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Abstract: Mesenchymal stem cells (MSCs) have become an attractive tool for tissue engineering
and targets in clinical transplantation due to their regeneration potential and immuno-suppressive
capacity. Although MSCs derived from bone marrow are the most widely used, their harvest
requires an invasive procedure. The umbilical cord, which is discarded at birth, can provide an
inexhaustible source of stem cells for therapy. The Wharton’s jelly-derived MSCs (WJ-MSCs),
from the umbilical cord, have been shown to have faster proliferation rates and greater expansion
capability compared with adult MSCs. The standard isolation and in vitro culture protocol for
WI-MSCs utilizes fetal bovine serum (FBS) or calf serum as a nutrient supplement. However,
FBS raises potential safety concerns such as transmission of viral/prion disease and may initiate
xenogeneic immune reactions against bovine antigens. Therefore, for therapeutic applications,
there is an urgent requirement to establish an alternative nutrient supplement which would favor
cell proliferation, retain MSC characteristics, and prove safe in human subjects. In the present
study, we isolated and expanded WJ-MSCs in 5% pooled, allogeneic human serum (HS) supple-
mented with 2 ng/mL of basic fibroblast growth factor. For cell dissociation, porcine trypsin
was replaced with TrypLE, a recombinant enzyme, and a protease-free protocol was adapted
for isolation of MSCs from WJ. We determined their growth kinetics, in vitro differentiation
potential, surface marker expression, and colony-forming unit potential and compared them
against standard WJ-MSC cultures expanded in 10% FBS. All these parameters matched quite
well between the two MSC populations. To test whether there is any alteration in gene expres-
sion on switching from FBS to HS, we analyzed a panel of stem cell and early lineage markers
using Tagman® low density array. No significant deviation in gene expression was observed
between the two populations. Thus we established an efficient, complete xeno-free protocol for
propagation of human WJ-MSCs.
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Introduction

Mesenchymal stem cells (MSCs) are a rare population of multipotent precursors
which can be isolated from many different tissue sources and also can differenti-
ate to different lineages under appropriate induction conditions. MSCs represent an
attractive cell source for therapeutic applications due to their potential for secreting
bioactive molecules which are both trophic and immunomodulatory in nature.' They
were first described by Friedenstein and colleagues in 1976 in the stromal compartment
of bone marrow.>* Human bone-marrow-derived MSCs (BM-MSCs), though exten-
sively studied, involve a highly invasive procedure for harvesting, and the frequency,
proliferation efficiency, and differentiation potential of BM-MSCs decline with age.*
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As an alternative source of MSCs, Wharton’s jelly (WJ) from
umbilical cord possesses desirable characteristics such as a
large, rapidly available donor pool, noninvasive and painless
collection procedure, and ethically noncontroversial source
of MSCs. WJ-MSCs have extensive in vitro expansion
capabilities, wide multipotency, and do not induce teratomas.’
They are believed to be more primitive than MSCs derived
from other tissue sources.®

Most of the existing protocols for in vitro culture of MSCs
utilize fetal bovine serum (FBS) as a nutrient supplement and
porcine trypsin for dissociating cells to generate single-cell
suspensions. For safe therapeutic use of culture expanded stem
cells in humans, use of animal-derived products in the culture
is not preferred. MSCs cultured in FBS might pose a poten-
tial hazard which should not be overlooked. Bovine serum
proteins and porcine macromolecules, if internalized in stem
cells, are associated with the risk of transmitting viral/prion
disease or can serve as antigenic substrates on transplanted
cells and cause immunological reactions.” In the past, severe
anaphylaxis and immune reactions have been reported to be
induced in the patients transplanted with the cells exposed to
animal-derived products.® It has been shown that a prepara-
tion of 10® human MSCs grown under standard conditions in
FBS would contain approximately 7-30 mg of FBS proteins.’
Moreover, since FBS is a complex natural product and not
well defined, lot-to-lot inconsistencies have been detected
which could further lead to inconsistencies in MSC isolation,
culture, and expansion. This makes it mandatory to prescreen
individual lots of FBS for performance, which is not only
cumbersome but also expensive. The use of autologous
serum (AS) instead of FBS was recently shown to prevent
life-threatening arrhythmias after cellular cardiomyoplasty. '
However, use of AS is practical only for protocols which
involve low numbers of MSCs due to limited AS availability.
MSC:s are present at low frequency in their niche; hence, their
expansion in vitro is essential for attaining a clinical dose.
It is important to optimize MSC culture protocols which
would result in maximal cell yields while preserving their
basic characteristics. With respect to use of allogeneic, pooled
human AB serum (HS) in MSC cultures, results have been
contradictory. While a few studies reported growth arrest and
death of MSCs after the first passage,®*!! a few others have
been successful in isolating and expanding MSCs using AB
serum.'?* In fact, Le Blanc et al demonstrated that BM-MSC
generated in AB serum suppressed lymphocyte proliferation
in mixed lymphocyte cultures and after stimulation with phy-
tohemagglutinin (PHA) as efficiently as those generated in
10% fetal calf serum (FCS).' In this study, we have replaced

FBS with allogeneic, pooled HS for isolation and expansion
of WIJ-MSCs. Also, we reduced the pooled HS content while
supplementing our cell culture medium with basic fibroblast
growth factor (bFGF), which is a potent mitogen. Isolation
of MSCs from umbilical cord matrix is usually achieved
by collagenase, trypsin, and/or hyaluronidase enzyme
digestion. Collagenase preparations produced in clostridium
histolyticum are often characterized by batch-to-batch vari-
ability in terms of collagenolytic activity and endotoxin
contamination.'> Recently, a few groups have reported suc-
cessful isolation of MSCs from WJ without the use of any
enzymatic treatment and with or without removal of the cord
vessels.!*'® In this report, isolation of MSCs from the W] of
the umbilical cord, after removal of arteries and veins, has
been carried out using a nonenzymatic procedure in which
the use of proteases has been eliminated. Porcine trypsin
has been replaced with TrypLE express, which is free of
animal and human-derived components, for the dissociation
of cells. Also, TrypLE does not require a neutralization step
using serum-containing medium. Hence, for the first time,
we report efficient, complete xeno-free propagation of human
WI-MSCs. Though still not serum-free, the current protocol
makes our WJ-MSC product completely xeno-free.

We compared multiple parameters including growth kinet-
ics, differentiation capabilities in vitro, immunosuppressive
capacity and immunophenotype of WJ-MSCs propagated
in allogeneic, pooled HS along with those cultured under
standard FBS conditions. MSCs derived from various physi-
ological tissue sources have their signature expression profile.
To study whether there is any unusual shift in gene expres-
sion on substituting FBS with allogeneic HS, we performed
a quantitative gene expression comparison using Tagman®
low density array (TLDA) covering stem cell-specific and
early lineage markers.

Materials and methods
Isolation and culture of WJ-MSC

Fresh human umbilical cords (n = 12) were obtained
after full-term births (cesarean section or normal vaginal
delivery) with informed consent using the guidelines
approved by the Institutional Committee for Stem Cell
Research and Therapy (ICSCRT) and Institutional Eth-
ics Committee (IEC) at the Manipal Hospital, Bangalore,
India. The umbilical cords were processed for isolation of
WI-MSCs as previously described,' with some modifica-
tions. Briefly, after rinsing in normal saline (0.9% w/v
sodium chloride), the cords were aseptically stored at
4°C in sterile saline until processing. Next, the umbilical
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cord vessels were removed manually from cord segments,
and the exposed mesenchymal tissue was cut into very
small pieces or explants, approx. 1-2 mm, before placing
them in a tissue culture dish. The explants were cultured
in 1) DMEM-KO with 4500 mg/mL glucose and 2 mM
L-glutamine (Invitrogen, Carlsbad, CA), supplemented with
10% FBS Cat.no.SH30084.03, Lot no. GRH0054 (Hyclone,
Waltham, MA) and 2) DMEM-KO with 4500 mg/mL glu-
cose and 2 mM L-glutamine (Invitrogen), supplemented
with 5% pooled, allogeneic HS and 2 ng/mL bFGF (Sigma-
Aldrich, St Louis, MO). Pooled, allogeneic HS was collected
from the blood bank of Manipal Hospital, Bangalore, India
and filtered through a 0.2 um membrane before storing ali-
quots at —20°C. Once the cells reached ~70% confluency,
they were harvested and replated at 5000 cells/cm?. The
cells cultured in 10% FBS were dissociated using 0.05%
Trypsin-EDTA (Invitrogen), whereas cells cultured in HS
were dissociated using TrypLE Express (Invitrogen).

Proliferation kinetics
The population doubling (PD) was determined using the
formula:

X =[loglO(NH) — log10(NI)]/1og10(2),

where NI is the inoculum cell number and NH the cell harvest
number. PD for each passage was calculated and added to the
PD of the previous passages in order to generate cumulative
PD (CPD) data. The PD time was obtained by the formula:

TD = tplg2/(1gNH — IgNI),

where NI is the inoculum cell number, NH is the cell harvest
number, and t is the time of the culture (in hours).

Differentiation

The multilineage differentiation potential of WJ-MSCs cul-
tured in 5% HS + 2 ng/mL bFGF versus 10% FBS was deter-
mined by collecting cells at passage 3—5 and subjecting them
to induction medium favorable for osteogenic, chondrogenic,
and adipogenic differentiation. For osteogenic differentiation,
60%—70% confluent cells were incubated in DMEM-KO
medium supplemented with 10% (vol/vol) FBS (Hyclone) or
5% pooled, allogeneic HS, 2 mM L-glutamine (Invitrogen),
0.1 WM dexamethasone, 10 mM 3 glycerophosphate, 0.2 mM
ascorbic acid (all reagents from Sigma-Aldrich). Mineral-
ized deposits were visualized by Von Kossa staining after
21 days. Adipogenic differentiation was initiated in DMEM-
KO/2 mM glutamine supplemented with 200 uM indometha-
cin, 0.5 mM 3-isobutyl-1-methylxanthine, 10 pg/mL insulin,

1 UM dexamethasone (all reagents from Sigma-Aldrich), and
10% FBS or 5% HS. At day 18, the presence of lipid droplets
was confirmed by oil red O staining (Sigma-Aldrich), and
the nuclei were counterstained with hematoxylin.

Chondrogenic differentiation was induced in confluent
monolayer cultures of WJ-MSCs using a STEMPRO chon-
drogenesis differentiation kit (Invitrogen). Differentiated
cells were stained with Alcian blue 8GX (Sigma-Aldrich)
after 18-20 days.

Images were captured using Nikon Eclipse TE2000-U
inverted microscope (Nikon, Tokyo, Japan).

Immunophenotyping

Passage 2—4 WIJ-MSCs cultured in 5% HS + 2 ng/mL
bFGF and 10% FBS were stained with the following anti-
human antibodies which mark the following cell surface
markers: CD90-PE (0.2 mg/mL), CD73-PE (12.5 pug/mL),
CD44-PE (12.5 pg/mL), CD34-PE (12.5 ng/mL), HLADR-
FITC (25 pg/mL), CD 40-PE-Cy7 (24 ng/mL), CD 80-PE
(3.2 pg/mL), CD 86-PE-Cy7 (100 pg/mL) (all from BD
Pharmingen, Franklin Lakes, NJ), and CD105-PE (50 pg/mL)
(R&D systems, Minneapolis, MN). Cells incubated with
identical concentrations of FITC-, PE-, or PE-Cy7-conjugated
mouse IgG isotype antibodies (BD Pharmingen) served as
negative controls. At least 10,000 events were acquired on BD
FACSCalibur® flow cytometer, and the results were analyzed
using WinMDI v2.8 software.

Immunosuppression assay

WIJ-MSCs expanded in 5% HS + 2 ng/mL bFGF or 10%
FBS were treated with mitomycin C and plated in triplicates
into 96-well plates at 12,500, 6250, 3125, and 1562 cells/
mL. Peripheral blood mononuclear cells (PBMCs) were
obtained from healthy donor’s buffy coats by density
gradient centrifugation, stimulated with 10 pug/mL phy-
tohemagglutinin (PHA, Sigma-Aldrich) and added at
2 x 10° cells per well. After co-culture for 72 hours, cell
proliferation was analyzed by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium (MTT) (Sigma-Aldrich)
assay.

The inhibition rate was calculated by the formula:

inhibition rate (%) = 1 — (average absorbance for treated
group/average absorbance for
control group) x 100.

CFU-F assay
WJ-MSCs cultured in 5% HS + 2 ng/mL bFGF and 10%
FBS, were seeded in duplicates, in 6-well tissue culture
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plates at a seeding density of 10 cells/cm?®. After 14 days,
cells were washed with DPBS, fixed in 1% paraformaldehyde
(Sigma-Aldrich) for 20 minutes, stained with 0.1% toluidine
blue (in 1% paraformaldehyde solution) for 1 hour, and then
rinsed in tap water. Colonies consisting of a minimal cell
number of 50 cells were counted. Data are reported as total
colony number per 100 cells.

Senescence assay

Senescence assay was performed with passage 7-8 WJ-MSC
cultures grown in 5% HS + 2 ng/mL bFGF and 10%
FBS using Senescence B-Galactosidase Staining kit (Cell
Signaling Technologies, Danvers, MA) according to the
manufacturer’s protocol. Cells were observed for develop-
ment of blue color under a microscope using al0x objective
(Nikon). Ten random fields each from two different WJ-
MSC cultures were used to calculate the percentage of
positively stained cells. Representative microscopic fields
were photographed.

Reverse transcription-polymerase
chain reaction (RT-PCR) analysis

For the gene expression studies, WJ-MSCs from two dif-
ferent donors were cultured either in 5% HS + 2 ng/mL
bFGF or 10% FBS. At passage 4-5, total RNA was iso-
lated from the WJ-MSCs using mirVana miRNA isola-
tion kit (Ambion, Foster City, CA) as per manufacturer’s
instructions. It was next treated with DNA-free DNase
I (Ambion) as per manufacturer’s instructions, in order
to eliminate traces of genomic DNA. Total RNA yield
was estimated using Nanodrop 1000 (Thermo Scientific,
Waltham, MA). RNA was then reverse-transcribed into
cDNA using a high capacity cDNA reverse transcription
kit (Applied Biosystems, Foster City, CA). PCR amplifica-
tion was performed using Taq polymerase (Sigma-Aldrich)
by following standard procedures. The primer sequences
were as follows:

e COL 1lal forward primer, 5'-AGGGCTCCA
ACGAGATCGAGATCCG-3’; reverse primer,
5’-TACAGGAAGCAGACAGGGCCAACGTCG
(222 bp)

e Desmin forward primer, 5-CCAACAAGAACAAC
GACG-3’; reverse primer, 5-TGGTATGGACCTCA
GAACC-3’ (407 bp)

e LAMA-1 forward primer, 5'-CAGGACCCATTA
CCCTTTTG-3’; reverse primer, 5'-GCCCTGCTTG
GTTTCTTTATT-3" (139 bp)

e GABRB3 forward primer, 5’-CCTTGCCCAAAATCC
CCTATGTCAAAGC-3’; reverse primer, 5'-GTATCG
CCAATGCCGCCTGAGACCTC (276 bp)

e Runx2 forward primer, 5’-CCACCCGGCCGAA
CTGGTCC-3’; reverse primer, 5-CCTCGTCCGCTCC
GGCCCACA-3 (257 bp)

e GATA-6 forward primer, 5'-GCCTCACTCCACTCGT
GTTC-3’; reverse primer, 5’-TCAGATCAGCCACA
CAATATGA-3’ (546 bp)

e Nestin forward primer, 5'-AGAGGGGAATTCCT
GGAG-3’; reverse primer, 5-CTGAGGACCAGGACT
CTCTA-3’ (495 bp)

e GFAP forward primer, 5-GGCCCGCCACTTGCAGGA
GTACCAGG-3’; reverse primer, 5-CTTCTGCTCG
GGCCCCTCATGAGACG-3’ (327 bp)

e Galanin forward primer, 5'-TGCGGCCCGAAGATGA
CATGAAACC-3’; reverse primer, 5’-CCCAGGAGGCT
CTCAGGACCGCTC-3’ (187 bp)

e 18S forward primer, 5’-CGGCTACCACATCCAA
GGAA-3’; reverse primer, 5'-GCTGGAATTACCG
CGGCT-3" (186 bp)

Tagman low density arrays

The expression of a focused panel of pluripotent/stem cell
and early lineage markers was analyzed using the Human
Stem Cell Pluripotency Array (Applied Biosystems) which
contains a well defined set of validated gene expression mark-
ers. cDNA was loaded on the microfluidic cards for thermal
cycling on an ABI PRISM 7900HT Sequence Detection
System (Applied Biosystems). Transcriptional analysis was
performed on WJ-MSCs cultured in the two serum condi-
tions, 5% HS + 2 ng/mL bFGF and 10% FBS. A cutoff cycle
threshold (Ct) value of 35.0 was arbitrarily assigned such that
a Ct value above 35 was considered to be undetected.

The levels of gene expression of WJ-MSC grown in 5%
HS +bFGF (target) relative to the level of expression in standard
10% FBS conditions (calibrator) was analyzed using the ABI
PRISM 7900HT Sequence Detection System software (SDS
v2.2 software) with the Comparative Ct Method (AACY).

Statistical methods

Statistical tests and graphical representations were performed
using GraphPad Prism 5 software (GraphPad, San Diego,
CA). Data are presented as mean * standard error mean,
except for CFU-F and senescence data, which were expressed
as mean * standard deviation. Statistical differences were
calculated using Student’s two-tailed #-test. P < 0.05 was
considered to be statistically significant.
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Results
Isolation and expansion of WJ-MSCs

under xeno-free conditions

The explants culture protocol, as described above, allowed
reproducible isolation of WJ-MSCs from umbilical cord
(n = 12) without the use of any proteases to attain cellular
dissociation. At the end of every passage, cells cultured in
pooled, allogeneic HS were harvested using TrypLE Express,
while trypsin was used for those cultured in 10% FBS. In
an attempt to reduce the content of allogenic HS in the
culture medium, we supplemented it with 2 ng/mL bFGF.
This concentration of bFGF was shown to be the optimal
condition for the culture of WJ-MSCs in our previous study. '
Ten percent FBS supplemented culture medium was used as
reference. Therefore, WJ-MSCs were established in parallel
cultures supplemented with either 5% HS + 2 ng/mL bFGF
or 10% FBS. Cell morphology of WJ-MSCs cultured in FBS
and pooled allogeneic HS + bFGF was confirmed by phase-
contrast microscopic examination as shown in Figures 1A
and 1B, respectively. We estimated the total number of
WIJ-MSCs generated at the end of five passages. The cumu-
lative cell yield ranged between 1.8 x 108+ 2.1 x 107 for 5%
HS + 2 ng/mL bFGF and 1.4 x 10° £ 1.1 x 10° for 10% FBS
(Figure 1C). The difference was not significant (P = 0.39).
The CPDs reached a peak of 10.4 + 0.4 at passage 5 in 5%
HS + 2 ng/mL bFGF compared with 12.2 + 1.3 (P > 0.05)
in 10% FBS (Figure 1D). Mean population doubling time of
35.3 £ 2.4 hours and 28.2 £ 2.5 hours (P =0.113) was noted
for 5% HS + 2 ng/mL bFGF and 10% FBS, respectively
(Figure 1E).

CFU-F assays were carried out to evaluate and compare
the clonal expansion capacity of WJ-MSCs propagated in 5%
HS +2 ng/mL bFGF and 10% FBS, respectively (Figures 4L
and 4M). WJ-MSCs in the two serum supplements demon-
strated a similar colony forming potential with 21 £ 0.7 in
5% HS + 2 ng/mL bFGF and 18.7 + 3.8 in standard medium
containing 10% FBS.

Surface phenotype characterization
and comparison of xeno-free and

standard FBS cultured W|-MSCs

To compare the immunophenotype profile of WJ-MSCs
expanded in 5% HS + 2 ng/mL bFGF with those cultured
in the standard medium, cell surface markers were analyzed
by flow cytometry (Figures 2 and 3). All the surface markers
tested were almost equally expressed on the cells irrespective
of the serum supplement used in the composition of the

culture medium. Both the populations of WJ-MSCs were
positive for mesenchymal markers CD 44, CD 73, CD 90, and
CD 105 and negative for CD 34, HLA-DR, and costimulatory
molecules (CD 40, CD 80, and CD 86).

Multilineage differentiation capacity

of xeno-free WJ-MSCs

WIJ-MSCs expanded in 5% HS + 2 ng/mL bFGF and under
the standard condition of 10% FBS, as reference, were
investigated for their in vitro differentiation capacity along
adipogenic (Figures 4A—4C), osteogenic (Figures 4D—4F),
and chondrogenic lineages (Figures 4G—4I). Cells at pas-
sage 3—5 were used. No detectable difference in staining was
observed between the two populations.

Immunosuppression by xeno-free
WJ-MSCs

To investigate whether WJ-MSCs cultured in the presence
of 5% HS + 2 ng/mL bFGF are comparable to WJ-MSCs
expanded in standard conditions of 10% FBS, in terms
of their immunosuppression properties, we cocultured
PHA-activated PBMCs with and without growth arrested WJ-
MSCs and analyzed the effect of MSCs on proliferation of T
cells in PBMCs. T cell proliferation was inhibited, and this
was directly proportional to the number of WJ-MSCs in the
coculture (Figure 5A). WJ-MSCs expanded in both 5% HS +
2 ng/mL bFGF and 10% FBS were demonstrated to be immu-
nosuppressive. At an MSC:PBMC ratio of 1:16, WJ-MSCs
expanded in 5% HS + 2 ng/mL bFGF suppressed PBMC
proliferation by 79% * 7.5%, while those expanded in 10%
FBS demonstrated 108% =+ 2.1% suppression (P = 0.052);
at the other three dilutions, 1:32 (P =0.13), 1:64 (P =0.87),
and 1:128 (P = 0.87), similar degrees of suppression were
achieved by both the WJ-MSC populations.

Determination of senescence

by B-galactosidase staining

MSCs have a limited life span and when cultured in vitro
for several passages, display replicative senescence, which
is characterized by decreased proliferation, enlargement,
replicative quiescence, and increase in SA-B-gal activity.
We employed the enzyme lysosomal pH6 B-galactosidase
as a senescence marker to get an estimate of the number of
senescent WJ-MSCs cultured in 5% HS + 2 ng/mL bFGF
(2.9% £ 0.2%) versus that in 10% FBS (2.6% £ 1.2%)
(Figures 4J and 4K). The percentage of SA-B-gal positive
cells as well as the intensity of staining did not differ sig-
nificantly between the two populations.
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Figure | Morphology of passage 3 WJ-MSCs cultured in 5% HS + 2 ng/mL bFGF (A) and standard medium containing 10% FBS (B). Representative phase contrast images
are presented. Comparison of total cell yield (C) and cumulative population doublings (D) over five passages in 5% HS + 2 ng/mL bFGF versus 10% FBS. Analysis of mean
population doubling time (hour * SEM) of WJ-MSCs cultured in 5% HS + 2 ng/mL bFGF and standard medium containing 10% FBS (E). Results represent the average of three
WIJ-MSC samples (n = 3) with SEM. Scale bar = 100 uM.

Abbreviations: bFGF, basic fibroblast growth factor; FBS, fetal bovine serum; HS, human AB serum; SEM, standard error of the mean; WJ-MSC, Wharton’s jelly-derived
mesenchymal stem cell.
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Figure 2 Detection of costimulatory molecules on W|-MSCs by flow cytometry. Expression of costimulatory molecules (CD40, CD80, and CD86) on WJ-MSCs cultured in
5% HS + 2 ng/mL bFGF was analyzed by flow cytometry. Corresponding FBS cultures were analyzed for reasons of comparison. Raji cell line served as positive control for
CD40, CD80, and CD86 staining. Representative histograms (n = 3) are demonstrated where shaded curves represent specific antibody signal.

Abbreviations: bFGF, basic fibroblast growth factor; FBS, fetal bovine serum; HS, human AB serum; WJ-MSC, Wharton’s jelly-derived mesenchymal stem cell.

Gene expression profiles of WJ-MSCs

expanded in different serum preparations
Stemness and early lineage specific-marker expression
profile were analyzed for WJ-MSCs cultured in 5% HS +
2 ng/mL bFGF and compared against reference WJ-MSCs
expanded in 10% FBS. Although there was not much varia-
tion in the expression profile between WJ-MSCs cultured in
5% pooled, allogeneic HS + bFGF and 10% FBS, some genes
were differentially regulated between these two populations.
Genes were considered significantly over-expressed in one
population if their expression values were =1.5-fold com-
pared with the expression of the same gene in the other
population. A list of the differentially regulated genes is
presented in Table 1. The expression values are reported as
the average of the values acquired from the two different
donor samples cultured in 5% HS + 2 ng/mL bFGF and
10% FBS, respectively. With respect to stem cell associated
markers, WJ-MSCs cultured in 5% HS + 2 ng/mL bFGF
showed an upregulation for GAL, BRIX, FGF5, and PODXL
and a downregulation for NANOG, LIN28, GABRB3, and
CRABP2 compared with reference WJ-MSCs grown in
10% FBS. WIJ-MSCs cultured in 5% HS + 2 ng/mL bFGF
showed a higher expression for ectoderm markers GFAP,

NES, SEMA3A, and SYNAP and endothelial markers CD34
and PECAM while the endodermal genes, GATA6, LAMA,
and SERPINA were downregulated compared with the 10%
FBS cultured W1 cells.

Validation of TLDA results
with semi-quantitative RT-PCR

In an attempt to validate our TLDA results, we selected seven
random genes and obtained their gene expression levels for
WIJ-MSCs cultured in 5% HS + 2 ng/mL bFGF versus 10%
FBS by semi-quantitative RT-PCR (Figure 5B). Results were
consistent with array data.

Discussion

The umbilical cord, which is discarded after birth, presents
an attractive source of stem cells in regenerative medicine.
The W1J within the umbilical cord is a rich source of MSCs
and shares unique MSC properties such as wide multipotency,
high proliferation rates, and hypoimmunogenicity. In contrast
to BM-MSCs, they have higher proliferation rates,® and their
isolation does not involve invasive or painful procedures.
Therefore, for serious evaluation of WJ as a potential source
of MSCs and an alternative to the well characterized bone
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Figure 3 Flow cytometry analysis and comparison of the expression of surface
markers by WJ-MSCs expanded using 5% HS + 2 ng/mL bFGF versus standard
medium containing 10% FBS. Representative histograms (n = 3) are demonstrated
where shaded curves represent specific antibody signal.

Abbreviations: bFGF, basic fibroblast growth factor; FBS, fetal bovine serum; HS,
human AB serum; WJ-MSC, Wharton'’s jelly-derived mesenchymal stem cell.

marrow and cord blood-derived MSCs, a greater deal of
attention has to be paid to turn them into a prospective source
of stem cells for regenerative and cell-based transplantation
therapies. The current most widely accepted culture protocols
use FBS and porcine trypsin, which not only pose the risk of
transmitting viral/prion disease, and unidentified zoonoses,

but can also evoke severe immunological reactions in the
recipient against xeno-proteins. Bovine serum albumin (BSA)
and bovine apolipoprotein B-100, the key components (apoB-
100) of FBS, and porcine trypsin are potent immunogens,
which can lead to potential adverse reactions in patients
susceptible to bovine and porcine products.?’ Hence, the use
of animal-derived reagents for culture of MSCs for cellular
therapy is undesirable. Therefore, for the potential use of
WIJ-MSC:s for clinical applications in regenerative medicine,
itis crucial to establish a protocol for the isolation and culture
of WJ-MSCs that is completely free of xeno-compounds.

We earlier reported optimization of culture conditions for
rapid clinical-scale expansion of WJ-MSCs and characterized
the upscaled MSCs." Here we have explored the possibility of
using pooled, allogeneic HS, at a reduced concentration rather
than the standard condition of 10% FBS for in vitro isolation
and expansion of WJ-MSCs. Propagation of WJ-MSCs in 5%
HS supplemented with 2 ng/mL bFGF was investigated in an
effort to eliminate the potential risks associated with FBS,
while a reduction from 10% to 5% was done to overcome the
limited availability of HS and also to minimize the content of
serum supplement in the cultures. Again, the use of proteases,
such as collagenase, for digestion of the cord tissue was sub-
stituted by the explant method of isolation, which is based
on the migratory ability of the MSCs from the cord matrix
to the plastic surface of the tissue culture dish. Instead of
porcine trypsin, a cell dissociation enzyme, TrypLE, which is
animal origin free, was used for dissociation of cells. Earlier
reports on the impact of using allogeneic HS on BM-MSCs
are contradictory, since some studies demonstrated that allo-
geneic HS can support proliferation of MSCs while others
reported a negative impact on cell proliferation, leading to
MSC growth arrest and death.!"'*?! In the recent past, the
isolation and culture of MSCs in serum and xeno-free media
has been reported, though their formulations have not been
disclosed.?*

Here we have compared proliferation kinetics, surface
antigen phenotype, in vitro differentiation potential, and
gene expression of WJ-MSCs cultured using our optimized
composition of 5% HS + 2 ng/mL bFGF against standard
medium containing 10% FBS. Although FBS yielded higher
cumulative cell numbers than 5% HS + 2 ng/mL bFGF at
the 5th passage, the difference was not significant. In our
previous study, we optimized a protocol for scale-up to
108 WJ-MSCs from a single umbilical cord within a time
period of 15 days." Therefore, there might not be a require-
ment for propagating the WJ-MSCs to late passages to
achieve higher cell yield. In fact, an earlier report showed
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Figure 4 WJ-MSCs expanded in 5% HS + 2 ng/mL bFGF were subjected to adipogenic (n = 3) (B), osteogenic (n = 2) (E), and chondrogenic differentiation (n = 3) (H) and
stained with Oil red O, Von Kossa, and alcian blue, respectively. Corresponding FBS cultures were induced to differentiate for reasons of comparison (C, F, and I). Noninduced
control cultures without differentiation stimuli are shown in A, D, and G. Senescence-associated B-galactosidase staining of WJ-MSCs (n = 2) at passage 7-8, cultured in 5% HS
+ 2 ng/mL bFGF and 10% FBS, is demonstrated () and K). CFU-F colony formation (day 14) initiated from passage 3—4 WJ-MSCs expanded in 5% HS + 2 ng/mL bFGF and 10%
FBS (L and M). Representative results of two independent WJ-MSC preparations are demonstrated. (Scale bar for A-F =20 uM; G-L = 100 uM.)

Abbreviations: bFGF, basic fibroblast growth factor; CFU-F, fibroblast colony forming units; FBS, fetal bovine serum; HS, human AB serum; WJ-MSC, Wharton’s

jelly-derived mesenchymal stem cell.
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Figure 5 WJ-MSCs, expanded in 5% HS + 2 ng/mL bFGF or 10% FBS, were added in |:16, 1:32, 1:64, and 1:128 ratios to test their inhibitory effect on mitogen-activated
PBMC proliferation, as demonstrated by MTT assay. MTT assays were performed in triplicate and the results were averaged. Results are representative of three independent
experiments (A). The expression profile for a few selected genes from the TLDA results was validated by semi-quantitative RT-PCR. 18s rRNA was used as an internal
control. Representative results of WJ-MSC preparation from two different donors are presented (B).

Abbreviations: bFGF, basic fibroblast growth factor; FBS, fetal bovine serum; HS, human AB serum; MSC, mesenchymal stem cell; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium; PBMC, peripheral blood mononuclear cell; RT-PCR, reverse transcription-polymerase chain reaction; TLDA, Tagman® low density array; WJ-MSC,

Wharton’s jelly-derived mesenchymal stem cell.

that MSCs enter senescence and start losing their stem cell
characteristics almost undetectably from the moment in
vitro cell culture begins.* Therefore, ideally, MSCs should
be considered at an early passage of in vitro culture for
clinical applications.

A previous study on BM-MSCs reported an increase
in proliferation rate along with downregulation of CD 44
and upregulation of HLA-class I and HLA-DR on addition
of bFGF to the culture medium.?® However, in the case of
WI-MSCs, we did not notice this effect of bFGF on the
expression levels of CD44 or HLA-DR in our previous
study.' Similarly, our present culture medium containing
5% HS supplemented with 2 ng/mL of bFGF did not alter
the expression levels of either.

Human MSCs are negative for MHC class II and costimu-
latory molecules CD40, CD80, and CD86, which could
render the T cells anergic and explain the immune privileged
status of MSCs.?” WJ-MSCs cultured in 5% HS + 2 ng/mL
bFGF expressed the characteristic MSC surface markers and

were negative for MHC class I (HLA-DR) and costimulatory
molecules as determined by flow cytometry, and this profile
was comparable to WJ-MSCs expanded in 10% FBS. Next,
we confirmed the inhibitory effect of WJ-MSCs on mitogen-
stimulated T-cell proliferation, and they displayed similar
immunosuppressive capacity irrespective of the serum, HS or
FBS, used for their culture. These data are in accordance
with those reported earlier for BM-MSCs by Le Blanc and
coworkers. '

The WJ-MSCs maintained their characteristic morphology
and clonal expansion capacity and retained the in vitro
differentiation potential to adipogenic, osteogenic, and
chondrogenic lineages when propagated in 5% HS + 2 ng/mL
bFGF. WJ-MSCs grown in 10% FBS supplemented medium
was used as reference. Hence, WJ-MSCs expanded in
5% HS supplemented with 2 ng/mL bFGF met all criteria
for MSCs.

In a previous study, we found an upregulation of undif-
ferentiated stem cell markers and some early endodermal
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Table | Analysis of genes, differentially expressed by WJ-MSCs cultured in 5% HS + 2 ng/mL bFGF and standard medium containing

10% FBS, using Tagman® low density array

Sl no. Gene symbol Gene name Gene classification Fold change
(FBS=1)
| BRIX Brix domain containing 2 Stem cell marker 1.54
2 CD34 CD34 molecule Endothelial 2.02
3 COLIA Collagen, type |, alpha | Mesoderm 041
4 CRABP2 Retinoic acid-binding protein, cellular, type Il Stem cell marker 051
5 FGF5 Fibroblast growth factor 5 Stem cell marker 221
6 GABRB3 Gamma-aminobutyric acid (GABA) Stem cell marker 0.42
A receptor, beta 3
7 GAL Galanin Stem cell marker 4.90
8 GATA4 GATA binding protein 4 Endoderm 16.5
9 GATAé GATA binding protein 6 Endoderm 0.45
10 GFAP Glial fibrillary acidic protein Ectoderm/astrocyte 3.2
11 LAMAI Laminin, alpha | Endoderm 0.57
12 LIN28 lin-28 homolog (C. elegans) Stem cell marker 0.33
13 NANOG Nanog homeobox Stem cell marker 0.47
14 NES Nestin Ectoderm/neural 1.64
15 NOG Noggin Mesoderm 17.29
16 PECAMI Platelet/endothelial cell adhesion Endothelial 4.0
molecule (CD31 antigen)
17 PODXL Podocalyxin-like Stem cell marker 1.94
18 PTEN Phosphatase and tensin homolog Stem cell marker 1.94
(mutated in multiple advanced cancers 1)
19 RUNX2 Runt-related transcription factor 2 Mesoderm 1.92
20 SEMA3A Sema domain, immunoglobulin domain (lg), Ectoderm 5.65
short basic domain, secreted, (semaphorin) 3A
21 SERPINAI “Serpin peptidase inhibitor, clade A Endoderm 0.59
(alpha-1 antiproteinase, antitrypsin), member |”
22 SYCP3 Synaptonemal complex protein 3 Germ cell marker 293
23 SYP Synaptophysin Ectoderm 2.29

Notes: Cutoff of |.5-fold up- or downregulation was set. Normalization was carried out using 18s rRNA. Expression of each specific gene was calculated using 2-4“D and

was compared with the value obtained for 10% FBS cultured WJ-MSC.

Abbreviations: bFGF, basic fibroblast growth factor; FBS, fetal bovine serum; HS, human AB serum; WJ-MSC, Wharton’s jelly-derived mesenchymal stem cell.

markers in WJ-MSCs compared with BM-MSCs both at early
and late passages.”® Here, in an effort to compare the stem
cell-specific marker profile between the two populations of
the WJ-MSCs and to investigate whether there is a shift in
the propensity to differentiate towards a particular lineage on
switching from FBS to allogeneic HS, we studied the gene
expression, with respect to stem cell and early lineage mark-
ers, of WJ-MSCs derived from two donors expanded in 5%
HS + 2 ng/mL bFGF and 10% FBS. To our knowledge, there
is no previous report comparing the gene expression profile
of WJ-MSCs cultured under xeno-free conditions versus the
standard condition of 10% FBS. The fold change in expres-
sion of the differentially regulated genes between the two
populations varied to some extent between donors. However,
the overall expression profile of WJ-MSCs cultured in 5%
HS + 2 ng/mL bFGF versus 10% FBS did not differ much.
The increased expression of some ectodermal or endothelial
genes by the allogeneic, HS cultured WJ-MSCs, could sug-
gest a stronger propensity to differentiate towards neuronal

fate or vascularization compared with the FBS cultured cells.
However, further in vitro differentiation or in vitro experi-
ments would be necessary to confirm the same. For a more
extensive study, global gene expression analysis needs to be
explored. Therefore, MSCs when cultured under different in
vitro conditions could possibly adopt a different fate or dif-
ferentiation potential and thus prove promising for their use
in various other clinical indications.

All reported clinical trials to date have employed MSCs
expanded in FBS-containing culture medium and they
are the best characterized cells. FBS, however, is not a
suitable option with regard to patient safety. Again, to be
considered appropriate for use in therapeutic applications,
utilizing a different serum source should not change the
MSCs, with respect to their basic characteristics or gene
expression, during the course of the culture. Therefore, in
conclusion, pooled, allogeneic human serum can be used
successfully to replace FBS for expansion of functional
WJ-MSCs.
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