
vv

International Journal of Veterinary 
Science and Research

CC By

023

Citation: Tvorogova AA, Kovaleva AV, Saidova AA (2018) Mesenchymal stem cells from the domestic ungulates: trends and outliers. Int J Vet Sci Res 4(1): 023-031. 
DOI: http://dx.doi.org/10.17352/ijvsr.000032

Life Sciences Group 

DOI: http://dx.doi.org/10.17352/ijvsr

Abstract

Mesenchymal stem cells (MSCs) are a valuable source for regenerative therapy and tissue engineering. 
MSCs are multipotent adherent stem cells that can be isolated from different adult and fetal tissues. In 
contrast to human MSCs, MSCs from large animal models have not yet been described by the uniform 
criteria, which include the characteristic phenotype of surface molecules, expression of stemness markers 
and differentiation potencies. The current review describes state of the art for characterization for MSCs 
from three species of domestic ungulates, including cattle (Bos taurus), swine (Sus scrofa) and sheep 
(Ovis aries). The comparative analysis of surface phenotype, gene expression and differentiation capacities 
of MSCs from different origins allows defi ning the consensus phenotype of bovine, ovine and porcine 
MSCs. We also discuss the major data discrepancies and pitfalls that are complicating the successful 
research of MScs from domestic livestock. This review emphasizes the pressing need for the unifi cation of 
mesenchymal stem cell criteria in the veterinary fi eld. 
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Introduction

Stem cells are a specifi c group of cells that have two 
signifi cant hallmarks, which are the self-renewing capacity and 
the capability to differentiate into various adult cell lines. Stem 
cells can be divided into embryonic stem cells (ESCs) and adult 
stem cells, depending on the developmental stage of the tissue 
source [1]. In contrast to the totipotent zygote and multipotent 
ESCs from the inner mass of the blastocyst, adult stem cells are 
termed multipotent, as they can differentiate into cell types of 
only one germ layer of their origin [2]. Some multipotent stem 
cells seem to have more plasticity, demonstrating the ability 
to multi-lineage differentiation, though this property is almost 
never confi rmed in studies in vivo studies and no functional 
analysis of such cells is usually performed [3,4]. 

Mesenchymal stem cells (MSCs), which were fi rstly isolated 
from the bone marrow of the guinea pig by A. Friedenstein [5], 
represent the adult stem cells with a spindle-like morphology 
that can adhere to plastic and share a common immunophenotype 
CD29+/CD44+/CD73+/CD105+/CD106+/CD166+ and CD11-/
CD14-/CD34-/CD45-/CD19-[6]. Since most of these molecules 
are expressed on different cells from the hematopoietic lineage 
and endothelium, a full and comprehensive panel of surface 
antigens must be used in any MSC study for unequivocal 
detection of MSCs. 

Expression of constitutive MSC markers can be additionally 
changed due to various environmental factors, like infection, 

media conditions an hormones. Claessen et al. [7], showed 
that equid herpesvirus infection (EhV) led to the signifi cant 
downregulation of CD29, CD105 and MHC1, while expression 
of CD44 and CD90 remained unchanged. Moreover, steroid 
hormones infl uenced the expression levels of CD29, CD44, 
CD73, CD90, CD105 in MSCs from the human endometrium. 
Interestingly, photon and carbon ion radiation did not change 
the expression of CD29, CD44, CD73, CD90 and CD105 on mRNA 
level [8]. 

The primary source of MSCs is bone marrow. However, they 
can also be isolated from the adipose tissue, heart, dermis and 
fetal organs and fl uids [9]. Relatively simple isolation protocols, 
accessibility and multipotential capacities of MSCs together 
with limited ethical concerns implemented the growing body 
of knowledge of these cells both in the fundamental and 
practical fi eld. Several groups reported the use of MSCs for the 
regenerative therapy of heart, bone, cartilage, spinal cord and 
skin defects and traumas on human and animal models [10-13]. 
In contrast to human MSC research [6], no uniform criteria of 
MSC are available for veterinary models in general and domestic 
ungulates in specifi c. 

Domestic ungulates represent the superorder Ungulata, 
which is a diverse group of primarily large mammals. Three 
species of domestic ungulates, cattle (Bos taurus), sheep 
(Ovis aries) and pig (Sus scrofa) have outstanding economic 
importance in the livestock industry, being a source of nutrition, 
leather, and wool [14]. Despite the manifested signifi cance of 
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these animals and their relevance as large animal experimental 
models, the data body on the MSCs from the domestic 
ungulates is incomparable to the data for human and rodent 
MSCs. The main problems of MSC research fi eld is the limited 
availability of species-specifi c or cross-linking antibodies 
for the veterinary study [15], the lack of clarifi cation for MSC 
defi nition and nomenclature [16] and apparent differences from 
human and rodent MSCs in culturing conditions and expression 
of stemness markers, that makes the established protocols for 
primates and rodents inapplicable for the veterinary fi eld and 
large animal models.

The purpose of this review was to summarize the currently 
available information on isolation, characterization, conventional 
markers and differentiation capacities of three species of domestic 
ungulates, with emphasis on the discrepancies in phenotype and 
molecular markers for MCSs from different tissue sources. Our 
ultimate goal was the accurate and comprehensive comparison 
of the research results from different groups to refi ne and to 
uniform the criteria of MCSs from domestic ungulates.

Cattle (Bos taurus)

Unlike human, rodent and even swine MSCs, bovine MSCs 
(bMSCs) are still underexplored. The list of the described surface 
molecules of bMSCs from different tissue sources is presented in 
table 1. Most of them represent the superfamily of cell adhesion 
molecules (CD44, CD106, CD146, CD166) or integrins (CD11a, 
CD29, CD49d), while the function of others (CD90, CD105) has 
not yet been fully elucidated. Regardless the tissue source, all 
bMSCs are positive for CD29, CD44, CD73, CD90, CD105 and 
CD166 and negative for CD9, CD11a, CD14, CD79 and CD45. In 
most studies, bMSCs are also negative for CD34, except the 
study by Rossi et al. [17], who demonstrated the high expression 
of CD34 in a subpopulation of bMSCs from the amniotic fl uid at 
different trimesters of pregnancy. At the same time, Chang et 
al. [18], showed the absence of CD34 expression in bMSCs from 
the amniotic fl uid taken at the fi rst trimester of pregnancy. The 
other discrepancy concerns the expression of CD271. Similar to 
the studies on human MSCs (reviewed at Rojewski et al. [19]), a 
single study [20], reports a small population of bMSCs from the 
bone marrow that expresses CD271, while there is no evidence 
on CD271 positive cells in all other bovine tissues. The other 
problem with the detection of protein expression in bovine 
cells is the absence of bovine-specifi c antibodies and the use 
of human cross-linking antibodies for detection of bovine 
antigens. In some cases, it may lead to the false results, like in 
study by Rossi et al. [17], where CD73 was not detected on bMSC 
from the amniotic fl uid in contrast to other studies [18,21]. 
Another critical issue concerns the change of surface antigens 
expression through the passaging that was demonstrated for 
CD90 and CD44 [17] and also reported for human MSC [22]. It 
is noteworthy that in some cases the presence or absence of 
expression for several surface molecules was confi rmed only on 
mRNA level, and that a confi rmation of expression on protein 
level with large-scaled multicolor fl ow cytometry of bMSC 
from different tissue sources is still a problem to be solved. 
One more signifi cant challenge for future investigations is 
the morphological similarities of bMSC and fi broblasts, which 
exhibit spindle-like morphology and can adhere to plastic [23]. 

Moreover, fi broblasts express some surface molecules of MSCs 
that has been extensively reviewed at Ichim et al. [24], Chang 
et al. [25], demonstrated the multilaneage differentiation of 
fi broblasts from various tissues, that again raises the question 
about the proper detection, isolation, and determination of 
bMSCs and drives the need of more complex and comprehensive 
investigations of the bMSC phenotype.

Apart from the phenotype of the surface markers, the 
molecular signature of mesenchymal cells often includes a 
typical pattern of the pluripotency markers like Oct4, Sox2, 
Rex1, Nanog and SSEA family proteins. Although bMSCs are 
multipotent, not pluripotent stem cells, most of these markers, 
from the analogy with hMSCs [9], are widely used to confi rm 

Table 1: Expression of surface molecules in bovine MSCs
Surface molecule Source Expression Reference Detection method

CD11a BM - 62 FC
CD13 AT + 63 IF
CD14 AF - 15, 19 FC, RT PCR

UC - 27 RT PCR
CD29 BM + 26, 62 FC

UC + 27, 64 RT PCR,FC
AF + 19 RT PCR

CD34 AT - 65 IF
AF +/- 15-16, 19 FC, RT PCR
BM - 66 FC, RT PCR
AF - 19 RT PCR
UC - 27, 64 FC, RT PCR

CD44 BM + 18, 62, 67 FC
AF + 15-16, 19 FC, RT PCR
AT + 63, 68 IF
UC + 27 RT PCR

CD45 BM - 18, 26, 66 FC, RT PCR
AF - 16, 19 RT PCR
AT - 65 IF
UC - 64 FC

CD49d AT + 63 IF
CD73 BM + 26, 66 FC, RT PCR

UC + 64 FC
AF +/- 15-16, 19 RT PCR
AT + 65, 68 IF

CD79 AT - 65 IF
CD90 BM + 66 RT PCR

AF + 15 FC
UC + 64 FC
AT + 63, 65 IF

CD105 BM + 66 RT PCR
AF +/- 15, 19 FC, RT PCR
UC + 27, 64 FC, RT PCR
AT + 63, 65 IF

CD106 BM + 66 FC
AF + 16 RT PCR

CD146 BM + 66 FC
CD166 BM + 18, 67 FC

AF + 19 RT PCR
UC s+ 27 FC, RT PCR

CD271 BM + 18 FC
SF - 18 FC

Abbreviations: BM - bone marrow, AT - adipose tissue, AF - amniotic fl uid, UC- 
umbilical cord, SF –synovial fl uid, IF – immunofl uorescence, FC – fl ow cytometry, RT 
PCR – reverse transcription polymerase chain reaction
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the stemness properties. bMSCs from the bone marrow express 
Nanog and Oct4 both on mRNA and protein level, while the 
results for bMSCs from other tissues are very controversial 
(Table 2). The expression of Oct4, Naanog, and Sox2 in bMSCs 
from the amniotic fl uid id very controversial [17,21,26], however, 
the same has been shown for hMSCs [27] and the discrepancy in 
the results may occur to the heterogeneity of bMSC population 
and detection methods. The data for bMSCs from the adipose 
tissue and umbilical cord (Warton’s jelly) are not comparable, 
and the molecular signature of bMSCs from these sources is still 
unclear.

Moreover, the levels of mRNA pluripotency markers can 
change unpredictably during the passaging and even under 
differentiation conditions. Rossi et al. [17], showed that the 
mRNA expression of NANOG decreased during chondrogenic 
differentiation of bone marrow-derived bMSCs, but increased 
during osteogenic differentiation and did not change in 
adipocytes. Thus, the presence of stemness markers in bMSCs 
from different sources needs the comprehensive revision with 
simultaneous detection of these molecules both on mRNA and 
protein level.

The next part of bMSCs characteristics is the demonstration 
of multi-lineage differentiation under specifi c conditions. 
Using the commercially available induction media, bMSCs from 
the bone marrow, umbilical cord, adipose tissue, and amniotic 
fl uid can differentiate towards chondrocytes, adipocytes, 
and osteocytes (Table 3), while their differentiation towards 
other lineages is less straightforward. In one study bMSCs 
from the bone marrow differentiated into hepatocytes, and in 
three studies bMSCs form the bone marrow, amniotic fl uid, 
and umbilical cord demonstrated the neurogenic potential 
[21,28,29]. It means that bMSCs have the trans-differentiation 
potential, as the neurons belong to the ectoderm, hepatocytes 
have the endodermic origin, while all other cells have the 
mesodermal origin. Given the expression of the ESC cells 
markers and differentiation capacities, bMSCs retain the higher 
level of cell plasticity than it is commonly believed.

Specifi c histological stainings are used to confi rm the 
functional properties of the differentiating cells. 

The most common histological techniques that are used 
for the description of bMSCs differentiation capacities are 
described in table 3. To identify calcium and phosphate deposits 
that appear in cells during osteogenesis, specifi c matrix stains 
like Alizarin Red and Von Kossa are both widely used for bMSCs 
and recommended in conventional MSC characterization 
protocols [6]. Alcian blue and Toluidine blue are applied to stain 
glycosaminoglycans during chondrogenic differentiation, while 
Oil Red that stains neutral lipid droplets is used to describe the 
adipogenesis of bMSCs.

Another approach to confi rm the differentiation capacities 
of bMSCs is RT PCR evaluation of mRNA expression for 
genes that are characteristic for each particular cell type 
(Table 3). Common molecules that confi rm the chondrogenic 
differentiation are Sox9, collagen type II and aggrecan. Aggrecan 
is cartilage-specifi c proteoglycan, a member of chondroitin 
sulfate proteoglycan family that plays several roles in the 
maintenance of cartilage tissue [30]. Sox9 is a transcription 
factor that plays a pivotal role in collagen formation and 
negatively regulates cartilage vascularization [31], and collagen 
type II is a major component of extracellular matrix in the 
cartilage tissue [32]. Essential markers of adipocytes include 
PPARγ, which is a specifi c transcription factor that affects fatty 
acids metabolism and activates adipocyte-specifi c genes like 
adiponectin and resistin [33], leptin (LEP), which is a hormone 
made predominantly by adipose cells and plays a critical role 
in homeostasis of the adipose tissue [34] and lipoprotein lipase 
(LPL) that controls entry of fatty acids into adipocytes [35]. 
Osteogenic differentiation for bMSCs is usually confi rmed by the 
expression of osteopontin, osteocalcin, Runx2, and collagen type 
1. Osteopontin is a glycoprotein that regulates biomineralization 
of bones [36], osteocalcin is osteoblast-specifi c hormone that 
regulates glucose homeostasis in bone tissue [37], Runx2 is an 
essential transcription factor for early osteogenesis, and collagen 
type I is also expressed by early fi broblasts, since it forms the 
primary network for further mineralization process [38]. Unlike 
the expression of stemness markers and immunophenotype, 
there are no obvious discrepancies in the set of differentiation 
markers and techniques applied to bMSCs. The only controversy 
that was found in the literature is an expression of collagen type 
I in a subset of a bMSCs from the amniotic fl uid [17].

Table 2: Detection of stemness markers in bovine and porcine MSCs.
Source Species Stemness markers Expression Detection method Reference

AF bovine NANOG/OCT4/SOX2/SSEA4 Weak/-/weak/weak RT PCR, IF 15
AF bovine OCT4/CMYC +/+ RT PCR 19
AF bovine OCT4 + RT PCR 16
BM bovine NANOG + RT PCR 66
BM bovine NANOG/ OCT4 +/+ FC 26
AT bovine NANOG/OCT4/SOX2 -/-/- RT PCR 65
UC bovine OCT4/CMYC +/+ RT PCR 27

skin porcine OCT4/SOX2/NANOG +/+/+ RT PCR, 43
skin porcine OCT4/SOX2/NANOG +/+/+ RT PCR, IF 44
skin porcine OCT3/OCT4/SOX2/STAT3 +/+/+/+ RT PCR 45
skin porcine OCT3/OCT4/SOX2/NANOG +/+/+/+ RT PCR, IF 40
BM porcine SSEA4/SSEA1 -/- FC 37
BM porcine OCT3/OCT4/SOX2/NANOG +/+/+/+ RT PCR 40

Abbreviations: AF – amniotic fl uid, BM – bone marrow, AT- adipose tissue, UC – umbilical cord, IF – immunofl uorescence, RT PCR – reverse transcription polymerase chain reaction.
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Pig (Sus scrofa)

Due to the similarities of the immune system and MHC 
similarities [39,40] porcine MCS (pMSCs) are much more 
explored compared to their bovine counterparts. Due to the 
higher similarity of surface epitopes for the majority of antigens, 
the expression for almost all surface molecules of for pMSCs is 

confi rmed by fl ow cytometry and immunofl uorescence (Table 
4). The consensus phenotype of pMSCs regardless of the tissue 
source is CD29+/CD44+/CD90+/CD105+ and CD14-/CD34-/
CD45-. Importantly, the positive expression of CD73, which 
was confi rmed both on mRNA and protein level for bMSCs, was 
not included in common phenotype of pMSCs, and the only 
group that evaluated the expression of CD73 on pMSCs isolated 

Table 3: Differentiation potencies of MSCs from domestic ungulates.
Source, reference Chondrogenic Adipogenic Osteogenic Hepatogenic Myogenic Neurogenic

Bovine BM 26, 
66-67 

Alcian Blue
ACAN (Aggrecan)

COL2A1 (Collagen type II)
SOX9

Oil Red
PPARγ (peroxisome 

proliferator-activated receptor 
γ)

AP2(acid-binding protein 2)

Von Kossa
osteocalcin

α-fetoprotein (AFP)
albumin (ALB)

cytochrome p450

Nestin
MAP2 (Microtubule-

associated protein 2)

Porcine BM 37, 40-
41, 48, 71-72, 75

Safranin O
Fast green

Oil Red
PPARγ

AP2(acid-binding protein 2)
Perilipin 

LPL

Von Kossa
Alizarin Red
Osteopontin
Osteocalcin
Osteonectin

collagen type I

Myf5
MyoD

Desmin

Nestin
MAP2

Β III tubulin
NeuN
NGF

Ovine BM 51, 53-
55, 59, 79

Safranin red
Alcian blue
Safranin O
Aggrecan
Biglycan
COL2A1

Collagen type X

Oil Red
PPARγ
leptin
LPL

Von Kossa
Alizarin Red

Alkaline phosphatase
Osteopontin
Osteocalcin

collagen type I
RunX2

 Bovine AF 15, 19

Alcian blue
COL1A1 (Collagen type 1)

COL2A1
Aggrecan (ACAN)

Oil Red
PPARγ

LEP (Leptin)
FABP4

(fatty acid-binding protein)

Von Kossa 
Collagen type 1

osteopontin

Nissle staining
Nestin GFAP (Glial 

fi brillary acid protein)

Ovine AF61, 77 
Alcian blue

Byglican (BGN)
Lumican

Oil Red
PPARγ

SCD

Alizarin Red
osteocalcin

 Bovine AT 63, 
65, 68

Alcian blue
COL2A1

Oil Red O
LPL (Lipoprotein lipase)

Adiponectin
PPARγ
FABP4

Alizarin Red S
Runx2

Octeocalcin
Octeopontin

COL1A1

 Porcine AT 39, 49, 
73-74, 76 Safranin O

Oil Red
Sudan III

LPL
PPARγ

Alizarin Red
Alkaline phosphatase

Collagen type I
Osteopontin

RunX2

PAS (glycogen 
storage)

ALP (alkaline 
phosphatase)

CYP1A1
CYP2B1

Nestin
MAP2

Β III tubulin
NeuN

NGFAP

 Bovine UC 27, 64

Toluidine blue
SOX9

COL2A1
ACAN

Oil Red
Leptin
PPARγ

Alizarin Red
OMD (Osteomodulin)

OSTF1(Osteoclast 
stimulating factor I)

osteopontin

GFAP 
nestin

porcine UC41-42 
Alcian blue

COL2A1
aggrecan

Oil Red O
LPL
aP2

PPARγ

Von Kossa
Alizarin Red 

Alkaline phosphatase
Octeocalcin
Octeopontin

Nestin
NGF

NeuN
Map2

Β III tubulin

Ovine UC80

Toluidine blue
Safranin O
COL2A1

Chondrogenic oligomeric 
protein (COMP)

Oil Red PPARγ osteopontin

Porcine skin 43-45

Toluidine blue
SOX9

COL2A1
aggrecan

Oil Red
Leptin
PPARγ

Alizarin Red
Osteomodulin (OMD)

Osteoclast stimulating 
factor I (OSTF1)

osteopontin

GFAP 
nestin

 Ovine PB78 Alcian blue
Lumican (LUM)

Oil Red 
PPARγ

Stearoyl-CoA desaturase (SCD)

Alizarin Red 
Octeocalcin

Collagen type I
Abbreviations: BM - bone marrow, AT - adipose tissue, AF - amniotic fl uid, UC- umbilical cord.
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from bone marrow reported the absence of cross-linking for 
this molecule with antihuman antibodies (the same has been 
shown for CD19 and CD79b) [39], and it is unclear, whether 
this marker was not detected in other studies due to the lack of 
expression or the absence of species-specifi c antibody. mRNA 
expression of CD73 was confi rmed on mRNA level for pMSCs 
from adipose tissue [41].

An important consideration for cell-based therapy and 
translational research is the possibility of substitution of MSCs 
from the bone marrow with skin- or adipose tissue-derived 
MSCs. Ock et al. [42] were the fi rst who compared phenotypic 
characteristics and functional properties of MCSs from different 

sources on a porcine model. pMCSs from bone marrow and skin 
had comparable levels of CD90 and were uniformly negative on 
CD45, but CD29 expression was substantially upregulated in 
pMSCs from bone marrow compared to skin-derived cells. Kang 
et al. [43], compared expression of surface molecules for pMSCs 
from the umbilical cord and bone marrow and showed that 
expression levels of CD29 and CD44 are similar in these cells, 
whereas CD90 is upregulated in MSCs from the umbilical cord 
compared to bone-marrow-derived cells, and bone marrow-
derived cells demonstrate slightly increased expression of CD45 
(6,02%) compared to the lack of CD45 expression for MSCs 
from the umbilical cord. Full and comprehensive comparison 
of phenotype profi le between MCS from different tissue 
sources is hindered because of more complex derivation and 
culturing protocols for porcine MSCs and the accessibility of 
tissue material, as, for example, only a few studies describe 
the phenotype of the umbilical cord or amniotic fl uid-derived 
porcine MSCs [43,44], compared to the bovine model. Another 
critical issue of the translational research and preclinical models 
is the comparison of the phenotype and functions of animal 
and human MSCs. Noort et al. [39] in a detailed investigation 
showed that human and porcine MCS share a common surface 
phenotype and proliferative capacities, and the differences 
in expression of surface markers between these cells can be 
attributed to the lack of cross-reactivity for the corresponding 
antibodies. Like for bovine MSCs [20], the selection of CD271-
positive cells both for human and porcine MSCs can lead to 
a substantial increase in MSC frequency in the clonal CFU-
forming assay [39]. The only described difference in porcine 
and human MSCs after clonal enrichment was the decreased 
expression of CD146 that might refl ect the difference in the 
adhesive and migrational properties of these cells, but still is a 
subject for further investigation. 

In contrast to the description of surface molecules and 
consensus phenotype, the set of stemness markers of pMSCs is 
described less thoroughly. The expression of Oct3/4, Nanog and 
Sox2 was confi rmed on protein and mRNA level only for skin-
derived pMSCs (Table 2) [45-47], while expression of the same 
markers for bone marrow-derived pMSCs was reported in the 
only study by Ock et al. [42] and the other group reported the 
absence of expression of SSEA1 and SSEA4 on the same cells by 
fl ow cytometry, so it is still unclear, whether these molecules are 
absent on pMSCs, like it was reported for rodent cell lines [48], 
or again this fact should be attributed to the lack of appropriate 
species-specifi c antibodies. To date, no information is available 
on the expression of stemness-associated molecules for adipose 
tissue-derived pMSCs and stem cells from fetal organs and 
fl uids. However, in contrast to bMSCs, there are no signifi cant 
discrepancies in the expression of Oct4/Sox2/Nanog between 
cells from different tissue sources and within one tissue type. 

Like for bMSCs, multilineage potential of porcine MSCs has 
been confi rmed for the basic in vitro tri-lineage differentiation 
into chondrocytes, adipocytes, and osteocytes (Table 3), that 
confi rms the stemness of these cells according to the ISCT 
criteria [6]. Compared to bovine MSCs, which demonstrate 
spontaneous differentiation into chondrocytes in vitro system 
in the absence of the supplementary chemicals [49], MSCs 

Table 4: Expression of surface molecules in porcine MSCs.
Surface 

molecule Source Expression Reference Detection 
method

CD9 skin + 45 FC
CD11b BM - 69 FC
CD13 BM + 70 FC
CD14 BM - 37, 49 FC

AT - 49 FC
CD29 BM + 37, 40, 48-49, 69-72 FC

skin + 40, 43-45 FC
AT + 39, 49, 73 FC, IF, RT PCR
UC + 41-42 FC, IF

CD31 BM - 48, 70 FC
AT - 74 FC

CD34 BM - 37, 70, 75 FC
AT - 76 FC

CD44 BM + 37, 48-49, 72, 75 FC
skin +  43-45 FC
AT +  39, 49, 73-74, 76 FC, IF
UC + 41 FC

CD45 BM - 37, 40, 49, 69-72, 75 FC
skin - 40 FC
AT - 49, 74, 76 FC
UC - 41-42 FC, IF

CD49b BM + 42 IF
CD49d BM + 37 FC
CD49f BM + 37 FC

UC - 41 FC
CD71 AT + 39 RT PCR
CD73 BM - 37 FC

AT + 39 RT PCR
CD90 BM + 37, 40, 49, 69, 72 FC

skin +/low 40, 43-44 FC
AT + 49, 73-74, 76 FC, RT PCR
UC + 41 FC

CD105 BM + 49, 71-72 FC
skin + 45 FC
AT + 39, 49, 76 FC
UC + 74 IF

CD133 UC - 42 IF
CD146 BM + 37 FC
CD147 BM + 72 FC
CD166 BM - 37 FC

AT + 39 RT PCR
CD271 BM + 37 FC

Abbreviations: BM - bone marrow, AT - adipose tissue, UC- umbilical cord, IF 
– immunofl uorescence, FC – fl ow cytometry, RT PCR – reverse transcription 
polymerase chain reaction.
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from swine are more capable of differentiating through the 
adipogenic lineage. This differentiation is accompanied by high 
levels of lipid accumulation and expression of adipose-tissue 
related genes (PPARγ, aP2, perilipin, and LPL). Chondrogenic 
differentiation of porcine MSC is less abundant, and no specifi c 
studies were dedicated to the chondrocyte differentiation 
of porcine MSC in context of cartilage repair. Expression of 
cartilage-related genes under chondrogenic differentiation 
was described only for pMSCs from the skin and umbilical cord 
[43,44,46]. Multipotent mesenchymal stem cells of mesodermal 
origin should also be committed to the myogenic differentiation, 
but literature mining has revealed the only study that 
demonstrated the myogenesis of pMSCs from the bone marrow 
[50], where differentiated cells were morphologically similar to 
myocytes (three or more nuclei, muscle-tube structures) and 
expressed MyoD, Myf5, myogenin, and desmin (a myogenesis-
specifi c markers) both on mRNA and protein level in a time-
dependent manner. The ability of pMSCs from different origins 
to differentiate through the myogenic lineages has to be further 
elucidated. 

An essential property of porcine MSCs is their high 
plasticity and trans-differentiation potential to ectodermal and 
endodermal lineages. pMSCs from different origins successfully 
differentiated into ectodermal neuron-like cells and expressed 
specifi c markers of neurons and glia including β III tubulin, 
MAP2, NeuN, NF-M and GFAP (Table 3). Importantly, pMSCs 
derived from the umbilical cord are more capable for neurogenic 
differentiation than bone marrow-derived stem cells and 
expressed higher levels of NGF (neuronal growth factor) and 
nest in that was confi rmed through in vivo transplantation 
on a mouse model of Parkinson disease [43]. Studies on the 
neuronal regeneration of pMSCs from the adipose tissue and 
umbilical cord confi rmed the equal potencies of these cells to 
the convenient bone marrow-derived MSCs that allows using 
these cells in translational research models and helps to avoid 
the highly invasive and painful procedures of bone marrow 
puncture. 

In addition to the neurogenic ectodermal differentiation, 
porcine MSCs showed the potencies to endodermic lineage 
differentiation in vitro system. Recent studies confi rmed the 
capacity of bone marrow and adipose tissue-derived pMSCs 
to differentiate into hepatocytes with sustained hepatocyte-
specifi c functions, like urea and glycogen synthesis and 
cytochrome p450 expression [51]. It is noteworthy that 
differentiated hepatocytes had the characteristics similar to the 
primary hepatocytes from swine liver [51,52] that makes these 
cells applicable for translational research and regenerative 
therapy. 

Sheep (Ovis aries)

Ovine MSCs (oMSCs) seem to be the most questionable 
type of ungulate stem cells due to many controversies in their 
phenotype (Table 5). These controversies are reported even 
for the common MSC markers, like CD29, CD90, and CD105. 
Caminal et al. [53] reported that 96.6% of the overall bone 
marrow-derived oMSCs express CD90, while Desantis et 
al. [54], revealed only 12% of CD90-positive oMSCs in bone 
marrow, and Rentsch et al. [55] demonstrated heterogeneity of 

CD90 expression in oMSCs with immunofl uorescence method. 
Moreover, Adamzyk et al. [56] demonstrated the various levels 
of CD90 for cells in different passages and media conditions. 
The same is true for CD29, as only 20% of CD29 positive oMSCs 
in bone marrow were detected by Adamzyk et al. [56], whereas 
McCarty et al. demonstrated that almost 99% of oMSCs were 
positive for this marker [57], and Boos et al. [58] confi rmed 
high level of CD29 expression by RT PCR. CD105 expression 
in oMSCs also depends on the composition of culture media 
[56], Caminal et al. [53] reported the presence of CD105 on 
55.6% of oMSCs, while Rentsch et al. [55] described all oMSCs 
as strongly CD105-positive with immunofl uorescence method. 
Heterogeneity of ovine MCSs was demonstrated not only 
within same tissue type but for MCSs from different origins. 

Table 5: Expression of surface molecules in ovine MSCs.
Surface molecule Source expression reference Detection method

CD9 BM + 53 IF
CD13 AT + 58 FC

AF + 61 IF
CD14 BM weak 55 FC

AF - 77 FC
CD29 BM +/- 54-56, 59 FC, RT PCR

PB + 78 RT PCR
AF + 61 IF

CD31 BM - 52, 55-56 FC
AT weak 58 FC
AF - 77 FC

CD34 BM - 52, 79 FC
PB + 78 RT PCR
AT - 58 FC

CD44 BM + 51-56, 59, 79 FC, IF, RT PCR
AT + 58 FC
AF + 61, 77 IF, FC

CD45 BM -/+ 51-56, 59, 79 FC, RT PCR, IF
AF - 61, 77 FC, IF
PB - 78 RT PCR

CD49d AT +/- 58 FC
CD49f AT +/- 58 FC
CD54 BM + 53 IF
CD58 BM + 52 FC

AT + 77 FC
CD71 AT - 58 FC
CD73 BM +/- 51, 53 FC, IF

PB + 78 RT PCR
AT - 58 FC

CD90 BM +/- 51-53 FC, IF
PB + 78 RT PCR
AT + 58 FC
AF + 61 FC

CD105 BM +/weak 51, 53, 79 FC, IF
PB weak 78 RT PCR
AT weak 58 FC

CD106 BM - 55 FC
AF + 61 IF
AT +/- 58 FC

CD166 BM + 51, 53-56, 59 FC, RT PCR, IF
AT + 58 FC
AF + 77 FC

Abbreviations: BM - bone marrow, AT - adipose tissue, AF- amniotic fl uid, PB – 
peripheral blood, IF – immunofl uorescence, FC – fl ow cytometry, RT PCR – reverse 
transcription polymerase chain reaction.
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Weber et al. [59] compared phenotypes of ovine MSCs from 
bone marrow and amniotic fl uid using immunofl uorescence 
and fl ow cytometry methods and revealed the discrepancies 
of CD106 expression for these cells. Martinez-Lorenzo et al. 
[60] compared ovine MSCs to human MSCs from bone marrow 
and demonstrated the upregulation of CD31, CD54, CD106 and 
CD117 and downregulation of CD49d, CD71, CD73, and CD105 
in ovine MSCs compared to their human counterparts. The 
same group reported the two-fold downregulation of CD106 
and CD49f expression during the fi rst passage, and that fact 
limits the comparison of oMSCs phenotype for cells taken on 
different passages. In a very comprehensive study by Sanjuro-
Rodriguez et al. [61], it was emphasized that most of the anti-
human and anti-rat antibodies (except for CD29 and CD166) 
show the absence of cross-reactivity to ovine antigens. Given 
all the limitations listed above, the consensus phenotype 
of ovine mesenchymal stem cell to date should be described 
as CD13+/CD29+/CD44+/CD90+/CD166+ and CD31-/CD34-/
CD45-. However, in this case, the fi rst step of the phenotype 
evaluation must be the obligate prerequisite test for antibodies 
cross-reactivity and confi rmation of expression both on mRNA 
and protein level. General recommendations for antibodies 
testing are explicitly provided for equine MSCs [62] and can be 
applied for ovine MCSs. 

Expression of stemness markers in ovine MSCs is described in 
a few studies and cannot be summarized for mesenchymal stem 
cells from different origins. oMSCs from bone marrow express 
SOX2 on mRNA level and are positive for SSEA4 on protein level 
[61], oMSCs from amniotic fl uid express STAT3 and NANOG 
mRNA [59] and express OCT4 confi rmed by immunofl uorescence 
[63]. Full expression profi le of stemness markers in ovine MSCs 
from different origins has to be further elucidated. 

According to the literature data, ovine MSCs from bone 
marrow, umbilical cord, peripheral blood, and amniotic fl uid 
are capable for classic tri-lineage adipogenic, osteogenic 
and chondrogenic differentiation in vitro assays (Table 3). 
Expression of lineage-specifi c markers of ovine MSCs during 
differentiation is similar to that for bMSCs and pMSCs. However, 
the general plasticity of ovine MSC, in contrast to other species, 
is limited to mesodermal lineage, and ectodermal or endodermal 
differentiation potencies are still not confi rmed for these cells. 
Taken together, these data imply the pressing need for ovine 
MSC characterization both for in vitro and in vivo assays. 

Conclusions and Future Perspectives

Mesenchymal stem cells of domestic ungulates can be 
isolated from different adult and fetal tissues, share some 
of the common phenotype molecules and are capable of tri-
lineage mesodermal differentiation (Figure 1). However, 
immunophenotype of mesenchymal stem cells from swine, 
sheep, and cattle demonstrate apparent differences in 
expression of common and rare surface markers, these cells are 
heterogeneous on stemness markers and have different plasticity 
towards the trans-differentiation on ectodermic and endodermic 
lineages. The critical considerations for mesenchymal cells of 
domestic ungulates are the comparison of all molecules and 
stemness markers for cells from different origins, confi rmation 

of expression of surface antigens and stemness markers 
on mRNA and protein level, and comprehensive analysis of 
surface phenotype and differentiation potencies depending 
on the culturing conditions and passaging time. All these 
considerations will allow the more comprehensive analysis 
to fi nd uniform criteria of mesenchymal stem cells from the 
large animal models as for human mesenchymal stem cells and 
provide the data for the breakthrough in this innovative fi eld. 
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