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ABSTRACT

Background: In recent years, mesenchymal stem cells have gained attention in the
field of regenerative medicine. While mesenchymal stem cells derived from
adipose tissue and bone marrow are well-studied, obtaining sufficient tissue from
neonates or infants poses significant challenges. Umbilical cord-derived
mesenchymal stem cells are a promising alternative source, as they can be
harvested non-invasively and in large quantities with minimal ethical concerns. This
study aims to evaluate the safety of long-term cryopreserved umbilical cord-
derived mesenchymal stem cells and explore their potential for clinical
applications in regenerative medicine.
Methods: Umbilical cord-derived mesenchymal stem cells were cryopreserved for
periods ranging from 4 years and 5 months to 5 years and 9 months. After
thawing, the following assessments were performed:
1. Morphological changes: Cell morphology was observed under a light
microscope before and after cryopreservation.
2. Multipotency evaluation: Osteogenic and adipogenic differentiation potentials
were assessed to confirm MSC characteristics.
3. Chromosomal stability: G-band staining and Spectral Karyotyping were used
to identify numerical and structural chromosomal abnormalities.
4. Tumorigenic potential: Real-time PCR was conducted to measure the expression
of telomerase reverse transcriptase, a tumorigenic marker.
Results: No significant morphological differences were observed before and
after cryopreservation. Both osteogenic and adipogenic differentiation potentials
were maintained, confirming the multipotency of the cells. Chromosomal
abnormalities were found in 4 out of 168 cells using G-banding, but no
abnormalities were detected with Spectral Karyotyping. Telomerase reverse
transcriptase gene expression was low, indicating a low risk of tumorigenicity.
Conclusion: Long-term cryopreserved umbilical cord-derived mesenchymal stem
cells maintain their safety in terms of morphology and function, showing promise
as auvtologous graft material for regenerative medicine. However, further safety
evaluations, particularly concerning chromosomal abnormalities, are essential
before clinical application.
Keywords: Umbilical cord-derived mesenchymal stem cells, Long-term
cryopreservation, safety evaluation, regenerative medicine.
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1. Introduction

In recent years, regenerative medicine aimed at tissue
regeneration has been actively pursued. The usefulness
of mesenchymal stem cells (MSCs) as a material for
regenerative medicine has been widely recognized '-4. In
the field of plastic surgery, research on MSCs derived
from adipose tissue and bone marrow has drawn
particular attention. However, obtaining sufficient
amounts of adipose tissue or bone marrow for neonates
and infants presents significant physical challenges. We
have identified the umbilical cord (UC) as a promising
new source of MSCs. The umbilical cord, which can be
collected non-invasively at birth in large quantities,
contains umbilical cord-derived mesenchymal stem cells
(UC-MSCs) 57. Since the umbilical cord is typically
discarded, its use raises minimal ethical concerns.
Moreover, UC-MSCs possess high regenerative potential
and a favorable immune tolerance profile 810,
Additionally, no evidence has been reported of
tumorigenicity when UC-MSCs were transplanted info
immunodeficient animals 811, Based on these factors, we
consider the use of UC as a valuable resource for
regenerative medicine.

In general, safety considerations are paramount for
transplantation materials 12 13,  Autologous tissues
minimize many of the risks and ethical concerns
associated with allogenic or xenogenic materials, such as
the risk of viral infection or the ethical implications of
tissue donation. For this reason, autologous tissue
continues to be regarded as a superior transplantation
material in clinical practice. To utilize UC-MSCs as
autologous tissue, it is necessary to preserve them until the
time of use. Cryopreservation has been reported to
affect the quality of cells and tissues 4. To the best of our
knowledge, the longest cryopreservation period
reported for the safety of UC-MSCs is 12 months 15.
However, considering the need for clinical applications,
longer cryopreservation periods are required. Therefore,
this study investigates the clinical viability of UC-MSCs by
evaluating their safety after long-term cryopreservation,
aiming to establish a reliable source of autologous graft
material for future regenerative medicine applications.
Specifically, we evaluated chromosomal numerical and
structural abnormalities (Karyotype analysis), as well as
the expression of tumorigenicity-related markers such as
telomerase reverse transcriptase (hTERT) in UC-MSCs
after prolonged cryopreservation. This report presents a
highly original study conducted to explore the clinical
application of our innovative therapeutic strategy, which

involves utilizing cryopreserved-UC-MSCs (cUC-MSCs) as
autologous graft material.

2. Materials and methods

The present study, approved by the ethics committee at
our university (approval number B-07-13), was
conducted after the acquisition of written informed
consent from pregnant women. Tissues, namely UC, which
are usually discarded in clinical practice, were collected
as study materials under the conditions in which the safety
of neonates and parturient women was ensured after the
expulsion of the placenta. The collected samples of UC
were numbered in order not to allow individual
identification.

2.1. PRETREATMENT OF UMBILICAL CORD-DERIVED
MESENCHYMAL STEM CELLS

Figure 1 shows an outline of the experiment. The UC
samples were collected from neonates who were born at
weeks 37e41 of gestation without any problems during
delivery, to mothers whom obstetricians had not found
any maternal or fetal complications during pregnancy.
UC was cut into about 10-cm sections and was washed
with phosphate buffered saline (PBS; Wako Pure
Chemical Industries Co., Ltd., Osaka, Japan) until no
attached blood remained (Fig. 2a). UC was treated as
per a previously reported method '6. Briefly, the
Wharton jelly (WJ) was chopped into approximately 5-
mm sections (Fig. 2b). Subsequently, the sections were
cultured in Dulbecco's modified Eagle's medium (DMEM)
with the addition of 10% fetal bovine serum (FBS)
(SigmaeAldrich MO, USA), antibiotics (100 U/ml
penicillin and 100 g/ml streptomycin), in a 25-cm2 flask
(Sumilon Sumitomo, Tokyo, Japan) at 37°C and with 5%
CO2. Media were replaced for the first time at 1 week
after culture initiation and every 3 days thereafter. The
W1 sections were removed at approximately 2 weeks
after culture initiation when adhesive spindle-shaped cells
emerged (Fig. 2c¢). Culture continued until the time when
cells became subconfluent. Subsequently, the cells were
detached and collected before suspension in a solution
for cell cryopreservation (LaboBanker2 ™ TOSC, Tokyo,
Japan) and storage at 80°C until the time of use. UC-
MSCs were cryopreserved for approximately 4 years 5
months to 5 years 9 months, and then slowly thawed at
room temperature. Cells that became subconfluent in
culture after thawing were used for each experiment. The
cell morphology of UC-MSCs was observed before and
after cryopreservation.
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Fig. 1. Overview of the study.
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We evaluated chromosomal numerical and structural abnormalities (Karyotype analysis), and telomerase reverse transcriptase
(hTERT) in umbilical cord-derived mesenchymal stem cells (UC-MSCs) and cryopreserved-UC-MSCs (cUC-MSCs). In addition, the
osteoblastic- and adipogenic-differentiation potentials were assessed.

Fig. 2

Fig. 2. Pretreatment of the umbilical cord.

(a) The umbilical cord was cut into about 10-cm sections and was washed with phosphate buffered saline up to the moment when no
attached blood remained. The cross section identified the umbilical vein and arteries (arrows).

(b) Umbilical cord (UC) was cut into about 5-mm sections (arrows), and cultured in Dulbecco’s modified eagle’s medium.

(c) Outgrowth cells from UC that were observed at 2 weeks after the onset of the culture. Outgrowth cells were adhesive spindle-

shaped cells

2.2. ASSESSMENT OF THE OSTEOBLASTIC- AND
ADIPOGENIC-DIFFERENTIATION

The multidifferentiation potential of UC-MSCs and cUC-
MSCs before and after cryopreservation was evaluated
to confirm their status as MSCs. According to the method
reported by Baba et al. (2012), differentiation into
osteoblasts and adipocytes was induced to assess their
osteoblastic and adipogenic potential. Subconfluent
primary cultured cells were divided into two portions, with
one portion induced for differentiation into osteoblasts by
changing the medium to the NH OsteoDiff Medium
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany),
while the other portion was induced for differentiation
into adipose cells by changing the medium to NH
AdipoDiff Medium (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany). Osteoblast-differentiated cells
were stained with alizarin red, and adipocyte-
differentiated cells were stained with oil red, following
standard protocols '¢, before being observed under a
stereoscopic microscope.

2.3. EVALUATION OF THE SAFETY OF CRYOPRESERVED
UMBILICAL CORD-DERIVED MESENCHYMAL STEM CELLS
To evaluate the safety of cUC-MSCs, we focused on two
key aspects: chromosomal stability and tumorigenic
potential. Chromosomal abnormalities were evaluated
using G-band staining and Spectral Karyotyping (SKY)
methods. Tumorigenic potential was assessed by
measuring the expression of human telomerase reverse
transcriptase (hTERT), a marker commonly associated with
tumorigenicity.

2.3.1. Karyotype analysis

This evaluation was conducted by the Clinical Laboratory
Department of the hospital affiliated with the author’s
institution. Chromosomal specimens were prepared from
56 cells per donor, from three donors (a total of 168
cells), and both numerical and structural chromosomal
abnormalities were assessed using G-banding.
Additionally, chromosomal analysis of cUC-MSCs was
performed by SRL, Inc. (Tokyo, Japan) using the SKY
method.
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2.3.2. Expression of telomerase reverse transcriptase
by reverse transcriptase-polymerase chain reaction

Real-time reverse transcriptase-polymerase chain
reaction (RT-PCR) was performed to assess the expression
of the telomerase reverse transcriptase (hTERT) gene
after reverse transcription. Ten specimens were used to
determine the expression of the markers. In accordance
with published procedures 17: 18, total RNA was extracted
using the RNeasy Mini Kit (Qiagen, Valencia, CA), and
¢cDNA was synthesized. The PCR primer sequences for
hTERT were designed using the Primer3 software based
on the GeneBank sequence
(http://primer3.sourceforge.net/).  For  quantitative
evaluation, iQ™ SYBR® Green Supermix was used.
hTERT, along with bone marrow-derived mesenchymal

a

Fig.3

stem cells transduced with HPV Eé and E7, was used as a
positive control.

Primer Sequences: Telomerase reverse transcriptase
(hTERT)

Forward: cggtgtgcaccaacatctac

Reverse: gggttcttccaaacttgcetg

TATA box binding protein (TBP)

Forward: ttcggagagttctgggattg

Reverse: ctcatgattaccgcagcaaa

3. Results

3.1. Cell morphology

No clear differences in cell morphology were noted
before and after cryopreservation, as observed under a
light microscope (Fig. 3).

Fig. 3 Cell morphology of umbilical cord-derived mesenchymal stem cells (UC-MSCs) and cryopreserved umbilical cord-derived

mesenchymal stem cells (cUC-MSCs)

No clear differences in cell morphology were noted before and after cryopreservation, as observed under a light microscope

(a) The cell morphology of UC-MSCs
(b) The cell morphology of UC-MSCs
(c) The cell morphology of cUC-MSCs
(d) The cell morphology of cUC-MSCs

3.2. THE OSTEOBLASTIC- AND ADIPOGENIC-
DIFFERENTIATION POTENTIAL OF CELLS IN VITRO (FIG.
4)

The UC-MSC (Fig. 4a) and cUC-MSC (Fig. 4c) samples
that had been induced to differentiate into osteoblasts
were stained diffusely throughout the extracellular
matrix with alizarin red, confirming the presence of
calcium deposits. UC-MSCs (Fig. 4b) and cUC-MSCs (Fig.
4d) that had been induced to differentiate into
adipocytes exhibited intracellular lipid droplets that
were stained with oil red. These findings confirm the
osteogenic and adipogenic differentiation potential of

both UC-MSCs and cUC-MSCs, demonstrating their
multipotency.

3.3. THE SAFETY OF CRYOPRESERVED UMBILICAL
CORD-DERIVED MESENCHYMAL STEM CELLS

3.3.1. Karyotype analysis

Numerical and structural chromosomal abnormalities in
cUC-MSCs were observed in 4 out of 168 cells from one
donor, specifically involving chromosome 2(Fig. 5a. b).
The SKY method did not reveal any abnormalities (Fig.
5¢).

© 2024 European Society of Medicine 4



Fig. 4. Assessment of the osteoblastic- and adipogenic-differentiation potential of umbilical cord-derived mesenchymal stem

cells (UC-MSCs) and cryopreserved-UC-MSCs (cUC-MSCs).

(a) Staining with alizarin red. The samples of UC-MSCs, which had been induced to differentiation into osteoblasts, were stained

extracellularly and diffusely with alizarin red.

(b) Staining with oil red. The samples of UC-MSCs, which had been induced to differentiation into adipose cells, showed intracellular

lipid droplets that were stained with oil red (arrow).

(c) Staining with alizarin red. The samples of cUC-MSCs, which had been induced to differentiation into osteoblasts, were stained

extracellularly and diffusely with alizarin red.

(d) Staining with oil red. The samples of cUC-MSCs, which had been induced to differentiation into adipose cells, showed intracellular

lipid droplets that were stained with oil red (arrow).
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(a) Numerical and structural normal chromosomal findings in cUC-MSCs

(b) Chromosomal abnormalities were observed in 4 out of 168 cells from a single donor, specifically involving structural changes in

chromosome 2.

(c) The Spectral Karyotyping method did not reveal any abnormalities.
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3.3.2. Expression of telomerase reverse transcriptase
by reverse transcriptase-polymerase chain reaction
(Table. 1)

The expression of the hTERT gene in cUC-MSCs was
significantly lower compared to the positive control.

TERT/TBP
(pg/ul)
2.3x10°*
5.98x10*
3.75x10™*
5.54x10
7.46x10*
3.15x10*
5.75x10™*
2.55x10™*
1.70x10*
10 0.94x10*

control 19.3

Control i positive control

OO0 | ~l| || &= W k=

Table 1: Expressions of telomerase reverse transcriptase
(hTERT) by real-time reverse transcriptase-polymerase chain
reaction.

Telomerase reverse transcriptase (hTERT), along with bone
marrow-derived mesenchymal stem cells transduced with HPV
E6 and E7, was used as a positive control. The expression of
the hTERT gene in cUC-MSCs was significantly lower compared
to the positive control.

4. Discussion

Safety of cryopreserved umbilical cord-derived
mesenchymal stem cells

For the clinical application of UC-MSCs obtained from UC
at birth, long-term cryopreservation is required when
used as autologous tissue. Even when used as allogeneic
tissue, long-term cryopreservation is necessary to ensure
stable supply for clinical wuse. Conventionally,
cryopreservation involves gradual cooling to -80°C,
followed by storage at -196°C using liquid nitrogen 1%
20, |t is widely recognized that cryopreservation can
affect cell quality. Mullers et al. reported that
cryopreservation causes physical damage to cells,
leading to changes in cell viability and potentially
compromising clinical benefits 21. Therefore, verifying the
safety and viability of cUC-MSCs stored under
appropriate conditions is crucial and beneficial for their
clinical application as either autologous or allogeneic
tissue. In this study, since we aim for clinical use as
autologous tissue, we conducted the research under
unique conditions: a long-term cryopreservation period of
5 years and storage at -80°C, a temperature commonly
used in general medical facilities. Although different
cryopreservation solutions were used, Zhang et al.
reported that cryopreservation for one year at -196°C
did not affect the cell morphology, surface marker
expression, cell viability, proliferative capacity, or
chromosomal stability of cUC-MSCs 5. Additionally,
BARCIA et al. demonstrated that cryopreservation did not
affect the surface marker expression of UC-MSCs, though
the storage period was unspecified 22. Comparing
previous studies with this study regarding the effects of

cryopreservation on cUC-MSCs is challenging due to
limited data on long-term cryopreservation of MSCs and
differences in conditions. Previous studies did not actively
suggest that cryopreservation compromises the safety of
cUC-MSGCs. In this study, the negative hTERT gene
expression did not suggest tumorigenesis, and no
significant differences in cell morphology were observed.
However, we did observe abnormalities in chromosome 2
in 4 out of 168 cells from one donor using G-banding.
Considering that the UC used in this study was sourced
from healthy neonates with no complications during
pregnancy or delivery, the effects of experimental
procedures (e.g., culture or cryopreservation) were
considered. Zhang et al. reported no chromosomal
abnormalities in 3 cells 5. It is unclear whether the
observed differences are due to freezing temperature,
cryopreservation period, culture conditions, sample size,
or other experimental factors. Nevertheless, the
chromosomal abnormalities observed in this study do not
directly suggest tumorigenesis, and the study suggests
that UC-MSCs are amenable to cryopreservation.
Therefore, in terms of safety, the potential for utilizing
cUC-MSCs as autologous tissue in regenerative medicine
is suggested. However, ensuring cell safety is essential for
clinical application. This study suggests that safety testing,
such as chromosomal analysis before transplantation, is
desirable when considering clinical application.

Significance of cryopreserved umbilical cord-derived
mesenchymal stem cells for Clinical Applications
Recent studies in the field of regenerative medicine have
demonstrated the great potential of MSCs in treating
various diseases 2325, MSCs are already being
developed as cell products for immunotherapy and
regenerative medicine 2627, Among them, UC-MSCs, with
their excellent self-renewal ability, immune tolerance,
migratory ability, anti-inflammatory effects,
immunomodulatory effects, and tissue repair capabilities,
are considered an ideal candidate for allogeneic cell
therapy for several diseases 2829, Currently, based on
their biological properties, UC-MSCs are expected to be
utilized in conditions where no other effective treatment
strategies exist, and several researchers have reported
successful regenerative medicine outcomes using
allogeneic UC-MSCs 10: 30, |n contrast, reports aiming to
develop treatment strategies for the clinical application
of UC-MSCs as autologous tissue are scarce compared to
those for allogeneic use. We have previously reported
on the osteogenic potential of UC-MSCs (Baba et al.,
2012), the osteogenic potential of UC-MSCs using cells,
growth factors, and scaffolds derived from the same
individual's UC and UCB materials '8, and the activity of
growth factors derived from long-term cryopreserved
UCB 3'. In neonatal and pediatric treatments, it is often
challenging to obtain sufficient transplant tissue, and even
when obtainable, the surgical invasiveness of the tissue
collection cannot be ignored. If UC, which can be non-
invasively obtained at birth in large quantities, can be
utilized as autologous tissue, it may provide a solution to
these problems. Thus, we believe that clinical application
of cUC-MSCs as autologous tissue holds significant
potential.

Limitations
This study had several limitations, including variability in
the cryopreservation period due to the use of samples

© 2024 European Society of Medicine 6



provided from clinical settings, as well as constraints on
the number and volume of samples and cell counts. Since
the cryopreservation period was as long as 5 years and
9 months, issues such as the procurement of reagents
made it difficult to perform strict comparisons before and
after cryopreservation. Due to the limited number of
specimens, it was not feasible to secure control samples,
which precluded any statistical analysis. Specific dates
related to the cryopreservation period could not be
disclosed as they might lead to the identification of the
birth date.

5. Conclusion

In conclusion, this study suggests that cUC-MSCs have
significant potential as a safe source of autologous tissue
for regenerative medicine, particularly following long-
term cryopreservation.
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