effective than a systemic approach. Local delivery of cells leads to an immediate 

increase of progenitors cell numbers to a super-physiological level and thus more 

pronounced cell-based effects are likely, while an increase in the progenitor cell 

number at the fracture site after systemic injection is unlikely, as the cell 

recruitment remains at a physiological level. 
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5 Summary 

MSC are in focus for regenerative approaches for several decades now due to 

their high intrinsic differentiation potential towards the osteoblast lineage. Besides, 

MSC can secrete a broad spectrum of bioactive substances with regenerative and 

anti-inflammatory action. Due to these characteristics, MSC might be a interesting 

tool for treatment of impaired healing fractures or non-unions.  

 

In the study presented here it was investigated whether systemically applied MSC 

can support bone formation I) under non-inflammatory conditions after mechanical 

loading and II) after an injury in form of an osteotomy in C57BL/6 wild-type mice. 

Furthermore, the question was addressed, if human MSC from allogeneic and 

autogenic sources are equally effective in consolidation of large bone defects in a 

mouse model with humanised immune system when implanted locally. 

 

The results of the present study demonstrated a moderate beneficial effect of 

systemically administered MSC on fracture healing, shown by a significant 

increase in bone volume. The inject  ed cells were detected at newly formed bone 

in the fracture callus on day 10 and 21 after osteotomy, thus confirming 

recruitment of the cells. In contrast to the finding in fracture healing, no injected 

cells were detected in newly formed bone after mechanical loading, suggesting 

lack of an appropriate migratory stimulus. Furthermore, no effect of the 

administered MSC was detected.  

 

In treatment of non-unions and large bone defects, application of stem cells from 

allogeneic sources would solve the issue of limited availability of cells from 

autogenic sources. However, the results obtained in this study indicate an inferior 

efficacy of allogeneic MSC to regenerate bone in a critical sized bone defect in 

humanized mice compared to the application of autogenic MSC. In defects treated 

with autogenic MSC, significantly more bone was evident 35 days after 

implantation of the cells. There were no signs of fulminant inflammation in mice 

treated with allogeneic MSC, however more CD8+ T-cells were detected by 

immunohistochemistry in this cohort.  
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Taken together, local application of MSC to regenerate bone seems to be more 

effective than a systemic approach. Local delivery of cells leads to an immediate 

increase of progenitors cell numbers to a super-physiological level and thus more 

pronounced cell-based effects are likely while an increase in the progenitor cell 

number at the fracture site after systemic injection is unlikely, as the cell 

recruitment remains at a physiological level. 
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