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Comparison of human isogeneic Wharton’s
jelly MSCs and iPSC-derived MSCs reveals
differentiation-dependent metabolic
responses to IFNG stimulation
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Abstract
Variability among donors, non-standardized methods for isolation, and characterization contribute to mesenchymal stem/
stromal cell (MSC) heterogeneity. Induced pluripotent stem cell (iPSCs)-derived MSCs would circumvent many of current
issues and enable large-scale production of standardized cellular therapy. To explore differences between native MSCs
(nMSCs) and iPSC-derived MSCs (iMSCs), we developed isogeneic lines from Wharton’s jelly (WJ) from the umbilical cords
of two donors (#12 and #13) under xeno-free conditions. Next, we reprogrammed them into iPSCs (iPSC12 and iPSC13)
and subsequently differentiated them back into iMSCs (iMSC12 and iMSC13) using two different protocols, which we
named ARG and TEX. We assessed their differentiation capability, transcriptome, immunomodulatory potential, and
interferon-γ (IFNG)-induced changes in metabolome. Our data demonstrated that although both differentiation protocols
yield iMSCs similar to their parental nMSCs, there are substantial differences. The ARG protocol resulted in iMSCs with a
strong immunomodulatory potential and lower plasticity and proliferation rate, whereas the TEX protocol raised iMSCs
with a higher proliferation rate, better differentiation potential, though weak immunomodulatory response. Our data
suggest that, following a careful selection and screening of donors, nMSCs from umbilical’s cord WJ can be easily
reprogrammed into iPSCs, providing an unlimited source of material for differentiation into iMSCs. However, the
differentiation protocol should be chosen depending on their clinical use.

Introduction
Mesenchymal stromal/stem cells (MSCs) are a hetero-

genous population of fibroblastic cells that can be isolated
from multiple tissues1,2. The plasticity, in vitro prolifera-
tion, immunomodulatory characteristics, and low immu-
nogenicity of these cells made them an important
instrument in the treatment of severe graft vs. host disease
(GvHD)3. The number of clinical trials involving MSCs

has been steadily increasing—from 218 clinical trials in
2012 till nearly 900 now. In spite of the rapidly growing
body of literature and multiple clinical trials that have
demonstrated the therapeutic benefits of MSC-mediated
immune modulation variability among donors, non-
standardized methods for their isolation and character-
ization produced inconsistent results from MSC-based
cellular therapies4,5. The lack of standardization has been
acknowledged by regulatory bodies and calls were made
to improve characterization and refine selection criteria
for establishing optimal classes of MSCs6–9.
To circumvent these issues, numerous groups, instead

of working with primary MSCs, turned to human plur-
ipotent stem cells using both human embryonic and
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induced pluripotent stem cells (hESC/iPSCs) as a source
for derivation of MSC-like cells with potent therapeutic
properties10–21. hESC/iPSC-derived MSCs could be
derived under reproducible conditions and easily adapted
to large-scale production of standardized cellular therapy.
Indeed, quite recently, in May 2017, the first patient with
steroid-refractory GvHD has been treated with hiPSC-
derived MSCs in a clinical trial ongoing in the UK and
Australia22,23.
However, to the best of our knowledge, only one study

reported comparison of primary MSCs and hiPSC-derived
MSCs in an isogeneic system—they reprogrammed bone
marrow (BM) MSCs into hiPSC and then re-differentiated
them back into MSC24. Comparison of DNA methylation
between native MSC (nMSC) and hiPSC-derived MSC
(iMSC) revealed that although iMSC are similar to nMSC,
they do not entirely re-acquire immunomodulatory
function in vitro nor do they achieve the original
methylation patterns associated with tissue type and
ageing.
We explored the isogeneic nMSC/iMSC approach and

tested a different source of MSCs, different methods of
reprogramming and multiple differentiation protocols.
Instead of BM MSCs, we opted for MSCs isolated from
Wharton’s jelly in umbilical cords (WJ MSC). WJ MSC
are easily obtained, isolated, and expanded in vitro under
defined xeno-free (dXF) conditions25. We also exploited
genome non-integrating reprogramming approaches with
Sendai virus (SeV)-based delivery instead of using tradi-
tional retroviral vector systems26. Finally, to differentiate
iMSCs from iPSCs, we used two protocols: one described
by Frobel et al.24 labeled ARG and one based on the
experimental approach by Zhao et al.14 labeled TEX
(Supporting Information Fig. S1).

Methods and materials
nMSC derivation and maintenance
The National Health Service Research Ethics Commit-

tee has approved the protocol for isolation of MSCs from
perinatal tissues for cellular therapy (14/SW/0042). The
collection of umbilical cords, derivation of MSCs, and
their maintenance were described previously25.

Reprogramming of WJ MSC
The native MSCs (nMSCs) from two donors, #12 and

#13, were reprogrammed using CytoTune®-iPS Sendai
Reprogramming kit. Reprogramming and detection of
SeV expression in iPSC lines was described previously26.
The modifications include a replacement of animal-based
reagents with the xeno-free ones.

Cell culture
iPSC, nMSC, and iMSC lines were expanded under

xeno-free conditions in 5% O2, 5% CO2 at 37 ˚C as

described previously25. In brief, nMSC lines that were
derived and cultured under dXF conditions, on CELLstart
(Thermo Fischer)-coated surface in StemGro® MSC
Medium (Corning), were used for reprogramming into
iPSC lines. iPSC lines were expanded on Vitronectin
XF (StemCell Technologies)-coated surface in TeSR2
(StemCell Technologies). For comparative analyses in this
study, nMSC and iMSC lines were propagated in α
Minimum Essential Medium (αMEM, Thermo Fisher)
supplemented with 10% human platelet lysate (hPL)
(Cook Regentec). To avoid potential effect from different
lots of hPL, the same lot has been used for culture of all
lines in each of the experiments.
For passaging iPSC lines we used AccutaseTM

(STEMCELL Technologies) and for nMSC and iMSC
TripLE (Thermo Fisher).
To assess effects of interferon-γ (IFNG) on MSCs,

recombinant human IFNG (Peprotech) was added to the
media at 10 ng/ml and cells were cultured for 18 h prior to
collection for RNA extraction
Acute myeloid leukemia cell line Katsumi, used as a

CD34/CD45-positive control for flow cytometry, was
cultured in RPMI-1640 medium supplemented with 20%
fetal calf serum (FCS) at 37 °C, 5% CO2, 20% O2.

Characterization of iPSC lines
Characterization of iPSC lines has been described in

detail previously26–29. Once the lines are confirmed
negative for SeV26,27, they are subjected to further
characterization:

● Morphology—iPSC lines have to (i) propagate for > 3
passages, (ii) have well-defined colony edges, (iii)
form a tightly packed colony, and (iv) have an
absence of differentiated cells.

● Detection of pluripotency-associated markers—
immunodetection of pluripotency-associated
markers TRA-1-81, POU class 5 homeobox 1
(POU5F1)/octamer-binding transcription factor 4
(OCT4), TRA-1-60, and NANOG27,28.

● Determination of genomic stability—we use array-
comparative genomic hybridization to determine
genomic stability of the iPSC lines every three
months of continuous culture27,28.

● Genotyping—amplification of polymorphic
microsatellite markers is used for cell line
identification at the molecular level27,28.

● Differentiation into three germ layers in vitro—iPSC
colonies were left to differentiate without passage
over a period of at least 3 weeks in Dulbecco’s
modified Eagle’s medium supplemented with 10%
FCS (Hyclone). The cells are then fixed and
permeabilized in the dish. Markers representing the
three germ layers, mesoderm, ectoderm, and
endoderm, are detected with immunostaining27,28.
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● Differentiation into three germ layers in vivo—2 ×
106 iPSC suspended in Matrigel were injected
subcutaneously into flanks of NOD/SCID mice. The
mice were killed 6–10 weeks later, depending on size
of the tumor. Tumors are dissected and fixed in 4%
paraformaldehyde. Tumor sections are stained with
hematoxylin and eosin and analyze them under a
light microscope. The presence of tissue-specific
markers of all three germ layers has been confirmed
by immunohistochemistry27,28.

Characterization of nMSC and iMSC lines
Characterization of MSC lines has been described in

detail previously25,29. In brief:
● Flow cytometry analysis and cell sorting—1 × 106

cells were resuspended in 100 μL of ice-cold
phosphate buffer saline (PBS) supplemented with
10% FBS, mixed with the appropriate primary
antibody 1:50 and incubated in the dark for 15 min at
room temperature. After washing with PBS, the cells
were resuspended in 0.5 ml of cold PBS
supplemented with 10% FCS. All antibodies used in
flow cytometry and cell sorting were purchased from
Miltenyi Biotec: phycoerythrin-conjugated anti-
CD34, anti-CD73, and anti-mesenchymal stromal
cell antigen-1 (MSCA-1), allophycocyanin-
conjugated anti- CD56, anti-CD29 and anti-CD105,
fluorescein-conjugated anti-CD44, anti-CD90, and
anti-CD271, and Vio-Blue-conjugated anti-CD45.
Titration was done for each of antibody used.
Unstained cells were used as negative control.
Fluorescence minus one was also performed to avoid
any nonspecific binding. Expression of cell surface
molecules was assessed using a FACS CANTO II
(BD) and the data were analyzed using the DIVA
software.

● Differentiation assays—the differentiation potential
of nMSCs and iMSCs has been validated in three
independent experiments using complete
STEMPRO® adipogenesis, chondrogenesis or
osteogenesis differentiating medium (Gibco®, Life
Technologies) according to manufacturer’s protocol.
Following fixation, the cellular lipids were detected
cells with LipidTOXTM Green Neutral Lipid Stain
(Thermo Fisher) and nuclei with Hoechst 33342
(Thermo Fisher). The samples were mounted in
Vectashield (Vector) and visualized using
epifluorescence microscope (Nikon ECLIPSE 50i).
Ca2+-containing cells in osteogenic cultures were
stained with Alizarin red, whereas the presence of
cartilage-related glycosaminoglycans in chondrogenic
cultures was detected with Alcian blue staining.

● Real-time quantitative PCR (qPCR)—mRNA
expression levels of osteogenic (RUNX2),

chondrogenic (COL11A1), and adipogenic (FABP4)
markers in all nMSC and iMSC lines were
determined using the iScript cDNA Synthesis Kit
(Bio-Rad) and SYBR Green Mastermix (Roche) in
LightCycler 480 II (Roche). The primer sequences
are listed in Supporting Information (Table S1).

Differentiation of iPSC into iMSC
We generated iPSC-derived MSCs (iMSCs) using xeno-

free modifications of two protocols. The first differentia-
tion protocol, called ARG, was based on the protocol
described by several groups13,24,30 and lasted 30 days. The
iPSCs disaggregated into single cell suspension were
seeded on Vitronectin XF-coated plates and cultured in
αMEM (Thermo Fisher) supplemented with 10% hPL
(Cook Regentec). Until Day 14 of differentiation, the
medium also contained 2% B27 Supplement (Thermo
Fisher) and the passaging was done in the presence of
10 µM Y27632 (STEMCELL Technologies).
The second protocol, called TEX, was based on the

experimental approach by Zhao et al.14, who used SMAD
2/3 inhibitor to promote differentiation. In brief, the cells
were plated on Vitroncetin XF-coated wells of six-well
plates and cultured in TeSR2 supplemented with 10 μM
SB-431542 (Sigma) for 25 days with continuous passaging
(every 3–4 days) under the same culture conditions.
During the next 20 days the cells were passaged on
uncoated plastic. And the culture medium was then
switched to standard MSC medium (αMEM supple-
mented with 10% hPL). All inhibitors were dissolved
according to manufacturer’s recommendation.
At the end of the differentiation protocols, cells that

were triple positive for CD73, CD90 and CD105 were
sorted with a FACSAria II cell sorter (BD) and FACS-
DIVA software (BD) for acquisition and analysis, expan-
ded and used for subsequent experiments.

Transcriptomics
Total RNA was isolated from cells using the QIAgen

RNeasy Mini kit (Qiagen). The RNA quality was assessed
using Agilent RNA 6000 Nano Kit and the 2100 Bioana-
lyser (Agilent).
For the HumanHT-12 v4 Expression BeadChip (Illumina)

assay RNA was isolated from cells with and without 18 h
IFNG treatment. The samples were prepared using
SuperScript III Reverse Transcriptase (Thermo Fisher) and
TargetAmp Nano Labeling kit (Lucigen). Hybridization was
performed according to the manufacturer’s instructions and
run on the iScan system (Illumina). The data were analyzed
by GenoSplice Technology using algorithm EASANA
2015.1.
The expression of the IFNG-target genes indoleamine

2,3-dioxygenase 1 (IDO1), guanylate-binding protein 4
(GBP4) and C-X-C motif chemokine ligand 11 (CXCL11)
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was assessed using the same RNA that was used for the
BeadChip essay. Quantitative reverse transcription poly-
merase chain reaction (RT-qPCR) was performed using
the StepOne System Instrument (Thermo Fisher) using a
TaqMan® RNA-to-CT™ 1-Step Kit (Thermo Fisher)
according to the manufacturer’s instructions. Data were
collected and analyzed using the comparative threshold
cycle method with hypoxanthine phosphoribosyl-
transferase 1 (HPRT1) as the reference gene. The primers
are listed in Supporting Information (Table S1).

Metabolomics
Metabolomics analysis was performed as previously

reported31–33. In brief, culture medium was aspirated, cells
were washed with PBS and metabolism quenched with ice-
cold (−20 ˚C) methanol. Following the addition of high-
performance liquid chromatography grade water (1:1
methanol:water), ribitol (1 mg/106 cells, Sigma-Aldrich)
and 13C-glucose (2mg/106 cells, Alfa Aesar) were used as
internal standards based on the results of DNA quantifi-
cation34. Samples were dried overnight under vacuum
and the resulting dry polar metabolite mixtures were
derivatized with the addition of 50 μL of methoxyamine
hydrochloride (20mg/mL in pyridine, Sigma-Aldrich)
for 1.5 h, followed by 100 μL of N-methyl-trimethylsylyl-
trifluoroacetamide for 6 h (Alfa Aesar)35. Each sample was
run in quadruplicate injections in a Shimadzu QP2010
Ultra gas chromatography–mass spectrometry (GC-MS,
Shimadzu).

Statistics
qPCR data for markers of adipo-, chondro-, and

osteogenesis were collected and analyzed using the com-
parative threshold cycle method with TATA-box binding
protein (TBP) and glucuronidase β (GUSB) as reference
genes. The mean ± standard deviation (SD) was calculated
(n= 3 of each line), and statistical analysis was performed
using the Prism curve-fitting program (GraphPad Prism,
version 6.01). P values for expression of IFNG-target
genes were determined with t-test and adjusted using
Bonferroni correction. p ≤ 0.05 indicates statistically sig-
nificant and p ≤ 0.001 highly significant values.
Transcriptomics data were analyzed by GenoSplice

Technology using algorithm EASANA 2015.1. We used
the R/Bioconductor software package limma that provides
an integrated solution for differential expression analyses
of data from gene expression experiments. To determine
whether iMSC12 ARG or iMSC12 TEX is closer to
paternal nMSC12, we used the R/Bioconductor software
packages limma and hclust for Euclidean distance.
Metabolomics data preparation was accomplished

according to Kanani et al.36 and bioinformatics analysis
was performed with the use of R (R version 3.4.2, R studio
1.1.442) and TM4 MeV (version 4.9). Principal

component analysis and hierarchical clustering with
Manhattan distance metric were used for exploratory
unsupervised multivariate analysis. Statistical analysis of
multidimensional metabolomics data was performed with
the use of Significance Analysis for Microarrays37 with the
minimum significance threshold (δ) yielding an false dis-
covery rate-median of 0%. Significant metabolites for each
comparison were depicted on a reconstruction of the core
MSCs’ metabolic network.

Results
Reprogramming and characterization of iPSC lines
We have previously demonstrated that WJ MSCs could

be isolated successfully from the umbilical cord under
dXF conditions25. The cells derived in this way retain all
the characteristics of MSCs: the expression of typical
MSC surface “markers”, differentiation potential into
adipocytes, chondrocytes and osteocytes, and immuno-
modulatory activity. Therefore, to test our hypothesis that
clinical grade iPSC-derived WJ MSCs can be generated
from the beginning to the end under xeno-free conditions,
we chose WJ MSCs derived and propagated under dXF
conditions from two of seven donors for reprogramming
into iPSC lines. The criterion for the selection of the
donors was the size of the MSCA-1+ subpopulation
(Supporting Information Table S2). MSCA-1+ cells are
mesenchymal precursor cells and their expression is
linked with an increased capacity of colony forming units
> 100-fold in comparison with the MSCA-1- subpopula-
tion38–40. WJ MSCs derived under dXF that had the
highest number of MSCA-1+ cells were from donor 13
(86.1%), 12 (38.8%), and 14 (29.5%). To distinguish them
from iPSC-derived MSC lines, we dubbed the primary
native WJ MSCs as nMSCs. Therefore, from donor 12, we
have nMSC12 and from donor 13, we have nMSC13. Both
lines were from female donors (Supporting Information
Fig. S2).
Following reprogramming, one colony from each

background was expanded further and adapted to feeder-
free conditions (Fig. 1a)41. SeV was undetectable after
60 days in culture (Fig. 1b) and we could proceed with the
characterization of the iPSC12 and iPSC13 lines. Both
lines express pluripotency-associated markers, TRA-1-81,
POU5F1 (OCT4), TRA-1-60, and NANOG (Fig. 1c) and
can differentiate spontaneously into cells/tissues from all
three germ layers in vitro (Fig. 1d) and in vivo (Fig. 1e).

Differentiation of iMSCs and their characterization
highlighted diversity of the MSC populations
To determine how close MSCs differentiated from

pluripotent stem cells are to nMSC, we followed two
different protocols: ARG13,24,30 and TEX14 with slight
modifications to make them xeno-free. A difference
between the two protocols was noted in cell morphology
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Fig. 1 (See legend on next page.)

Devito et al. Cell Death and Disease          (2019) 10:277 Page 5 of 13

Official journal of the Cell Death Differentiation Association



after 4 days (Fig. 2) and it persisted among CD73+CD90
+CD105+ sorted cells cultured on tissue culture-treated
plastic throughout the entire experimental work.
Senescent-like cells were observed in both iPSC12 and 13
lines undergoing the ARG differentiation protocol as early
as Day 12. They were not observed in either of two lines
undergoing the TEX-differentiation protocol. This sug-
gested that the iMSC12 TEX and iMSC13 TEX might
maintain some of their stem cell-like characteristics and
represent a type of MSC progenitor, whereas iMSC12
ARG, and iMSC13 ARG might be closer to primary MSC,
which are a mixture of progenitors and the cells that lost

stem cell-like characteristics and have more limited pro-
liferation capacity.
Indeed, following iMSC differentiation into adipo-,

chondro-, and osteogenic lineages, we found that the cells
generated from iMSC using the TEX protocol had sig-
nificantly higher expression of adipogenic and chondro-
genic markers than those using ARG (Fig. 3). No
significant difference between two protocols was observed
only after culture under osteogenic conditions. These data
are consistent with cellular morphology (Fig. 2), thus
suggesting that lines of TEX origin might resemble pro-
genitors more closely.

(see figure on previous page)
Fig. 1 Reprograming nMSC into iPSC and their characterization. a Changes in morphology of nMSC12 during SeV-mediated reprogramming.
b SeV was undetectable in iMSC12 and iMSC13 2 months after transduction. Original non-transduced native MSC lines (nMSC12 and nMSC13) were
used as negative controls; 7 days post SeV transduction cells were used as positive controls (Day 7). At Day 60 in culture, the cells were negative for
SeV expression. Β-actin (ACTB) PCR product is 455 bp, whereas SeV is 181 bp. MW: 100 bp ladder. c Both iPSC12 and iPSC13 express pluripotency-
associated markers. iPSC colonies were positive for keratan sulfate antigens TRA-1-60 and TRA-1-81 (green) and transcription factors POU5A1 (OCT4)
and NANOG (red). d iPSC12 and iPSC13 can spontaneously differentiate into derivatives of all three germ layers in vitro. Alpha-fetoprotein (AFP)
demonstrated presence of endodermal derivatives, smooth muscle actin alpha 2 (ACTA2) of mesoderm and tubulin beta 3 class III (TUBB3) of
ectoderm. e Spontaneous differentiation of iPSC12 and iPSC13 into all three germ layers in vivo is confirmed by detection of specific markers. All
sections were stained with hematoxylin and eosin (H&E), whereas specific stains are brown (immunohistochemistry) or light blue (Alcian). Positive
staining for mitochondrial complex IV type II confirms the human origin of the teratoma tissue. Germ layer markers: Alcian blue/periodic acid Schiff
(PAS)-stained cartilage and DESMIN for mesoderm, TUBB3 and glial fibrillary acidic protein (GFAP) for ectoderm, and GATA-binding protein 4 (GATA4)
and AFP for endoderm

Fig. 2 Change in cell morphology during differentiation of iPSCs into iMSC ARG. Top row (Day 4): tight cell–cell contacts, typical for densely
packed pluripotent stem cell colonies, are completely lost in cells undergoing ARG differentiation protocol, whereas the fibroblast-like cells
undergoing differentiation are mixed with seemingly intact pluripotent stem cell colonies (yellow arrowheads) in cell cultures undergoing TEX
differentiation protocol. Middle row (Day 12): appearance of large flattened cells indicated cellular senescence-like features (yellow arrows) in cells
undergoing ARG differentiation protocol. In contrast, all differentiating iPSC12 and iPSC13 have uniform fibroblast-like morphology. Bottom row:
iMSCs growing on tissue culture-treated plastic. Senescent-like cells (yellow arrows) are present only in cell cultures undergoing ARG-differentiation
protocol
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Fig. 3 Differentiation potential of iMSCs. Differentiation potential. a nMSCs that were exposed to adipogenic differentiation medium showed
accumulation lipid droplets as detected with LipidTOX stain and had a significantly higher (**p ≤ 0.01) expression of fatty acid binding protein 4
(FABP4) mRNA. No significant difference in FABP4 mRNA levels was detected between nMSC12 and nMSC13. b nMSCs that were exposed to
chondrogenic differentiation medium were positive for cartilage glycosaminoglycans as detected by Alcian Blue staining and had a significantly
higher (**p ≤ 0.01) expression of collagen 11 (COL11A1) mRNA. No significant difference in COL11A1 levels was detected between nMSC12 and
nMSC13. c nMSCs that were exposed to osteogenic differentiation medium were full of mineral accumulations as detected by Alizarin Red staining
and had a significantly higher (*p ≤ 0.05) expression of runt-related transcription factor 2 (RUNX2) mRNA. No significant difference in RUNX2 levels was
detected between nMSC12 and nMSC13. d Following adipogenic differentiation, all iMSCs lines showed accumulation of lipid droplets and
significantly higher (***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05) expression of FABP4. Both lines generated using the TEX protocol (iMSC12 TEX and iMSC13
TEX) had a significantly higher (##p ≤ 0.01) expression of FAPB4 than the lines generated using the ARG protocol (iMSC12 ARG and iMSC13 ARG).
e Following chondrogenic differentiation, all iMSC lines were positive for cartilage glycosaminoglycans as detected by Alcian Blue staining and had a
significantly higher (****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01) expression of COL11A1. Both lines generated using the TEX protocol (iMSC12 TEX and
iMSC13 TEX) had a significantly higher (##p ≤ 0.01) expression of COL11A1 than the lines generated using the ARG protocol (iMSC12 ARG and iMSC13
ARG). f Following osteogenic differentiation, all iMSC lines were full of mineral accumulation and had a significantly higher (***p ≤ 0.001, **p ≤ 0.01,
*p ≤ 0.05) expression of RUNX2. There were no significant differences in RUNX2 expression between the lines generated using the TEX protocol
(iMSC12 TEX and iMSC13 TEX) and the lines generated using the ARG protocol (iMSC12 ARG and iMSC13 ARG) after culture under osteogenic
conditions
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TEX protocol yields iMSC with a transcriptomics profile
closer to nMSC than ARG protocol
Next, we compared transcriptome of iMSC12 and

iMSC13 with their respective parental lines nMSC12 and
nMSC13 (Fig. 4).
When compared with parental nMSC12, the number of

differentially expressed genes is higher using TEX than
the ARG protocol (2401 in iMSC12 TEX vs. 2029 in iMSC
12ARG; Fig. 4a). However, there were no significant dif-
ferences between protocols in terms of fold-change
median values (2.85 in iMSC12 ARG vs. nMSC12 and
2.78 in iMSC12 TEX and nMSC12). Approximately half
of the genes with different regulation in iMSC12 ARG
(1054 out of 2029 genes or 51.9%) are also differently
regulated in iMSC12 TEX (1054 out of 2401 genes or
43.9%). Most of the common genes have the same up-/
downregulation (Fig. 4b). To determine whether iMSC12
ARG or iMSC12 TEX are closer to paternal nMSC12, we
used the R/Bioconductor software packages limma and
hclust for Euclidean distance. Although there were more-

regulated genes with TEX than ARG (2401 vs. 2029),
based on the expression of all expressed genes, samples
from the TEX protocol (iMSC12 TEX) were closer to
nMSC12 than samples from the ARG protocol (iMSC12
ARG) (Fig. 4c). To explain this difference, we checked the
variance distribution between iMSC12 ARG/nMSC12 and
iMSC12 TEX/nMSC12 (Fig. 4d). The variances were
higher between gene expression from the iMSC12 ARG/
nMSC12 groups than between gene expression from the
iMSC12 TEX/nMSC12 groups. Unsupervised clustering
and variance analysis showed also that iMSC12 TEX cells
are closer to nMSC12 than iMSC12 ARG.
Using the same approach, we then determined the dif-

ferentially expressed genes and their associated pathways
between iMSC13 TEX and nMSC13 and between iMSC13
ARG and nMSC13. We found that iMSC13 from both
protocols (TEX and ARG) have a high number of differ-
entially expressed genes (Fig. 4e). However, in this case,
the number of differentially expressed genes was higher
using ARG than TEX (3065 vs. 2724). Similarly, there

Fig. 4 Transcriptome analyses from parental mMSC lines and iPSC-derived iMSC lines. a Differentially expressed genes in iMSC12. b Overlap
between two comparisons (iMSC12 ARG vs. nMSC12 and iMSC12 TEX vs. nMSC12) shown as Venn diagrams. c Unsupervised clustering (Euclidian
distance) of samples from donor 12 (nMSC12, iMSC12 ARG, and iMSC12 TEX). d Distribution variance and mean values for lines originated from donor
12. e Differentially expressed genes in iMSC13. f Overlap between two comparisons (iMSC13 ARG vs. nMSC13 and iMSC13 TEX vs. nMSC13) shown as
Venn diagrams. g Unsupervised clustering (Euclidian distance) of samples from donor 13 (nMSC13, iMSC13 ARG, and iMSC13 TEX). h Distribution
variance and mean values for lines originated from donor 13
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were no significant differences between protocols in terms
of fold-change median values (2.83 in iMSC13 ARG vs.
nMSC13 and 2.87 in iMSC13 TEX and nMSC13). The
majority of genes with different regulation in iMSC13
TEX (2312 out of 2724 genes or 84.9%) are also differently
regulated in iMSC13 ARG (2312 out of 3065 genes or
75.4%). Most of the common differently regulated genes
have the same up-/downregulation (Fig. 4f). Based on the
expression of all expressed genes, samples from the TEX
protocol (iMSC13 TEX) were again closer to nMSC13
than samples from the ARG protocol (iMSC13 ARG)
(Fig. 4g). The variances were higher between gene
expression from the iMSC13 ARG/nMSC13 groups than
between gene expression from the iMSC13 TEX/nMSC13
groups (Fig. 4h). Unsupervised clustering and variance
analysis together show that iMSC13 TEX cells are closer
to nMSC13 than iMSC13 ARG.
The sum of the data indicates that the TEX protocol

produces iMSCs closer to nMSCs.

ARG protocol yields iMSCs that respond to IFNG similar to
nMSC
As MSCs can exert potent immunosuppressive and

immunoregulatory effects5,42,43, we assessed their response
to IFNG treatment (T). To verify that IFNG treatment
induced the expected signaling response, we compared
mRNA levels of IDO1, GBP4, and CXCL11 between
untreated and treated cells by qPCR. These three genes have
been used extensively as markers of IFNG response44–46.
Both nMSC and all iMSC lines displayed a similar increase
in expression of these three markers (Fig. 5a).
Next, we performed metabolomics analysis of nMSCs

and iMSCs to evaluate the changes in metabolic phy-
siology in response to IFNG treatment and identify
potential protocol-specific (ARG or TEX) differences.
Treatment with IFNG was found to globally increase the
metabolic activity of both nMSCs and iMSC ARG as
shown by principal component analysis (Fig. 5b) and
hierarchical clustering, where the profiles of iMSC ARG
(T) cluster together with the profiles of nMSC(T) despite
the variability in metabolic physiology before IFNG
treatment (Fig. 5c). Clustering between iMSC ARG(T)
and nMSC(T) denotes the higher metabolic similarity
upon IFNG stimulation between cells derived with ARG
and native cells.
Direct on-network significance comparison of nMSCs

vs. iMSC ARG, showed that iMSC ARG had a lower
glycolytic and glutaminolytic activity, lower levels of tri-
carboxylic acid cycle (TCA) and urea cycle metabolites
and decreased amino-acid pools compared with their
native equivalents (Fig. 6a). Upon IFNG stimulation, the
differences in metabolic phenotype between nMSC (T)
and iMSC ARG (T) were limited to increased levels of
glutamine and serine in iMSC ARG (T) (Fig. 6b). iMSC

TEX did not respond to IFN treatment in a similar way to
iMSC ARG. iMSC TEX were found to possess a highly
variable metabolic physiology. In iMSC TEX (T), gluta-
minolysis and the levels of biosynthetic precursors (amino
acids and lipid precursors such as myoinositol) were sig-
nificantly lower compared to both other groups (Fig. 6c).

Discussion
We used a model system of isogeneic primary WJ

nMSCs and iPSC-derived iMSCs to explore differences
between native WJ MSCs, nMSCs, and iMSCs, originating
from these nMSCs. A similar system has been reported by
Frobel et al.24. They found differences in epigenetic sig-
nature, particularly in patterns associated with tissue type
and ageing. They also reported incomplete reacquisition
of immunomodulatory properties, which prompted us
to analyze response to the well characterized pro-
inflammatory cytokine IFNG, secreted by cells of both
the innate and adaptive immune systems.
We employed two different differentiation protocols: (1)

ARG was very similar to the protocol described by Frobel
et al.24 and (2) TEX was similar to Zhao et al.14. We found
that two iMSC ARG lines we analyzed responded simi-
larly to IFNG treatment as parental nMSC, indicating that
their immunomodulatory properties might be preserved.
There are several differences between our isogeneic sys-
tem and the system reported by Frobel et al.24, which
might contribute to the different findings. Interestingly,
the data from iMSC lines differentiated using TEX, had
attenuated response to IFNG stimulation. We do not
know for sure why TEX retained more stem cell-like
phenotype improved the differentiation potential, whereas
ARG preserved immunomodulation better. We can only
speculate that is due to exposure of cells to transforming
growth factor beta (TGFB) signaling inhibitor (10 μM SB-
431542) in TEX protocol. TGFB family signaling is
implicated in regulation of stemness, however, the effects
are diverse and depend on the cell types as well as cell
physiology and environmental factors47.
The concept that multiple connective tissues have com-

mon progenitor stem cell retained throughout adulthood at
various locations in the body has been debated within the
community, though not proven yet, and the concept
remains ambiguous9. BM MSCs that were used for repro-
gramming and derivation of iMSC are isolated from adults
and from a different tissue type then ours. Although WJ
MSCs share common features with BM MSCs and MSC
from other adult tissues, such as being positive for CD44,
CD73, CD90, CD105, α-smooth muscle actin, and vimen-
tin48,49, they still might be a distinct population. Moreover,
the term WJ MSCs is often extended to all umbilical
cord stromal cells even though they are residing in different
distinct zones of the WJ matrix—the sub-amnion, WJ
per se, and peri-vascular zone50.

Devito et al. Cell Death and Disease          (2019) 10:277 Page 9 of 13

Official journal of the Cell Death Differentiation Association



Fig. 5 Different metabolomic response of iMSC to IFNG treatment. a qPCR analysis confirmed that IFNG treatment induced expression of
CXCL11, GBP4, and IDO1 in all our six iMSC lines (n= 3 for each of non-treated and IFNG-treated samples). Red lines represent values in non-treated
cells. Only two treated individual lines significantly differed in one gene expression. p values were determined with t test and adjusted using
Bonferroni correction. *, p ≤ 0.05. b, c Upon IFNG treatment (T), PCA (B) and hierarchical clustering with Manhattan distance metric (C) of
metabolomics showed increased global metabolic activity only in nMSC (T) and iMSC ARG (T), but not in iMSC TEX (T) lines
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Defects in immunomodulatory response of iMSCs found
by Frobel et al.24 could be also an effect of difference in
culture conditions. Most cells in culture are grown in an
atmosphere of 5% CO2, 95% air, which represents an
incubator oxygen concentration of 20% (160mm Hg). Such
tissue culture conditions are strongly oxidizing. For exam-
ple, oxygen gradients within the human BM are in a range
from below 1% in hypoxic niches to 6% in the sinusoidal
cavity51. It has been demonstrated that such low oxygen
levels are essential for maintenance of cell’s stemness-
related properties in all MSCs including adipose-derived52

and WJ MSC25,53–56. To mimic physiological conditions as
much as possible in vitro, we cultured the cells in all stages
at 5% O2. In addition, following modification of the original
protocol24,30 introduced by Luzzani et al.13, we also sup-
plemented the iPSC-differentiation medium with B27
Supplement, which supports cell survival with a defined
spectrum of biological antioxidants57,58.
Although we used different reprogramming techniques

(genome-integrating retrovirus vs. genome non-
integrating SeV), we do not believe that they are behind
differences in immunomodulatory effects we observed,
and those published by Frobel et al.24. Three recent stu-
dies have compared the genomic features of iPSCs from
between 100 and 300 individuals, and the iPSC lines have
shown to be heterogeneous, raising questions about the
suitability of these lines for genetic studies59–61. These
studies were able to show that the genetic background of
each individual has a superior influence on variation in
the iPSC lines compared with other non-genetic factors,
including copy number status, culture conditions, pas-
sage, and gender. Therefore, it is hypothesized that the
majority of iPSC heterogeneity is driven by inherent
genetic variation between individuals, rather than by any
variation in culture conditions and duration, or in the
reprogramming method used. All three reports showed
that a great amount of genomic variations between the
iPSC lines affected the genes involved in stem cell main-
tenance and the differentiation efficiency of the iPSCs.
Our iMSC lines from both groups, TEX and ARG, showed
individual differences in gene expression that could be
attributed to the genetic background to each parental cell.

Fig. 6 On-network representation of significant metabolic
changes. a Comparison of nMSCs vs. iMSC ARG, showed that iMSC
ARG had a lower glycolytic and glutaminolytic activity, lower levels of
TCA and urea cycle metabolites and decreased amino-acid pools
compared with nMSCs. b IFNG stimulation diminished the differences
in metabolic phenotype between nMSC (T) and iMSC ARG (T) seen in
a. The only difference are increased levels of glutamine and serine in
iMSC ARG (T). c INFG treatment did not increase metabolic activity
of iMSC TEX (T). Glutaminolysis and the levels of biosynthetic precursors
(amino acids and lipid precursors such as myoinositol) was significantly
lower in comparison with both nMSC (T) and iMSC ARG (T). (T),
IFNG-treated cells
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Stimulation of nMSCs with IFNG lead to increased
metabolism (Supporting Information Fig. S3) and dimin-
ished metabolic differences between nMSC and iMSC
ARG (Fig. 6a, b). However, we could not detect such
change in overall metabolism of iMSC TEX after IFNG
treatment (Fig. 5b, c), even though they responded to
IFNG with increased synthesis of downstream effectors
such as IDO1, GBP4, and CXCL11 (Fig. 5a). Although it is
very little known about metabolic changes in MSC when
they are exposed to inflammatory cytokines such as IFNG,
and how that would corelate with their immunomodula-
tory capabilities, it is possible to draw a parallel with
metabolic changes during macrophage or T-cell activa-
tion62,63. Increase in both energy production and biomass
such as amino acids, lipids, and nucleic acids, is necessary
to provide cellular building blocks to mobilize all the
resources required to fully activate and use their host-
defense mechanisms. Since such metabolic change was
not detected in iMSC TEX cells, it is likely that they may
not be capable of exerting expected immunomodulatory
response in an inflammatory environment. Despite
the similarity between iMSC ARG (T) and nMSC(T),
metabolism of iMSC ARG was different to nMSC.
This signifies the hypothesis that IFNG has a potent effect
on stem cell physiology, leading cells to a specific
metabolic state, despite the metabolic differences prior to
stimulation.
The current study has several limitations, i.e., testing of

immunomodulatory properties has not been done in
animal model setting; nonetheless, it still demonstrates
the importance of validating clinically relevant char-
acteristics of iMSC, especially in an isogeneic system. The
results of our mass spectrometry and metabolomics
analyses presented provide the required evidence and the
animal data would not necessarily add much more value.
We have also illustrated how metabolomics can be used as
a reliable tool for validating cellular response to pro-
inflammatory stimuli. In spite of the increase in tran-
scription of marker genes downstream of IFNG receptor
activation, the signal did not reach the threshold required
for setting in motion an immunomodulatory mechanism.
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