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ABSTRACT 
 
Evaluation of mesenchymal stem cell (MSCs)-biomaterial interactions in vitro is generally 

performed under normoxia in the absence of cytokines, despite the fact that bone tissue 

engineering constructs are exposed to hypoxia and a diverse array of cytokines upon 

implantation into a defect. It is unknown to what extend a cocktail of cytokines affects osteogenic 

differentiation of MSCs seeded on a biomaterial in vitro. We hypothesized that a cocktail of TNF-

α, IL-4, IL-6, and IL-17F enhances osteogenic differentiation and VEGF expression by MSCs 

cultured on three-dimensional biphasic calcium phosphate (BCP) scaffolds under hypoxia, and 

that the response of hASCs to the cytokine cocktail depends on the scaffold substrate. 

Human adipose stem cells (hASCs) were seeded on BCP (60% hydroxyapatite (HA) and 

40% β-tricalcium phosphate (β-TCP)), and on tissue culture plastic in the presence of ascorbic 

acid (50 µM) and 1,25-(dihydroxyvitamin D3 (10 nM) under hypoxia, and cultured for 3 days with 

or without a mix of TNF-α, IL-4, IL-6, and IL-17F (10 ng/ml each). Thereafter cells were cultured 

without the cytokine cocktail under hypoxia during 11 days. 

The cytokine cocktail did not affect metabolic activity or osteocalcin gene expression, but 

reduced RUNX2 (4.8–fold), while enhancing KI67 (2.0–fold), COL1 (5.0–fold) and VEGF (4.0–

fold) gene expression in hASCs cultured on BCP. In contrast, the cocktail reduced gene 

expression of KI67 (2.0–fold) and COL (1.8–fold), but enhanced metabolic activity (2.0–fold) and 

osteocalcin expression (2.8–fold) by hASCs cultured on tissue culture plastic under. 

 In conclusion, our results show that a cytokine cocktail combined with hypoxia affects 

MCS behavior, and the effect is substrate-dependent. This implicates that cytokines combined 

with hypoxia do affect the results of screening of novel biomaterials for bone tissue engineering. 

 

KEY WORDS 
Cytokines; human adipose stem cells; vascular endothelial growth factor; hypoxia; osteogenic 

differentiation; biphasic calcium phosphate 
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INTRODUCTION 
 

Bone tissue engineering strategies are used to treat large bone defects. These strategies include 

the use of MSCs and inductive factors such as growth factors, which can be incorporated in an 

osteoconductive scaffold. The combination of MSCs and growth factors incorporated into a 

scaffold form a bio-active construct that, once implanted, contributes to the repair of bone. In the 

past years, many in vitro studies have been performed to find the proper combination of stem 

cells, inductive factors, and scaffolds that are capable of inducing osteogenic differentiation of 

stem cells as well as stimulation of bone matrix formation (1-3). Among the commercially most 

successful bone tissue engineered products on the clinical market are Infuse® (Medtronic Inc., 

MN, USA) and Actifuse (Baxter International Inc., IL, USA) (4). However, commercially 

available bone tissue engineered products still have limited approved FDA-indications, and 

represent a small fraction of the many different biomaterials that have been studied (5). Thus, 

successful translation of bone tissue engineering into clinical applications is still limited. Progress 

in tissue engineering in general may be hampered by a lack of understanding of the role of the 

immune system in tissue regeneration, and a lack of proper research models that resemble the in 

vivo bone microenvironment (6). 

To successfully implement a bone tissue engineering construct, the cellular requirements 

and signals directing bone formation have to be taken into account, as well as the conditions 

prevailing in the implanted construct that affect MSC osteogenic differentiation. After implantation 

of a bone tissue engineered construct in vivo, an inflammatory response takes place (7-9). This 

response also occurs during the early stage of fracture repair where hypoxia and inflammation 

trigger the healing process (10, 11). Hypoxia occurs at the implant site by the disruption of blood 

vessels following implantation of a bone tissue engineering construct. Low oxygen concentration 

is a key event in the first stages of fracture healing (12, 13). Hypoxic culture conditions inhibit 

proliferation and osteogenic differentiation of hASCs (14-16).  

Cytokines such as tumor necrosis factor-α (TNF-α), interleukin-4 (IL-4), interleukin-6 (IL-6), 

and interleukin-17F (IL-17F) are present during the inflammatory response during fracture 

healing (17-21). They are also likely to be released after the implantation of a bone tissue 

engineered construct into a bone defect (10). TNF-α is known to promote the recruitment of 

MSCs and osteoclasts to the injury site (22). IL-4, a T helper type 2 (Th2) cytokine, is considered 

anti-inflammatory as it inhibits the production of IL-1, TNF-α, and prostaglandin E2 (PGE2) by 

monocytes (23). It also inhibits bone resorption (24). Bone healing is delayed in IL-6 knockout 
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mice (25). On the other hand, IL-17F, a cytokine secreted by T-helper cell 17 (Th17), induces 

osteogenic differentiation of MSCs (21). This suggests that most the cytokines enhance the 

process of bone formation.  

Interaction between MSCs and biomaterials for bone tissue engineering purposes is usually 

studied in a 21% oxygen tension environment without cytokines, which does not adequately 

represent the physiological inflammatory environment of an implanted bone construct in vivo. We 

have shown earlier that IL-6 counteracts the inhibitory effects of IL-4 on osteogenic differentiation 

and angiogenic stimulation potential of hASCs, when these cytokines are used in combination 

during 72 h under hypoxia (unpublished data).  

In vitro studies designed to evaluate the interaction between MSCs and biomaterials in an 

hypoxic environment and in the presence of cytokines, mimicking the in vivo inflammatory 

environment of an implanted biomaterial into a bone defect, are essential to successfully develop 

a tissue engineering construct for the treatment of large bone defects representing a great 

challenge for orthopaedic and maxillofacial surgeons. It is unknown to what extend a cocktail of 

cytokines affects osteogenic differentiation of MSC seeded on a biomaterial in vitro. Therefore, 

we aimed to test the direct effect of a 3 day-stimulation period with a cocktail of cytokines, i.e. 

TNF-α, IL-4, IL-6, IL-17F, on osteogenic differentiation and VEGF expression by hASC cultured 

on BCP scaffolds under hypoxia. We hypothesized that this cocktail of cytokines enhances 

osteogenic differentiation and VEGF expression by MSCs cultured on BCP scaffolds under 

hypoxia. hASCs were cultured on plastic or BCP and stimulated with the cytokine cocktail for 3 

days under hypoxia, followed by 11 days of culture without cytokines under hypoxia. Metabolic 

activity, proliferation, osteogenic differentiation, and VEGF expression were assessed up to 7 

days. Matrix mineralization was assessed at day 14. 
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MATERIALS AND METHODS 

 

Biphasic calcium phosphate scaffolds 
Straumann® BoneCeramic 60/40 (Institut Straumann AG, Basel, Switzerland), a porous BCP 

scaffold composed of 60% HA and 40%  β-TCP (BCP60/40) with particle size 500-1000 μm and 

90% porosity was used. 

 

Adipose tissue donors  
Subcutaneous adipose tissue samples were harvested from abdominal wall resections of six 

healthy female donors (age range: 31- 56 years), who underwent elective plastic surgery at the 

Tergooi Hospital Hilversum and a clinic in Bilthoven, The Netherlands. The Ethical Review Board 

of the VU Medical Center, Amsterdam, The Netherlands, approved the protocol and informed 

consent was obtained from all patients.  

 

Isolation of hASCs 
Isolation, characterization and osteogenic differentiation capacity of hASCs has been previously 

reported by our group (26). For the isolation of hASCs, adipose tissue was cut into small pieces 

and enzymatically digested with 0.1% collagenase A (Roche Diagnostics GmbH, Mannheim, 

Germany) in phosphate-buffered saline (PBS) containing 1% bovine serum albumin (Roche 

Diagnostics GmbH) under continuous shaking for 45 min at 37ºC. Then a Ficoll® density-

centrifugation step (Lymphoprep™; 1000xg, 20 min, ρ=1.077 g/ml Ficoll®, osmolarity 280±15 

mOsm; Axis-Shield, Oslo, Norway) was performed to remove remaining erythrocytes from the 

stromal vascular fraction. After centrifugation, the resulting stromal vascular fraction pellet 

containing ASCs was harvested and resuspended in Dulbecco’s modified Eagle’s medium 

(LifeTechnologies™ Europe BV, Bleiswijk, The Netherlands), counted, and stored in liquid 

nitrogen until further use. Cryopreserved stromal vascular fraction-containing hASC suspensions 

of each donor where cultured in α-minimum essential medium (α-MEM; Gibco, Life Technologies, 

Waltham, MA, USA) containing 1% penicillin, streptomycin, and fungizone (PSF; Sigma, St. 

Louis, MO, USA), 10 IU/ml heparin (LEO Pharma A/S, Ballerup, Denmark) and 5% human 

platelet lysate (PL) in a humidified atmosphere with 5% CO2 at 37°C. The medium was refreshed 

two times a week. After reaching confluence, cells were harvested by incubation with 0.25% 

trypsin (Gibco, Invitrogen, Waltham, MA, USA), and 0.1% ethylenediaminetetraacetic acid 

(EDTA; Merck, Darmstadt, Germany) in PBS at 37°C, counted, and stored in liquid nitrogen until 
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further use. For experiments, hASCs from the 6 different donors were thawed and individually 

cultured at 0.5x106 cells in T-175 cm2 culture flasks (Greiner Bio-One, Kremsmuenster, Austria) 

in α-MEM containing 1% PSF, 10 IU/ml heparin, and 2% PL in 5% CO2 at 37°C. Only hASCs at 

passage 2 (P2) were used. Medium was changed every 3 days. 

 

Platelet lysate 

Pooled platelet products from five donors were obtained from the Bloodbank Sanquin (Sanquin, 

Amsterdam, The Netherlands), and contained approximately 1×109 platelets per ml (27). PL was 

obtained by lysing the platelets through temperature shock at -80ºC. Before its use, PL was 

thawed and centrifuged at 600xg for 10 min to eliminate remaining platelet fragments. The 

supernatant was added at 2% (v/v) to the medium, or stored at 4ºC and used up to 1 week. 
 
Culture of hASCs 
hASCs from the different donors were seeded in 12-well plates (10x103 cells/cm2) containing  α-

MEM with 1% PSF, 10 IU/ml heparin, and 2% human PL in a humidified atmosphere containing 

1% O2 (hypoxia) at 37°C. Alternatively, hASCs from the different donors were cultured on BCP 

scaffolds, that were prepared using 20 mg of BCP60/40 pre-hydrated in PBS for 30 min. After 

PBS removal, 1x105 hASCs in a volume of 100 µl α-MEM without platelet lysate were allowed to 

attach to the BCP for 30 min at room temperature. Then, hASCs-seeded BCP scaffolds were 

washed once with PBS, and transferred to a transwell insert (pore size 3.0 μm; Greiner Bio-one, 

Alphen aan den Rijn, The Netherlands) in a 12-well plate containing expansion medium (α-MEM 

with 1% PSF, 10 IU/ml heparin, and 2% human PL) under hypoxia. hASCs were allowed to 

attach during 24 h before treatment with cytokines as described below. 

 

Treatment of hASCs with cytokines  
For cytokine treatment, the medium of hASCs was replaced by osteogenic medium 

supplemented with 1% PSF, 10 IU/ml heparin, 2% human PL, and different additives depending 

on the scaffold material (day 0). Cells cultured on tissue culture plastic were supplemented with 

50 µM ascorbic acid-2-phosphate (vitamin C; Sigma, St Louis, MO, USA), 5 mM β-

glycerophosphate (Sigma, St. Louis, MO, USA), and 10 nM 1,25-dihydroxyvitamin D3 (1,25-

(OH)2vitamin D3; Sigma, St. Louis, MO, USA), whereas cells cultured on BCP were 

supplemented with 50 µM vitamin C and 10 nM 1,25-(OH)2vitamin D3. Recombinant human TNF- 

α (R&D Systems, Minneapolis, MN, USA), recombinant human IL-4; R&D Systems, Minneapolis, 
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MN, USA), recombinant human IL-6; R&D Systems, Minneapolis, MN, USA), recombinant human 

IL-6Rα (R&D Systems, Minneapolis, MN, USA) and recombinant human IL-17F; R&D Systems, 

Minneapolis, MN, USA) were used as a cocktail. Each cytokine was added to osteogenic medium 

at day 0 in a final concentration of 10 ng/ml. All cells were cultured in a humidified atmosphere 

under hypoxia at 37°C. hASCs were cultured under hypoxia inside a custom designed hypoxic 

workstation (Top Class Products and Services T.C.P.S., Rotselaar, Belgium), where oxygen 

concentration is controlled via injection of N2, as described (28). The oxygen concentration inside 

the incubator was continuously monitored with an internal zirconia sensor, as well as by 

periodically external calibration with O2 test tubes (Drager Safety, Zoetermeer, The Netherlands). 

To maintain hypoxia, medium was pre-incubated for 3 h under hypoxia before use. Hypoxia was 

defined as 1% O2/5% CO2 and 94% N2. At day 3 of culture the medium was changed by 

osteogenic medium without cytokines, and replaced every 3 days. hASCs cultured on tissue 

culture plastic or BCP with osteogenic medium without cytokines were used as controls. hASCs 

were harvested after 2, 7, and 14 days of culture to analyze proliferation and osteogenic 

differentiation. In addition, hASCs from the different donors  were seeded in 12-well plates 

(10x103 cells/cm2) without and with the cytokine cocktail in 20% O2 (standard normoxic culture 

conditions) during 14 days to serve as a control for hASCs mineralization. 

 

Metabolic activity 
Metabolic activity of hASCs cultured without and with cytokines under hypoxia was assessed by 

using AlamarBlueTM Cell viability reagent (Invitrogen, Rockford, IL, USA). Metabolic activity of 

hASCs was analyzed at day 0 (start of experiment), and after 2 and 7 days. Cells were incubated 

with medium containing 10% AlamarBlue for 4 h at 37°C. Then 100 μl supernatant was 

transferred into a black 96-well microtiter plate and fluorescence was measured at 530-560 nm 

wavelength in a Synergy HT® spectrophotometer (BioTek Instruments, Winooski, VT, USA). 

Medium without cells containing 10% AlamarBlue was placed in an autoclave container, and 

used as positive control of 100% chemically reduced AlamarBlue solution. 

 
RNA isolation and Real-Time RT-PCR 
Total RNA was isolated from hASCs using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA), 

according to the manufacturer’s instructions. Total RNA concentration and quality was 

determined using a Synergy HT® spectrophotometer. RNA was reverse-transcribed to cDNA 

using a RevertAid™ First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany) 
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with medium containing 10% AlamarBlue for 4 h at 37°C. Then 100 μl supernatant was 

transferred into a black 96-well microtiter plate and fluorescence was measured at 530-560 nm 

wavelength in a Synergy HT® spectrophotometer (BioTek Instruments, Winooski, VT, USA). 

Medium without cells containing 10% AlamarBlue was placed in an autoclave container, and 

used as positive control of 100% chemically reduced AlamarBlue solution. 

 
RNA isolation and Real-Time RT-PCR 
Total RNA was isolated from hASCs using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA), 

according to the manufacturer’s instructions. Total RNA concentration and quality was 

determined using a Synergy HT® spectrophotometer. RNA was reverse-transcribed to cDNA 

using a RevertAid™ First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany) 
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according to manufacturer’s instructions. The obtained cDNA was diluted to a final concentration 

of 2 ng/μl. Real-time PCR was performed using the SYBR® Green I Mastermix (Roche 

Diagnostics, Mannheim, Germany) in a LightCycler® 480 (Roche Diagnostics, Basel, 

Switzerland). Every PCR reaction was prepared with 4 μl cDNA, 0.5 μl forward primer (1 μM), 0.5 

μl reverse primer (1 μM), 5 μl LightCycler® 480 SYBR® Green I Mastermix (Roche Diagnostics, 

Mannheim, Germany) in a final volume of 10 μl. Based on BestKeeper (29), values were 

normalized to TBP and GUSB. Real-time PCR was used to assess expression of the following 

genes: KI67, RUNX2, COL1, osteocalcin, and VEGF-165. The primer sequences are listed in 

Table 1. mRNA preparations of hASCs were used as a reference and internal control in each 

assay.  

  

ALP activity 

hASC cultured for 0, 2, and 7 days without and with cytokines under hypoxia were lysed with 250 

µl Milli-Q water, and stored at -20°C prior to use. The 4-nitrophenyl phosphate disodium salt 

(Merck, Darmstadt, Germany) at pH 10.3 was used as a substrate for ALP, according to the 

method described by Lowry (30). The absorbance was read at 405 nm with a Synergy HT® 

spectrophotometer. ALP activity was expressed as µmol/µg protein. The amount of protein was 

measured with a bicinchoninic acid (BCA) Protein Assay Kit (Pierce, Rockford, IL, USA), and the 

absorbance was read at 540 nm with a Synergy HT® spectrophotometer. 

 

Mineralization 
Matrix mineralization was analyzed by alizarin red staining after incubation of hASCs without or 

with cytokines under hypoxia and normoxia for 14 days by using 2% Alizarin Red S (Sigma-

Aldrich, St. Louis, MO, USA) in water at pH 4.3., as described earlier (31). Briefly, hASCs were 

fixed with 4% formaldehyde for 15 min and rinsed with deionized water before adding 350 µl of 

the alizarin red solution per well. After incubation at room temperature for 30 min, the cells were 

washed with deionized water. Cells that differentiate into osteoblasts deposit mineralized matrix, 

producing bright red nodules. Quantification of the mineralized matrix was performed using 

ImageJ software (ImageJ 1.49v, USA) as described previously (32). 

 

Statistical analysis 
Data were obtained from duplicate cultures of six independent donors (n=6). Data is presented 

as median. Differences between cytokines-treated and untreated hASCs cultured on tissue 
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culture plastic or on BCP under hypoxia were tested using the Wilcoxon Signed Rank test. A p 

value <0.05 was considered significant. Statistical analysis was performed using GraphPad 

Prism 5.01 (GraphPad Software, San Diego, CA, USA). 
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RESULTS  
 
Cytokines enhance KI67 gene expression, but not metabolic activity in hASCs cultured on 
BCP under hypoxia  
AlamarBlue and KI67 gene expression were analyzed as indicators of metabolic activity and 

proliferation of hASCs, respectively. The cocktail of cytokines increased metabolic activity of 

hASCs cultured on plastic by 2.0–fold compared to controls without cytokines at day 7 but not at 

day 2. However, the cytokine cocktail did not affect metabolic activity of hASCs cultured on BCP 

compared to controls under hypoxia at any time point measured (Fig. 1A,B). The cytokine 

cocktail decreased KI67 gene expression by 2.0–fold at day 2, while it enhanced KI67 expression 

by 4.5–fold at day 7 compared to controls with hASCs on plastic. When hASCs were cultured on 

BCP, the cytokine cocktail did not affect KI67 expression under hypoxia at day 2, but it enhanced 

KI67 expression by 2.0–fold at day 7 (Fig. 1C,D). Thereafter we analyzed whether the cytokine 

cocktail enhanced osteogenic differentiation and VEGF expression in hASCs cultured on tissue 

culture plastic or on BCP scaffolds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

106 

 

Figure 1. Effect of cytokines on metabolic activity and KI67 gene expression in hASCs cultured on plastic 

and BCP under hypoxia. (A) Cytokines did not enhance or decrease metabolic activity in hASCs cultured 

on plastic or BCP scaffolds at day 2. (B) Cytokines enhanced metabolic activity of hASCs cultured on 

plastic but not on BCP scaffolds at day 7. (C) Cytokines decreased KI67 gene expression in hASCs 

cultured only on plastic at day 2. (D) Cytokines enhanced KI67 gene expression in hASCs cultured on 

plastic and on BCP at day 7. Values are median from experiments using hASCs obtained from 6 donors. 

*Significant effect of cytokines, p< 0.05. 

 

Cytokines decrease RUNX2, but enhance COL1 gene expression in hASCs cultured on 
BCP under hypoxia 

After 7 days, but not 2 days of culture, the cytokine cocktail decreased RUNX2 gene expression 

in hASCs cultured on plastic by 7.2–fold, and when cultured on BCP by 4.8–fold (Fig. 2A,B). The 

cytokine cocktail decreased the expression of COL1 in hASCs cultured on plastic by 1.8–fold at 

day 2, but increased COL1 expression in hASCs cultured on BCP by 5.0–fold at day 7 (Fig. 

2C,D). At day 7, the cytokine cocktail enhanced osteocalcin expression in hASCs cultured on 

plastic by 2.8–fold, but it did not affect osteocalcin expression by hASCs grown on BCP at any 

time point measured (Fig. 2E,F). Likewise, the cocktail of cytokines did not affect ALP activity in 

hASCs cultured on tissue culture plastic or on BCP at any time point measured (Fig. 3A,B). The 

cytokine cocktail seemed to increase matrix mineralization in hASCs cultured on tissue culture 

plastic under hypoxia at day 14, but this effect did not reach significance (p=0.0625) due to donor 

variability (Fig. 3C,D). hASCs seeded on tissue culture plastic under normoxic culture conditions 

showed bone nodule formation, but the cocktail of cytokines did not enhance matrix 

mineralization in hASCs at day 14 (Supplementary Figure 1A,B).   

 
Cytokines strongly enhance VEGF gene expression in hASCs cultured on tissue culture 
plastic and on BCP under hypoxia 
At day 2, the cytokine cocktail enhanced VEGF gene expression in hASCs cultured on plastic by 

7.5–fold compared to controls without cytokines, and by 3.4-fold in hASCs cultured on BCP. The 

stimulatory effect of the cytokine cocktail on VEGF expression was also observed at day 7, i.e.  

VEGF gene expression was enhanced by 8.0–fold in hASCs cultured on plastic, and by 4.2–fold 

in hASCs cultured on BCP (Fig. 4A,B). 
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plastic and on BCP at day 7. Values are median from experiments using hASCs obtained from 6 donors. 

*Significant effect of cytokines, p< 0.05. 
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Figure 2. Effect of cytokines on gene expression of osteogenic differentiation markers in hASCs cultured 

on plastic and BCP under hypoxia. (A) Cytokines did not enhance or decrease RUNX2 gene expression in 

hASCs cultured on plastic or BCP scaffolds at day 2. (B) Cytokines decreased RUNX2 gene expression in 
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hASCs cultured on plastic and on BCP scaffolds at day 7. (C) Cytokines decreased COL1 gene expression 

in hASCs cultured on plastic at day 2. (D) Cytokines increased COL1 gene expression in hASCs cultured 

on BCP at day 7. (E) Cytokines did not enhance or decrease osteocalcin gene expression in hASCs 

cultured on plastic or BCP scaffolds at day 2. (D) Cytokines enhanced osteocalcin gene expression in 

hASCs cultured on plastic at day 7. Values are median from experiments using hASCs obtained from 6 

donors. *Significant effect of cytokines, p< 0.05. 
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Figure 2. Effect of cytokines on gene expression of osteogenic differentiation markers in hASCs cultured 

on plastic and BCP under hypoxia. (A) Cytokines did not enhance or decrease RUNX2 gene expression in 
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hASCs cultured on plastic and on BCP scaffolds at day 7. (C) Cytokines decreased COL1 gene expression 

in hASCs cultured on plastic at day 2. (D) Cytokines increased COL1 gene expression in hASCs cultured 

on BCP at day 7. (E) Cytokines did not enhance or decrease osteocalcin gene expression in hASCs 

cultured on plastic or BCP scaffolds at day 2. (D) Cytokines enhanced osteocalcin gene expression in 

hASCs cultured on plastic at day 7. Values are median from experiments using hASCs obtained from 6 

donors. *Significant effect of cytokines, p< 0.05. 
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Figure 3. Effect of cytokines on ALP activity and mineralization in hASCs cultured on plastic and BCP 

scaffolds under hypoxia. (A,B) Cytokines did not enhance or decrease ALP activity in hASCs cultured on 

plastic and on BCP scaffolds at day 2 and 7. (C) hASCs cultured with cytokines obtained from different 

donors, showed similar or increased mineral deposition compared to control under hypoxia at day 14. (D) 

Cytokines did not significantly enhance matrix mineralization in hASCs cultured on plastic under hypoxia at 

day 14. Values are median from experiments using hASCs obtained from 6 donors. *Significant effect of 

cytokines, p< 0.05. 

 

 
 

 

 

 

 

 

 

Figure 4. Effect of cytokines on the expression of the vasculogenic differentiation marker VEGF in hASCs 

cultured on plastic or BCP scaffolds under hypoxia. (A,B) Cytokines increased VEGF expression in hASCs 

cultured on plastic and BCP at day 2 and 7. Values are median from experiments using hASCs obtained 

from 6 donors. *Significant effect of cytokines, p< 0.05. 
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DISCUSSION 
 

There is an urgent need for bone regeneration in bone diseases, fractures, trauma, congenital 

bone malformations, and tumor resections (33). Autografts are still the gold standard for the 

treatment of bone defects. However, the limited amount and quality of bone that can be 

harvested restricts its use in large bone defects. Bone tissue engineering aims to overcome the 

limitations of conventional treatments for bone defects, by inducing new functional bone 

regeneration via the combination of MSCs, biomaterials and bioactive factors. Therefore, in vitro 

studies mimicking the physiological inflammatory microenvironment of bone are needed for the 

successful clinical application of a MSCs-seeded tissue engineering construct in a bone defect 

(34). 

MSCs cultured on/in a tissue engineering construct have to withstand the effect of different 

combined cytokines and hypoxia present in the microenvironment of bone repair, once the 

construct is placed into a bone defect (7-9). The pro-inflammatory cytokines IL-1β and TNF-α 

have been shown to inhibit RUNX2, ALP activity, and bone mineralization in murine MSCs in a 

model for bone tissue repair in an inflammatory microenvironment, thus indicating that the 

cytokines are deleterious for bone formation (35). The cytokine concentration, as well as the 

duration of exposure of MSCs to different cytokines, is crucial and important to trigger the 

initiation of bone repair (35, 36). Twenty-four hours exposure to TNF-α enables human 

osteoblasts to direct ASCs into osteogenic differentiation (37). In addition, TNF-α at lower 

concentrations enhances osteogenic differentiation of murine MSCs, while at higher 

concentrations it decreases osteogenesis (38). In addition, exosomes isolated from hASCs 

promote proliferation and osteogenic differentiation in human osteoblasts, and these enhancing 

effects are further increased when hASCs are stimulated with TNF-α for 3 days, mimicking the 

acute inflammatory phase upon bone injury (39). However, most in vitro studies have been 

performed testing the cytokines separately and not in combination, which does not resemble the 

in vivo inflammatory microenvironment of bone repair. Our results showed that the cocktail of 

TNF-α, IL-4, IL-6, and IL-17F reduced the expression of RUNX2 and COL1, but enhanced 

metabolic activity and gene expression of proliferation marker KI67, osteocalcin, and VEGF in 

hASCs cultured on plastic. The cytokine cocktail induced bone nodule formation, which did not 

occur in the absence of the cocktail under hypoxia. To confirm that hASCs isolated from the 

different donors were capable to induce bone nodule formation, hASCs were cultured without 

and with the cytokine cocktail under standard normoxic culture conditions. As expected, bone 
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Figure 3. Effect of cytokines on ALP activity and mineralization in hASCs cultured on plastic and BCP 
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nodule formation was observed by hASCs cultured without the cytokine cocktail under normoxia, 

while the cocktail did not further enhance mineralization of hASCs (Supplementary Figure 1). 

Thus, the usage of a combination of cytokines seems to be preferable to investigate the effect of 

cytokines on osteogenic differentiation of MSCs, as the effect of individual cytokines may differ 

from that of the cocktail. Furthermore, the effect of cytokines needs to be investigated under 

experimental conditions that better represent their physiologic environment. 

Biomaterials used in bone tissue engineering have an important role in bone repair since 

they provide the necessary substrate for cell adhesion, proliferation, and osteogenic 

differentiation. In addition, the substrate can modulate the activity and function of MSCs seeded 

on a biomaterial (40). Biomaterials made of BCP resemble the inorganic part of the natural bone 

matrix (41). In addition, BCP with a hydroxyapatite (HA) and β-tricalcium phosphate (β-TCP) 

HA/β-TCP ratio of 60/40 (BCP40/60) has been successfully applied clinically (41-43). Previous 

studies performed by our group have demonstrated that the substrate affects the secretome of 

hASCs by showing that hASCs cultured on BCP have increased growth factor expression profile 

than hASCs cultured on plastic (44). hASCs cultured on BCP scaffolds also have higher 

osteogenic differentiation potential when cultured on BCP and treated with bone morphogenetic 

protein-2 (BMP-2) (3). Since substrate and growth factor treatment influences the osteogenic 

differentiation of MSCs, it is possible that cytokines released during the inflammatory response 

also exert an effect on the osteogenic differentiation potential of MSC-seeded biomaterial. 

Therefore, in our study we investigated the direct effect of a 3-day-stimulation period with a 

cocktail of cytokines, as present during the early stages of bone fracture repair, i.e. TNF-α, IL-4, 

IL-6, and IL-17F, on osteogenic differentiation and VEGF expression in hASC cultured on BCP 

scaffolds under hypoxia. We found that the cytokine cocktail reduced RUNX2 gene expression, 

and enhanced KI67 and VEGF gene expression, similar to the effect of the cytokines on hASCs 

cultured on tissue culture plastic. However, the cytokine cocktail exerted different effects on 

COL1 gene expression, which was enhanced in hASCs cultured on BCP, but decreased in 

hASCs cultured on plastic. The stimulating effect of the cytokine cocktail on metabolic activity 

and osteocalcin gene expression was absent in hASCs cultured on BCP. Therefore, for 

investigations on the interaction of MSCs and biomaterials for bone tissue engineering 

applications it seems of utmost relevance to add cytokines into the study design. Cytokines are 

released at the implanted site of a bone tissue engineered construct in a bone defect, and their 

osteogenic effects on MSCs will likely depend on the biomaterial used. 
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Hypoxia is one of the major drivers of the tight coupling between angiogenesis and bone 

formation (45). Hypoxia is known to influence osteoblastic function by up-regulating VEGF gene 

expression and increasing ALP activity (46). It has been suggested that increasing the number of 

blood vessels results in a higher number of osteoblast progenitors that mature and increase bone 

formation. Therefore, up-regulation of VEGF expression under hypoxia is expected to enhance 

osteogenic differentiation of hASCs (45). In our study, we found that a cocktail of cytokines 

increased VEGF expression in hASCs cultured on plastic as well as on BCP, but no effect on 

osteogenic differentiation of hASCs was observed. These findings are in agreement with our 

previous findings showing that hASCs cultured on BCP under hypoxia decrease osteogenic 

differentiation and enhance vasculogenic differentiation (15). This suggests that MSCs 

incorporated into a tissue engineered construct and maintained at low physiological oxygen 

tension may favour cellular stemness and angiogenesis compared to osteogenic differentiation. 

The limitations of this study include the use of a single cocktail of cytokines and the use of 

one type of substrate. However, the cytokines used represent key cytokines present during the in 

vivo inflammatory phase of bone repair (11, 36). In addition, the BCP scaffolds tested in this 

study have been successfully used in combination with stem cells, such as freshly isolated 

autologous stromal vascular fraction of adipose tissue and ASCs for bone augmentation e.g. 

maxillary sinus elevation (2, 47).      

In conclusion, our data shows that a cocktail of cytokines enhanced VEGF expression in 

hASCs cultured on BCP under hypoxia, but did not affect osteogenic differentiation of these cells. 

This suggests that for studies on osteogenic differentiation of stem cells in vitro, the extent to 

which the in vivo situation is mimicked (i.e. addition of cytokines, hypoxic culture conditions, or 

attachment to BCP) strongly affects the experimental outcome regarding osteogenic 

differentiation. 
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formation. Therefore, up-regulation of VEGF expression under hypoxia is expected to enhance 

osteogenic differentiation of hASCs (45). In our study, we found that a cocktail of cytokines 

increased VEGF expression in hASCs cultured on plastic as well as on BCP, but no effect on 

osteogenic differentiation of hASCs was observed. These findings are in agreement with our 

previous findings showing that hASCs cultured on BCP under hypoxia decrease osteogenic 

differentiation and enhance vasculogenic differentiation (15). This suggests that MSCs 

incorporated into a tissue engineered construct and maintained at low physiological oxygen 

tension may favour cellular stemness and angiogenesis compared to osteogenic differentiation. 

The limitations of this study include the use of a single cocktail of cytokines and the use of 

one type of substrate. However, the cytokines used represent key cytokines present during the in 

vivo inflammatory phase of bone repair (11, 36). In addition, the BCP scaffolds tested in this 

study have been successfully used in combination with stem cells, such as freshly isolated 

autologous stromal vascular fraction of adipose tissue and ASCs for bone augmentation e.g. 

maxillary sinus elevation (2, 47).      

In conclusion, our data shows that a cocktail of cytokines enhanced VEGF expression in 

hASCs cultured on BCP under hypoxia, but did not affect osteogenic differentiation of these cells. 

This suggests that for studies on osteogenic differentiation of stem cells in vitro, the extent to 

which the in vivo situation is mimicked (i.e. addition of cytokines, hypoxic culture conditions, or 

attachment to BCP) strongly affects the experimental outcome regarding osteogenic 

differentiation. 
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Figure 1. Mineralization in hASCs cultured on plastic under normoxic culture conditions. (A) hASCs 

obtained from different donors, showed mineral deposition under normoxia at day 14. The cocktail of 

cytokines did not enhance mineralization in hASCs cultured under normoxia. (B) Cytokines did not 

enhance matrix mineralization in hASCs cultured on plastic under normoxia at day 14. Values are median 

from experiments using hASCs obtained from 6 donors. *Significant effect of cytokines, p< 0.05. 
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Figure 1. Mineralization in hASCs cultured on plastic under normoxic culture conditions. (A) hASCs 

obtained from different donors, showed mineral deposition under normoxia at day 14. The cocktail of 

cytokines did not enhance mineralization in hASCs cultured under normoxia. (B) Cytokines did not 

enhance matrix mineralization in hASCs cultured on plastic under normoxia at day 14. Values are median 

from experiments using hASCs obtained from 6 donors. *Significant effect of cytokines, p< 0.05. 

 


