
Summary. Introduction. Mesenchymal stromal cells
(MSCs) can be derived from a wide range of fetal and
adult sources including pluripotent stem cells (PSCs).
The properties of PSC-derived MSCs need to be fully
characterized, in order to evaluate the feasibility of their
use in clinical applications. PSC-MSC proliferation and
differentiation potential in comparison with bone
marrow (BM)-MSCs is still under investigation. The
objective of this study was to determine the proliferative
and chondrogenic capabilities of both human induced
pluripotent stem cell (hiPSC-) and embryonic stem cell
(hESC-) derived MSCs, by comparing them with BM-
MSCs.

Methods. MSCs were derived from two hiPSC lines
(hiPSC-MSCs), the well characterized Hues9 hESC line
(hESC-MSCs) and BM from two healthy donors (BM-
MSCs). Proliferation potential was investigated using
appropriate culture conditions, with serial passaging,
until cells entered into senescence. Differentiation
potential to cartilage was examined after in vitro
chondrogenic culture conditions.

Results. BM-MSCs revealed a fold expansion of
1.18x105 and 2.3x105 while the two hiPSC-MSC lines
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and hESC-MSC showed 5.88x1010, 3.49x108 and
2.88x108, respectively. Under chondrogenic conditions,
all MSC lines showed a degree of chondrogenesis.
However, when we examined the formed chondrocyte
micromasses by histological analysis of the cartilage
morphology and immunohistochemistry for the
chondrocyte specific markers Sox9 and Collagen II, we
observed that PSC-derived MSC lines had formed pink
rather than hyaline cartilage, in contrast to BM-MSCs. 

Conclusion. In conclusion, MSCs derived from both
hESCs and hiPSCs had superior proliferative capacity
compared to BM-MSCs, but they were inefficient in
their ability to form hyaline cartilage.
Key words: Mesenchymal Stromal Cells, Pluripotent
Stem Cells, Bone Marrow, Cell Proliferation,
Chondrogenesis

Introduction

Mesenchymal stromal cells (MSCs) have been,
intensely investigated during the last years in multiple
studies, for their possible usage in cellular therapy due to
their unique biological characteristics. MSCs represent
multipotent adult stem cells that exhibit several in vitro
properties, including adherence to plastic surface, ability
to proliferate, specific antigen expression (CD73+



Materials and methods

Pluripotent cell lines 

Τhe protocol of the current study was approved by
the Ethical Committee of Aghia Sophia Children’s
Hospital in Athens, Greece. Bone marrow samples were
derived from the iliac crest of two normal 6 and 13 year-
old stem cell transplant donors and 15 ml of each were
used for the isolation of MSCs (BM-1-MSCs and BM-2-
MSCs, respectively). Written informed consent was
provided from the parents. After harvesting, bone
marrow MSCs (BM-MSCs) were isolated from the
mononuclear cell layer, according to standard protocols
(Varela et al., 2014) and cultured in Dulbecco’s Modified
Eagle Medium (DMEM) with Glutamax (Gibco, BRL)
containing 10% Fetal Bovine Serum (FBS) (Stem Cell
Technologies, Vancouver, BC, Canada). An amount of
25x103 cells from both BM-MSC lines was subsequently
used to generate hiPSCs and the remaining cells were
stored in liquid nitrogen. For the reprogramming, a
modified synthetic mRNA method (Warren et al., 2010)
(Stemgent, Cambridge, MA, USA) was used, as
previously described (Varela et al., 2014). After
establishment of the hiPSC lines, two of them, hiPSC-1
and hiPSC-2 (one obtained from each initial BM sample)
were used for the experiments. Pluripotent stem cells
(PSCs) were cultured in standard culture conditions, in
6-well plates precoated with Matrigel hESC-qualified
Matrix (BD Bioscience, Franklin Lakes, NJ, USA),
containing mTeSR1 medium (Stem Cell Technologies,
Vancouver, BC, Canada). Cells were fed every day with
fresh medium and were passaged every 4-7 days, after
enzymatic treatment with Dispase 1 U/ml (Stem Cell
Technologies) for 1 minute and subsequent manual
scraping of colonies. Expression of pluripotency genes
in the hiPSC lines was confirmed as previously
described (Varela et al., 2014). For comparative
assessment of hiPSC and hESC derivatives, Hues9
hESCs line, kindly provided by Professor D. Melton,
Harvard Stem Cell Institute, was similarly cultured and
used in the experiments.
In vivo teratoma formation and tumor generation assays

Each undifferentiated hiPSC line was tested prior to
mesenchymal differentiation (passage 20) with in vivo
experiments for functional pluripotency. After
mesenchymal differentiation and expansion (passage 4)
each hiPSC-MSC line was examined in vivo for tumor
generation. Approximately 1x106 hiPSCs or hiPSC-
derived MSCs were suspended in 100 μl of DMEM/F-12
(Stem Cell Technologies) mixed with Matrigel at a ratio
1:1 and were then delivered into three NOD/SCID mice,
with subcutaneous administration. The animal
experiments were carried out at the Animal Facility of
the Biomedical Research Foundation of the Academy of
Athens (BRFAA), in accordance with the directions of
the Association for Assessment and Accreditation of
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CD90+ CD105+ CD34- CD11b- CD14- CD19- HLADR-)
and ability to generate osteoblasts, adipocytes and
chondrocytes, upon culture in appropriate conditions
(Dominici et al., 2006; Wang et al., 2012; Sharma et al.,
2014). Research has focused on their differentiation and
immunomodulatory abilities, as well as in their trophic
role in tissue repair by secretion of pro-angiogenic and
growth factors into the damaged area. Their beneficial
role has been observed in clinical studies regarding
cardiac ischemic disease (Wang et al., 2012), acute graft
versus host disease (Sharma et al., 2014) and other
inflammatory, ischemic and autoimmune disorders, like
Crohn’s disease (Murphy et al., 2013). Osteoarthritis
(OA) is one of the most common degenerative joint
diseases without effective therapy so far and there is
need for the establishment of alternative strategies of
therapy. Cellular therapy using MSCs and MSC-derived
chondrocytes could possibly provide reparative results,
as indicated by several studies (Nejadnik et al., 2010;
Toh, 2016). 

MSCs are found in numerous adult tissues including
bone marrow (BM), dental pulp, adipose tissue, muscle
and other connective tissues, as well as in several fetal
tissues, such as umbilical cord, cord blood, placenta and
amniotic fluid (Hass et al., 2011). The most common
source for MSC isolation, used in preclinical and clinical
studies, is the BM (Sabapathy and Kumar, 2016).
However, MSCs are represented in low numbers in BM
(Hass et al., 2011) and they can be in vitro expanded
only to a limited extent, as they display senescence after
a few passages (Sabapathy and Kumar, 2016), resulting
in insufficient numbers of healthy MSCs for cellular
therapy. Furthermore, derivation of MSCs from adult
tissues usually requires invasive procedures (Hass et al.,
2011). Several groups have already reported the
generation of MSCs from human embryonic stem cells
(hESCs) and induced pluripotent stem cells (hiPSCs)
with high yields (Chen et al., 2012; Liu et al., 2012;
Villa-Diaz et al., 2012; Wei et al., 2012; Hynes et al.,
2014; Tang et al., 2014), presenting a new source of
these cells, which has unlimited capacity of expansion
and differentiation. Pluripotent stem cell (PSC-) derived
MSCs (PSC-MSCs) have been shown to resemble the
phenotypical characteristics of adult MSCs and seem to
have similar functional characteristics to BM-MSCs,
such as inhibitory activity upon NK cells, by impeding
their proliferation and cytotoxic potential in vitro
(Giuliani et al., 2011). In vivo properties of PSC-derived
MSCs have also been documented by preliminary
results, showing that they are capable of engrafting onto
injured murine muscle (Awaya et al., 2012), have
regenerative potential in mice with hind limb ischemia
(Lian et al., 2010) and exhibit the capacity to generate
bone in mice with calvarian and radial defects (Villa-
Diaz et al., 2012; Sheyn et al., 2016). In the present
study, MSCs derived from two hiPSC lines and the well
characterized Hues9 hESC line were examined for their
proliferative capacity as well as for their chondrogenic
capacity in comparison with BM-MSCs. 



Laboratory Animal Care (AAALAC) and the
recommendations of the Federation of European
Laboratory Animal Science Associations (FELASA).
After approximately 2-2.5 months, animals were
sacrificed and tumors were collected. After fixation in
4% formaldehyde, processing in paraffin and sectioning,
hematoxylin and eosin (H&E) staining was used to
histologically assess the formed tissues.
Differentiation of pluripotent stem cells into mesenchymal
stromal cells and expansion

The two hiPSCs lines (hiPSC-1, hiPSC-2) and
Hues9 were induced towards the mesenchymal lineage
via embryoid body (EB) formation, as previously
described (Karagiannidou et al., 2014). Briefly,
undifferentiated PSCs were cultured as aggregates in
ultra-low attachment plates, in medium containing
Knockout DMEM, 20% Knockout serum replacement
(KSR), 1 mM L-Glutamine, 1x non-essential amino
acids, 0.1 mM 2-mercaptethanol (all from Gibco) and 50
ng/ml BMP-4 (R&D System, Inc., Minneapolis, MN).
After 7 days, embryoid bodies were transferred into
gelatin-coated flasks, in MSC differentiation medium
consisting of Knockout DMEM, 10% KSR, 1 mM L-
Glutamine, 1x non-essential amino acids and 10 ng/ml
bFGF (R&D System). Expanding mesodermal
intermediates were fed every 3-4 days and when they
reached confluency, they were passaged using 0.05%
trypsin. After the first two passages, pluripotent stem
cell-derived MSCs (hiPSC-1-MSCs, hiPSC-2-MSCs,
hESC-MSCs) were expanded in non-coated flasks, in the
same conditions as for BM-MSCs. Samples from both
initial BM-MSC lines that were used for hiPSC
derivation were thawed and expanded in parallel cultures
in order to be used for comparative assessment of the
proliferative and chondrogenic characteristics of the
PSC-MSCs.
Cell proliferation assay 

All MSC populations were serially passaged till
senescence. For assessment of the population doublings
and population doubling time, during each passaging,
cells were counted before seeding in new flasks.
Population doublings were measured according to the
formula PD=(lnN-lnN0)⁄ln2 where N0=initial number of
cells seeded in flask, N=terminal number of cells in flask
at time of passaging. Population doubling time was
estimated according to the formula PDT=T⁄PD, where
T=time between two passages measured in days.
Surface antigen expression analysis 

For flow cytometry analysis, hiPSC-MSCs (passage
4) were harvested, washed and incubated with specific
MSC marker antibodies CD90-FITC, CD44-PE, CD105-
FITC, CD73-PE, CD34-PE, CD45-FITC. A Cytomics
FC500 was used by Beckman Coulter with CXP

software for the Cytomics FC500 flow cytometry system
version 2, 2. We used 400 μL from the total volume of 1
mL hiPSC-MSCs in order to count the total number of
cells and their viability, by adding 10 μl of 7-AAD for
viable cells, using flow cytometry. Sample analysis was
completed typically within 10 minutes.
Comparative genomic hybridization analysis (array-CGH)

Qiagen Blood Mini-kit was used for genomic DNA
extraction from both hiPSC- (hiPSC-1 and hiPSC-2) and
all of the MSC-samples. After further processing of, as
previously described (Tzetis et al., 2012), the DNA was
subsequently hybridized to Agilent SurePrint G3 Human
4x180K CGH+SNP microarrays. The array contains
110,712 [comparative genomic hybridization (CGH) +
59,647 [single-nucleotide polymorphism (SNP)] 60-mer
oligonucleotide probes with 25.3-kb overall median
probe spacing (5-kb in ISCA regions). Data extraction
from raw microarray image files was achieved by using
Agilent Feature Extraction Image Analysis Software (v.
10.7.3). Agilent Cyto Genomics (v. 2.7) software was
then used in order to visualize and analyze the data as
previously described (Tzetis et al., 2012).
Osteogenic and adipogenic differentiation of hiPSC-
MSCs

hiPSC-MSCs (passage 4) were harvested, reseeded
at appropriate concentrations in plates containing
MesenCult Osteogenic Stimulatory Kit (Stem Cell
Technologies, Vancouver, BC, Canada) and StemPro
Adipogenesis Differentiation Kit (Gibco, BRL), for
osteogenesis and adipogenesis, respectively and cultured
as monolayer, according to the manufacturer ’s
instructions. Assessment of the differentiated cells was
carried out with staining techniques. Alizarin Red and
Alkaline Phosphatase was used to stain osteocytes and
Oil Red for adipocytes.
Chondrogenic differentiation of MSC lines

Chondrogenesis assay was similarly applied to
hiPSC-MSCs, hESC-MSCs and BM-MSCs (all cell
populations at passage 4) in order to obtain comparative
results. 2.5x105 MSCs were seeded as droplets into the
centre of tissue culture 24-well plates to achieve
attachment of the cells in high density and maintained in
standard chondrogenic medium, StemPro
Chondrogenesis Differentiation Kit (Gibco, BRL) for 3
weeks. The derived chondrogenic micromasses were
analyzed histologically and immunohistochemically. 
Histological and immunohistochemical analysis

All MSC-derived cartilage micromasses were
formalin-fixed, paraffin-embedded and sectioned. For
histological analysis, micromasses were stained with
hematoxylin and eosin (H&E). Additional histological
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Fig. 1. A. In vivo teratoma formation, after injection of hiPSCs in NOD/SCID mice. a) Hematoxylin and eosin staining of the formed teratoma at
magnification 10x, showing the presence of tissues that originate from all three germ layers (endoderm, ectoderm, mesoderm). b) Higher magnification
(40x) depicts the formation of cartilage (mesoderm), columnar epithelium (endoderm) and pigmented epithelium (ectoderm) (Representative pictures of
hiPSC-1 experiments). B. Generation of mesenchymal populations. a) Morphology of hiPSC colonies on Matrigel, before harvesting and induction of
embryoid body formation. b) hiPSC-derived EBs after two days of culture into ultra-low attachment plate. c) hiPSC-derived EB three days after
attachment on gelatin-coated surface. d, e, f) hiPSC-1-MSCs, hESC-MSCs and BM-MSCs at passage 3, respectively.



observations were performed after Alcian Blue staining.
All immunostaining studies were performed on a Leica
Bond-Max automated strainer platform (Leica
Biosystems) employing a polymeric secondary detection
system (Refine;Leica), using diaminobenzidine as a
chromogen. The immunostaining protocol was tested
and optimized. Immunohistochemistry for Sox9 was
performed using a rabbit monoclonal antibody, clone
EPR14335 (1/1000 dilution, Abcam, Cambridge, MA).
A mouse monoclonal antibody, clone M2139, was used
for the detection of COL2A1 (1/20 dilution, Santa Cruz
Biotechnology, Dallas, TX). The cartilage of trephine
bone marrow biopsies was used as a positive control.
Results

Generation and phenotype of MSCs 

Prior to mesenchymal differentiation, hiPSC lines

had been tested for pluripotency. The hiPSC lines
expressed pluripotency genes and formed teratomas,
after injections in NOD/SCID mice (Fig. 1A). All PSC
lines proliferated on Matrigel until a sufficient number
of cells was obtained for differentiation. PSC colonies
(Fig. 1Ba) were then harvested and allowed to form EBs
into ultra-low attachment plates. Aggregates formed
compact spherical structures (Fig. 1Bb) in the first 2-3
days and grew in size by day 7, when they were
harvested. When seeded on gelatin-coated surface,
disaggregated EBs attached and within the first 2-3 days,
proliferating cells with morphology resembling
mesenchymal cells appeared in the periphery of each EB
(Fig. 1Bc) and expanded rapidly, reaching confluency
within 7 days of culture. The initial population was
heterogeneous, but homogeneity increased with
passaging. After 2-3 passages residual epithelioid cells
were removed and the cell population consisted
predominantly of cells with mesenchymal-like
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Fig. 2. Characteristics of hiPSC-MSCs. A. As revealed with flow cytometric analysis, MSCs express specific surface antigens CD90, CD44, CD105,
CD73 and lack the expression of CD34 and CD45. B. Detection of deletions of approximately 3 Mb, in chromosomes X (DELXp21.3-p21.1) and 10
(DEL10p14), in hiPSC-1-MSCs and hiPSC-2-MSCs, respectively. C. Morphological identification of MSC-derived mesodermal tissues was achieved
with Oil Red stain in adipogenic cultures, Alizarid Red in osteogenic cultures (arrows indicate extracellular calcium deposition) and with hematoxylin and
eosin in chondrogenic micromasses (Representative pictures).



morphology. The time required for generation of an
MSC population from undifferentiated hiPSC-1 and
hiPSC-2 cell lines was approximately 3 weeks and was
equivalent to that of Hues9 differentiation. Derivation of
MSC populations from BM was achieved after 2
passages in a time interval of 3 weeks. hiPSC-MSCs
similarly to hESC-MSCs, had the typical spindle-shaped
morphology of BM-MSCs (Fig. 1Bd,e,f), while both
displayed a smaller size than the latter. hiPSC-MSCs and
hESC-MSCs expressed all specific MSC markers,
CD73, CD105, CD90, CD44 and lacked expression of
the hematopoietic markers CD34 and CD45 (Fig. 2A).
Furthermore, all the PSC-MSC populations
downregulated the expression of pluripotency genes
OCT3/4 and NANOG by passage 4, at levels similar to
the BM-MSCs (Fig. 3).
Proliferation of MSCs 

All MSC populations were cultured until senescence
in order to compare their proliferative properties.
Proliferation capacity of hiPSC-MSCs and hESC-MSCs
decreased during continuous passaging, in accordance
with BM-MSCs. hiPSC-1- and hiPSC-2-MSC
proliferation ceased completely after 25 and 20 passages,
respectively. Related results obtained from hESC-MSCs
and the 2 BM-MSC-lines were 19, 13 and 14 passages,
respectively. Due to the much smaller size of PSC-
MSCs, each confluent 25 cm2 flask during at least the
first 8-10 passages yielded an average of 1.5x106 cells
(6x104/cm2), whereas for BM-MSCs each flask yielded
7x105 cells (2,8x104/cm2) or below. Comparative results
of the number of population doublings, average
population doubling time, maximum total cell yields and
fold expansion of all MSC populations are shown in
Table 1. Proliferative potential of PSC-MSCs according
to these parameters was found to be higher compared to
BM-MSCs. The elevated growth rates of hiPSC- and
hESC-MSC populations are depicted in Fig. 4.

Genetic stability of derived MSCs 

As revealed with array-CGH, initial BM-MSCs had
a normal chromosomal pattern and only exhibited
polymorphic variants (Copy number Polymorphisms-
CNPs) in their genome. hiPSC-1 and hiPSC-2 lines had
normal karyotypes, but at the molecular level they had
acquired after 10 passages one deletion of approximately
3 Mb, in chrX: 29182625- 32011209 (DEL Xp21.3-
p21.1) and chr10: 6998908- 10013116 (DEL10p14),
respectively (reference genome hg19) (Fig. 2B). These
deletions had occurred during continuous passaging, as
has been extensively observed in PSC cultures and the
phenomenon is related to culture adaptation. The
affected regions did not contain genes involved in cell
growth and proliferation. hiPSC-MSCs maintained the
same chromosomal pattern as their hiPSC ancestors
before differentiation. The Hues9 line is already well
characterized genetically. The derived hESC-MSCs
exhibited the same chromosomal pattern as the maternal
hESCs.
In vivo tumor generation assay 

After injection of PSC-MSCs into NOD/SCID mice,
no tumor formation was observed in a maximum time
interval of 10 weeks. 
In vitro adipogenic and osteogenic differentiation
capacity of hiPSC-MSCs

In order to prove their osteogenic and adipogenic
capacity, the derived hiPSC-MSC lines were cultured in
standard osteogenic and adipogenic conditions.
Osteogenesis was evident from the first two weeks by
typical calcium deposition sites on the cell layer.
Alizarid Red Stain after 35 days of culture confirmed the
presence of osteogenic activity (Fig. 2C). Additionally,
Alkaline Phosphatase activity was detected and further
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Fig. 3.
Downregulation of
pluripotency markers
in PSC-MSCs.
Representative results
of RT-PCR from
passage 4 hiPSC-1-
MSCs, showing the
downregulation of
NANOG and OCT3/4
expression at levels
similar to the initial
BM-1-MSCs.
Housekeeping
GAPDH gene
expression was used
as internal control.



supported differentiation (data not shown). Culture of
MSCs in adipogenic medium also resulted in adipocytic
phenotype. Oil Red Stain revealed accumulation of lipid
droplets in the cells (Fig. 2C).
Comparison of chondrogenic differentiation among MSC
populations

In order to focus on chondrogenic differentiation
capacity and assess the quality of cartilage, derived from
hiPSC-MSCs and hESC-MSCs compared to BM-MSCs,
chondrogenic micromasses were analyzed in all MSC
samples, after culture under the same chondrogenic
conditions for 3 weeks. All MSCs under these conditions
formed compact spherical structures. Histological and
immunohistochemical findings are shown in Fig. 5.
Based on the results, BM-MSC-derived cartilage
displayed a highly acidic extracellular matrix, as
indicated by the deep bluish colour in H&E, thus rich in
the proteoglycans that define mature hyaline cartilage.
Furthermore, the tissue was abundant in lacunae that
contained mature spherical chondrocyte-like cells. On

the other hand, PSC-derived MSCs failed to form typical
hyaline cartilage, but showed some degree of
chondrogenesis, with the derived tissue having a pinkish,
rather than deep blue colour in the extracellular area in
H&E staining, in contrast to BM-MSC derived cartilage.
High cellularity, with an abundance of small-sized,
immature cells and a general lack of the typical lacunae
organization were observed in PSC-MSC tissues.
Additionally, there was a high proportion of cells having
a spindle, mesenchymal morphology. The overall
histological picture resembles pink rather than hyaline
cartilage. and the findings suggest a possible incomplete
chondrogenesis process (Fig. 5). Further histological
observation after Alcian Blue staining verified those
findings, indicating much less blue-stained GAG content
in PSC-MSC-derived cartilage (Fig. 6). Immunohisto-
chemistry for Sox9 protein revealed that in BM-MSC-
derived micromasses as high as 80% of cells showed
remarkable expression, while in contrast, in hiPSC-MSC
derived micromasses, approximately 1% of cells
expressed the marker (Fig. 5). In hiPSC-MSC derived
micromasses staining was poor even in cells that
expressed the marker, indicating low levels of
expression. In hESC-derived micromasses there was
some expression of Sox9 of about 40%, but this was
localized in a small region of the tissue that lacked
hyaline cartilage morphology, unlike BM-MSC derived
ones (Fig.5). As indicated by immunohistochemistry
with anti-COL2A1 antibody, COL2A1 was remarkably
produced in BM-derived micromasses and could be
observed in approximately 70% of the matrix
surrounding the chondrocytes throughout the micromass.
Production of COL2A1 appeared to be co-localized with
Sox9 expression. In hiPSC- and hESC-derived
micromasses, there was no COL2A1 production
observed (0% of the tissue). In hESC-derived
micromasses, Sox9 expression did not correlate with
COL2A1 production (Fig. 5).
Discussion

The properties of MSCs have been extensively
investigated for many years and can possibly be
beneficial for the treatment of inflammatory and
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Fig. 4. Growth rate of MSC populations. Each graph shows the
logarithmic fold expansion (LogA) during culture of (hiPSC)-, (hESC)-
and BM-derived MSCs, where A represents the cumulative number of
MSCs produced after each passage divided by the initial number of cells
at the beginning of the culture. The dots on the graph represent the
additional passages of the MSC populations.

Table 1. Comparative depiction of the proliferative characteristics of hiPSC-, hESC- and BM-MSCs.

Number of Population Population doubling Total number of Fold
passages doublings time (days) cells produced expansion

hiPSC-1-MSCs 25 35.7 3.3 1.41x1017 5.88x1010

hiPSC-2-MSCs 20 28.3 3.3 9x1014 3.49x108

hESC-MSCs 19 28.1 3.08 6x1014 2.88x108

BM-1-MSCs 13 16.9 3.9 8.5x1010 1.18x105

BM-2-MSCs 14 17.8 3.9 1.7x1011 2.3x105

hiPSCs: human induced pluripotent stem cells, hESCs: human embryonic stem cells, BM: bone marrow MSCs: mesenchymal stromal cells, hiPSC-1-
MSCs; hiPSC-2-MSCs: MSC lines derived from hiPSCs, hESC-MSCs: MSC line derived from hESCs, BM-1-MSCs; BM-2-MSCs: MSC lines derived
from BM.



degenerative diseases. The perspective of utilizing
hiPSCs for the production of MSCs has already been
described (Sabapathy and Kumar, 2016). PSCs represent
an attractive source of MSCs, as they can be indefinitely
expanded and stored in large quantities in liquid
nitrogen, thus being constantly available for
differentiation. In this study, mesenchymal
differentiation of PSCs was achieved with high
efficiencies in a time interval of 3 weeks. We used the
protocol of EB formation, in which, initial differentiation
into all three germ layers takes place. The derived cells
expressed MSC-specific surface antigens and they had a
uniform appearance with typical spindle-shaped MSC

morphology, while their size was smaller and they had a
more juvenile appearance than adult MSCs.
Differentiation did not cause any chromosomal
aberrations in the derived MSCs and all lines maintained
the chromosomal pattern of their parental PSCs. The
iPSC-derived lines had maintained a few CNPs that are
not related to aberrant cell growth. PSC-MSCs were
examined for their proliferative characteristics in
comparison with BM-MSC, which are currently used in
preclinical and clinical studies (Sabapathy and Kumar,
2016). Their proliferative capacity appeared much
higher compared to that of BM-MSCs, as they could be
expanded for a higher number of passages and, most
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Fig. 5. Ηistological and immunohistochemical analysis of BM and PSC-derived cartilage micromasses. BM-derived micromasses display typical
histological hyaline cartilage features, with an abundance of bluish acidic extracellular matrix, low cellularity and the presence of lacunae containing
mature chondrocytes. Sox9 protein was detected in a high proportion of cells and COL2A1 was produced in the area surrounding the chondrocytes
throughout the micromass. hiPSC-derived cartilage micromasses display high cellularity, a high proportion of spindle shaped and immature cells, lack
of lacunae and pinkish extracellular matrix in hematoxylin and eosin staining. Expression of Sox9 was very weak and COL2A1 production was absent.
hESC-derived micromasses display similar morphological features to hiPSC-derived cartilage, much lower Sox9 expression than BM-MSCs and
absence of COL2A1 production. (Pictures of a representative experiment).



importantly, yielded a much higher amount of cells.
hiPSC-MSCs and hESC-MSCs reached higher numbers
of population doublings than BM-MSCs. Fold expansion
appeared to be up to 5x105 times greater for hiPSC-
MSCs and 2.5x103 for hESC-MSCs in comparison to
BM-MSCs. Nevertheless, PSC- derived MSCs appeared
to enter in senescence after prolonged passaging, like
normal adult MSCs. The higher proliferative capacity of
PSC- derived MSCs is in line with other previously
reported results. Several researchers have reported that
PSC-derived MSCs were able to reach 2 times the
number of population doublings observed in BM-MSCs
and had a fold expansion that was 3x104 times higher
(Wei et al., 2012; Kimbrel et al., 2014). Other groups
also showed that hiPSC-derived MSCs had a more rapid
growth than BM-MSCs, with significantly shorter
doubling time (Zhao et al., 2015; Sheyn et al., 2016).
Interestingly, Lian et al. managed to expand a hiPSC-
MSC line for up to 40 passages (120 population
doublings), without observing any chromosomal
alterations and showed that passage 36 hiPSC-MSCs
exhibited 10 times the telomerase activity of passage 6
BM-MSCs (Lian et al., 2010). Our study further
supports that PSC lines can generally produce MSCs
with more robust proliferation characteristics than BM-
MSCs, producing large amounts of cells with the
potential to be used for cellular therapy.

Regarding multi-lineage differentiation capacity of
hiPSC-MSCs, our study showed that they were capable
of generating osteoblasts and adipocytes in vitro. A more
thorough investigation was attempted on the
chondrogenic capacity of PSC-MSCs, in order to assess
the possibility of generating articular cartilage with
equal or better quality to that of BM-MSCs, for potential
clinical applications for the treatment of degenerative
joint diseases. To compare the differentiation potential of
PSC-MSCs to that of BM-MSCs, we considered passage
4 as an appropriate time point at which the mesenchymal
differentiation of PSC-MSCs had already been

completed and the derived MSCs were phenotypically
close to BM-MSCs. Our criteria for choosing the
appropriate passage of PSC-MSCs to use for further
differentiation was the MSC-like morphology and the
characteristic BM-MSC immunophenotype of the
derived cells. Those features already existed at passage
4, when chondrogenic differentiation was examined, as
they expressed the MSC-specific markers in >95% and
had similar morphology to BM-MSCs. The morphology
and immunophenotype of a later passage (passage 7)
PSC-MSCs did not show any difference from passage 4
PSC-MSCs. Furthermore, all the derived populations at
passage 4 had already downregulated expression of
OCT3/4 and NANOG pluripotency genes, at levels
similar to BM-MSCs. Thus, at this point we considered
the PSC-MSC population phenotypically similar to BM-
MSCs. After culture in a commercial chondrogenic
medium typically used for BM-MSCs, we evaluated the
morphology of the derived chondrogenic tissues and the
expression of proteins that play critical roles in cartilage,
in comparison with BM-MSC-derived ones. Histological
analysis after H&E staining showed that hiPSC-MSC
and hESC-MSC chondrogenic micromasses did not have
typical hyaline cartilage morphology, in contrast to BM-
derived cartilage, and had a lower content in cartilage
proteoglycans and more spindle-shaped cells. The
expression of Sox9, a transcription factor that plays a
crucial role in chondrogenesis and characterizes
functional chondrocytes in articular cartilage, was much
lower in hESC-MSC- and absent in hiPSC-MSC-derived
cartilage, whereas BM-MSC-derived cartilage was
abundant in cells expressing the marker.
Immunohistochemistry for COL2A1, the major protein
that constitutes the extracellular matrix of hyaline
cartilage, showed abundant production in BM-MSC
derived micromasses, but, in contrast, no protein was
detected in PSC-MSC derived micromasses. The
differences in the morphology of the cartilage and in the
expression of major cartilage-specific proteins, among
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Fig. 6. Alcian Blue staining of the MSC-derived chondrogenic micromasses. After 3 weeks in chondrogenic cultures, BM-MSC-, hiPSC-MSC- and
hESC-MSC-derived tissues were stained with Alcian Blue. The staining revealed that PSC-MSC tissues had much less intense blue stained
extracellular matrix than BM-MSC derived cartilage, indicating much less content in acidic proteoglycans. Pictures are representative from one
experiment of hiPSC-1-MSCs.



the PSC- and BM- derived MSCs, give a strong
indication of inefficient in vitro chondrogenesis process
of PSC-MSCs. In this work, we aimed at applying
exactly the same chondrogenic conditions for BM-MSCs
and PSC-MSCs, in order to assess whether the standard
conditions used for BM-MSC differentiation are
adequate for obtaining similar results with PSC-MSCs.
During our experiments, we additionally maintained
some of the differentiating micromasses for 25 instead of
21 days which was the typical time required in the
protocol, but the histological H&E picture was similar,
suggesting pink rather than typical hyaline cartilage
formation. Our results indicate that under the same
conditions, PSC-MSCs which are phenotypically similar
to BM-MSCs exhibit inefficient chondrogenesis.

Several studies, based on proteoglycan staining
(Lian et al., 2007; Wei et al., 2012; Kimbrel et al., 2014)
or upregulation of mRNA expression of chondrogenic
markers (Lian et al., 2007), report a cartilage formation
capability of PSC-MSCs. Kang et al. found that MSCs
derived from two hiPSC lines were capable of
generating osteocytes and chondrocytes similar to BM-
MSCs, although their ability to generate adipocytes was
impaired (Kang et al., 2015). Other publications report
robust chondrogenic differentiation of PSC-MSCs
(Moslem et al., 2015; Zhao et al., 2015; Nam et al.,
2017). Our finding is in line with the results of two other
studies that compared the properties of BM- and hiPSC-
derived MSCs and found that the latter were less
efficient for in vitro chondrogenic differentiation,
according to the standard protocols used for BM-MSCs
(Diederichs and Tuan, 2014; Xu et al., 2019). Our study
observed chondrogenesis defects not only in hiPSC-
MSCs, but also in the hESC-MSC line, which is derived
from “true” embryonic stem cells.

It has been hypothesized that PSC-derived MSCs
may possibly serve as substitutes of adult tissue-derived
MSCs for tissue regeneration. Currently, BM-MSCs are
being used in numerous preclinical and clinical studies
worldwide, including research on osteoarthritis (OA)
treatment. Cellular therapy of OA has for many years
mainly been based on Autologous Chondrocyte
Implantation (ACI), which involves several limitations,
such as donor-site morbidity, dedifferentiation of
chondrocytes during in vitro expansion and poor
integration (Burke et al., 2016). Clinical studies that use
MSC injection techniques in patients with affected joints
demonstrate beneficial results. Centeno et al. have
reported on 339 patients, 69% of which needed total
joint replacement. After local injection of autologous
BM-MSCs, only 6.9% still required surgery, while 60%
of the patients reported >50% pain relief (Centeno et al.,
2011). Vega et al. reported that 12 months after injection
with allogenic BM-MSCs, the 15 patients that were
MSC-treated had both pain and functional improvement
versus the control group (Vega et al., 2015). Autologous
BM-MSC injection in another study showed pain and
functional improvement in all 6 patients and increase in
cartilage thickness in 3 patients (Emadedin et al., 2012).

Therefore, the utilization of BM-MSCs for cartilage
regeneration seems to be feasible, but still under
investigation. On the other hand, several studies have
focused during the last years on the derivation of
chondrocytes directly from PSCs using various
protocols. These attempts have promising results,
showing engraftment and survival of the derived
cartilaginous tissue in cartilage defects of osteoarthritis
animal models (Nejadnik et al., 2015; Yamashita et al.,
2015; Zhu et al., 2016; Kawata et al., 2019). 

Although PSC-derived MSCs exhibit great
similarities with BM-MSCs, the finding that in vitro
cartilage formation appears to be inefficient using the
standard protocols that are commonly used for BM-
MSCs, needs to be further investigated. It is known that
there are differences in multilineage differentiation
potential between MSCs derived from different adult
tissues (Giai Via et al., 2012), with BM-MSCs
displaying superior in vitro chondrogenesis than adipose
and muscle derived MSCs (Giai Via et al., 2012;
Sakaguchi et al., 2005). In the case of hiPSC-derived
MSCs, there are also some indications that their
multilineage differentiation properties depend on the
initial adult somatic cells, from which they are derived
(Hynes et al., 2014). One study has reported different
multilineage differentiation properties among hiPSC-
MSCs derived from different hiPSC clones of the same
person (Nasu et al., 2013). 

The inferior results in chondrogenesis of PSC-MSCs
in the current study do not necessarily indicate an
endogenous defect of PSCs to differentiate. The
protocols of mesenchymal differentiation might play an
important role in the properties of derived cells
(Diederichs and Tuan, 2014; Xu et al., 2019). Recent
work, by our team, found that PSC-MSCs had inferior
anti-inflammatory effect than bone marrow and
umbilical cord blood MSCs in a mouse model of
inflammatory bowel disease, in terms of survival
prolongation, macroscopic and histopathological picture
improvement of colon (Kagia et al., 2019). Optimization
of the protocols would be crucial in order to obtain
MSCs with the same abilities as BM-MSCs. Xu et al.,
after gene expression analysis in hiPSC-MSCs and BM-
MSCs were led to the conclusion that hiPSC-MSCs were
closer to vascular progenitor cells, as they exhibited
KDRhighMSX2highPDGFRalow phenotype, containing
low levels of MSC-like cells (Xu et al., 2019). PSC-
MSCs as a distinct population from BM-MSCs may
have different in vitro requirements for multilineage
differentiation than BM-MSCs. Attempts have already
been made to better understand these requirements and
enhance differentiation potential (Guzzo et al., 2013).
Future studies should focus on the mesenchymal
differentiation protocols of PSCs, epigenetic differences
between BM-MSCs and those derived from PSCs.
Finally, in vivo experiments are the most appropriate to
assess the function of PSC-MSCs in comparison with
BM-MSCs in osteoarthritic animal models and will
elucidate the therapeutic potential of these cells.
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