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Characterization of porcine mesenchymal stromal cells and their 
proliferative and osteogenic potential in long-term culture 

 

Introduction 
 
Adult mesenchymal stromal cells (MSCs) have a broad spectrum of 
biological properties, reflecting their usefulness for clinical 
applications, e.g., in hepatic[1] and cardiovascular disease[2] or for 
bone regeneration[3]. A positive impact of MSCs cultivated in vitro 
has been demonstrated on the suppression of (auto)immunological[4] 
and inflammatory[5] responses and on the regeneration of damaged 
tissues[6]. 
 
Regeneration of bone through tissue engineering (TE) can avoid 
autologous bone grafts[3,7], which are limited by availability, 
geometry, donor site morbidity, and cost[8]. TE combines progenitor or 
stem cells, growth factors and biocompatible, three-dimensional 
scaffolds (e.g., hydroxyapatite or β-tricalcium phosphate) to produce 
new bone when implanted into critical size defects[7,9]. While several 
clinical studies report beneficial effects when injecting “bone marrow 
concentrate aspirates” rich in MSCs in cases of osteoarthritis[10,11] or 
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Abstract 
 
Background: Porcine mesenchymal stromal cells (pMSCs) are considered a valuable research model for bone tissue engineering, which 
requires adequate amounts of viable cells with sufficient potential for osteogenic differentiation. For isolation and expansion of these cells 
through long-term culture, appropriate culture conditions are needed. 
 
Objective: To study the effect of extended in vitro cultivation on pMSC proliferation and differentiation potential using different osteogenic 
and adipogenic induction media. 
 
Methods: pMSCs were isolated from the bone marrow of adult Göttingen minipigs, cultured, expanded to passage 20 (~160 days) and 
characterized by their expression of cell surface markers (wCD44, CD45, CD90, SWC9, fibronectin), alkaline phosphatase (ALP), and 
osteocalcin and their potential for osteogenic and adipogenic differentiation using different induction media. 
 
Results: pMSCs retained their capacity for proliferation and osteogenic differentiation, and the number of CD90-positive cells increased 
significantly over more than 60 population doublings. CD90 expression in uninduced cells correlated strongly with ALP expression following 
osteogenic induction. Medium enriched with calcium yielded a stronger osteogenic response. 
 
Conclusion: The selection of CD90-positive MSCs and adequate levels of calcium seem to enhance the osteogenic phenotype for bone tissue 
engineering. 
 

osteogenesis imperfecta[12], few clinical studies have focused on TE of 
bone[13], which is partially due to the isolation and expansion processes 
required to achieve adequately large numbers of suitable cells. 
 
Currently, no consensus has been established on the effective cell dose 
(ECD), i.e., the minimum cell number needed to generate a significant 
therapeutic effect[13]. Choi et al. estimated the ECD to be 
approximately 1x107 MSCs/person[14]. According to Oryan et al., the 
mean ECD is either 1.86x108 MSCs/person or 6.64x106 MSCs/kg[13]. 
Unfortunately, such amounts of MSCs are impossible to directly 
harvest from a single patient[13]. Li et al., reported that one millilitre of 
bone marrow aspirate yields an average of 391 MSC colonies (clusters 
of at least 50 cells)[15]. Collecting multiple bone marrow aspirates from 
the same patient to harvest the ECD does not seem to be an option 
since the MSC yield decreases significantly with each aspiration[15]. 
Therefore, extended in vitro cultivation over multiple passages is 
needed to sufficiently expand the cell number. Furthermore,  for  TE of  
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bone, the cells must maintain their osteogenic differentiation potential 
during in vitro expansion. 
 
The effect of an extended cultivation period on the proliferation and 
differentiation potential of MSCs is not fully understood. While some 
studies report that MSCs lose their proliferative and osteogenic 
differentiation potential through prolonged cultivation by                  
senescence[16–18], others demonstrate retention of osteogenic 
differentiation potential for late passages[19]. 
 
In this study, we used porcine MSCs (pMSCs), which compare well 
to human mesenchymal stromal cells (hMSCs): they are also plastic 
adherent, capable of differentiating into multiple mesenchymal 
tissues, express similar surface markers[20,21], and have similar 
immunomodulatory capabilities[22,23]. Noort et al., demonstrated that 
the in vitro osteogenic differentiation of pMSCs and hMSCs does not 
differ significantly when provided with the same induction media[22]. 
As pigs share many anatomical, physiological (e.g., bone turnover), 
and genetic features with humans[23], pMSCs are a suitable model for 
research on TE of bone. 
 
First, this study aims to characterize bone marrow (BM)-derived 
pMSCs in long-term culture by their expression of CD90, CD44, 
CD45, and SWC9. CD90, a member of the immunoglobulin 
superfamily, is a common MSC marker[24] that has been linked to 
increased osteogenic differentiation potential[25]. The hyaluronic acid 
receptor CD44 is considered a reliable MSC marker when combined 
with the presence or lack of other surface markers[26,27]. The tyrosine 
phosphatase CD45 is exclusive to nucleated cells of the 
haematopoietic system[28] and absent on MSCs[24,29]. Only little CD45 
expression can be detected in the early passages of MSC cultures[30]. 
SWC9 is expressed on mature porcine macrophages and weakly 
expressed on porcine thymocytes[31] and thus represents another 
negative MSC marker. 
 
Due to the limited availability of antibodies directed towards porcine 
cell surface markers, the revised MSC criteria set by the ISCT in 2019 
could not be completely met[32]. Therefore, the isolated cell 
populations were referred to as mesenchymal stromal cells instead of 
mesenchymal stem cells[32]. 
 
Second, this study examines the effect of extended in vitro cultivation 
on pMSC proliferation and differentiation potential using different 
osteogenic and adipogenic induction media by evaluating the 
expression of alkaline phosphatase (ALP), an early marker of 
osteogenic differentiation[33], and osteocalcin, a bone-specific              
protein[34]. 
 
Methods 
 
Animal selection and care and the surgical protocol were approved by 
the Minister of Nature, Environment and Forestry of Schleswig-
Holstein and conformed to the standards of the Animal Care and Use 
Committee of the University of Kiel. 
 
MSC isolation and cultivation 
 
Bone marrow was harvested from the iliac crests of 10 adult female 
Göttingen minipigs (age: 20.8+/-3.2 months, weight: 37.1+/-2.5 kg, 
subsequently listed as SI-SX, purchased from Ellegaard, Dalmose, 
Denmark), which were released after the procedure. The harvested 
specimens (2.5 ml per donor) were dissected into smaller pieces and 
pretreated with 0.1% collagenase for 2 hours (37 °C) to release BM 
cells. Cells were washed with phosphate-buffered saline (PBS) and 
seeded in T75 tissue culture flasks at a density of 50,000 cells/cm². 
The culture medium (CM) consisted of DMEM supplemented with 
10% FCS, 100 IE/ml penicillin, 100 µg/ml streptomycin, and 1 mM  
 

ascorbic-2-phosphate. The CM was changed first after 24 hours and 
twice per week thereafter in all experiments. Adherent cells were 
maintained at 37 °C in a humidified atmosphere of 5% CO2 and 95% 
air. Primary cultures were subcultured after 14 days. Cultures were 
passaged at 70–80% confluence after treatment with Accutase™ 
(PAA, Cölbe, Germany) for 15 min at 37 °C. Detached cells were 
resuspended in CM and centrifuged at 200 g for 5 min. The 
supernatant was removed, and the pellet was resuspended in CM. 
Cell number and viability were determined after trypan blue staining 
using a haemocytometer, and the population doubling time was 
calculated. For expansion and isolation of pMSCs, cells were seeded 
at a density of 2,500 cells/cm² in T75 culture flasks and subcultured 
up to passage 20 (~160 days). 
 
In a series of preliminary tests, cells from two donors (SI and SII) 
were used to examine different methods for pMSC isolation and 
cultivation to determine the most efficient and practical method for 
our purposes (data not shown). The method described here yielded 
the best results and was subsequently used for all further donors 
(SIII-SX, n = 8). One cell line from the preliminary study that was 
isolated and cultivated using the exact conditions described above 
(SII3) was included in the analyses of cell proliferation, viability, and 
osteogenic differentiation under long-term cultivation (n = 9). The 
expression of cell surface markers was examined exclusively with 
cells derived from donors SIII-SX (n = 8). 
 
Cell surface markers on pMSCs 
 
Cells from 8 donors (SIII-SX) were examined for their expression of 
CD90, CD44 CD45, SWC9, osteocalcin, and fibronectin (as a 
positive control) by immunocytology using the avidin-biotin-
complex method (Supporting Table 1). 
 
Cells at passages 1–5, 10, 15, and 20 were seeded at a density of 
5,000 cells/cm², cultivated for 3–4 days in CM, fixed with acetone, 
and incubated in methanol with 0.6% H2O2. Primary antibodies were 
purchased from Serotec, Oxford, UK (wCD44, CD45, fibronectin, 
SWC9), BD Bioscience Pharmingen, Franklin Lakes, USA (CD90), 
and QED Biosciences, San Diego, USA (osteocalcin), diluted in 1% 
bovine serum albumin TBS (anti-CD44 1:25; anti-fibronectin 
1:2,000; the others: 1:50), and applied for 2 hours at room 
temperature (RT). Second, biotinylated antibodies were diluted in 
10% porcine serum/TBS (1:500, 1:1,000, and 1:100) and applied for 
60 min at RT. After washing with TBS, specimens were incubated in 
fresh ABC solution for 30 min, washed in TBS, stained for 3–5 min 
with diaminobenzidine, and then fixed in 4% paraformaldehyde for 
10 min. After rinsing in TBS and distilled water, cell nuclei were 
stained with Meyer’s hemalum. The number of positively stained 
cells was determined for each surface marker by light microscopy 
and expressed as a percentage of all cells. 
 
Alkaline phosphatase activity of pMSCs 
 
Cells at passages 0–3 from 9 donors (SII3, SIII-SX) were seeded at a 
density of 5,000 cells/cm², cultivated for 3–4 days in CM, and fixed 
with acetone. Alkaline phosphatase (ALP) activity was determined 
after cell staining with the BCIP/NBT assay (SigmaFASTTM, 
Steinheim, Germany), which renders ALP-positive cells dark blue; 
ALP-negative cells remain uncoloured. For each donor, 500 cells 
were counted by light microscopy and judged as positive or negative. 
The number of ALP-positive cells was expressed as a percentage of 
counted cells. 
 
Multilineage potential of pMSCs 
 
To assess the multilineage potential of pMSCs, cells of passages 0–5, 
10, 15, and 20 from each of the 9 donors (SII3, SIII-SX) were seeded 
in 6-well plates (5,000 cells/cm²) and cultivated in CM. 
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At subconfluence (70–80%), osteogenic or adipogenic differentiation 
was induced by cultivation over 14 days with commercially available 
osteogenic (OM1) or adipogenic induction/maintenance media 
(AIM1/AMM1) (Lonza, POPT 3002 or POPT 3004, Walkersville, 
USA). Additionally, in further separate assays, the effects of two 
different osteogenic media (OM2, OM3) and an adipogenic induction 
and maintenance medium (AIM2, AMM2) on differentiation 
according to Pittenger et al.[35] were tested and compared to those of 
the respective commercial medium. For OM2, which was previously 
used by Gassling et al.[36], CM was supplemented with 100 nM 
dexamethasone and 1 mM ascorbic-2-phosphate. For OM3, which 
was previously used by Thomsen et al.[37], 100 nM dexamethasone, 
10 mM ß-glycerophosphate, 179 µM ascorbic-2-phosphate, and 1.56 
mM CaCl2 were added to CM. The final calcium concentration in 
OM3 approximates the concentration of calcium in the serum of adult 
female Göttingen minipigs[38]. In addition to DMEM and 10% FCS, 
AMM2 contained 20 U/l insulin and 4 mM L-glutamine. For AIM2, 
AMM2 was supplemented with 0.5 mM 1-methyl-3-isobutylxanthine, 
1 µM dexamethasone, and 60 µM indomethacine. Osteogenic or 
adipogenic differentiation of cells was evaluated by light microscopy 
after staining with Alizarin Red S or Oil Red O, respectively, and 
ALP expression in induced cultures was evaluated after BCIP/NBT 
staining by light microscopy. For all three stains, the portion of 
positively stained cells was expressed as a percentage of all cells. 
 
Statistical evaluation 
 
Data from the 8 or 9 donors were pooled and evaluated using 
“RStudio” for Windows (version 3.6.1) by descriptive statistics, the 
Mann–Whitney U-test, and Pearson regression analysis. 
 
Results 

Cell proliferation, cell viability, and population doubling time 

Each subculture yielded an average of 1.8x106 cells per T75 tissue 
culture flask, which is a 9.6-fold increase in cell numbers, indicating 
that by passage 20, expansion from one single cell to 4.4x1019 cells 
can theoretically be achieved (Figure 1A). 
 
The average number of population doublings for every donor during 
~160 days of culture until P20 was 65 (Figure 1B).  
 

 
Figure 1A, B: Cell proliferation data from 9 donors (thin lines).                      

(A) Extrapolated cell numbers for passages 0–20 and (B) individual numbers 
of population doublings in passages 0–20. Thick black lines indicate                        

the means. 
 
 
 

 
The average population doubling time was 2.5 days (range 2.0–3.0), and 
the average cell viability was 96.3%. These parameters were similar 
among donors and constant over the entire culture period (Figure 2A-F). 

  Figure 2 A-F: Cell numbers (A and D), population doubling time (B and E), and 
cell viability (C and F). Values of passages 0 – 19 (A – C) and donors SII3 – SX (D 
– F). The boxplots show the median (horizontal, center line), the interquartile 
range (box limits) and the outermost values within the interval of 1.5 times the 
interquartile range above and below the box (represented by the length of the 
whiskers). If no values are within this interval, then the interval itself is taken. Each 
measure outside of this range is considered an outlier and marked as a circle (○).S 
(II-X) = Donor (II-X);  P (0–19) = Passage (0–19); PDT = Population doubling 
time 

 
 
Expression of cell surface markers 

All BM-derived cells from P1 through P20 were positive for fibronectin, 
which confirms the validity of the immunostaining protocol. Initially, 
wCD44 expression reached 100% but decreased after P5 to approximately 
65.5%. 
 
The expression levels of the haematopoietic stem cell marker CD45 and 
osteocalcin, a late marker of osteogenesis, at all times amounted to 10.5% 
and ≤10%, respectively. In P0, the average expression levels of CD90 and 
SWC9 were 3.6% and 1.1%, respectively. With increasing culture time, 
the expression of both markers increased significantly (p < 0.005) to 
60.5% and 46.0% at P20, respectively (Figure 3). 
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Figure 3: Expression of the cell surface markers wCD44, CD45, CD90, SWC9, 

and osteocalcin. P (0–5, 10, 15, 20) = Passage (0–5, 10, 15, 20) 

 
Alkaline phosphatase activity 

Porcine BM-derived cells of P0 through P3 showed very little ALP 
activity (0.2%–9.8%, mean: 2.4%). In the osteogenic induction assay 
(P1-P3 and P15), a more than 10-fold increase in ALP activity (5.6%–
45.9%, mean: 29.9%) compared to that in uninduced control cultures 
was noted. Except for P3, ALP activity was higher in cultures induced 
with OM3 than in cultures induced with OM2 or OM1, although this 
difference was statistically significant only for P1 (Figure 4). 
 

Figure 4: ALP expression of cells at passages 1–3 and 15 after cultivation with 
OM2 and OM3. P (1–3, 15) = Passage (1–3, 15), OM = Osteogenic medium; 

ALP = Alkaline phosphatase;* = p-value < 0.05 
 
A positive correlation was identified between CD90 expression by 
uninduced pMSCs and ALP activity after osteogenic induction with 
OM3 (Pearson r = 0.76) (Figure 5). 
 

Figure 5: CD90 expression by uninduced cells (bars) and ALP expression 
after osteogenic induction with OM3 (line) were positively correlated  

(Pearson r = 0.76).  S (III – X) = Donor (III – X); 
ALP = Alkaline phosphatase 

 
 

Multilineage potential 

pMSCs showed multilineage potential after 14 days of osteogenic or 
adipogenic induction, as demonstrated by the presence of 
extracellular calcium deposits or intracellular lipid vesicles, 
respectively (Figure 6). 
 

 
Figure 6: Representative light microscopic images (original magnification 
x32) of Alizarin Red S-stained calcium aggregates (A, B) and Oil Red O-

stained intracellular lipid vesicles (C) produced by pMSCs after 14 days of 
induction in OM2 (A), OM3 (B), or AIM2/AMM2 (C). Cells cultivated in 
culture media without induction factors (D). All media contained DMEM 
supplemented with 10% FCS. The black bar represents 100 µm. OM2/3 = 

Osteogenic medium 2/3; AIM2/AMM2 = Adipogenic induction medium 
2/adipogenic maintenance medium 2; FCS = Foetal calf serum; DMEM = 

Dulbecco’s modified Eagle’s medium 
 
 

Cells cultured with culture medium only and without induction 
factors (controls) did not form calcium complexes or intracellular 
lipid vesicles. Osteogenic induction with OM3 yielded a significantly 
stronger response than that with OM1 and OM2 (Mann–Whitney-U-
Test; p < 0.05), which decreased significantly during the cultivation 
period but was present up to P15 (Figure 7). 
 
 
 

 
 

Figure 7: Results of Alizarin Red S staining after cultivation of pMSCs with 
the three different osteogenic media. In all passages, osteogenic induction 

with OM3 resulted in a significantly stronger response. The osteogenic 
phenotype was also elicited in high passages.* = p-value < 0.05;  

** = p-value < 0.01; *** = p-value < 0.001 
P (0–5, 10, 15) = Passage (0–5, 10, 15); OM = Osteogenic medium 

 
 
Adipogenic differentiation decreased significantly with increasing 
cultivation time in P2 and was absent after P3 (Figure 8). 
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Figure 8: Cell cultures (SIII - SX) with identifiable Oil Red O-positive 

intracellular lipid vesicles after culturing in AIM1/AMM1 or AIM2/AMM2. 
AIM = Adipogenic induction medium; AMM = Adipogenic maintenance 

medium. P (0–5) = Passage (0–5) 

 
Discussion 

 
Porcine MSCs were characterized according to established                 
protocols[24] by their plastic adherence and fibroblast-like 
morphology, their ability to differentiate into at least two 
mesenchymal phenotypes (e.g., the osteogenic and adipogenic 
phenotypes) and their immunohistochemical phenotypes. 
 
Cells did not express the haematopoietic stem cell marker CD45 but 
expressed wCD44, a widely used marker for MSCs[26,39]. In the 
primary cultures, the number of CD90-positive cells was very low and 
increased during the cultivation period, reflecting the initial 
heterogeneity of the cell populations with probably small numbers of 
stem cells and an increase in number and/or in osteogenic potential 
during culture expansion. While CD90 expression increased, wCD44 
expression showed a decline after passage 5. Early passages have 
been suggested to contain stem cells and progenitor cells that fulfil 
many, if not all, MSC criteria; however, through expansion by 
subcultivation, they lose some of their multipotency[32]. 
 
We therefore hypothesize that the simultaneous increase in CD90 
expression and decline in wCD44 expression may result from the 
commitment of initially multipotent BM-MSCs to the osteogenic 
lineage with increasing in vitro cultivation time, thus losing stem cell 
characteristics associated with the expression of wCD44[27]. This 
hypothesis is supported by the loss of adipogenic differentiation 
capacity observed in induced cell cultures after passage 3. 
 
The increase in SWC9 expression in late passages was puzzling. As 
freshly isolated SWC9-negative blood monocytes express SWC9 
during culturing[31], this may also apply to leukocyte subpopulations 
in this study, which demonstrated plastic adherence[40] and are 
therefore not removed during the first steps of MSC isolation. These 
cells must be highly proliferative to expand during subculturing. 
Conceivably, these cells accounted for an increasing share of the 
entire cell population during late passages after MSCs lost some of 
their stemness, as described above. 
 
To the best of our knowledge, this is the first study to examine the 
proliferation and differentiation potential of BM-derived porcine 
MSCs over an extended in vitro cultivation period of ~ 160 days up to 
passage 20, with an average of 65 population doublings. Overall cell 
proliferation remained constant throughout the study for all donors 
with only a few intra- and interindividual exceptions. These results 
cannot be explained by donor age but rather by the presence of MSC 
subpopulations with variably well-preserved telomerase activity, as 
suggested by Baxter et al.[16], reflecting different developmental 
stages of MSCs[41]. ALP expression is an early marker of osteogenic 
differentiation   and   can   be   detected   as  early  as  two  days  after  

 

osteogenic induction[33]. The low expression of ALP in BM-derived 
cells of the proliferation assays and in uninduced controls of the 
osteogenic induction assays was not surprising, as it reflects the 
presence of osteoprogenitor cells and the absence of differentiating 
osteogenic cells in pMSC cultures. The marked increase in ALP 
activity after 14 days of osteogenic induction indicates osteogenic 
differentiation in the presence of preosteoblasts[33]. While ALP 
expression was not consistently different between the induction 
media, except for P1, Alizarin S staining was significantly stronger in 
calcium-rich assays in all examined passages. Alizarin S visualizes 
the formation of extracellular calcium deposits, i.e., mineralization of 
extracellular matrix, by differentiating cells during the late stages of 
osteogenic differentiation[33]. 
 
Differentiation assays were conducted for 14 days. At this time, cells 
cultured in either OM2 or OM3 had entered osteogenic 
differentiation, expressing elevated levels of ALP. Cells cultured in 
calcium-rich induction media (OM3) seemed to differentiate along 
the osteogenic cascade faster (data not shown) and more efficiently, 
as reflected by stronger Alizarin S staining. 
 
MSCs have been suggested to lose not only their multilineage 
potential after extended in vitro cultivation[19] but also their capacity 
for osteogenic differentiation[17]. In this study, the potential for 
adipogenic differentiation was lost in passage 3. However, the 
osteogenic phenotype, as reflected by increased ALP activity and 
extracellular calcium aggregation, could be induced up to passage 15, 
particularly when an induction medium with a high calcium 
concentration was used. Although a positive influence of high 
extracellular calcium concentrations on osteogenic differentiation has 
been demonstrated[42], the selective addition of calcium to culture 
media is not a routine technique. Apart from calcium, OM3 was also 
supplemented with β-glycerophosphate, a well-established substance 
in osteogenic media[43–45], which was lacking in OM2. The 
significantly stronger effect of OM3 compared to OM2 could be due 
to the elevated calcium concentration or the addition of β-
glycerophosphate in OM3. However, OM3 also yielded significantly 
better results than OM1, which contained comparable amounts of β-
glycerophosphate. The important differences between OM1 and 
OM3 were the elevated calcium concentration and a higher dose of 
ascorbic-2-phosphate in the latter. A beneficial effect of higher 
ascorbic-2-phosphate concentrations in osteogenic media has been 
suggested[46]. This, however, only seems to be the case for adipose 
tissue-derived MSCs. Ascorbic-2-phosphate concentrations in 
osteogenic media that exceed the concentration of 50 µM 
recommended by Pittenger et al.[43] and Jaiswal et al.[45] do not 
support or even impede extracellular calcium deposition by BM-
MSCs[47]. We therefore conclude that the significantly stronger 
deposition of extracellular calcium by cells cultured in OM3 must 
result from the elevated calcium concentration. 
 
Calcium is a component of extracellular minerals as well as a 
signalling molecule. Calcium-binding proteins are expressed during 
the differentiation of human BM-derived MSCs into osteoblasts[48]. 
Elevated calcium concentrations are osteoinductive by regulating 
osteoblast proliferation, aggregation, differentiation and activity[49] 
and by enhancing collagen type I synthesis[50]. 
 
In view of bone TE, identifying pMSC subpopulations with high 
osteogenic potential is desirable. CD90 expression has been linked to 
the ability of MSCs to form bone[25]. The strong positive correlation 
between CD90 expression by uninduced cells and ALP activity in 
osteogenically induced pMSCs observed in this study supports this 
association. Thus, we hypothesize that tissue engineering of bone 
might be enhanced by isolating and employing subpopulations rich in 
CD90-positive cells. 
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Conclusion 
 
Long-term in vitro cultivation of BM-derived pMSCs up to               
passage 20 leads to high numbers of viable cells with maintained 
proliferation capacity. Adipogenic differentiation potential may be lost 
in higher passages. However, pMSCs retain their potential for 
osteogenic differentiation, which can be elicited using adequate 
induction media enriched with calcium. Selection of CD90-positive 
MSCs may enhance osteogenic capacities for bone TE. 
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