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Fig. S1: MSCs in monolayer, to prove the capacity to adhere to plastics (A), the differentiation of the MSCs towards the 
osteogenic lineage, demonstrated by Alizarin Red staining (B) and towards the adipogenic lineage, demonstrated by Red 
Oil staining (C) 
 
 
 
 

Fig. S2: Surface marker-dependent characterization of hMSCs 
according to the “minimal criteria” for a common definition of 
hMSCs as defined by the Mesenchymal and Tissue Stem Cell 
Committee of the International Society for Cellular Therapy 
(ISCT) (Dominici et al., 2006)  
Only hMSCs stained positive for CD73, CD90 and CD105 and 
negative for CD45, CD34, CD14, CD20 and HLA-DR surface 
antigens were used in the study as determined by flow cytometry 
after applying the MSC Phenotyping Kit (Miltenyi, Bergisch-
Gladbach, Germany) according to the manufacturers´ protocols 
based on the phenotyping antibody cocktail including the following 
antibody conjugates: anti-CD73-FITC, anti-CD105-PE, anti-CD90-
APC, anti-CD45-PerCp, anti-CD34-PerCp, anti-HLA-DR-PerCp, 
anti-CD20-PerCp, anti-CD14-PerCp and a corresponding isotype 
control cocktail. 
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Fig. S3: Gating strategy for evaluation of the cell composition within the FH models  
As a first step, cell debris and dead cells were excluded (dead cells positive for 7AAD, A). Then we differentiated between CD45+ 
and CD45- cells (B). The CD45-CD73+CD90+ cells were considered MSCs (C). Within the CD45+ gate, we characterized 
granulocytes based on size and granularity. CD45+CD19+ cells were considered B-cells, while CD45+CD14+ cells as monocytes (D). 
CD45+CD3+ cells were differentiated into CD45+CD3+CD4+ and CD45+CD3+CD8+ cells, considered as T helper or cytotoxic T cells 
respectively (E). 
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Fig. S4: Time-dependent RNA expression of FH models incubated for 6, 12, 24 or 48 h under either normoxic (NOX) or 
hypoxic conditions (HOX; n=6)  
Depicted is the n-fold of the RNA (mean ± SEM). RNA expression was normalized to the gene expression of EF1A (ΔCt). 
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Fig. S5: In vitro FH models were incubated under hypoxia (HOX; grey bars) or hypoxia with the supplementation of 250 µM 
DFO (NOX; dark grey bars) for 48 h in osteogenic medium  
Depicted is the frequency of total cells and single cell populations negative for 7-AAD in the FH (A), the relative RNA-expression of 
relevant genes normalized to EF1A (B) and the concentration of secreted protein [pg/mL] in the supernatant (C). Depicted is the 
median ± range, (n = 6) for the cell composition analysis and the mean ± SEM (n=6) for the RNA-expression and the secreted 
proteins. Statistical analysis was conducted using the Wilcoxon signed rank test. 
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Fig. S6: Expression of early activation marker CD69 and late activation marker CD25 for CD45+CD3+ T cells after incubation 
of the FH models for 48 h in osteogenic induction medium as determined by flow cytometry (n=3, mean ± SD) 
FH models were produced by combining either 0, 50,000, 100,000 or 250,000 human allogenic MSCs and 100 µL whole blood and 
subsequent coagulation of the combined cell mixtures. FH models were treated with PMA (50 ng/mL) or remained untreated. 
 
 

 
Fig. S7: OD550 values and the count of lipid droplet clusters after 24 days of differentiation of monolayer MSCs in either OD 
or AD (pilot experiment for n=1)  
Here 104 MSCs per well were plated in a 96-well plate and incubated for up to 24 days in the respective induction medium. As a high 
control, MSCs were incubated with STEMMacs Osteo Diff or STEMMacs Adipo Diff medium respectively for 1 week. Osteogenic 
differentiation was measured at 550 nM using an ELISA plate reader. Adipogenic differentiation was analyzed microscopically. 
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3.4 Comparison of both fracture hematoma models 

In order to contextualize both in vitro models to an earlier study in our group, using ex vivo 

FHs up to 72 hours after surgery, the results were summarized in Tab. 3 (cellular composi-

tion) and Tab. 4 (gene expression data). Hypoxia favored the survival of MSCs over that of 

immune cells, resulting in that MSCs were the most prominent cell fraction after 48 h of incu-

bation both in the equine and the human FH model (Pfeiffenberger, Bartsch et al. 2019, 

Pfeiffenberger, Hoff et al. 2020), not assessed in the ex vivo study. In the underlying studies, 

MSCs represent 23.4% (16.6-24.5%) in the human model and 34.7% (29.8- 38.3%) in the 

equine models of the whole cell population, while Hoff et al. could not assign 12.2% (1.2 - 

85.6%) of the cells to a specific cell population. For the proportion of T cells, T helper cells 

and cytotoxic T cells, the studies show similar percentages. Granulocytes were at first sight 

more abundant in the ex vivo study as a percentage, but since the range is very broad; the 

percentages of the in vitro studies are comparable. Monocytes and B cells are additionally 

comparably present in the ex vivo and human in vitro study, yet not assigned within the eq-

uine model (Pfeiffenberger, Bartsch et al. 2019, Pfeiffenberger, Hoff et al. 2020) (Table 3).  

Table 3: Cell frequencies from an ex vivo study using primary human fracture hematomas obtained 
between 48 and 72 h after trauma (n=40), the in vitro human FH model (n=6, 48 h incubation under 
hypoxia) and the in vitro equine FH model (n=3, 48 h incubation under hypoxia), n.a. = not assigned, 
n.d. = not detectable. 

Cell type CD surface mark-
er 

ex vivo FH 
(< 72 h) 

in vitro human 
FH (48 h HOX) 

in vitro equine 
FH (48 h HOX) 

T cells CD45+, CD3+ 8.2% 
(1.1-39.4%) 

3.7% 
(2.4-10.6%) 

6.5% 
(5-7.1%) 

T helper cells CD45+, CD3+, 
CD4+ 

3.1% 
(1.4-15.4%) 

1.9% 
(1.1-6%) 

4.3% 
(4.1-4.6%) 

Cytotoxic T cells CD45+, CD3+, 
CD8+ 

1.9% 
(0.2-12.6%) 

1.3% 
(0.9-2.5%) 

1.2% 
(1.1-1.3%) 

Monocytes Scatter and CD45+, 
CD14+ 

4.9% 
(0.1-38.5%) 

0.6% 
(0.3-1.7%) 

n.d. 
after 48h 

B cells CD45+, CD3-, 
CD19+ 

0.9% 
(0.1-5.8%) 

0.25% 
(0.2-0.4%) n.a. 

MSCs CD45-, CD73+, 
CD90+ n.a. 23.4% 

(16.6-24.5%) 
34.7% 

(29.8- 38.3%) 

Granulocytes Scatter and CD45+ 
vs. CD16+ 

64.2% 
(0.8-94%) 

16.1% 
(5.6-24.7%) 

5.3% 
(5.2-5.3% 

Not assigned cells n.a. 12.2% 
(1.2-85.6%) 

37.1% 
(27.6-45.8%) 

32.1% 
(24.6-38.1%) 

Focusing on the gene expression, similar pattern between both FH models and the ex vivo 

study could be observed. Osteogenic genes such as RUNX2 and SPP1 were distinctly up-

regulated, indicating similar osteogenic induction within the three models. Early inflammatory 

markers (IL6, IL8) were upregulated in the human in vitro and ex vivo study, hence not as-
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signed in the equine FH model. The similar adaptation towards a hypoxic microenvironment 

was also confirmed by the upregulation of significant marker genes (LDHA, PGK1, PFKFB3 

and SLC2A) as shown in Table 4 (Hoff, Gaber et al. 2016, Pfeiffenberger, Bartsch et al. 

2019, Pfeiffenberger, Hoff et al. 2020).   

Table 4: Gene expression data from an ex vivo study using primary human fracture hematomas ob-
tained between 48 and 72 h after trauma (n=40), the in vitro human FH model (n=6, 48 h incubation 
under hypoxia), and the in vitro equine FH model (n=3, 48 h incubation under hypoxia) *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001, n.a. = not assigned 

Gene symbol ex vivo FHs 
(< 72 h) 

in vitro human FHs 
(48 h HOX) 

in vitro equine FHs 
(48 h HOX) 

RUNX2 ↑** ↑ ↑ 

SPP1 ↑* ↑**** ↑ 

VEGFA ↑* ↑*** ↑ 

IL8 ↑*** ↑** n.a. 

IL6 ↑*** ↑ n.a. 

CXCR4 ↑** ↑* n.a. 

LDHA ↑*** ↑** ↑ 

PGK1 ↑ ↑ ↑ 

HIF ↑** ↓ n.a. 

MMP2 n.a. ↑** n.a. 

MMP9 n.a. ↑** n.a. 

PFKFB3 n.a. n.a. ↑ 

SLC2A n.a. n.a. ↑ 

MIF n.a. n.a. ↑ 
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4 Discussion 

In order to provide a comprehensive preclinical tool capable of mimicking fundamental pro-

cesses during the initial phase of fracture healing, a human in vitro fracture gap model was 

established. The developed model offers the possibility (i) to study cellular processes in de-

tail, (ii) to gain further insights into adaptive processes to a restricted microenvironment, (iii) 

to test new therapeutic strategies with regard to fracture healing, (iv) to investigate the effec-

tivity of therapeutics as well as pharmacological substances, thereby (v) effectively reducing 

the number of animal experiments, particularly in the preclinical phase. Since the bony ends 

and the fracture hematoma are the two main components involved in the initial phase of frac-

ture healing, it was essential to establish and characterize two primary components. Repre-

senting the immune component, an in vitro fracture hematoma model (FH) was set up. For 

the bone component, scaffold-free bone like constructs (SFBCs), solely consisting of human 

MSCs, were developed, optimized and thoroughly characterized. Ultimately, these two com-

ponents were combined, in order to provide a functional in vitro fracture gap model (FGM). 

Additionally, an equine in vitro fracture hematoma model was developed, which affords the 

opportunity to directly compare significant events during the initial phase between two spe-

cies, both relevant to the treatment of fractures and emerging fracture healing disorders.  

4.1 Development and characterization of the equine fracture hematoma model 

The first step was to establish and characterize an equine in vitro FH model. The equine in 

vitro FH was considered an appropriate starting point for several reasons. An essential point 

can be derived from the “one health” approach, as contrary to rats and mice, the horse is an 

important patient, most notably in racing, but also with respect to popular and recreational 

sports (Ortved 2018, Moiroud, Coudry et al. 2019). Fractures in horses are often fatal and 

lead to subsequent euthanasia of affected horses, with far-reaching consequences, especial-

ly due to failures in horse racing (Riggs 2002). Focusing on the treatment of fractures in 

horses, great progress in the clinical development and testing of novel plates, nails and other 

fixation systems has been made in recent years (Nunamaker, Richardson et al. 1986). How-

ever, there is a lack of basic scientific knowledge on the mechanistic and temporal course of 

fracture healing in horses. The initial phase of fracture healing in equines is considered to be 

a phase of cleaning (elimination of debridement, dead cell and dead tissue) (Auer and 

Grainger 2015). Because to the often insufficient and delayed healing of equine fractures, 

Auer and Grainger proposed that immunological processes for initiating bone regeneration in 

the initial phase are altered in comparison to humans (Auer and Grainger 2015). Most find-

ings and approaches to the course of fracture healing, especially in the initial phase, are 

based on investigations in animal models (mouse, rat, sheep) or humans (Schmidt-Bleek, 
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Schell et al. 2009, Hoff, Gaber et al. 2016, Yuasa, Saito et al. 2018). To date, there are bare-

ly any studies focused on the initial phase of fracture healing and the cellular composition or 

gene expression pattern in the equine FH. Collier and colleagues (1985) created a gap-

healing model in horses. They set 4 mm defects, which were filled with implantable bone 

growth stimulators, in order to evaluate the effect of electric stimulation of osteogenesis. 

However, no effect was observed (Collier, Brighton et al. 1985).  

Setting up FH models from two different species (horse and human) provides the opportunity 

to contextualize both in vitro FH models with existing in vitro, ex vivo, in silico and in vivo an-

imal models in detail. Furthermore, our group and our cooperation partner already estab-

lished and stratified scaffold-free cartilage transplants (Ponomarev 2013, Ponomarev, 

Kochneva et al. 2014, Weber, Fischer et al. 2020), which served as a basis for developing 

the bone component used in the 3D fracture gap model. To date, however, the complete 3D 

fracture gap model was only established in the human system.  

As already outlined in the introduction, there is no existing gold-standard model for fracture 

healing research. Therefore, several approaches exist to shed light onto important aspects of 

bone healing. Most of the research is done using small animal models, especially rodents 

(mice and rats). Hence, considerable differences between these animals and humans exist, 

foremost in inflammation pathways and immunological functions, which complicates the 

translation of results obtained in animal models to the human system (Mestas and Hughes 

2004, Seok, Warren et al. 2013, Warren, Tompkins et al. 2015). Moreover, obvious interspe-

cies differences in bone composition, density and bone quality exist (Aerssens, Boonen et al. 

1998), which must also be considered when interpreting results. Nevertheless, animal mod-

els clearly improved the general understanding of processes during fracture healing and 

paved the way for various therapeutic strategies in bone related diseases. Rats in particular 

have proven to be a reliable and useful model for conducting basic research involving the 

skeleton (Bagi, Berryman et al. 2011).  

Most research regarding bone healing focuses on the later phases of endochondral ossifica-

tion, soft and hard callus formation and remodeling, especially in veterinary practice, but also 

in human healthcare. However, studies within the horse are rare. In the underlying study, the 

focus was drawn towards the initial phase after fracture. The central event is the formation of 

a FH were cells released from ruptured blood vessels (leukocytes, erythrocytes) and cells 

originating from the bone marrow (leukocytes, progenitor cells such as MSCs or HSCs) co-

agulate in the fracture gap (Hoff, Gaber et al. 2016, Walters, Pountos et al. 2018). This he-

matoma formation is known to be the most important stage of fracture healing, since initiated 

processes in the FH orchestrate the cellular activation and migration as well as the inflamma-

tory response, in order to form a new callus, regenerate bone tissue and restore functionality 
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(Walters, Pountos et al. 2018). The importance of the FH was underlined by the studies of 

Grundnes et al. and Schell et al. They removed the FH after fracture in rats, resulting in di-

minished bone formation and prolongation of the inflammatory phase (Grundnes and 

Reikerås 1993, Schell, Duda et al. 2017). Additionally, Street et al. revealed that the initial FH 

is inherently angiogenic, therefore comprising crucial cues for revascularization (Street, 

Winter et al. 2000). One of the challenges of the FH-containing cells is the hostile microenvi-

ronment after fracture, foremost hypoxia. Therefore, the in vitro equine FH models were ei-

ther cultivated under normoxic conditions (control) or hypoxic conditions (approximation 

towards the situation in vivo). For establishing the in vitro equine FHs, 100 µL EDTA-blood 

was mixed with 250.000 MSCs and subsequently coagulated with 10 mM CaCl2 

(Pfeiffenberger, Bartsch et al. 2019). The proportion of MSCs in the FH in comparison to oth-

er cells has never been evaluated, thus the amount of MSCs was titrated on account of tech-

nical reasons. Since the composition of the cells in the FH was analyzed by flow cytometry, a 

reasonable amount of MSCs had to be implemented to obtain measurable results. After in-

cubation for 12, 24 or 48 h under normoxic or hypoxic conditions, cell composition and 

mRNA expression within the equine FHs was evaluated (Pfeiffenberger, Bartsch et al. 2019). 

Generally, the immunophenotype of equine MSCs is maintained and the gene expression 

pattern is very similar comparing hypoxic or normoxic cell culture conditions (Ranera, 

Remacha et al. 2012). MSCs - which are considered to be the most important cell type, par-

ticularly in the initial phase of fracture healing both in horses and humans, are very compara-

ble with regard to their differentiation properties and functionality (Hillmann, Ahrberg et al. 

2016). Moreover, MSCs are frequently used with great success in the treatment of orthope-

dic injuries (De Schauwer, Van de Walle et al. 2013), tendinopathies (Smith 2008) and 

wound healing (Textor, Clark et al. 2018). 

Regarding the cell composition, hypoxia favored the survival of MSCs over immune cells and 

MSCs were the most abundant cell population after 48 h of incubation (hypoxia) 

(Pfeiffenberger, Bartsch et al. 2019). MSCs are osteogenic progenitor cells and undeniably 

the driving force behind bone regeneration and fracture healing (Majidinia, Sadeghpour et al. 

2018). Moreover, adequate numbers of MSCs within the micro-environment of the fracture 

are capable of recruiting essential cells towards the fracture site (Wang, Wang et al. 2013). 

This may explain the increasing abundance of MSCs within the FH, which may be crucial for 

the ongoing process of bone regeneration and bone healing reflected within this study and 

underlines the therapeutic potential of MSCs. The huge influence of MSCs was confirmed, as 

blood clots without the addition of MSCs resulted in a diminished expression of the analyzed 

genes, except for SPP1 (Pfeiffenberger, Bartsch et al. 2019). However, SPP1 is an omni-

present protein, involved in diverse biological events, such as immunological responses, 

wound healing and developmental processes. Hence, it is not unique to bone regeneration, 
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but rather linked to various activation pathways (Sodek, Ganss et al. 2000). Bussche and van 

de Walle revealed the strong angiogenic potential of MSCs. In detail, they analyzed the 

presence of crucial angiogenic factors in the conditioned medium of equine MSCs and their 

effect on endothelial cells. They observed both the induction of angiogenic processes in the 

endothelial cells and the high expression of angiogenic marker genes such as VEGFA 

(Bussche and Van de Walle 2014). Interestingly, PPARγ is also upregulated after 48 h of 

incubation and thus, to a lower extent under hypoxic conditions. At first glance, this was un-

expected as PPARγ is well-known to inhibit osteogenesis and promote adipogenesis (Lin, 

Yang et al. 2007, Marciano, Kuruvilla et al. 2015). However, different isoforms of PPARγ ex-

ist. In fact, several studies revealed that PPARγ-2 but not PPARγ-1 is responsible for adipo-

genic induction (Ren, Collingwood et al. 2002, Li, Zhang et al. 2016). Since the used primer 

covers both isoforms, conclusions whether adipogenesis was induced cannot be drawn. Ad-

ditionally, the expression of macrophage migration inhibitory factor (MIF) was analyzed, 

which was expressed higher after 48 h compared to 0 h {Pfeiffenberger, 2019 #150}. Koba-

yashi et al. revealed the importance of MIF for fracture healing, since MIF-null mice showed 

impaired fracture healing (Kobayashi, Onodera et al. 2011). Generally, the role of MIF in 

horses is still elusive. However, Klein and Troedsson observed the distinct mRNA expression 

of MIF in the endometrium of horses, suggesting an essential role in reproduction and devel-

opmental processes (Klein and Troedsson 2013). Altogether, the presented equine FH mod-

el is capable of mimicking several key features of the initial phase of fracture healing and 

may reflect the situation in vivo (Pfeiffenberger, Bartsch et al. 2019). 

 Limitations: 
The predominant cells in the FH right after fracture are MSCs and immune cells. To distin-

guish between cell populations present in the FH via flow cytometry, the expression of cell-

typical surface markers (cluster of differentiation (CD) markers) is used. That way, cells like T 

(CD3) and B (CD19) cells or monocytes (CD14) can be identified and unequivocally as-

signed. However, in contrast to humans, mice and rats, only a few equine-specific antibodies 

are commercially available. Several antibodies were tested in the course of establishing the 

equine FH model, in order to assign pan-T, T helper, cytotoxic T cells, B cells, granulocytes 

and monocytes, representing the immune cells in the peripheral blood. However, no marker 

could be established for B cells, as no commercially available marker showed specific bind-

ing. Hence, B cells were excluded from the analysis. Nevertheless, specifically binding anti-

bodies for pan-T cells (CD3), T helper cells (CD4), cytotoxic T cells (CD8), granulocytes 

(pan-granulocyte marker) and monocytes (CD14) have been established and were used to 

analyze the cell composition in the models (Pfeiffenberger, Bartsch et al. 2019). In terms of 

MSCs, there is no acknowledged surface marker pattern as defined for human MSCs 



Discussion  

97 

(CD73+, CD90+, CD105+, CD45-, CD34-, CD20-, CD14-, MHCII-) (Dominici, Le Blanc et al. 

2006). Other stemness markers include CD44 and CD29, which have been defined for hu-

man MSCs (Maleki, Ghanbarvand et al. 2014). Neither CD73 nor CD90 surface marker anti-

bodies are commercially available for horses. Until 2011, only antibodies recognizing the 

equine epitopes CD13, CD44 and MHC-II were commercially available for the characteriza-

tion of equine MSCs (De Schauwer, Meyer et al. 2011). In the underlying studies, only cells 

which were positive for both CD29 and CD105 but negative for CD14 were considered MSCs 

in the flow cytometry analysis (Pfeiffenberger, Bartsch et al. 2019). Before using the MSCs in 

the equine FH model, the cells were characterized by the marker panel described above. 

Additionally, the differentiation potential towards osteogenic and adipogenic lineage was 

identified. In contrast to human MSCs, equine MSCs could not be differentiated in their adi-

pogenic lineage by using the commercially available adipogenic differentiation medium 

AdipoDiffTM by Miltenyi. Therefore, the differentiation medium was established according to 

the protocol of Vidal et al. (Vidal, Kilroy et al. 2007). Using this protocol, the adipogenic dif-

ferentiation of MSCs was confirmed. 

4.2 Development and characterization of the human fracture hematoma model 

Generally, the reference values for blood count and differential blood count in humans and 

horses are very comparable (Laboklin). Therefore, the same cell amounts and coagulation 

parameters defined for the equine FH model were used for the human FH model. The FH 

models were cultivated under normoxic or hypoxic conditions for up to 48 h. Focusing on the 

cell populations, the proportion of MSCs was most abundant at 48 h under hypoxic condi-

tions, whereas the frequency of leukocytes continuously regressed (comparable to the re-

sults of the equine FHs) (Pfeiffenberger, Hoff et al. 2020). Another study of the cellular 

composition in a sheep FH, which was sampled 4 h after fracture by Schmidt-Bleek et al., 

showed that lymphocytes and granulocytes are the most abundant cells in the FH right after 

fracture. Yet, the cells were pre-gated with CD45 (Pan leukocyte marker), which excludes 

some cell types, including MSCs, from the analysis (Schmidt-Bleek, Schell et al. 2009). Fur-

thermore, Hoff et al. also observed granulocytes as the most abundant cell population in ex 

vivo FHs up to 72 h after fracture. However, MSCs were not assigned in their analysis either 

(Hoff, Gaber et al. 2016). Generally, the analytical separation of MSCs and e.g. leukocytes 

via flow cytometry is challenging, since MSCs do not have one particular surface marker that 

clearly defines them as MSCs. In the underlying study, MSCs were tracked using CD45 as a 

negative as well as CD73 and CD90 as positive markers, which allows for distinguishing 

MSCs from leukocytes (Pfeiffenberger, Hoff et al. 2020). Finally, it is very challenging to ob-

tain clear-cut FHs through surgery. Thus, cells surrounding FHs could explain the diverse 

results in the underlying study and the mentioned previous studies. 
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The adaptive processes towards a hypoxic microenvironment differ notably between various 

cell types. Cells with many mitochondria usually have an intrinsic need to be sufficiently sup-

plied by oxygen and undergo apoptosis when challenged with hypoxic conditions (e.g. neu-

ronal cells). However, the surviving capacity and activation status of immune cells (e.g. T 

cells, B cells, monocytes, neutrophils) is increased under hypoxia, because of the activa-

tion/stabilization of the HIF-signaling pathway in an oxygen-low microenvironment 

(Krzywinska and Stockmann 2018). Regarding the survival of MSCs, hypoxia seems to favor 

MSCs and enhance the differentiation towards the osteogenic and chondrogenic cells 

(Wagegg, Gaber et al. 2012, Lee, Byeon et al. 2016). However, whether inflammatory cells 

and MSCs differ in their tolerance of oxygen is yet to be evaluated.  

Since chondrocytes and osteoblasts are the main cells involved in bone regeneration (Kolar, 

Gaber et al. 2011, Knight and Hankenson 2013, Hoff, Gaber et al. 2016) and capable of 

ceasing the inflammatory phase (Kolar, Gaber et al. 2011), it is not surprising that MSCs, 

their progenitor cells, are the most abundant cells in the established FH model after 48 h 

(Pfeiffenberger, Hoff et al. 2020). MSCs are considered to be immunomodulatory by inhibit-

ing the proliferation of cytotoxic T cells, T helper cells and natural killer cells, suppressing the 

immunoglobulin production of plasma cells and stimulating regulatory T cell proliferation, 

thereby actively contributing to the termination of the inflammatory phase (Sargent and Miller 

2016). In contrast, the exact role of immune cells such as lymphocytes and granulocytes in 

fracture healing is still controversially discussed (Grogaard, Gerdin et al. 1990, Toben, 

Schroeder et al. 2011, Reinke, Geissler et al. 2013, Konnecke, Serra et al. 2014, Kovtun, 

Bergdolt et al. 2016, El Khassawna, Serra et al. 2017). In the present study, the proportion of 

T and B cells time-dependently decreased (Pfeiffenberger, Hoff et al. 2020). El Khassawna 

and colleagues revealed the crucial role of mature T and B cells on fracture healing. They 

used an osteotomy model of RAG1-deficient mice, which lack mature T and B cells, therefore 

lacking an appropriate adaptive immune system and could show highly dysregulated colla-

gen deposition and disturbed distribution of osteoblasts (El Khassawna, Serra et al. 2017), 

also confirmed by Nam et al. (Nam, Mau et al. 2012). Accordingly, Reinke et al. depleted 

cytotoxic T cells in a mouse osteotomy model, which resulted in enhanced fracture regenera-

tion, while the transfer of cytotoxic T cells significantly impaired the healing (Reinke, Geissler 

et al. 2013). Interestingly, Schlundt et al. studied the interplay between CD8+ effector cells, 

which impair the regeneration process and CD4+ regulatory T cells. They hypothesized that 

CD4+ regulatory T cells could counteract the inflammatory potential of CD8+ effector cells. 

While the transfer of CD4+ regulatory T cells to mice with low amounts of CD8+ effector cells 

resulted in improved bone healing, the transfer to mice with a high amount of CD8+ effector 

cells revealed heterogeneous bone regeneration. Hence, it can be postulated that the ratio of 
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these cells is crucial for appropriate bone healing (Schlundt, Reinke et al. 2019). However, 

the contribution of T and B cells to a higher quality of bone, by orchestrating the collagen 

deposition process in later phases of fracture healing, are undisputed. These cell populations 

invade the fracture site through newly formed blood vessels (Konnecke, Serra et al. 2014).  

The exact role of granulocytes during fracture healing remains elusive and has been dis-

cussed controversially. However, granulocytes are important in the initial phase, since they 

remove spoilt cells and debris in the fracture gap (Baht, Vi et al. 2018). Neutrophils are also 

capable of synthesizing an "emergency extracellular matrix“, which allows further MSCs to 

migrate in the FH (Bastian, Koenderman et al. 2016). While Grogard et al. did not detect any 

impact of neutropenia on the callus formation in rats (Grogaard, Gerdin et al. 1990), Kovtun 

et al. observed impaired bone healing in a mouse model using an anti-Ly-6G antibody, in 

order to significantly diminish the number of neutrophils, therefore suggesting an important 

role of granulocytes (Kovtun, Bergdolt et al. 2016). However, Bastian and colleagues could 

show that high neutrophil numbers inhibit the synthesis of mineralized extracellular matrix of 

MSCs in vitro (Bastian, Croes et al. 2018). Furthermore, granulocytes secrete cytokines (e.g. 

IL-1, IL-6, IL-10, TNFα, MCP-1, CXCL1α, MIP-1), that attract monocytes and macrophages 

towards the fracture site, which exhibit an essential role during the following phases of frac-

ture healing (Baht, Vi et al. 2018). Hoff et al. reported a decrease of granulocytes over time, 

when cultivating ex vivo FHs under hypoxic conditions (Hoff, Maschmeyer et al. 2013), which 

is in accordance to the results obtained in this present study. It can be postulated, that granu-

locytes may be crucial in the early phase of inflammation. Hence, their time-dependent re-

duction might be important for an appropriate process of fracture healing.  

Regarding the mRNA expression pattern, osteogenic markers, inflammatory markers and 

hypoxia-adaptation markers were expressed significantly higher after 48 h of incubation and 

to a higher extent when cultivated under hypoxia (Pfeiffenberger, Hoff et al. 2020). As for the 

cellular composition, normoxic conditions are considered a control setup, while the focus of 

the discussion is drawn towards the results after 48 h under hypoxia, since they most ade-

quately mimic the restrictive microenvironment after fracture. Genes responsible for the in-

duction of osteogenesis (RUNX2, SPP1 and VEGF) are distinctly upregulated after 48 h 

(Pfeiffenberger, Hoff et al. 2020). Since RUNX2 and SPP1 (Jensen, Gopalakrishnan et al. 

2010) as well as VEGF (Yang, Tan et al. 2012) are marker genes for the onset of osteogen-

esis, indicating the induction of osteogenesis. Additionally, Liu et al. could show that VEGF is 

responsible for the fate of MSCs differentiation to either adipocytes or osteoblasts. They 

conditionally deleted VEGF using a cre-lox system in mice or knocked-down VEGF in osteo-

blasts of mice in vitro. Thereby, they observed increased bone marrow fat and reduced bone 

density in vivo as well as a significant increase of adipogenesis and reduction of osteogene-
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sis in vitro (Liu, Berendsen et al. 2012). Furthermore, VEGF has proven to be the key inducer 

and mediator of angiogenesis (Hoeben, Landuyt et al. 2004, Shibuya 2011), coupling osteo-

genesis and angiogenesis (Gerber, Vu et al. 1999), which indicates the induction of osteo-

genesis and angiogenesis in the in vitro FHs. This could also be confirmed by the increased 

expression of IL8, a potent proangiogenic factor, which promotes the activation of VEGF and 

triggers the upregulation of VEGF on mRNA and protein levels in an autocrine manner 

(Martin, Galisteo et al. 2009).  

The initial phase of fracture healing is characterized by an acute inflammation and the in-

flammatory response is one of the initiating events for bone healing, as inflammatory condi-

tions modulate the primary interplay and response of osteoprogenitor cells, MSCs, 

osteoblasts, chondrocytes and immune cells. This is mainly mediated through pro-

inflammatory cytokines (e.g. IL1β, IL-6 and TNFα) and growth factors such as BMPs or 

MMPs (Pape, Marcucio et al. 2010, Claes, Recknagel et al. 2012). The secretion of cytokines 

such as IL-6 leads to the recruitment of monocytes and macrophages towards the fracture 

site. Monocytes differentiate into osteoclasts, which resorb necrotic bone aggregates and the 

necrotic regions of the bony ends, while macrophages remove the provisional "emergency 

extracellular matrix“, thereby cleaning the fracture gap (Loi, Córdova et al. 2016). Further-

more, MMPs are highly expressed by inflammatory cells and have a crucial role during bone 

regeneration. Lieu et al. revealed the importance of MMPs on appropriate fracture healing. 

The treatment of mice with a general MMP inhibitor (GM6001) resulted in delayed bone for-

mation, while in specific MMP2- and MMP9-null mice both mutations affected the bony callus 

and resulted in impaired bone remodeling (Lieu, Hansen et al. 2011), also reported by Colnot 

and colleagues (Colnot, Thompson et al. 2003). In the in vitro FH model, IL6 was upregulat-

ed similarly to ex vivo models (Hoff, Gaber et al. 2016), while MMP2 and MMP9 were signifi-

cantly upregulated, indicating an adequate inflammatory response in the FHs (Pfeiffenberger, 

Hoff et al. 2020). Another crucial factor for proper fracture healing is CXCR4 (SDF-1 recep-

tor), which is expressed on granulocytes, monocytes, lymphocytes as well as stem cells and 

reflects the migratory capacity (Kolar, Gaber et al. 2011, Edderkaoui 2017). Hosogane et al. 

could demonstrate that CXCR4 expressing cells recruit MSCs to the injured bone, subse-

quently resulting in enhanced bone formation (Hosogane, Huang et al. 2010). This was also 

verified by the study of Kitaori and colleagues, who registered an inhibition of new bone for-

mation in mice after the administration of an anti-SDF-1 antibody, while the administration of 

SDF-1 increased MSC chemotaxis in an in vitro model (Kitaori, Ito et al. 2009). The upregula-

tion of genes relevant to the adaptation towards hypoxia such as PGK1 and LDHA, which are 

highly expressed, shows that the cells within the FHs adapt to the hypoxic microenvironment 

and change their metabolism towards glycolysis (Nagao, Kobayashi et al. 2019). 
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Additionally, using Multiplex ELISA, the protein secretion of the cells in the FHs was ana-

lyzed in the supernatant. The secretion of pro-angiogenic IL-8 and pro-inflammatory IL-6 con-

firmed the findings on mRNA expression level. Moreover, granulocyte-colony stimulating 

factor (G-CSF), GM-CSF and MIP were abundantly released, which is in accordance with the 

analysis of Hoff et al. (Hoff, Gaber et al. 2016, Pfeiffenberger, Hoff et al. 2020). The positive 

effect of G-CSF was confirmed by the studies of Bozlar et al. and Herrmann and colleagues 

(Bozlar, Aslan et al. 2005, Herrmann, Zeiter et al. 2018). Bozlar et al. administered recombi-

nant G-CSF to a group of Sprague Dawley rats and observed higher mechanical parameters 

(max-load) compared to the control group (Bozlar, Aslan et al. 2005). Herrmann et al. ob-

served an increased bone formation and reduced gap size in the G-CSF treatment group in a 

rat segmental bone defect model (Herrmann, Zeiter et al. 2018). GM-SCF and MIP, mainly 

secreted by MSCs, are known to enhance the recruitment of immune cells and maintenance 

of macrophages as well as increase the migration capacity, enhance the activation and 

phagocytosis potential and thereby promote the survival of neutrophils (Le Blanc and Davies 

2015).    

Overall, the profile of the cell composition, mRNA expression and protein pattern show pro-

found similarities to experimental studies in the literature and therefore resemble the in vivo 

situation (Pfeiffenberger, Hoff et al. 2020). 

 Limitations: 
To produce the human in vitro FHs, peripheral blood from healthy donors is mixed with 

MSCs of other donors, making it an allogenic approach (Pfeiffenberger, Hoff et al. 2020). For 

technical and ethical reasons, it was not possible to obtain blood and MSCs from the same 

donor. However, since MSCs are considered to be immunoprivileged and commonly used in 

clinics when transplanting MSCs and show no adverse effects, this should not be a problem. 

Additionally, our group and other groups could show that allogenic MSCs do not activate T 

cells or monocytes in vitro (Hare, Fishman et al. 2012, Zhang, Huang et al. 2015, Rozier, 

Maria et al. 2018). For technical reasons, other cells such as HSCs, which are represented in 

the FH, were not included, since only a considerably small number of these cells is present in 

the FH and they are very challenging to isolate. In addition, fully differentiated cells such as 

macrophages or osteoblasts, which are part of the initial fracture hematoma to a certain de-

gree, are not included in the FHs presented here. Yet, their progenitor cells were implement-

ed.   

Another limitation is that the approach is not completely xeno-free, since fetal calf serum 

(FCS) was used for the cultivation of the MSCs and the established models. FCS is used 

extensively worldwide to enhance the proliferation of various cell types. Beyond ethical con-
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siderations, mainly due to the harvesting procedure, scientific issues should also be consid-

ered (Jochems, van der Valk et al. 2002). In general, the composition of FCS is unknown and 

varies greatly between individual batches (Honn, Singley et al. 1975). Moreover, Knepper 

and colleagues found various transcription factors present in different batches of FCS, which 

could influence cell culture (Knepper, Mayanil et al. 1998). In addition, Yokoyama et al. could 

show that FCS components increased the chondrogenic differentiation potential of human 

MSCs in vitro, while decreasing the expression of the stemness marker CD90, and found a 

morphological change of the MSCs to larger polygonal cells (Yokoyama, Miwa et al. 2008). 

To minimize these effects and avoid batch-to-batch variations, FCS from one large batch 

was used in this study. To completely replace FCS, several approaches exist. For instance, 

Popov et al. used human serum, which did not alter the proliferation capacity of human 

MSCs, yet enhanced their osteogenic differentiation potential (Popov, Scotchford et al. 

2019). Another approach is the use of human platelet lysate, which showed promising results 

and could fully replace FCS in MSC cell culture (Fernandez-Rebollo, Mentrup et al. 2017, 

Tylek, Schilling et al. 2019). However, human platelet lysate is ill-defined (broad range of 

growth factors) and batch-to-batch variations are obvious (Hemeda, Giebel et al. 2014). A 

chemically defined medium for the cultivation of MSCs is still elusive.  

4.3 Stratification of the human fracture hematoma model – Proof of concept 

In order to stratify the FH model and validate the applicability for therapeutic approaches, the 

human in vitro FH models were either treated with deferoxamine (DFO, fosters fracture heal-

ing) or dexamethasone (DEX, impairs fracture healing). Hereby, DFO was administered to 

FHs cultivated under normoxic conditions, in order to mimic impaired bone healing condi-

tions, while DEX was administered to FHs under hypoxic conditions, in order to mimic normal 

bone healing conditions (Pfeiffenberger, Hoff et al. 2020). To simulate the clinical application 

of DFO to counter-regulate an inadequate hypoxic response in patients that are susceptible 

to impaired bone healing, as demonstrated by Kolar et al. (Kolar, Gaber et al. 2011), the in 

vitro FHs were treated with 250 µM DFO under normoxic conditions. DFO has been reported 

to support angiogenesis (Farberg, Sarhaddi et al. 2014), to enhance the osteogenic differen-

tiation of MSCs (Jia, Chen et al. 2016), to augment revascularization after fracture (Donneys, 

Farberg et al. 2012, Matsumoto and Sato 2015) and to boost the mineralization and later 

restoration of the callus (Shen, Wan et al. 2009, Grewal, Keller et al. 2014), making it an at-

tractive off-label therapeutic target to foster fracture healing. Our group could also observe 

the enhanced osteogenic differentiation and calcification of MSCs in vitro, while application of 

DFO in vivo in a mouse osteotomy model lead to accelerated callus mineralization and sub-

sequent vessel formation (Lang, Helfmeier et al. 2020). DFO stabilizes HIF1 by suppressing 

PHDs, which are responsible for tagging HIF1 for degradation through proteasomes, there-
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fore mimicking hypoxic conditions and significantly improving osteogenesis (Qu, Zhang et al. 

2008) and bone regeneration (Wan, Gilbert et al. 2008). When treated with DFO, the compo-

sition of cells within the FH model shifts towards a higher frequency of granulocytes, while 

the frequency of cytotoxic T cells and T helper was significantly diminished and the frequen-

cy of MSCs was slightly diminished (Pfeiffenberger, Hoff et al. 2020). DFO has been shown 

to inhibit the proliferation of T cells, by preventing the cells to complete the S phase of the 

cell proliferation cycle (Lederman, Cohen et al. 1984) or inducing the p53-mediated apopto-

sis pathway (Kim, Choi et al. 2007), with barely any effect on granulocytes (Hileti, 

Panayiotidis et al. 1995). This may explain the diminished frequencies of T cells but not 

granulocytes observed in the underlying study. Furthermore, studies could show that DFO 

augmented the functional capacity of neutrophils by means of the induced formation of neu-

trophil extracellular traps (Vollger, Akong-Moore et al. 2016) and enhanced phagocytosis 

(Cantinieaux, Hariga et al. 1990). With regard to MSCs, Wang et al. revealed an anti-

proliferative effect of DFO on MSCs in vitro (Wang, Shen et al. 2017), which may explain the 

slightly diminished frequency of MSCs. However, DFO seems to trigger the upregulation of 

RUNX2 (Pfeiffenberger, Hoff et al. 2020) and DFO has been shown to induce osteogenesis 

and enhance the expression of RUNX2 in MSCs (Qu, Zhang et al. 2008) and human perio-

dontal ligament cells (Mu, Guo et al. 2017) in vitro. Interestingly, the expression of SPP1, 

which is inter alia activated through RUNX2 and a late marker of osteogenic processes, is 

expressed on a basal level, indicating a delay of osteogenesis (Pfeiffenberger, Hoff et al. 

2020). Additionally, marker genes for the adaptation towards hypoxia (HIF, LDHA, PGK1) are 

higher expressed when the FHs were treated with DFO compared to normoxia 

(Pfeiffenberger, Hoff et al. 2020), suggesting adaptive processes of the implemented cells, 

which can be explained by the stabilization of HIF, thereby preventing its degradation (Qu, 

Zhang et al. 2008). With respect to the secretion of cytokines/chemokines, IL-6 and IL-8 were 

both similarly secreted compared to normoxia. Furthermore, the treatment with DFO did not 

lead to the increased secretion of G-CSF, GM-CSF, MCP, MIF and MIP. Thus, DFO did not 

cause an enhanced inflammatory response (Pfeiffenberger, Hoff et al. 2020). 

Glucocorticoids such as DEX are immunosuppressive, anti-allergic, anti-inflammatory and 

analgetic drugs (Jokela, Ahonen et al. 2009, Strehl, Ehlers et al. 2019), which inhibit the ex-

pression of inflammatory mediators. Hence, they are used to tackle immune-mediated (auto) 

inflammatory diseases in a variety of treatment strategies (Abraham, Lawrence et al. 2006). 

However, besides other side effects (Polderman, Farhang-Razi et al. 2018), DEX is consid-

ered to negatively influence fracture healing by delaying bone union (Snäll, Apajalahti et al. 

2015), inhibiting osteogenesis (Li, Wang et al. 2012), for instance by triggering apoptosis in 

osteoblasts and osteocytes (Brabnikova Maresova, Pavelka et al. 2013) or enhancing bone 
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resorption by an induced osteoclastogenesis (Takuma, Kaneda et al. 2003). In the underlying 

study, the FH models were treated with a therapeutic dose of DEX (10-7 M) for 48 h under 

hypoxic conditions, while the non-treated FH under hypoxia served as a control. After incuba-

tion, the cellular composition shifted towards a significantly diminished proportion of MSCs, 

while immune cells were significantly higher compared to the untreated control. Additionally, 

osteogenic marker genes (RUNX2 and SPP1) were expressed to a lower extent, while the 

secretion of inflammatory cytokines was induced (Pfeiffenberger, Hoff et al. 2020). Most no-

tably, the increase in immune cells was unexpected at first glance, since DEX is well-known 

to act anti-inflammatory by inducing apoptosis, particularly in T cells, and actively suppresses 

T cell activation (Xing, Gu et al. 2015). However, two independent studies reported that DEX 

induces the proliferation and reverses the immunosuppressive effect of MSCs, if peripheral 

blood mononuclear cells are co-cultivated with MSCs (Buron, Perrin et al. 2009, Chen, Gan 

et al. 2014). In a mouse model, Chen et al. observed that DEX reversed the anti-

inflammatory effect of transplanted MSCs (Chen, Gan et al. 2014). The finding here, that the 

expression of osteogenic marker genes is diminished, is in accordance with several studies 

(Canalis 1996, Liu, Akhter et al. 2018) and indicates delayed osteogenesis within the in vitro 

FH model. Additionally, the expression of HIF-induced genes such as VEGF, CXCR4 and 

LDHA is reduced in the DFO-treated in vitro models (Pfeiffenberger, Hoff et al. 2020), which 

is also in accordance with studies by our group and other groups (Gaber, Schellmann et al. 

2011, Wu, Lucia et al. 2014).  

Taken together, the treatment of the in vitro FH model with DEX showed several features of 

a delayed fracture healing process and therefore, might be used as an in vitro model to mim-

ic the situation of delayed fracture healing (Pfeiffenberger, Hoff et al. 2020).  

Challenging the in vitro FH models with both DFO and DEX revealed the possibility of using 

the introduced model as a platform to test new therapeutic strategies regarding fracture heal-

ing-related disorders. 

 Limitations: 
In order to stratify the FH model with regard to its response to the treatment with therapeutics 

that affect fracture-healing, the FH models were challenged either with DFO or DEX 

(Pfeiffenberger, Hoff et al. 2020). Within the DFO treatment studies, the FHs were chal-

lenged with 250 µM DFO, which is in the range of other studies evaluating the influence of 

DFO on fracture healing in rats (Farberg, Sarhaddi et al. 2012, Donneys, Yang et al. 2019), 

rabbits (Li, Fan et al. 2015) and in vitro approaches (Wang, Shen et al. 2017). However, 

Wang et al. revealed a dose-dependent increase of tubule formation of HUVECs in vitro 

(Wang, Shen et al. 2017, Wang, Shen et al. 2017). In the underlying study, only one specific 
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concentration of DFO was used. Thus, no dose-dependent effect on the FH models could be 

evaluated (Pfeiffenberger, Hoff et al. 2020), which could be an important task for further ap-

proaches. Dose-dependent influences have also been reported for DEX (Chen, Gan et al. 

2014). Consequently, the influence of different doses of DEX could also be of interest to fu-

ture studies and was not analyzed here (Pfeiffenberger, Hoff et al. 2020).  

4.4 Comparison of both fracture hematoma models 

As discussed above, hypoxia favored the survival of MSCs over that of immune cells, result-

ing in that MSCs were the most prominent cell fraction after 48 h of incubation both in the 

equine and the human FH model (Pfeiffenberger, Bartsch et al. 2019, Pfeiffenberger, Hoff et 

al. 2020). A direct comparison to an earlier study in our group by Hoff et al. using human ex 

vivo FHs < 72 h after fracture, with regard to the MSC population within the FH is challeng-

ing, since in this study MSCs were not included in the flow cytometric analysis. Hence, in the 

underlying studies MSCs represent 23.4% (16.6-24.5%) in the human model and 34.7% 

(29.8- 38.3%) of the whole cell population, while Hoff et al. could not assign 12.2% (1.2 - 

85.6%) of the cells to a specific cell population, which fits perfectly in the range of MSCs re-

vealed in the presented in vitro study (Hoff, Gaber et al. 2016). For the proportion of T cells, 

T helper cells and cytotoxic T cells, the studies show similar percentages. Granulocytes were 

at first sight more abundant in the ex vivo study as a percentage, but since the range is very 

broad; the percentages of the in vitro studies are comparable. Monocytes and B cells are 

additionally comparably present in the ex vivo and human in vitro study, yet not assigned 

within the equine model (Pfeiffenberger, Bartsch et al. 2019, Pfeiffenberger, Hoff et al. 2020) 

(Table 3). Focusing on the gene expression, similar pattern between both FH models and the 

ex vivo study could be observed. Osteogenic genes such as RUNX2 and SPP1 were distinct-

ly upregulated, indicating similar osteogenic induction within the three models. Early inflam-

matory markers (IL6, IL8) were upregulated in the human in vitro and ex vivo study, hence 

not assigned in the equine FH model. The similar adaptation towards a hypoxic microenvi-

ronment was also confirmed by the upregulation of significant marker genes (LDHA, PGK1, 

PFKFB3 and SLC2A) as shown in Table 4 (Hoff, Gaber et al. 2016, Pfeiffenberger, Bartsch 

et al. 2019, Pfeiffenberger, Hoff et al. 2020).   

Taken together, both in vitro models could be stratified using the ex vivo data and showed 

very similar progression with regard to the cell composition and gene expression pattern. 

Interestingly, profound inter-species similarities have been revealed, indicating similar pro-

cesses in the adaptation to traumatic events such as fractures in horses and humans.   
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4.5 Development and characterization of scaffold-free bone-like constructs 
(SFBCs) 

In general, the multitude of studies focused on bone development and bone regeneration are 

performed using small animal models. These studies offer a profound insight into important 

processes of fracture healing. However, particularly in vitro approaches in the field of BTE 

provide promising tools to reduce the use of animals, while allowing sophisticated research, 

in order to understand elementary processes during bone regeneration (Amini, Laurencin et 

al. 2012). Generally, BTE is based on the three pillars: biomaterials, biodegradable scaffolds 

and cellular approaches. In brief, biomaterials such as natural and synthetic ceramics or hy-

drogels are osteo-inductive materials, which are capable to act as osteogenic inducers and 

enhance bone formation, while biodegradable scaffolds like TCP provide temporary mechan-

ical integrity, in order to allow attached cells to regenerate or repair bone tissue. Cellular ap-

proaches mostly rely on the transplantation of stem cells into the defect, which differentiate in 

situ and induce or rather enhance bone healing properties (Amini, Laurencin et al. 2012). In 

order to generate tissue-like structures, the cultivation of three-dimensional cell pellets, con-

sisting of primary cells or cell lines with self-produced matrices and without exogenous scaf-

folds, are of emerging interest in the field of bone regeneration (DuRaine, Brown et al. 2015), 

most often using MSCs (Sart, Tsai et al. 2014). Another promising cellular bottom-up ap-

proach is the generation of spheroids, with the aim to precondition cells to form modular tis-

sue units as building blocks for tissue engineering approaches (Baptista, Kronemberger et al. 

2018). Generation of these 3D cell models is based on hanging droplet techniques, rotation 

cultures or the usage of pelleting and subsequent cultivation in non-adhesive cell culture 

plates (Hildebrandt, Büth et al. 2011, Lee, Pathak et al. 2019), most often using MSCs or 

adipose stem cells (Baptista, Kronemberger et al. 2018). 

In the underlying study, the first step was to produce, establish and characterize scaffold-free 

bone-like constructs, in order to simulate the bony end present after fracture. These con-

structs should implement essential osteo-inductive cues, represented by the bony ends after 

fracture in vivo (Pfeiffenberger, Damerau et al. 2020). The SFBCs were produced by refining 

a patented technique introduced by Ponomarev et al., which is based on self-organization of 

equine MSCs, in order to produce cartilage-like transplants (Ponomarev 2013, Ponomarev, 

Kochneva et al. 2014). In our group, this technique was already translated to human MSCs 

to generate a model of osteoarthritis (Weber, Fischer et al. 2020). In the underlying study, 

the established and characterized models were produced in a similar way, with the distinction 

that the constructs were cultivated in osteogenic induction medium, which stimulates the os-

teogenic differentiation of MSCs. MSCs, in particular, are capable of self-assembly and self-

organization under the appropriate conditions (DuRaine, Brown et al. 2015). Bhumiratana et 
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al. and Ghosh et al. provided functional in vitro cartilage models using mesenchymal con-

densation (Ghosh, Laha et al. 2009, Bhumiratana, Eton et al. 2014), showing the bridging 

towards ectopic endochondral bone formation after transplantation. Furthermore, Scotti et al. 

could replicate endochondral bone formation in a nude mouse model after subcutaneously 

implanting human MSCs. This effect was significantly enhanced by pre-maturation of the 

cells in vitro, allowing the formation of hypertrophic tissue structures using a trans-well in 

vitro system (Scotti, Tonnarelli et al. 2010). Interestingly, Akiyama et al. produced cell pellets 

of periosteal cells through centrifugation and propagation in medium containing ascorbic ac-

id. These pre-differentiated cells also resulted in new bone formation, areas of calcification 

and even vascular invasion after subcutaneous transplantation on the back of nude mice 

(Akiyama, Nonomura et al. 2006). However, these models focus on the recapitulation of 

bone formation or bone regeneration processes after transplantation, therefore tackling the 

capability of implemented cells to eventually provide functionality using in vivo setups. Fur-

thermore, these pellet models and other bone models using spheroids share the disad-

vantage of low cell numbers, unphysiological size, unphysiological geometrical arrangement 

of the cells as well as a lack in density and matrix formation. Within this thesis, the focus was 

directed on developing and establishing an in vitro macroscale model (SFBCs) to capture 

fundamental events of fracture healing, particularly the initial phase, when combined with the 

FH model to represent a complete fracture gap model (Pfeiffenberger, Damerau et al. 2020).  

As verified by in vitro µCT, the SFBCs were calcified and mineralized throughout the com-

plete tissue constructs, however, to a lesser degree in the central region (Pfeiffenberger, 

Damerau et al. 2020). Nevertheless, H&E staining revealed no necrotic regions, which is 

often a problem in spheroid culturing (Freyer 1988). Hence, oxygen-permeable spheroid cul-

ture systems (Anada, Fukuda et al. 2012) and sophisticated bioreactor platforms with prefer-

able arrays (Barisam, Saidi et al. 2018) have been developed, in order to tackle the 

insufficient oxygen and nutrient supply in the center region. For that reason, the hypothesis is 

raised that the cultivation of the SFBCs for a longer time period could eventually lead to full 

calcification. However, the approach here was to establish a model functioning as an osteo-

genic inducer as part of a more complex 3D model of the fracture gap, representing the bony 

ends right after fracture. The calcification was confirmed histologically by Alizarin Red S 

staining, which stains for calcium-complexes. Mineralization was confirmed via µCT and von 

Kossa staining, which specifically reacts to phosphate-complexes. Additionally, histolo-

gy/immunohistochemistry revealed the distinct expression of ALP and COL1 with no expres-

sion of COL2 (Pfeiffenberger, Damerau et al. 2020), which is in accordance with the results 

of other studies that characterized MSC aggregates at comparable time points (Muraglia, 

Corsi et al. 2003, Frith, Thomson et al. 2010, Kabiri, Kul et al. 2012). Interestingly, we were 
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able to detect a contrary dissemination of COL1 and COL2, with COL2 as the primarily ex-

pressed protein and a lower expression of COL1 in a previous study, using a similar MSC 

condensation technique, but cultivating the constructs in chondrogenic differentiation medi-

um. This illustrates the switch towards osteogenic development in the SFBCs (Weber, 

Fischer et al. 2020). Furthermore, scanning with electron microscopy exposed the structure 

and morphology of the SFBCs with a dense, lining structure at the surface and layer-like 

structures in the inner regions (Pfeiffenberger, Damerau et al. 2020), resembling native, wo-

ven bone (Parrilli, Pagani et al. 2014), (Erli, Marx et al. 2003). These layer-like structures 

were also obvious in the H&E, Alizarin Red S and von Kossa stainings. In order to identify 

the most abundant typical bone cells, such as osteoblasts and osteoblast-derived osteocytes 

(Paic, Igwe et al. 2009, Florencio-Silva, Sasso et al. 2015), immunofluorescence stainings for 

OPN and OC were applied (Pfeiffenberger, Damerau et al. 2020). During the differentiation 

and maturation of osteoblasts a specific gene and protein expression pattern is obvious 

(Weinreb, Shinar et al. 1990, Granchi, Ochoa et al. 2010, Wang, Li et al. 2015). OPN, a high-

ly phosphorylated glycophosphoprotein (Icer and Gezmen-Karadag 2018), is particularly ex-

pressed in pre-osteoblasts or immature osteoblasts, while COL1 expression is mainly found 

in stage 2 osteoblasts and OC is found in mature osteoblasts during their transformation into 

osteocytes (Rutkovskiy, Stensløkken et al. 2016). The distinct expression of the different 

specific proteins indicates the presence of a heterogeneous cell composition in various dif-

ferentiation and maturation stages within the SFBCs. Therefore, it can be stated that the dif-

ferentiation/maturation of the implemented cells is functional and very similar to bone 

development/regeneration in vivo.  

 

On mRNA-level, SPP1, DLX5 and VEGF were expressed to a higher extent when compared 

to monolayer MSC cultures, once again indicating osteogenic differentiation processes within 

the SFBCs, while RUNX2, a specific osteogenesis transcription factor (Xu, Li et al. 2015) 

was only slightly higher expressed (Pfeiffenberger, Damerau et al. 2020). RUNX2 is mainly 

involved in the early mesenchymal condensation and osteoblast differentiation, and orches-

trates the expression of downstream genes such as COL1, OPN and OC. Hence, RUNX2 

actually has to be downregulated for further maturation of osteoblasts (Bruderer, Richards et 

al. 2014). Consequently, the significant upregulation of RUNX2 in the SFBCs was unex-

pected. Single-cell RNA-Seq could be implemented in the near future to allocate cells with 

different expression statuses of RUNX2 in the SFBCs, in order to assign the cells directly to 

their maturation status. With regard to the enhanced expression of SPP1, the gene coding 

for OPN and DLX5, a master regulator of osteogenesis (Heo, Lee et al. 2017), other studies 

using condensation/aggregation techniques observed comparable results (Wang, Itaka et al. 

2009, Jing and Jian-Xiong 2011, Ma, Zhong et al. 2011, Cheng, Wang et al. 2012). The im-
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portance of DLX5 for an appropriate osteogenesis was confirmed by studies in mice lacking 

the DLX5 gene, since DLX5-null mice showed a drastic reduction of trabecular and total 

bone volume (Samee, Geoffroy et al. 2008). Interestingly, VEGF is significantly more ex-

pressed in the SFBCs compared to monolayer MSCs. Primarily, VEGF is known to play a 

pivotal role during angiogenesis and revascularization (Hoeben, Landuyt et al. 2004, Chung, 

Kim et al. 2010). Thus, VEGF is also required for coupling osteogenesis and angiogenesis in 

bone regeneration (Grosso, Burger et al. 2017) and endochondral ossification (Gerber, Vu et 

al. 1999, Dai and Rabie 2007). Additionally, VEGF is known to enhance the osteogenic dif-

ferentiation of stem cells in vitro (I, Nargi et al. 2011, Clark, Wang et al. 2015). Furthermore, 

VEGF is a downstream target of the HIF1α pathway (Irwin, McCord et al. 2009, Maes, 

Carmeliet et al. 2012). Since the SFBCs are macroscale models, the inner area could be 

hypoxic; therefore, VEGF could be upregulated due to the activation of the HIF1α pathway. 

 Limitations: 
Focusing on the SFBCs, the main limitation is the time-consuming process of production. At 

least three months pass between the isolation of the MSCs from bone marrow and the fully-

derived SFBCs, which makes it difficult to achieve a high number of ns in the experiments, 

thereby limiting the throughput of the system. Since the MSCs are mostly derived from elder-

ly people undergoing hip replacement surgery, the proliferation capacity of some MSC lines 

is limited, which also makes the propagation time-consuming in some cases. Generally, 

MSCs (and other cells) expanded in high passages in vitro undergo senescence, known as 

the Hayflick effect (Liu, Ding et al. 2020). In terms of MSCs, Banfi et al. showed that MSCs in 

high passages undergo replicative aging; osteogenic differentiation was induced, and telo-

mere length decreased over time. They could also show that this effect is enhanced in older 

donors (Banfi, Bianchi et al. 2002). In addition, Oja and colleagues found morphological dif-

ferences of MSCs between early and later passages. MSCs in early passages revealed their 

typical fibroid morphology, while cells in later passages were enlarged and flattened out. 

However, they could show that MSCs between passages 1-3 did not alter their morphology 

(Oja, Komulainen et al. 2018). To minimize senescent effects, only cells from early passages 

(3-4) were used to produce the SFBCs in the underlying study. 

Mature and healthy bone consists of osteoblasts, osteocytes and osteoclasts in a highly bal-

anced equilibrium. Thereby, osteoblasts form and osteoclasts resorb bone in a highly orches-

trated manner. Osteoblasts derive from MSCs, whereas osteoclasts originate from 

mononuclear cells of the hematopoietic stem cell lineage (Florencio-Silva, Sasso et al. 2015). 

In the underlying study, the SFBCs were produced solely of MSCs, therefore no osteoclasts 

were included, and remodeling of the bone was not possible. However, right after fracture, 

the bone is broken and not fully functional in terms of its structural properties, as the bone is 
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shattered by the trauma. Nevertheless, fracture healing-inducing signals could be communi-

cated through autocrine or paracrine mechanisms, which could influence processes within 

the FH in the fracture gap without significant impact by means of the presence of osteoclasts. 

Moreover, healthy bone is highly vascularized to supply the bone with oxygen, nutrients, 

hormones and growth factors; vascularization plays a profound role in bone growth, bone 

development, bone regeneration and remodeling (Filipowska, Tomaszewski et al. 2017). 

Several approaches exist to implement the vasculature component in bone models. For in-

stance, Zhang et al. developed a double-cell sheet complex in vitro, whereby the first cell 

sheet was composed of an osteogenic cell layer (osteogenic potential) and the second of 

vascular endothelial cells (blood vessel potential), which was transplanted to nude mice. 

Twelve weeks after transplantation, they revealed both osteogenic and blood vessel for-

mation potential in vivo (Zhang, Zhou et al. 2018). In another approach, Chiesa et al. devel-

oped a vascularized bone model in vitro using 3D bioprinting techniques. They combined 

pre-differentiated osteogenic MSCs and HUVECs on a gelatin-nanohydroxyapatite bioprinted 

scaffold. After 4 weeks of cultivation, the HUVECs formed tubular-like structure and a capil-

lary-like network within the bone constructs, along with ongoing osteogenesis (Chiesa, De 

Maria et al. 2020). 

In the introduced model, the functional part of the SFBCs was to act as an osteogenic cue, in 

order to induce osteogenic processes within the FHs. Therefore, a completely functional 

bone construct involving all bone-specific cell types was obsolete. Since vasculature is at 

least compromised by means of ruptured blood vessels after trauma, vascularized bone was 

also not necessary for the SFBCs presented here. Additionally, vascularization of the bone 

does not occur in the initial phase of fracture healing but in subsequent phases.  

4.6 Development and characterization of the in vitro fracture gap model 

After thoroughly characterizing the two main components, the SFBC and the in vitro FH, the 

models were combined, in order to establish a model capable of mimicking the initial phase 

of fracture healing in vitro. As the results of the in vitro FH models studies clearly showed the 

enormous and essential influence of hypoxia on setting up an appropriate model to reflect 

the situation found in vivo best, the co-cultivation of SFBCs and the FH was performed under 

hypoxic conditions. In order to assess if the SFBC implements all the osteogenic cues to 

induce processes such as osteogenesis, angiogenesis, metabolic adaptation and acute in-

flammation, the fracture gap models were incubated in medium without osteogenic inductive 

supplements (and with supplements as control). The discussion therefore focuses on the 

results after 48 h in medium without supplementation. The SFBC and the FH model were 

cultivated in close contact, which allows direct cell-cell and cell-matrix contact of the two 
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components, allowing direct cell-cell communication and activation, as well as through me-

tabolites in the surrounding medium. After incubation, H&E staining revealed that the two 

components remained closely stuck together and the cells were similarly distributed as seen 

in the FHs and SFBCs when cultivated alone. Via von Kossa and Alizarin Red S staining, the 

calcification of the SFBC was confirmed, while calcification was not obvious in the FH  

(Pfeiffenberger, Damerau et al. 2020). However, a functional bridging was not to be expected 

after such a short cultivation period, since the formation of the soft callus in humans takes 

approximately 3 weeks, while hard callus formation can be observed after 3-4 months (Tian, 

Tang et al. 2019). Nevertheless, the mRNA expression in the FHs displayed the distinct up-

regulation of osteogenic (RUNX2, SPP1), angiogenic (VEGF, IL8), inflammatory (IL6, MMP2) 

and metabolic (LDHA, PGK1) genes compared to 0 h (Pfeiffenberger, Damerau et al. 2020). 

The comparison with the in vitro FH models and the ex vivo study of Hoff et al. demonstrates 

impressive similarities. Since the in vitro FH models were incubated in osteogenic induction 

medium, this should be the driving force to induce osteogenesis within the FH. Thus, the co-

cultivation of the FH with the SFBC in normal medium resulted in similar results, the SFBC 

functions as osteo-inductive cue. Osteogenic induction of MSCs in vitro by various materials 

was verified by many groups. For instance, Weisgerber et al. used a mineralized collagen-

GAG scaffold, which was sufficient to induce and enhance osteogenic differentiation and 

matrix remodeling of MSCs without any supplements (Weisgerber, Caliari et al. 2015), while 

Martins et al. and Xi et al. showed similar results using electrospun scaffolds on polycapro-

lactone (PCL) nanofiber or Poly-d,l-lactide-co-glycolide (PLGA) nanofiber basis (Xin, Hussain 

et al. 2007, Martins, Duarte et al. 2010). The osteo-inductive capacity of various MSC-

seeded scaffolds was also verified in vivo using animal models (Mauney, Jaquiery et al. 

2005, Yuan, Rezzadeh et al. 2015). However, the osteogenic induction potential of scaffolds 

or scaffold-free bone constructs on a 3D model in vitro is mostly elusive. In a study using 

bone chips immediately after fracture, Burska et al. could reveal the distinct expression of 

inflammatory markers such as IL6 and IL8, migration markers such as CXCR4 and MMP9 

and osteogenic markers like SPP1 or osteonectin (Burska, Giannoudis et al. 2020). In the 

SFBCs, mRNA expression analysis revealed the induced expression of VEGF and SPP1; 

indicating that osteogenic processes remain unchanged within the SFBC and a self-

sustaining equilibrium of important processes within the SFBCs. With regard to the protein 

secretion, IL-6, IL-8, G-SCF, GM-CSF and MIP were abundantly present in the supernatants 

(Pfeiffenberger, Damerau et al. 2020), which are in accordance with the human FH model 

and several other studies (Hoff, Gaber et al. 2016, Hoff, Gaber et al. 2017). In order to vali-

date the model in its applicability to respond to fracture healing-relevant drugs, the models 

were challenged with 250 mM DFO (Pfeiffenberger, Damerau et al. 2020). DFO has been 

verified to augment vascularity, callus formation and mineralization in long-bone fracture 
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models (Donneys, Ahsan et al. 2013) and significantly enhance bone regeneration (Wan, 

Gilbert et al. 2008). Since the positive effect of DFO is attributed to the activation of the 

HIF1α-pathway, the upregulation of HIF1α-controlled genes was to be expected. Upon 

treatment, the mRNA expression of SPP1, VEGF, MMP2, IL6 and LDHA was upregulated 

compared to the non-treatment group, while RUNX2, IL8 and PGK1 were expressed on a 

basal level. Hence, DFO triggered osteogenesis, angiogenesis and inflammatory conditions 

within the FHs, presumably by activating the HIF1α-pathway (Pfeiffenberger, Damerau et al. 

2020).  

Taken together, within the 3D in vitro fracture gap model presented here, key features of the 

initial phase of fracture healing could be mimicked soundly. The established model can be 

used i) to investigate probable underlying mechanisms of fracture healing disorders, particu-

larly focusing on immunologically restricted patients (Hoff, Gaber et al. 2011, Hoff, Gaber et 

al. 2017), compelling the crosstalk between immune cells and bone, and ii) as a prediction 

tool for potential therapeutic strategies, while actively implementing the 3R principle. 

 Limitations: 
With regard to the fracture gap model, we observed a drastic decline of living cells after 72 h 

of incubation. Consequently, the analysis after 72 h could not be included in the underlying 

study. This is mainly due to the steady-state system used here, which could be overcome by 

cultivation in a perfused system, maybe prolonging the timeframe for analysis. Additionally, in 

contrast to e.g. mouse models, the presented study is not a systemic approach. For one, 

mechanical influences, which are particularly essential in the initial phase of fracture healing, 

have to be considered. Kenwright and Gardner, using a tibial diaphyseal fracture model 

treated by external skeletal fixation, observed that external fixation should allow amplitudes 

of movement to improve an appropriate healing process in the first 4-6 weeks after fracture 

(Kenwright and Gardner 1998). In order to overcome this limitation, our group plans to im-

plement a pressurized cell chamber system within a bioreactor platform, providing the oppor-

tunity to implement defined scenarios of external pressure and analyze the influence of 

mechanics on fracture healing in vitro. As already discussed above, the allogenic approach 

and the use of FCS must also be considered as a limitation of the FGM.  

4.7 Positioning of the thesis in the fields of 3R research and comparative medi-
cine 

The book “The Principles of Humane Experimental Technique” published by Russell and 

Burch (1959) is well known in the scientific world. Generally, the principles of the 3R´s in-

clude the (i) refinement of the experimental methods with regard to animal welfare aspects, 

(ii) reduction of animal numbers for experiments and (iii) complete replacement of animal use 



Discussion  

113 

by in vitro methods, in silico methods or animals of a lower phylum (Reifenrath, Angrisani et 

al. 2014). Despite the age of this book, most of the facts written down there still have an 

enormous influence on the scientific community and beyond. The groundbreaking ideas de-

rived from it fundamentally changed the scientific working ethos and procedures. For in-

stance, every study implementing animal experiment applications has to refer to the principle 

of the 3R´s (Refine, Reduce, Replace). Briefly, every animal experiment conducted in a new 

study has to be justified, by means that no validated alternative method exists to adequately 

answer the scientific question. As a consequence, animal welfare moved into the spotlight. 

For the protection of animals used for scientific purposes, the European Parliament and the 

council of the European Union (EU) ratified the directive 2010/63/EU to ensure high ethical 

standards of welfare for laboratory animals in science (Olsson, Silva et al. 2017). In Germa-

ny, the judicial transposition of this directive was achieved through a revision of the German 

Animal Welfare Act and the adoption of the Ordinance on the Protection of Experimental An-

imals in 2013 (Verbraucherschutz 2013, Verbraucherschutz 2020). Furthermore, the EU 

Cosmetics Directive prohibited the use of animal-tested cosmetics in Europe in 2013 (Adler, 

Basketter et al. 2011). Following the agenda, the new European Chemicals Legislation 

(REACH) promotes and calls for the implementation of alternative methods, if validated and 

appropriate. Interestingly, alternative methods in the status of pre-validation or currently in 

the validation process may be used under certain conditions, which has led to considerable 

progress in the establishment of alternative methods, particularly with regard to methods 

predicting local toxicity effects or genotoxicity (Lilienblum, Dekant et al. 2008). The validation 

of alternative methods is defined as a process by which the relevance and reliability of a 

specific method or methodology is established for a defined purpose. In the process of vali-

dation, the within- and between-laboratory reproducibility as well as the transferability of the 

method or methodology in different laboratories (reliability) and the biological relevance and 

predictive capacity (relevance) has to be irrefutably demonstrated. These validation steps 

accelerate and facilitate the regulatory acceptance of alternative test methods by legislative 

authorities like the Organization for Economic Co-operation and Development (OECD) 

(Griesinger, Desprez et al. 2016). To date, few in vitro methods capable of completely replac-

ing animal experiments have been approved by the OECD, all of which can be used in the 

field of toxicology. However, with regard to the validation and approval, the replacement of 

animal trials in basic science is even more challenging and there are concepts on the pro-

cess and implementation as well as the standardization of these methods (Griesinger, 

Desprez et al. 2016). Yet, animal experiments are worth discussing, not only in the context of 

ethical justification or moral aspects, but also in light of good scientific practice. In line with 

this, Paul Cotton introduced “Animals and Science Benefit from 'Replace, Reduce, Refine' 
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Effort” (Cotton 1993), also supported by Poole (Poole 1997), which implements an important 

detail often neglected in discussions on animal experiments.  

With respect to fracture healing models, no general consensus is stated on the gold stand-

ard. Different animal models to study fracture healing have been used, which impairs the 

possibility of inter-study comparisons (Mills and Simpson 2012, Reifenrath, Angrisani et al. 

2014). Therefore, various organizations actively involved and experienced in musculoskeletal 

research in Europe, namely AOVET (the veterinary specialty group of the AO Foundation), 

the AO Research Institute (ARI) and the European Academy for the Study of Scientific and 

Technological Advance, created a list with 10 golden rules for animal experimentation in this 

field (Auer, Goodship et al. 2007). Briefly, these suggestions include a thoughtful study de-

sign (including adequate sample size calculation and precise formulation of hypothesis be-

forehand), defined endpoints, minimal severity for the animals used, a detailed description of 

material and methods as well as confounding variables in publications, post-operative pain 

management, detailed study protocols and surgical expertise of operating persons (Auer, 

Goodship et al. 2007). Interestingly, these expert opinions and the elaborated guidelines 

were not exclusively related to persons in the area of 3R research, yet bring up several very 

important aspects regarding the 3R`s. This example impressively demonstrates the close 

connection between good scientific practice and the idea of 3R research. Especially the ac-

curate and reliable statistical planning is capable of saving many animals. Studies without 

appropriate animal numbers lack statistical significance and, together with the strict practice 

of holding back negative results, cause unnecessary repetitions of studies on the same topic, 

which in turn are responsible for the use of many animals that could have been spared.  

With regard to fracture healing, a lot of in silico research is implied to reduce animal testing, 

mainly before starting experiments in vivo. Therefore, computational models have been de-

veloped, ranging from mechanoregulatory computational healing models to healing models 

that incorporate certain cell activities (Wang, Yang et al. 2017). These in silico devices pro-

vide unique insights, particularly into the various tiers on organ, tissue, cellular and intracellu-

lar levels, thereby using numerous modeling approaches such as finite element techniques, 

agent-based models and partial differential equations (PDE) (Borgiani, Duda et al. 2017). As 

refinement strategies, pain management studies, in particular, have been conducted (Auer, 

Goodship et al. 2007, Moreno-Jiménez, Hulsart-Billstrom et al. 2016, Jirkof, Durst et al. 

2019).  

Using biological system models, particularly animal models, commences complex variables 

that complicate the potential for successful reproducibility of experiments. In conjunction with 

the selection of the most appropriate model, the risk of failed reproducibility can be mini-
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mized by ensuring consistent experimental methods and methodologies, the involvement of 

appropriately trained and qualified investigators and controlling and reducing uncontrolled 

variables. As a consequence, the CONSORT, PREPARE and ARRIVE guidelines were 

launched, in order to include details on animal use and care, implementing reporting con-

sistency in scientific research (Schulz, Altman et al. 2010, Macy and Horvath 2017, Smith, 

Clutton et al. 2018, Percie du Sert, Hurst et al. 2019). The reproducibility of experimental 

findings is not only an issue within the same species but even more across the species. 

Moreover, it is closely linked to the difficulties with regard to the translation of experimental 

findings towards the human. Thus, a great majority of drugs or therapeutic strategies that 

work perfectly in mice or other small animal models fail in clinical trials. This can be a result 

of already described differences between animals and humans (Seok, Warren et al. 2013). 

Hence, the assignment of the appropriate model to the scientific question is of enormous 

importance, if the translation to humans is requested and no basic scientific question has to 

be tackled. However, while there are apparent differences between some of the diseases of 

humans and those of other mammalian species, the similarities and resemblances exist in 

much greater numbers. As a consequence, human and veterinary medicine are often faced 

with the same questions and problems, and employ similar means for their solution (Bradley 

1927). Comparative medicine is defined as a scientific discipline, which relates differences 

and similarities between animals and humans, closely linking veterinarians and physicians in 

order to understand the mechanism of diseases (Macy and Horvath 2017). Thus, a better 

understanding of animal diseases could directly lead to the better understanding of human-

related diseases. An important aspect of comparative medicine is the choice of the model. 

For instance, choosing animal models with very similar pathology and pathophysiology could 

lead to better translatability, and as a result, spare animals. Additionally, choosing animal 

models with naturally occurring diseases, for instance fracture healing disorders in horses, 

could also help the involved animals as patients.   

4.8 Outlook 

Within this thesis, an in vitro fracture gap model was established to mimic the initial phase of 

fracture healing. The initial phase takes place within the first few days and several processes 

of this phase could be simulated here. However, several approaches to further optimize this 

project will be implemented in future studies of our group. Therefore, we are planning to in-

troduce our model in a newly developed bioreactor platform. This platform will give us the 

ability (i) to perfuse 4 models at the same time (while separately controllable) with fresh me-

dium, simultaneously discard metabolites in the surrounding medium and (ii) to apply target-

ed pressure with the aid of a pressure unit, integrated in the bioreactor. The system will also 

allow us to produce SFBCs on our own in a highly standardized manner. The possibility to 
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cultivate 4 models and apply different supplements (growth factors, therapeutics), allows us 

to directly compare different approaches using the same setup. Additionally, integrated sen-

sors provide the opportunity to analyze changes in the pH value and lactate/glucose produc-

tion over time online. Furthermore, the perfusion of the models will allow us to substantially 

prolong the incubation time and to possibly demonstrate the transition of fracture healing into 

the second phase and the transition from pro-inflammatory to anti-inflammatory phase in 

vitro.   

In another approach, the focus will be on the replacement of FCS as medium supplement 

with platelet derived human platelet lysate (pHPL). We have already established a protocol to 

produce pHPL from healthy donor blood and were able to show that MSCs proliferate when 

FCS is fully replaced with pHPL. However, so far, we failed to completely replace FCS, due 

to the fact that freshly isolated MSCs initially did not adhere to plastics when no FCS was 

present, presumably due to the fact that pHPL does not contain enough fibronectin. In the 

near future, we plan to optimize the cultivation of MSCs in FCS-free medium.   

Within this study, the influence of DFO and DEX on the human FH model and DFO on the 

FGM was analyzed (Pfeiffenberger, Damerau et al. 2020, Pfeiffenberger, Hoff et al. 2020). 

However, there are many medications (e. g. NSAIDs, statins), not-described drugs (e.g. al-

cohol) and therapeutics (e.g. antibiotics, anticoagulants) that are known to influence the out-

come after fracture (Gaston and Simpson 2007). The effects (positive or negative) of these 

and other substances, particularly on the initial phase of fracture healing, could be tested in 

the presented models, in order to further stratify the model on the way to OECD validation. 
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5 Summary 

The initial phase after a fracture is particularly susceptible to fracture healing disorders. This 

is noticeable both in horses and humans. In order to better understand processes, especially 

during this phase, there are a number of different research approaches. While animal mod-

els, mostly conducted in small animals like mice and rats, were the only available option, 

possibilities to generate research results using 2D and 3D in vitro models have arisen more 

recently. These offer the possibility to transfer the obtained results into the human preclinical 

stage. The aim of this thesis was to develop an in vitro model that will help to develop new 

therapeutic strategies focused on fracture healing. First, an equine and a human fracture 

hematoma (FH model) were developed. The models show a clear overlap with ex vivo and in 

vivo experiments in animal and human models. Thus, essential processes (osteogenesis, 

inflammation, adaptation to hypoxia and angiogenesis) could be shown on the cell, RNA and 

protein level for the initial phase. In addition, three-dimensional scaffold-free bone constructs 

(bone model, SFBC) were developed, which are very similar to native initial bone in struc-

ture, cell composition and mineralization. In the final step, the immune component (FH mod-

el) was co-cultured with the bone component (SFBC) to simulate the fracture gap. This also 

shows significant overlap with ex vivo and in vivo experiments in animals and humans. The 

complete model makes it possible to mimic the initial phase of fracture healing. The later use 

of the model aims to provide a platform for the development of new therapeutic strategies for 

fracture healing and to enable drug testing, especially prior to animal testing, in order to 

evaluate a suitable candidate group prior to animal testing. 
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6 Zusammenfassung 

Simulation der Anfangsphase der Frakturheilung in vitro 

Besonders die initiale Phase nach einer Fraktur ist anfällig für Frakturheilungsstörungen. 

Dies ist sowohl im Pferd als auch im Menschen auffällig. Um Prozesse speziell während die-

ser Phase besser zu verstehen, gibt es eine Vielzahl verschiedener Forschungsansätze. 

Während früher lediglich Tiermodelle, zumeist im Kleintier (Maus und Ratte), aber auch im 

Großtier zur Verfügung standen, ergeben sich in der jüngeren Vergangenheit Möglichkeiten 

anhand von 2D und 3D in vitro Modellen Forschungsergebnisse zu generieren. Diese bieten 

die Möglichkeit erhaltene Ergebnisse besser in die humane Prä-klinik zu transferieren. Ziel 

der vorliegenden Arbeit war es in vitro ein Modell zu entwickeln, mit dessen Hilfe es möglich 

sein wird, neue therapeutische Strategien mit dem Fokus auf die Frakturheilung entwickeln 

zu können. Zunächst wurde ein equines sowie ein humanes Frakturhämatom (FH-Modell) 

etabliert. Die Modelle zeigen dabei deutliche Überschneidungen mit ex vivo sowie in vivo 

Versuchen im Tiermodell sowie Menschen. So konnten auf Zell-, RNA-, und Protein-Ebene 

für die initiale Phase essentielle Prozesse (Osteogenese, Entzündung, Anpassung an Hypo-

xie und Angiogenese) gezeigt werden. Zusätzlich wurden dreidimensionale trägerfreie Kno-

chenkonstrukte (Knochenmodell, SFBC) entwickelt, die in ihrer Struktur, 

Zellzusammensetzung und Mineralisierung nativem, initialem Knochen stark ähneln. Im fina-

len Schritt, wurde die Immunkomponente (FH-Modell) mit der Knochenkomponente (SFBC) 

co-kultiviert, um den Frakturspalt zu simulieren. Hier zeigen sich ebenfalls deutliche Über-

schneidungen mit ex vivo sowie in vivo Versuchen im Tiermodell sowie im Menschen. Das 

komplette Modell macht es möglich die initiale Phase der Frakturheilung darzustellen. Die 

spätere Verwendung des Modells zielt darauf ab, eine Plattform zu etablieren, die zur Ent-

wicklung neuer therapeutischer Strategien in Bezug auf die Frakturheilung und zur präklini-

schen Medikamentenentwicklung und -testung beiträgt.  
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