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Summary

Mesenchymal stem cells (MSCs) have been repeatedly shown to be able to repair bone
defects. The aim of this study was to characterize the osteogenic differentiation of miniature
pig MSCs and markers of this differentiation in vitro. Flow-cytometrically characterized
MSCs were seeded on cultivation plastic (collagen | and vitronectin coated/uncoated) or
plasma clot (PC)/plasma-alginate clot (PAC) scaffolds and differentiated in osteogenic
medium. During three weeks of differentiation, the formation of nodules and deposition of
calcium were visualized by Alizarin Red Staining. In addition, the production of alkaline
phosphatase (ALP) activity was quantitatively detected by fluorescence. The expression of
osteopontin, osteonectin and osteocalcin were assayed by immunohistochemistry and Western
Blot analysis. We revealed a decrease of osteopontin expression in 2D and 3D environment
during differentiation. The weak initial osteonectin signal, culminating on 7™ or 14™ day of
differentiation, depends on collagen | and vitronectin coating in 2D system. The highest
activity of ALP was detected on 21" day of osteo-differentiation. The PC scaffolds provided
better conditions for osteogenic differentiation of MSCs than PAC scaffolds in vitro. We also
observed expected effects of collagen | and vitronectin on acceleration of the osteogenic
differentiation of miniature pig MSC. Our results indicate similar ability of miniature pig
MSCs osteo-differentiation in 2D and 3D environment, but the expression of osteogenic
markers in scaffolds and ECM coated monolayers started earlier than in the monolayers

without ECM.
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Introduction

New therapeutic agents and novel biomaterials for the repair of large bone defects caused by
trauma, congenital defects, or bone tumors are still being discovered (Holland and Mikos
2006). One of the promising approaches is the use of mesenchymal cells - readily available
adult stem cells that, alone or in combination with new biomaterials, have become
increasingly popular for use in orthopedic tissue repair and trauma surgery (Heino and
Hentunen 2008; Planka et al. 2008, 2009, Gal et al. 2007). In addition a variety of degradable
and osteoconductive biomaterials, such as p-tricalcium phosphates (B—TCP), polymethyl
methacrylate (PMMA), etc., are available and clinically used (Bodde et al. 2007; Hautaméaki
et al. 2008). Similarly, platelet-rich plasma (PRP), a kind of natural source of growth factors,
has been used successfully in bone regeneration and improvement of wound healing (Chang
et al. 2009). PRP also generated a positive effect on the loading efficiency of MSCs on the
highly specific surface CDHA (calcium-deficient hydroxyapatite) and p-TCP scaffols (Kasten
et al. 2008). Another biocompatible and biodegradable polymer, sodium alginate, is frequently
used for the encapsulation and immobilization of a variety of cells in tissue engineering.
Calcium cross-linked alginate was reported to act as a scaffold for bone marrow cell
proliferation and osteogenic differentiation and has a potential for use as 3D degradable
scaffold in vitro and in vivo (Abbah et al. 2008; Xu et al. 2005).

Compared with small animal models such as rodents, large animal models are superior in
many aspects for the study of human diseases and pre-clinical therapies. Miniature pigs have
been used as one of the large animal models in medical studies for scientific, economic, and
ethical reasons. Miniature pigs are similar to humans in anatomy, development, physiology,
pathophysiology, and disease occurrence. There exist many studies describing the miniature
pig as a biomodel of wound healing, an object for dental and orofacial research or as a source

of organs for xenotransplantation using transgene expression in pig tissues (Wang et al. 2007;



Vodicka et al. 2005; Motlik et al. 2007). The use of mesenchymal stem cell intra-articular
injections in the miniature pig model was a viable option for treating large cartilage defects
without arthrotomy and arthroscopy (Lee et al. 2007). The use of miniature pigs considerably
contributed to 3D geometrical modeling in the treatment of stifle joint cartilage injuries
(Krupa et al. 2007). The techniques used for purification, expansion, osteogenic,
chondrogenic, and adipogenic differentiation of human MSCs can be adopted for analysis of
porcine MSCs, which may meet the increasing demand for stem and progenitor cells in tissue
engineering (Ringe et al. 2002). For these reasons, we determined and compared the
osteogenic potential of miniature pig MSCs in 2D and 3D environment (plasma clot scaffold
or plasma clot/alginate scaffold) by using hematoxylin and eosin (H&E) staining, Alizarin

Red staining, alkaline phosphatase detection, immunodetection and immunohistochemistry.

Materials and methods

Isolation, cultivation and differentiation of MSCs

All experiments were carried out according to the guidelines for the care and use of
experimental animals and approved by the State Veterinary Administration of the Czech
Republic. General anesthesia of miniature pigs was induced by TKX mixture (Tiletamine 100
mg, Ketamine 10% 3ml, Xylazine 2% 3 ml) in a dose of 1 ml per 10 kg of body weight. Then
we aspirated the bone marrow blood from tuber coxae ala osis ilii by bioptic needle
(15G/70mm). The separation of mononuclear cells from whole bone marrow was performed
by density gradient centrifugation at 400g for 30 min at room temperature using Ficoll-
Paque™ PLUS (Stemcell Technologies; Canada). Mononuclear cells in an opalescent layer
between Ficoll and blood plasma were collected, washed in a culture medium (see below) and
used for propagation under in vitro conditions. The average amount of mononuclear cells was

50 x 10° cells per isolation. Cell count and viability were analyzed on Vi-CELL (Series x Cell



Viability Analyzers) and about 98% of viable cells were detected. Cells were seeded in tissue
culture flasks (1.3 x 10° /cm?) and cultured at 37 °C in 5% CO,. The culture (control) medium
was alpha-MEM medium (GIBCO, Invitrogen) supplemented with 10% FBS (Sigma-Aldrich)
and gentamycin (50 mg/ml; Sigma-Aldrich). After reaching 80% confluence the adherent
MSCs were passaged using trypsin (0.5% trypsin-EDTA solution; Sigma-Aldrich) and
reseeded at a density of 15 000 cells/cm?. After 3rd passage the MSCs were harvested and
analyzed for expression of surface markers CD?°, CD*, CD**, D%, CD'® and CD'’ by flow
cytometry. Defined MSCs were transferred into Petri dishes (@ 40 x 11mm), 6-well plates and
24-well plates coated with or without two extracellular matrix (ECM) molecules - vitronectin
(0.1ug/cm?; 08-126; Millipore) and collagen I (10pg/cm?; C3867; Sigma) or embedded in PC
and in PAC produced scaffolds (96-well plates). 100% confluent MSCs in monolayers and
scaffolds were cultured in osteogenic medium containing 10mM glycerol 2-phosphate
(50020; Fluka), 0.2mM L-ascorbic acid 2-phosphate (L-ascorbic acid 2-phosphate hydrate
sesquimagnesium salt; A8960; Sigma) and 0.1uM dexamethasone (D4902, Sigma) or in
control medium for three weeks. The plates and dishes were inspected in an Olympus IX70
Inverted fluorescence & phase microscope and in Olympus CKX41 Inverted microscope,
immunohistochemical preparations were viewed in an Olympus AX70 fluorescence
microscope. The morphology and quantifying of MSCs growth on Petra dishes with or
without coating of ECM molecules were also analyzed by IncuCyte ™ Imaging System (Essen

Bioscience, Inc., USA).

Flow cytometry

Harvested cells were washed in a blocking solution containing PBS supplemented with 10%
FBS, 1% gelatin and 0.1% sodium azide. The cell suspension was adjusted to a concentration

of 10x10° cells/ml and incubated for 0.5 h at 4°C with mouse anti-CD29 (clone MEM-101A),



mouse anti-CD105 (clone MEM 229), or mouse anti-CD147 (clone MEM-M6/2), all three
antibodies from Exbio Praha PLC., Prague, Czech Republic; rat anti-CD44 (clone IM7),
mouse anti-CD90 (clone 5E10), both antibodies from BD Biosciences, San Jose, CA USA;
mouse anti-CD45 (clone K252-1E4, AbD Serotec, Kidlington, UK (1pg antibody/10° cells).
The cells were washed three times by centrifugation at 350g for 5 min and resuspending in
ice-cold washing solution (1% gelatin/0.1% sodium azide/PBS). Alexa Fluor 488-conjugated
secondary antibody diluted in blocking solution (1:1000) was applied for 30 min in the dark at
4°C. After incubation, cells were washed three times with ice-cold washing solution,
resuspended in 1% gelatin/0.1% sodium azide/PBS with propidium iodide for determination
of supravitality of the cells and analyzed for the above antigens by using a Becton Dickinson
FACSCalibur™ flow cytometer. Cytofluorimetric data were processed with CellQuest
software (BD Biosciences). CD44 staining was performed with PE conjugated primary
antibody using similar conditions and buffers as mentioned above. Antibodies with a

matching isotype were used to detect nonspecific fluorescence.

Preparation of scaffolds

Miniature pig blood was collected into 3.8% buffered sodium citrate (S-4641; Sigma) and
platelet containing plasma was separated by centrifugation and aspiration. Plasma clot (PC)
and Plasma/alginate clot (PAC) scaffolds were prepared by re-suspending of 400 000 MSCs
in 30 ul of 50% plasma and 50% plasma with 0.5% alginate (alginic acid sodium salt; A2158;
Sigma) solution in PBS, respectively. Liquid cell suspension was then transferred to the
bottom of a 96-well plate and overlayered with complete medium supplemented with
additional 5 mM CaCl; (C-7902; Sigma). Clotting was finished in 10 minutes and calcium

was washed out by media change.



Alizarin Red Staining

Petri dishes with cells or cryo-sectioned scaffold sections were fixed by 70% ethanol for 1h at
room temperature. After complete washing with distilled water Alizarin Red Solution
(2003999; Chemicon) was added to the dishes (without ECM molecules) and sections. After
30 minutes of incubation, the dishes and sections were washed four times with distilled water

and inspected macro- and microscopically.

Alkaline phosphatase activity & DNA quantification

Quantitative analysis of ALP activity was performed (6-well plates — with and without ECM
proteins) by detecting the highly-fluorescent enzymatic product 4-methylumbelliferone (4-
MU) that is produced by the enzymatic dephosphorylation of 4-methylumbelliferyl phosphate
(4-MUP, M8168, Sigma) at 80% and 100% confluence and after 7, 14 and 21 days control
and osteogenic cultivation (n=12-18). Monolayers were washed two times with PBS on ice.
Then 200 pl of lysis buffer (20 mM Tris-HCI, pH 7.5; 150 mM NaCl; 1 mM Na;EDTA; 1 mM
EGTA; 1% Triton X-100) was added to 1 well of the 6-well plate. After 5 minutes the
contents with lysis buffer were scraped off from the wells. The samples were then frozen and
thawed three times combined with sonication and centrifuged at 12 000g for 2 min. The
supernatants were removed and used for ALP and DNA quantification. Briefly, calf-intestine
alkaline phosphatase (P4978, Sigma) standards in Tris/0.1% BSA buffer (pH 8.0) and samples
(10 ul) were put into 96-well black plates (Nunc® FluoroNunc™, P8741, Sigma). Then 50 pl
of 36 uM 4-MUP solution in Tris/0.1% BSA buffer (pH 8.0) was added to the wells, the plates
were stirred and incubated in the dark at RT for 2 min. The reaction was stopped by adding
190 ul 0.2 M Na,CO3 (pH 12) and the fluorescence was immediately measured at 360/40 nm

excitation and 460/40 nm emission on a Synergy HT Multi-Mode Microplate Reader (Biotek).



The amount of alkaline phosphatase was calculated from the fluorescence measurement and
the linear equation determined from the AP standard concentration vs. Fluorescence by Gen 5
data analysis software (Biotek).

DNA quantification was performed by a fluorescent assay. Activated calf thymus (D4522,
Sigma) standards in fluorescent buffer (10mM Tris-HCI, pH7.4; 1mM EDTA; 0.2 M NaCl)
and samples (10 pl) were put into 96-well black plates (Nunc® FluoroNunc™, P8741, Sigma)
and 200 pl of 0.1 pg/ml bisbenzimide H33258 (14530, Sigma) in fluorescent buffer was
added. The fluorescence was immediately measured at 360/40 nm excitation and 460/40 nm
emission on the Synergy HT Multi-Mode Microplate Reader (Biotek). The amount of DNA
was calculated from the fluorescence measurement and the linear equation determined from
the DNA standard concentration vs. Fluorescence by Gen 5 data analysis software (Biotek).
The Student t-test was used for determining the significance of the ALP/DNA ratios
(mIU/pg). The results were expressed as mean values £ S.D. and values of p<0.05 were

considered significant.

Immunohistochemistry

After 0, 7, 14 and 21 days the PC scaffolds and monolayers (without ECM molecules) were
fixed in 4% paraformaldehyde and the PC scaffolds were prepared for cryo-sectioning in 30%
sucrose. Hematoxylin-eosin staining was used for cryo-sections only. Sections (10 um) and
monolayers were successively treated with 1% bovine serum albumin (Albumin bovine
fraction V; pH 5.2; 11922; Serva) and 0.4 % Triton® X-100 (T8532, Sigma) in PBS for 1.15
h at RT, primary antibodies (rabbit polyclonal to osteopontin, ab8448, ABCAM, 1:250;
mouse monoclonal to osteocalcin, ab13418, ABCAM, 1:100; mouse monoclonal to
osteonectin, AON-1, DSHB, University of lowa, lowa City, IA, 1:1000) in 1% BSA/0.4%

Triton® X-100/PBS overnight (4°C), secondary antibodies (Alexa Fluor® 555 goat anti-



rabbit 1gG, Invitrogen, 1:500; Alexa Fluor® 555 goat anti-mouse IgG, Invitrogen, 1:500) in
1% BSA/0.4% Triton-X/PBS for 1.5 h at RT, and 4’,6-diamidino-2-phenylindole diluted

1:500 in PBS for 10 min at RT and mounted.

Western Blot

Miniature pig MSCs (ECM coated/uncoated dishes) and MSC-seeded PC scaffolds were
lysed for 30 minutes using lysis buffer containing 50mM Tris (pH 7.4) (5429.3; Roth),
250mM NaCl (3957.2; Roth), 5mM EDTA (E5134; Sigma), 50mM NaF (S-1504; Sigma),
1mM NazVO, (S6508; Sigma) in 1% Triton® X-100 (T8532; Sigma) with protease inhibitor
cocktail tablets (Complete Mini, EDTA-free; 11836170001; Roche) and 1mM
phenylmethylsulphonyl fluoride (PMSF; 837091; Roche). Sonication of all samples was
performed in cold water bath for 5 minutes and was followed by centrifugation at 10 000 g at
4°C for 20 min. Total protein levels were determined by BCA Protein Assay Kit (#23225,
ThermoScientific) and 15 ug of each sample was loaded on 10% polyacrylamide gels together
with sample buffer (125 mM Tris-HCI, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol,
0.004% bromophenol blue) and distilled water. After polyacrylamide gel electrophoresis the
proteins were transferred to nitrocellulose membranes using a semidry blotting system. The
membranes were blocked with 5% nonfat dry milk (NFDM) in tris-buffered saline with 0.5%
Tween 20 (TBS-T) and incubated with the primary antibodies (rabbit polyclonal to
osteopontin, ab8448, ABCAM, 1:1000; mouse monoclonal to osteocalcin, ab13418,
ABCAM, 1:1000; mouse monoclonal to osteonectin, AON-1, DSHB, University of lowa,
lowa City, IA, 1:1000) in 5% NFDM in TBS-T overnight on a roller at 4°C. After washing
with TBS-T buffer the membranes was incubated with Peroxidase-conjugated AffiniPure
Goat Anti-Rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.) diluted 1:35 000 or

Peroxidase-conjugated AffiniPure Donkey Anti-Mouse 1gG (Jackson ImmunoResearch



Laboratories, Inc.) diluted 1:10 000 in 5% NFDM in TBS-T for 1 hour at RT with gentle
shaking. SuperSignal West Pico Chemiluminescent Substrate (34077, Pierce) detection
system was used for visualization. Western blotting signal was quantified by determining the

grey values of given bands using the ImageJ software.

Results

Flow cytometry

Flow cytometric analysis revealed strong positivity of cells for mesenchymal cell markers
CD? (98.40 %) and for CD* (98.87 %). We observed also massive positivity for CD* (97.78
%) and CD™’ (96.60 %). Mild positivity was detected for CD'® (55.99 %) and no positivity

was evaluated for common leukocyte antigen CD** (0.05 %).

Cultivation & osteo-differentiation

Miniature pig MSCs showed fibroblastic morphology within approximately 2 weeks of 2D
environment cultivation in osteogenic medium (Fig. 1A). After 3 weeks of osteo-
differentiation the cells changed their morphology from spindle-shaped to cuboid and formed
aggregates and large nodules missing in control cultivation (Fig. 1B). The 98% confluence of
MSCs (n=36) in dishes coated with vitronectin and collagen | was achieved more quickly (57
hours) after seeding compared to MSCs (n=36) in dishes without these molecules (89 hours).
The significant difference between confluence of miniature pig MSCs with or without ECM
molecules was already detected in 8 hours (70.34+22.27 vs. 59.29+17.97) and lasted till 97
hours of cultivation (98.60+0.19 vs. 98.17+0.40) (Fig. 1H). Moreover we also measured

10.67+0.44 pg/ml DNA from MSCs growing on the ECM uncoated wells (n=12) and just
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10.20+0.59 pg/ml from MSCs seeded on vitronectin and collagen I coated wells (n=12) 22
hours after seeding (approximately 80% confluence of cells). Therefore we suggest that
significantly higher confluence of MSCs cultivated on our combination of ECM molecules
weren’t caused neither higher amount of adherent cells nor better cell proliferation during first
hours after seeding but different cell adhesion and different morphology of MSCs after
adhesion to the vitronectin/collagen | combination. The MSCs on ECM molecules possessed
more polygonal shape in contrast to more spindle shape of MSCs on uncoated plastic after
their seeding that resulted into the higher confluence. Cells dispersed in plasma or
plasma/alginate mixture were embedded in gel like clot in the presence of calcium ions within
10 minutes. Complete plasma clot (PC) scaffold contraction was observed within 3 days.
Plasma/alginate clot (PAC) scaffold contracted slightly and folded gradually through 2 weeks.
Plasma scaffold contraction was partially reduced by addition of alginate (Fig. 1M, IN"").
Resulting clots were stable for at least 3 weeks at in vitro conditions and could be then easily
manipulated without the risk of crushing. PC and PAC scaffolds in control cultivation were
less compact and more fragile than differentiated groups during section processing. The main
disadvantage of PC and PAC seeded scaffolds is that their newly produced extracellular
matrix was located mainly at periphery and the centrally embedded MSCs during cultivation

or differentiation weren’t active.

Alizarin red staining & Hematoxylin-eosin

Approximately 7 days after osteogenic differentiation in 2D environment (ECM
coated/uncoated dishes) the cells started to produce only microscopically visible depositions
of calcium (Fig. 1D, E, F, G). Macro- and micro-visible depositions of calcium were observed
on the 10" day of differentiation (Fig. 1E). Cells without osteogenic medium did not produce

calcium depositions even after 14-day cultivation (Fig. 1C). PAC scaffolds showed uneven
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distribution of cells in the scaffold due to slow hardening of scaffold at the beginning of the
cultivation and partial sedimentation of cells (Fig. 1 M, M", M""). In addition, PAC scaffolds
developed a pseudo cavity during contraction (Fig. IM""). In contrast, PC scaffolds produced
a compact structure during contraction and full sedimentation of miniature pig MSCs was
observed (Fig. 2A-A""). PC and PAC scaffolds seeded with cells and cultivated three weeks in
osteogenic medium supported the formation of compact pellets in contrast to control medium
cultivation. During control cultivation, PC and PAC scaffolds were gradually fragmented. In
addition, at the end of osteo-differentiation Alizarin red staining and H&E staining revealed
stronger production of ECM and formation of calcium depositions in PC scaffolds compared
with PAC scaffolds (only sparse foci) (Fig. 1 N, N’, N""). Because of the better histological
outcomes of PC scaffolds during differentiation we repeated osteogenic cultivation of these
scaffolds again. Disc-shaped PC scaffolds with MSCs sediment at the time of scaffold
formation were changed into dish-shaped scaffolds with peripherally distributed MSCs after 7
days of differentiation (Fig. 2A, B). At the same time we observed also multiplication of
seeded MSCs and their degradation of PC scaffolds. Moreover, the MSCs were observed to
start new formation of ECM. During the next two weeks of differentiation MSCs continued in
the infiltration of PC scaffolds and in the production of their ECM. We also observed the
formation of hematoxylin-stained calcium granules confirmed by Alizarin red staining (Fig.

1L, 2C, 2D).

ALP/DNA ratio

As expected, the ALP/DNA (mIU/ug) ratios of 80% confluent MSCs (22 hours after seeding)
growing on coated or uncoated wells were significantly lower in comparison with 100%
confluent cells (43 hours after seeding) but the difference was higher on uncoated (p<0.001)

than coated (p<0.01). However, the ALP/DNA ratios were comparable between 80%
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confluent MSCs on coated and uncoated plastic (p=0.370). Moreover the DNA content of
MSCs in uncoated wells was significantly higher compared to the MSCs growing on coated
ones (p<0.05) at this time point. Surprisingly we observed significantly higher ALP/DNA
ratio of 100% MSCs proliferating on uncoated than coated wells (p<0.01). On the other hand
DNA content was comparable between these cells (Tab. 1; p=0.111). Clearly increase of ALP
activity was occurred in MSCs by osteogenic stimuli but the difference between cells growing
on coated and uncoated plastic wasn't significant on 7" (p=0.124) and 14" (p=0.281) day.
Surprisingly the significantly higher ALP/DNA ratios in MSCs from uncoated wells
compared to ECM coated wells we observed on day 21 of osteogenic differentiation
(p<0.001). 7™ day of osteogenic cultivation is the only time point in which the DNA content
of monolayers on ECM coated wells was significantly higher than DNA content on uncoated
ones (Tab. 1; p<0.05). Important is that in the presence of osteogenic medium a maximum
ALP activity was reached after three weeks both in MSCs on coated and uncoated plastic. On
the other hand in control cultivation we detected a culmination of ALP activity in MSCs
(coated/uncoated wells) on 14™ day. As we expected there were significantly higher
ALP/DNA ratios in MSCs growing on vitronectin/collagen | mixture in comparison with
uncoated wells on 7™ day of control cultivation. After three weeks of control cultivation was
observed decrease of ALP activity in MSCs (coated/uncoated plastic). We indeed found out
significantly lower ALP/DNA ratios (p<0.01) in MSCs of coated wells compared to uncoated
wells on 21™ day in control cultivation but it was probably caused by the stripping of

monolayers in all coated wells (Tab. 1).

Immunohistochemistry

Since PC scaffolds seemed to produce better outcomes in comparison with PAC scaffolds, we

used PC scaffolds for further detection of osteogenic markers (osteopontin, osteonectin and
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osteocalcin) by immunohistochemistry. These markers were also assayed in a 2D
environment without ECM molecules. We did not detect osteocalcin either in monolayers or
PC scaffolds by immunohistochemistry at the beginning of osteogenic differentiation and
entire control cultivation. Osteocalcin started to be observed in 2D environment on 7" day of
osteo-differentiation when a few osteocalcin positive cells were detected. In contrast,
osteocalcin expression in PC scaffolds was first immunostained on 14™ day. In Petri dishes
and plates without ECM molecules, osteocalcin reached a maximum after three weeks of
differentiation. Low expression of osteonectin was observed in PC scaffolds and Petri dishes
at the beginning of osteo-differentiation and during the whole control cultivation. It reached a
higher level after one week of 2D and 3D differentiation and persisted until the final
collection. The osteonectin expression in MSCs on uncoated dishes after two weeks of
differentiation increased in comparison with 1-week differentiation but declined at the end of
differentiation. We already detected a high expression of osteopontin at the time of formation
of PC scaffolds and 100% confluence of MSCs in control medium. Osteopontin was present
during both osteogenic differentiation and control cultivation but the expression signal was
more intensive in osteogenic medium. After 7 days of differentiation in monolayers and after
21 days of differentiation in PC scaffolds we observed a decrease of osteopontin level. After
possible stripping of monolayers and the creation of villi the re-seeded MSCs showed again a
high osteopontin signal. In contrast, osteopontin expression in the confluent parts of re-seeded

dishes decreased (Fig. 3).

Western blot

By using Western blot analysis we were unable to detect any of the three osteogenic markers
in PC scaffolds during differentiation. This fact was caused by the paucity of cells and cell-

produced markers in the samples. In spite of the fact that osteocalcin antibody worked very
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well when using immunohistochemistry we were not able to determine osteocalcin in
monolayers. We explain this fact by the low concentration of osteocalcin in loaded sample
because the recommended loading amount of osteocalcin should be 10ug. Western blot
revealed the expression of osteonectin in Petri dishes with ECM as well as without ECM
during the whole osteo-differentiation. Miniature pig MSCs growing on Petri dishes without
ECM produced a minimal amount of osteonectin at the start of differentiation whereas a rapid
increase of osteonectin expression was observed on 7" day of differentiation. The increase of
osteonectin production culminated two weeks after the addition of osteogenic medium. At the
end of differentiation the osteonectin expression slowly decreased and achieved the level of
approximately one-week differentiation. The expression of osteonectin in MSCs differentiated
with ECM mimicked also the total curvature but the culmination of osteonectin was present
on 7" day of differentiation. Moreover, ECM coated dishes revealed a higher starting and
lower final expression of osteonectin than uncoated ones. In MSCs differentiated on ECM
coated/uncoated dishes we detected 66 kDa and 32 kDa bands that correspond to osteopontin.
There were also more additional bands with higher molecular weight (> 66 kDa) that should
not agree with osteopontin. The strongest osteopontin expression observed at the beginning of
osteo-differentiation in coated as well as uncoated dishes seeded with miniature pig MSCs
slowly decreased during differentiation in monolayers cultivated with or without ECM. The
amounts of osteopontin in MSCs seeded dishes without collagen I and vitronectin were higher
than those in ECM-coated dishes. After three weeks of differentiation. The lowest visible

osteopontin signal was detected in ECM uncoated dishes (Fig. 4).

Discussion

There are several studies characterizing pig MSCs isolation, cultivation and differentiation in

vitro (Bosch et al. 2006; Qu et al. 2007; Ringe et al. 2002). Our study extended the
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information relating to the osteogenic potential of miniature pig MSCs and compared the
porcine MSCs osteogenic differentiation in 2D environment and two types of scaffolds and
focused on the expression of osteogenic markers. We decided for the plasma clot and plasma-
alginate clot scaffolds because there are many scientific papers that declare alginate and fibrin
are useful for MSCs scaffold generation (Yildirim et al., 2010; Kang et al., 2010; Nakamura et
al., 2010; Suarez-Gonzalez et al., 2010; Trombi et al., 2008) and we wanted to imitate the fate
of MSCs after their embedding into the scaffolds followed by in vitro osteo-differentiation
before transplantation into the miniature pigs. We also want to create a simple-formed
autologous scaffold supporting osteogenic differentiation while avoiding possible infection
transfer or donor graft rejection. Since bone cells purportedly originate from mesenchymal
stem cells that belong to the osteogenic cell lineage that yields osteoprogenitor cells,
preosteoblasts, osteoblasts, and osteocytes, understanding of this developmental process
requires an observation of lineage-specific markers and their expression during cultivation
(Long 2001). The TNAP (tissue non-specific alkaline phosphatase) is the predominant bone
paralog of ALP that is expressed on the plasma membrane of osteoblasts and osteoblast
precursors, on bone lining cells, and on matrix vesicles, the initial site of mineralization
(Kaunitz and Yamaguchi 2008). We therefore decided to detect the most frequently mentioned
osteogenic markers, namely osteocalcin, osteonectin, osteopontin and ALP (TNAP) activity.
Some discrepancy occurred between the immunohistochemistry results in PC scaffolds and
monolayers during differentiation and cultivation. Our results showed that osteocalcin was
detected only immunohistochemically and its production was not present at the beginning of
osteo-differentiation and during whole control cultivation. Moreover we were not able to
detect osteocalcin expression in monolayers before 7" day and in PC scaffolds before 14" day
of differentiation. These results correlate with other studies which showed that osteocalcin
gene was induced up to 39-fold on 12™ day in osteogenic cultures of porcine MSCs compared

with non-osteogenic controls (Ringe et al. 2002) or was observed in porcine adipose
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mesenchymal stem cells on the 14™ day of osteo-differentiation (Qu et al. 2007). Similarly,
human MSCs differentiated for 14 days in osteogenic medium exhibited a significantly higher
expression of osteocalcin gene as well as ALP activity than control MSCs (Wang et al. 2009).
On the other hand, osteonectin gene was only marginally induced during differentiation in pig
MSCs (Ringe et al. 2002). By immunostaining of PC scaffolds and Petri dishes (without ECM
molecules) seeded with MSCs and cultivated with osteogenic and control medium we also
revealed a small contrast in osteonectin expression during differentiation or cultivation.
Moreover, our Western Blot analysis detected osteonectin expression during the whole osteo-
cultivation with a maximum on the 7" (ECM coated dishes) or 14™ (ECM uncoated dishes)
day of differentiation. There is evidence that contact with vitronectin and collagen | promotes
the osteogenic differentiation of hMSC, and that ECM contact may be sufficient to induce
differentiation in these cells (Salasznyk et al. 2004; Liu et al. 2004; Datta et al. 2005). By
using this methodology we found out specific differences in the expression of osteogenic
markers in MSCs differentiated on uncoated and coated dishes. At the beginning of the
differentiation (after 100% confluence of cells) there was approximately a two-fold increase
of osteonectin and osteopontin expression in MSCs growing on ECM coated dishes in
comparison with uncoated dishes. This result was probably in accordance with the above-
mentioned study. We hypothesized that, even without osteogenic medium, miniature pig
MSCs seeded on ECM coated dishes likewise started differentiating during proliferation in
control medium already before reaching the total confluence and thereafter. This speculation
was supported by osteonectin peak in MSCs growing on vitronectin and collagen | coated
dishes on 7" day of osteo-differentiation while the maximum of osteonectin expression in
miniature pig MSCs seeded on uncoated dishes we detected one week later. The Western blot
revealed a sheer drop of osteonectin production in MSCs cultivated on ECM coated dishes at
the end of differentiation. In addition there was still a high expression of osteonectin in MSCs

without ECM molecules after three weeks of differentiation. Our hypothesis could also be
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supported by ALP/DNA ratio results in coated and uncoated wells. After one week of control
cultivation we observed more than 2-fold increase in ALP/DNA ratios in vitronectin/collagen
coated wells compared to uncoated ones. Similarly we may only speculate that the higher
ALP/DNA ratio in uncoated wells on 21" day of osteogenic differentiation was caused by
later ALP activity peak in these wells compared to ECM coated ones. The time course of
osteopontin expression in differentiated MSCs with or without ECM molecules also supported
the results of osteonectin detection. There is evidence that the level of osteopontin protein or
its gene expression was increased during osteogenic differentiation of MSCs or MSCs-like
cells (Valenti et al. 2008; Temenoff et al. 2004; Shin et al. 2004). Surprisingly, by using
Western blot analysis we observed a consistent decrease of both osteopontin forms during
osteo-differentiation, whether in MSCs cultivated on vitronectin and collagen | or without
these molecules. A similar osteopontin decline was also detected in monolayers and plasma
cloth scaffolds by immunohistochemistry during osteodifferentiation or cultivation. Our
osteopontin related findings are in agreement with the results of other studies and also with
osteopontin interaction with CD* cell-surface glycoprotein that was present in our cells.
Potier et al. (2007) evaluated the expression of osteopontin and other osteoblastic markers in
human MSCs by RT-PCR analysis and found a maximum osteopontin expression at the
beginning of the osteodifferentiation (with or without hypoxia) and a decline in the expression
during four weeks of differentiation. Similarly Romero-Prado et al. (2006) observed a decline
of osteopontin gene expression in human MSCs after one week of differentiation. Osteopontin
gene expression in human MSCs seeded on polystyrene and 50-500 nm collagen | nanofibers
was also found to decrease after three weeks in comparison with two weeks in osteogenic
medium (Shih et al. 2006). Accordingly, we suppose that MSCs seeded on ECM coated dishes
started differentiating already without osteogenic stimuli and before reaching confluence.
Moreover, osteonectin and osteopontin monitoring indicates faster formation as well as

termination of the differentiation process in MSCs cultivated on ECM molecules. In addition,
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our recorded change of MSCs morphology on the vitronectin/collagen mixture was in
accordance with other study (Engler et al., 2006). The morphology modification of MSCs
from spindle shape to polygonal on ECM coated plastic could explain the significantly lower
amount of DNA content in these wells in several time points of control cultivation (80%
confluence, 7" and 21™ day) and osteogenic differentiation (14™ and 21" day). We also
detected ALP activity peak on 14" day of control cultivation and the highest ALP activity
after three weeks of osteogenic differentiation (coated/uncoated wells). This increment of
ALP activity during two weeks of differentiation looks like the time course of ALP activity in
human MSCs differentiated on polystyrene or collagen | nanofibers (Shih et al. 2006). In
addition, we observed almost 30-fold difference between MSCs cultivated in osteogenic and
control medium after three weeks (coated and uncoated plastic). Our maximum of ALP
activity was in accordance with ALP activity detected after three weeks in the study of Zou et
al. (2007) who also observed a decrease of ALP gene expression on 21" day of differentiation
relative to that on 14™ day. It should be noted that the time-course of osteonectin and
osteocalcin gene expression in this study looked-like osteonectin and osteocalcin expression
in our experiments evaluated by immunodetection.

In conclusion, PC scaffolds provided better opportunities for MSCs osteodifferentiation in
comparison with PAC scaffolds in static culture but they were not ideal. PC scaffolds enabled
differentiation of porcine MSCs predominantly at the periphery. On the same day (7" day of
differentiation) we detected an osteonectin peak in PC scaffolds and monolayers with ECM
molecules that could indicate similar differentiation properties of both cultivation systems.
Anyhow, the results of our PC and PAC scaffolds as the MSCs carriers were dubious because
the weak proliferation and differentiation of MSCs in the central part of scaffolds was
occurred. This result was probably caused by the missing connection and communication
between MSCs in PAC scaffolds and sedimentation of MSCs in PC scaffolds immediately

after their generation. Finally, our results on ALP activity, deposition of calcium and
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osteogenic markers indicate that the optimal time for transplantation of in vitro differentiated
cells and/or scaffolds (static system) into miniature pig bone defects varies between 10-21

days.
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Fig. 1. Micrographs of MSCs after 3 weeks of differentiation on tissue plastic coated with
collagen | and vitronectin. Cells cultured in nonosteogenic growth medium maintained a
spindle-like shape (A). In contrast, MSCs cultivated in osteogenic medium changed their
phenotype from spindle-shaped cells to more cuboidal-shaped cells (B). Micrographs of
monolayers (without ECM coating) stained with Alizarin Red stain after 7 (D), 10 (E), 14 (F)
and 21 (G) days of osteogenic differentiation or 14 days (C) of control cultivation. The
confluence of miniature pig MSCs growing on the ECM coated wells in comparison with
uncoated wells during first 57 hours after seeding that was evaluated by IncuCyte software

(H). Micrographs of Alizarin Red stained plasma clot scaffold seeded with MSCs at the start

25



(1) and after 7 (J), 14 (K) and 21 (L) days of osteo-differentiation. Scale bar (A-G; I-L) 200
pm. Micrographs of Alizarin Red stained (M) and hematoxylin-eosin stained (M", M"")
plasma/alginate clot scaffold seeded with MSCs on the 21™ day of osteogenic differentiation.
Micrographs of Alizarin Red stained (N) and hematoxylin-eosin stained (N’, N"") plasma clot
scaffold seeded with MSCs on the 21" day of osteogenic differentiation. Photos of
plasma/alginate scaffolds (M""") and plasma scaffolds (N""") on the chart paper. Scale bar (M,

M’, N, N") 1000 um and (M"", N"") 50 pm.

Fig. 2

Fig. 2. Micrographs of hematoxylin-eosin stained plasma clot scaffolds seeded with MSCs at
the start (A, A", A”") and after 7 (B, B, B”"), 14 (C, C’, C"") and 21 (D, D', D"") days of
osteogenic differentiation. Arrows indicate a plasma clot scaffold and stars indicate a newly
created ECM. Scale bar (A, B, C, D) 1000 um, (A’, B’, C’, D") 200 um and (A", B”", C",

D"") 50 pm.

Fig. 3
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Fig. 3. Osteopontin and DAPI double immunostaining of monolayers at the start (A) and after

three weeks (B) of osteogenic differentiation. Osteonectin and DAPI double immunostaining
of monolayer after 14 days (C) of osteo-differentiation (C" detail). Osteocalcin and DAPI
immunostaining of monolayers (D, E, F) or plasma clot seeded scaffolds (G, H, I) after 7 (D,
G), 14 (E, H), and 21 (F, I) days of osteogenic differentiation. Osteonectin and DAPI double
immunostaining of plasma clot scaffolds seeded with MSCs after 7 (J), 14 (K), and 21 (L)
days of osteo-differentiation. Osteopontin and DAPI double immunostaining of plasma clot
seeded scaffolds at the start (M) and after 7 (N), 14 (O), and 21 (P) days of osteogenic

differentiation. Scale bar 50 pm.
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Fig. 4
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Fig. 4. Densitometric assessment in arbitrary units and representative images of (A) the

osteonectin and (B) osteopontin expression in miniature pig MSCs osteo-differentiated on

collagen I/vitronectin coated or uncoated dishes for three weeks.
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Table 1. ALP/DNA (mIU/png) ratio and DNA (pg/ml) content in miniature pig MSCs during 2D cultivation in control and osteogenic medium

(with or without ECM molecules coating)

80% confluence 100% confluence Day 7 Day 14 Day 21
(Day 0)

Control medium 0.08 +£0.03 0.16+0.02 2 0.12+0.03 0.61 £0.11 0.25+0.07 2
10.67 + 0.44 ° 10.03 £+ 0.40 11.94+0.51% 12.28+0.76 12.20 £1.04 2
Osteogenic medium - - 0.99 +£0.22 2.51 £ 0.66 7.50 £1.07°2
- - 10.70 + 0.95 12.68+£0.63% 11.25+1.16°
Control medium + ECM 0.09 £0.03 0.13+0.03 028+0.06%° 0.66+0.07 0.19+0.04"
10.20 £ 0.59 10.24 £ 0.42 10.82 £ 0.77 11.93 £ 0.40 11.35+0.65°

Osteogenic medium + ECM - - 1.15+0.40 2.36+0.73 5.36+1.40

- - 11.48 £ 0.64 % 10.48 +0.50 9.71 £ 0.99

29



Values are arithmetical means + SD. Statistical differences (t-test): * — ECM uncoated vs. ECM coated wells with the same medium and at same

time point. ® — All analyzed wells were stripped.
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