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Intracellular delivery of trehalose renders mesenchymal
stromal cells viable and immunomodulatory competent
after cryopreservation
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Abstract Trehalose is a nontoxic disaccharide and a
promising cryoprotection agent for medically applicable cells. In this study, the efficiency of combining
trehalose with reversible electroporation for cryopreservation of two types of human mesenchymal
stromal cells was investigated: adipose-derived stromal cells, and umbilical-cord-derived stromal cells.
Comparable results to standard dimethyl sulfoxide
cryopreservation protocols were achieved, even without extensive electroporation parameters and protocol
optimization. The presence of high extracellular
trehalose resulted in comparable cell viabilities without and with electroporation. According to the determination of trehalose concentrations, 250 mM
extracellular trehalose resulting in, 20 mM to 50 mM
intracellular trehalose were sufficient for successful
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J. Zupan  A. Barlič
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7, 1000 Ljubljana, Slovenia
A. Barlič (&)
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cryopreservation of cells. With electroporation, higher
(i.e. 50 mM to 90 mM) intracellular trehalose was
achieved after cryopreservation, although cell survival
was not improved significantly. To evaluate the impact
of electroporation and cryopreservation on cells, stress
and immune-activation-related gene expression were
analyzed. Electroporation and/or cryopreservation
resulted in increased SOD2 and HSPA1A expression.
Despite the increased stress response, the high upregulation by mesenchymal stromal cells of
immunomodulatory genes in the inflammatory environment was not affected. Highest expression was
seen for the IDO1 and TSG6 genes. In conclusion,
cryopreservation of mesenchymal stromal cells in
trehalose results in comparable characteristics to their
cryopreservation using dimethyl sulfoxide.
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Introduction
Cell-based medicine is becoming increasingly important for modern healthcare. A large number of clinical
trials into the use of mesenchymal stromal cells
(MSCs) from different tissue sources are ongoing for
treatment of various diseases (Kabat et al. 2020),
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including COVID-19 (Golchin et al. 2020). Therefore,
it is important to be able to provide high-quality cell
products for patients.
Cryopreservation at sub-zero temperatures is the
most widely used method for long-term storage of
cells and tissues, which allows preservation of their
vital functions upon thawing Dulugiac et al. 2015;
Marquez-Curtis et al. 2015; Mitchell et al. 2015;
Pilbauerová et al. 2018; Ramos et al. 2014; Yong
2015). As the use of cell-based therapies advances,
there is thus also the need for safer and more effective
cryopreservation protocols for these cell products
(Awan et al. 2020; de Luca et al. 2019; Hornberger
et al. 2019; Weng and Beauchesne 2020).
Cryopreservation methods and protocols seek to
reach low temperatures without causing damage to the
cells through formation of ice crystals during freezing.
Dimethyl sulfoxide (DMSO) has been the cryoprotectant of choice for most animal cell cryopreservation
protocols since the early history of this technology
(Awan et al. 2020; Weng and Beauchesne 2020).
However, DMSO is highly cytotoxic and is also
cardiotoxic, and it has to be removed quickly after cell
thawing and before the use of the cells in patients
(Baust et al. 2017; Fry et al. 2015).
In certain clinical therapies, a variety of cell
products are used directly after thawing (e.g., cord
blood, bone marrow transplantations, MSC infusions),
and so they are infused without removing the DMSO
(Shu et al. 2014). Even at very low concentrations,
infusion of DMSO represents an added risk to the
patient. The cytotoxicity of DMSO in clinical settings
is associated with several side effects, such as nausea,
vomiting, diarrhea, hemolysis, rashes, renal failure,
hypertension, bradycardia, and pulmonary edema
(Weng and Beauchesne 2020).
Various ways to minimize these toxic effects of
DMSO have been described. In some cases, proposals
have indicated the use of reduced DMSO concentrations, such as from 10 to 5% (Akkök et al. 2008;
Bakken et al. 2003) or 3.5% (Halle et al. 2001).
Alternatively, the complete or partial replacement of
DMSO with nontoxic cryoprotectants has been proposed (Awan et al. 2020; Weng and Beauchesne
2020). Several washing steps are needed to remove
DMSO from these cell products prior to their infusion
into patients. However, additional manipulations of
therapeutic products usually result in significant loss
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of cell numbers (Laroche et al. 2005; Wang et al.
2011).
Current cryopreservation protocols often include
fetal bovine serum (FBS) or human blood derivates
(e.g., serum, platelet lysate) in addition to DMSO and
also their replacement would be advantageous (AlSaqi et al. 2015; Ikebe and Suzuki 2014; MiyagiShiohira et al. 2016). Therefore, it is of great
importance for the safety of patients to achieve cell
cryopreservation using nontoxic, xeno-free cryoprotectants. Also, these practices need to be standardized
across transplantation centers, to harmonize cryopreservation protocols for cell-based therapeutics
(Awan et al. 2020; Weng and Beauchesne 2020).
The disaccharide trehalose represents one of the
promising nontoxic cryoprotectants. It is found in
several organisms that are adapted to extreme conditions, such as low temperatures or dehydrated environments (Brockbank et al. 2010; Crowe and Crowe
2000; Larson et al. 2014). With a view to clinical use,
this disaccharide has been used successfully for
cryopreservation of different types of human cells,
including in particular: platelets, red blood cells and
stem blood cells, as well as sperm, oocytes, pancreatic
islets, and fetal skin (Awan et al. 2020). Trehalose has
also been used in pharmaceutical applications (Patist
et al. 2005), such as in ophthalmology (Aragona et al.
2014; Chiambaretta et al. 2017). Currently, several
xeno-free and DMSO-free cryopreservation reagents
with indications of good manufacturing practice status
are available for clinical application (Awan et al.
2020). Whether trehalose is part of these reagents has
unfortunately not been disclosed, due to the nondisclosure nature of their compositions.
Different extracellular trehalose concentrations
have been reported as providing successful cell
cryopreservation (Campbell and Brockbank 2012;
Dovgan et al. 2017; Eroglu et al. 2000, 2009;
Mutsenko et al. 2019; Shirakashi et al. 2002; Wolkers
et al. 2001; Zhou et al. 2010). To achieve successful
cell cryopreservation, trehalose has to be present on
both sides of the cell membrane; i.e., both extracellularly and intracellularly (Crowe et al. 2005). Various
strategies for loading trehalose into mammalian cells
have been suggested that enable effective cryopreservation, desiccation, and lyopreservation. Trehalose
can be loaded into cells through a number of processes
and pathways, as summarized by Stewart and He
(2019). These include phospholipid-phase transition
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induced by thermal or osmotic stress, endocytosis
engineered pores and channels, using the trehalose
specific transporter TRET1, microinjection, as well as
use of various polymers, peptides, liposomes,
nanoparticles, and ultrasound.
One possible and relatively simple method for
introducing trehalose into cells is electroporation.
During electroporation, the permeability of the cell
membrane is transiently increased, which can allow
trehalose and other membrane-nonpermeable molecules to be loaded into cells (Kotnik et al. 2012, 2019;
Rems and Miklavčič 2016). Electroporation is used in
clinical settings to introduce small and large molecules
into cells, such as chemotherapeutic drugs, to enhance
their intracellular accumulation and cytotoxicity.
Large molecules like RNA and DNA have also been
introduced into cells in this way, for gene therapies
(Geboers et al. 2020; Roth et al. 2018). Indeed,
electroporation has already been used in cryobiology
as a tool for the introduction of impermeable saccharides into various cells (Dovgan et al. 2017; Dymek
et al. 2014; Mutsenko et al. 2019; Shayanfan et al.
2013; Zhou et al. 2010).
In the present study, we used reversible electroporation for trehalose loading into human umbilicalcord-derived (UC-MSCs) and human adipose-derived
stromal cells (ASCs). The lowest extracellular and
intracellular concentrations of trehalose needed to
preserve optimal cell viability were determined. In
addition, gene expression analysis was performed to
examine the stress induced by electroporation and
cryopreservation of these cells. The objective of the
study was also to determine the effects of cryopreservation with trehalose in terms of the immunomodulatory actions of MSCs.

Human UC-MSCs were obtained from a single
donor umbilical cord following signing of informed
consent and again according to the ethical guidelines
of the National Medical Ethics Committee (code
136/02/12). The UC-MSCs were isolated using an
explant protocol, as described previously (Pirjali et al.
2013).
All of these cells were cultured in DMEM/F-12
media supplemented with 10% FBS, 50 lg/mL gentamicin, (all from Gibco) and 1 ng/mL basic fibroblast
growth factor (Peprotech), in a humidified incubator at
37 °C and 5% CO2. The media were changed twice
per week. At about 95% confluency, the cells were
detached with 0.05% trypsin-EDTA (Sigma Aldrich)
and replated at 3000 cells/cm2. For the experiments,
cells of the third to sixth passage were used. Identification of the cells was performed through their
expression of surface markers (i.e., CD73, CD90,
CD105) using flow cytometry, and also according to
their osteogenic and adipogenic differentiation. The
cells used expressed these surface markers and could
undergo osteogenic and adipogenic differentiation
(data not shown).
Intracellular trehalose determination

Materials and methods

Determination of intracellular trehalose concentrations was performed immediately following electroporation and for different incubation temperatures (4,
25, 37 °C; 30 min; for resealing of cell membranes)
before cryopreservation, and as an immediate assay
after cryopreservation. This was carried out for both
nonelectroporated cells and electroporated cells in the
presence of 250 mM trehalose. Nontreated cells (i.e.,
no trehalose and no electroporation) were used as the
control before electroporation. Nontreated cells cryopreserved with DMSO were used as the control after
cryopreservation.

Cell culture

Electroporation

Human adipose tissue was obtained from a single
donor scheduled for elective lipoaspiration, following
the signing of informed consent and according to the
ethical guidelines of the National Medical Ethics
Committee (code 21/09/07). The ASCs were isolated
from the tissue as described previously (Zuk et al.
2001).

Cell suspensions were prepared at a cell density of
1 9 106 cells/100 lL in low-conduction electroporation buffer (10 mM K2HPO4 [Merck], 10 mM
KH2PO4, 1 mM MgCl2 [Sigma Aldrich]) that generally contained 250 mM trehalose (also, 0, 10, 50, 100,
250 mM trehalose for cell viability procedures).
Buffer osmolalities for 0, 10, 50, and 100 mM
trehalose were adjusted to 300 mOsm with the
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addition of NaCl (Sigma Aldrich). Cell suspensions
were transferred to 2-mm electroporation cuvettes
(Peqlab), and 8 pulses of 100 ls at 1 Hz and 300 V
(electric field, 1.5 kV/cm) were delivered by the
electroporator (BTX Gemini). The nonelectroporated
cells were treated in the same way in all aspects
(except they were not placed in the cuvettes). After
this 2-min incubation at room temperature for the
control (nonelectroporated) and electroporated cells,
95 lL cell suspension was transferred to a cryovial.
For the intracellular trehalose determination procedures, the cells then either had no incubation or were
incubated for an additional 30 min at different temperatures (4, 25, 37 °C), to allow the cell membranes
to reseal. For the viability and gene expression
procedures, only the incubation at 37 °C was used.
For intracellular trehalose determination, half of
each sample was analyzed before cryopreservation,
and the other half was cryopreserved and analyzed
after cryopreservation. Nontreated cells were resuspended in FBS and immediately cryopreserved using
the DMSO protocol.
Cryopreservation
The standard cryopreservation medium was 10% (v/v)
DMSO in 90% (v/v) FBS (henceforth referred to as
DMSO). The other cryopreservation media involved
addition of trehalose (0, 10, 50, 100, 250 mM) to the
electroporation buffer, with cryopreservation either
directly after the 30 min incubation or after electroporation (as described above). For the DMSO procedures, the same cell numbers were harvested in
microcentrifuge tubes and centrifuged for 5 min at
5009 g. After removal of the supernatant, the precooled (2–8 °C) cryopreservation medium (volume,
100 lL) was slowly added drop by drop to the cell
pellet and mixed. These cell suspensions were immediately transferred into cryovials and cryopreserved.
All of the samples in cryovials intended for cryopreservation (i.e., nonelectroporated, electroporated,
DMSO control) were frozen in a freezing container
(Mr. Frosty; Thermo Fisher Scientific), with cooling at
around -1 °C/min, to achieve -80 °C. The next day,
the cells were transferred into liquid nitrogen containers (-196 °C) for at least 1 week.
Immediately after removal of the cryovials from the
liquid nitrogen, the thawing was performed by addition of preheated (37 °C) 100 mM trehalose or 20%
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FBS in DMEM/F-12 into the cryovials that contained
the frozen cells for the trehalose and DMSO protocols,
respectively. This was designed to accelerate the
thawing process and to prevent osmotic imbalance.
The cryoprotectant was diluted 7–10-fold (v/v) with
cell culture medium, centrifuged immediately, and
removed.
For intracellular trehalose determination, all of the
cell samples were collected in microcentrifuge tubes
(5–8 9 105 cells) before and after cryopreservation.
The cells were washed three times with phosphatebuffered saline (Gibco), to remove any extracellular
trehalose. After the last wash, to release all of the
intracellular trehalose, the cells were resuspended in
135 mM citrate buffer (Sigma Aldrich) at pH 5.7, and
incubated at 95 °C for 15 min. To cleave the
trehalose into two glucose molecules, the samples
were incubated with the enzyme trehalase (final
concentration, 0.2 U/mL; Sigma Aldrich) for
18–20 h. The resulting glucose was then assayed
using colorimetric glucose assay kits (GAGO-20;
Sigma Aldrich), according to the manufacturer
instructions. Absorbance at 540 nm was measured
using a multiplate reader (Chameleon; Hidex). For
background correction, the absorbance at 660 nm was
subtracted from the measurements.
To calibrate the intracellular trehalose concentrations, the glucose standard curve was first prepared by
plotting absorbance versus glucose concentration
(mM). Using the standard curve equation, the glucose
concentrations in the samples were obtained. These
glucose concentrations were then corrected for the
dilution factor and divided by 2, as one trehalose
molecule was cleaved into two glucose molecules by
trehalase. Intracellular concentrations were calculated
according to the total cell volume.
For cell volume calculations, the average cell
diameter of 17 lm was used for the ASCs and
15 lm for the UC-MSCs, as determined using an
automated cell counter (Countess; Invitrogen). The
total cell volumes were then calculated according to
the volume of a sphere, and multiplied by the total cell
numbers. Our cell size measurements for the MSCs
were similar to those obtained previously (15 lm)
(Oliver et al. 2004; Ge et al. 2014).
The intracellular trehalose concentrations were
then determined by multiplying the volume of the
trehalose solution and the measured trehalose (i.e.,
glucose/2) concentration in the solution, divided by
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the total cell volume, which was multiplied by a factor
of 0.5, as the free cell volume was estimated to be 50%
of the total cell volume (Oliver et al. 2004; Wolkers
et al. 2001). However, these data must remain as
approximations, as small variations in cell size or cell
numbers can have large effects on cell volume, and
consequently
on
intracellular
trehalose
concentrations.
To ensure that all of the trehalose was converted
into glucose, 100 mM and 250 mM trehalose in citrate
buffer were prepared and subjected to cleavage by the
trehalase enzyme using the same protocol as for the
samples. Controls without trehalose before and after
cryopreservation were performed (i.e., nontreated
cells, or cells cryopreserved with DMSO), where no
intracellular trehalose should be detected. The data
were generated as single measurements in three
technical replicates.
Cell viability
Cell viability was assessed using two different assays:
Trypan blue dye exclusion (referred to as the assays
for ‘cell survival’) and MTT assays (referred to as the
assays for ‘cell proliferation’). Cell viability assays
were performed before and after cryopreservation, for
the nonelectroporated cells in the presence of different
trehalose concentrations (0–250 mM) and for the
electroporated cells in the presence of the same
trehalose concentrations. Nontreated cells were used
as the control before cryopreservation. For the control
after cryopreservation, nontreated cells were cryopreserved with DMSO. Electroporation and cryopreservation were performed as described above.
To determine cell survival, the cell suspensions
were diluted 1:1 with 0.4% Trypan blue (Fluka), and
the staining of cells was examined under an inverted
light microscope (Eclipse TS100, Nikon). Cell survival was expressed as the proportion (%) of viable
unstained cells relative to the total number of cells
counted, using a hemocytometer. Cell counting was
carried out in duplicate, with calculation of the means.
The experiments were performed as at least three
independent repetitions.
Cell proliferation was determined using a colorimetric MTT assay, as described by Mossman (1983),
with some modifications. Briefly, the cells were
seeded in 96-well plates at 50,000 cells/well, with
the addition of cell culture medium (DMEM/F-12,

10% FBS, 50 lg/mL gentamicin). Following an
overnight incubation at 37 °C and 5% CO2, the
medium was removed and replaced with MTT solution (final MTT concentration 0.5 mg/mL; Sigma
Aldrich). After at least 6 h of incubation at 37 °C, a
purple-colored formazan product developed. The
MTT solution was removed, and the formazan crystals
were dissolved in acidified isopropanol (0.04 M HCl
in isopropanol; both from Sigma Aldrich). The
absorbance at 570 nm was then measured using a
microplate reader (Chameleon, Hidex). For background correction, the absorbance at 660 nm was
subtracted from the measurements, according to the
manufacturer instructions. Cell proliferation (%) was
calculated by dividing the absorbance values obtained
in the test samples by the absorbance values obtained
in the nontreated cells (i.e., before cryopreservation)
or the DMSO samples (i.e., after cryopreservation),
multiplied by 100. The experiments were performed as
at least three independent repetitions.
Gene expression analysis: stress response
Gene expression analysis for assessment of stress
responses was performed at different times (0, 3, 6,
12 h) both before and after cryopreservation, for the
nonelectroporated cells with 250 mM trehalose and
the electroporated cells with 250 mM trehalose. The
nontreated cells (i.e., no trehalose, no electroporation)
were used as the control before cryopreservation. The
nontreated cells cryopreserved in DMSO were used as
the control after cryopreservation. Electroporation and
cryopreservation were performed as described in the
previous sections.
After electroporation (or no electroporation), half
of the cells was removed immediately (0 h, which
includes the 30 min for membrane resealing) or
seeded for 3, 6, and 12 h in cell culture medium; the
other half of the cells was cryopreserved. Cryopreservation was performed in the corresponding cryopreservation medium. After thawing, the cells were
again sampled immediately (0 h) or seeded for 3, 6,
and 12 h in cell culture medium. The same seeding
protocol was applied to the control cell samples before
and after cryopreservation.
Sampling and total RNA isolation were performed
using mammalian total RNA miniprep kits (GenElute;
Sigma), according to the manufacturer protocol. The
quantities of the isolated RNA were measured using
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RNA assay kits (Quant-iT RiboGreen; Life Technologies). For 500 ng of each isolated RNA sample, cDNA
was generated using High-capacity cDNA reverse
transcription kits (Life Technologies), which was then
stored at -20 °C. Quantitative polymerase chain
reaction (qPCR) was performed in 384-well optical
plates in 10 lL reaction volumes, using a real-time
PCR system (7900HT Fast; Applied Biosystems).
TaqMan Gene Expression Master Mix and TaqMan
Gene Expression Assays were used (Applied Biosystems). The assay IDs were: Hs00608023_m1, B-cell
lymphoma 2 gene (BCL2); Hs00359163_s1, heat
shock
70 kDa
protein
1
(HSP701A);
Hs00155436_m1, heat shock protein beta-2 (HSPB2);
Hs01034249_m1, tumor protein p53 (TP53);
Hs00167309_m1, superoxide dismutase (SOD2); and
Hs00187842_m1, b2 microglobulin (B2M). The
expression of two reference genes was validated, and
B2M was chosen for the normalization, due to its
constant expression under all of the experimental
conditions. Reactions were performed as technical
duplicates. The data analysis was performed using a
sequence detection system (7900HT version 2.4; ABI)
and was based on the 2-DDCq formula (ABI PRISM
7700 Sequence Detection System User Bulletin #2).
To calculate the fold-changes in gene expression,
nontreated samples before cryopreservation (at
t = 0 h) were used as the calibrator. The relative
quantities (RQ) calculated are presented as Log2(RQ).
These are presented to also show down-regulation of
some of the genes.
Gene expression analysis: MSC activation assay
The MSCs were activated with the cytokines interferon (IFNc) plus tumor necrosis factor (TNFa) before
and after cryopreservation. Before cryopreservation,
only the nontreated cells were activated with the
cytokines. After cryopreservation, nontreated cells
cryopreserved using DMSO, nonelectroporated cells
with 250 mM trehalose, and electroporated cells with
250 mM trehalose were activated. Electroporation and
cryopreservation were performed as described in the
previous section.
For this activation assay, cells were seeded at
5 9 105 cells per well in 6-well plates for each
parameter (nontreated cells, DMSO, with 250 mM
trehalose, without and with electroporation) in serumcontaining medium (DMEM/F-12, 10% FBS),
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overnight at 37 °C and 5% CO2. The next day, the
medium was changed for either nonactivating medium
(DMEM/F-12 alone) or activating medium (DMEM/
F-12, 1 ng/mL IFNc, 1 ng/mL TNFa [both from
Peprotech]). The cells were stimulated for 24 h at
37 °C and 5% CO2, and then sampled for RNA
isolation.
Total RNA was extracted from the cells using total
RNA kits (peqGOLD; VWR International). The RNA
concentrations were determined using a microvolume
UV-Vis spectrophotometer (NanoDrop One/OneC;
Thermo Fisher Scientific). Samples of cDNA were
synthesized from 125 ng to 500 ng of RNA, depending
on the individual RNA concentrations, using highcapacity cDNA reverse transcription kits (Thermo
Fisher Scientific). qPCR was performed using 59
HOT FIREPol EvaGreen qPCR Supermix (Solis
BioDyne), according to the manufacturer protocol.
The genes analyzed were: indoleamine-pyrrole 2,3dioxygenase (IDO1), tumor necrosis factor alphainduced protein 6 (TSG6), interleukin 10 (IL10), tumor
necrosis factor a (TNFA), interleukin 6 (IL6), and
transforming growth factor b1 (TGFB1). GAPDH was
chosen as the reference gene.
The primers (Macrogen, Sigma-Aldrich) used were
either self-designed (IDO1-F: TGTCTGGCTGGAA
AGGCAAC; IDO1-R: CTGAAAGACGCTGCTTT
GGC; IL10-F: GTGATGCCCCAAGCTGAGA;
IL10-R: CACGGCCTTGCTCTTGTTTT; TNFA-F:
TGGCCCAGGCAGTCAGATCA; TNFA-R: GGCG
GTTCAGCCACTGGAGC; IL6-F: GGCACTGGCA
GAAAACAACC; IL6-R: GCAAGTCTCCTCATTGAATCC; TGFB1-F: TGGACACCAACTATTGCT
TCA; TGFB1-R: GGCAGAAGTTGGCATGGTAG)
or were from previous studies (TSG6, Kui et al. 2017;
GAPDH, Vandesompele et al. 2002).
All of the qPCR experiments were performed in
triplicate using a PCR system (LightCycler 480
Instrument II; Roche). The gene expression data were
obtained using a standard curve and the second
derivative maximum method (LightCycler 480 software, v. 1.5.0). All of the data were normalized to
GAPDH expression. To obtain the RQ values (foldchanges), the expression of stimulated samples was
normalized to the nonstimulated counterparts. The
data are presented as Log2(RQ), to also show downregulation of some of the genes.
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Statistical analysis
The data are presented as means ± standard error
(SE) of the mean. The statistical significance of the
differences between the groups was evaluated using
one-way, parametric ANOVA tests. Statistical analysis was performed using GraphPad Prism, version 6.01
(GraphPad Software, Inc).
For gene expression analyses (fold-change), logtransformation was applied to all of the gene expression data in graphic presentation, to approach normal
data distribution.

Results
Intracellular trehalose determination
We initially determined the intracellular trehalose
concentrations for the cells (ASCs; UC-MSCs) that
were or were not electroporated with 250 mM
extracellular trehalose, before and after their cryopreservation (Fig. 1).
Before cryopreservation, the cells were incubated
with 250 mM extracellular trehalose and assayed
either immediately after the electroporation (2 min at
room temperature) or after the post-electroporation
cell resealing at 4, 25 and 37 °C (30 min). Significant
differences in intracellular trehalose concentrations
were seen comparing the nonelectroporated and
electroporated cells before cryopreservation. In the
nonelectroporated cells some trehalose entry was seen,
but the intracellular concentrations remained \ 10
mM for both cell types (Fig. 1a, c). In the electroporated cells, the intracellular concentrations for the
ASCs and UC-MSCs were significantly increased to
around 50 mM and 40 mM trehalose, respectively,
across all of the cell-resealing conditions (Fig. 1a, c).
After cryopreservation, the intracellular concentrations in the nonelectroporated cells and nonincubated
cells increased to around 20 mM trehalose for both the
ASCs and UC-MSCs (Fig. 1b, d). By increasing the
cell membrane resealing temperature, the intracellular
trehalose concentrations for the nonelectroporated
ASCs and UC-MSCs were significantly increased,
with the highest seen for cell membrane resealing at
37 °C, as 37.3 ± 2.3 mM and 54.0 ± 1.8 mM,
respectively. In the electroporated cells, the intracellular trehalose concentrations were also increased in

comparison to the cells before cryopreservation,
except at 4 °C, where the intracellular trehalose
remained similar after cryopreservation, for both cell
types (Fig. 1b, d). For the nonincubated electroporated
cells after cryopreservation, the intracellular trehalose
concentration increased to 56.7 ± 2.3 mM and
74.4 ± 2.3 mM in the ASCs and UC-MSCs, respectively. For the electroporated cells membrane resealed
at 25 and 37 °C, the increases were similar, reaching
the highest for 37 °C of 65.7 ± 2.1 mM and
87.3 ± 0.6 mM in the ASCs and UC-MSCs, respectively (Fig. 1b, d). Therefore, across all of the tested
conditions before cryopreservation, the incubation for
cell membrane resealing and the membrane resealing
temperature generally had no significant impact upon
trehalose uptake, except at 4 °C after cryopreservation and electroporation at which intracellular trehalose was significantly lower. There are also
indications of increased trehalose uptake with
increased cell membrane resealing temperature for
the nonelectroporated ASCs and UC-MSCs after
cryopreservation. Therefore, to ensure all of the
trehalose had been converted to glucose in these
assays, 100 mM and 250 mM trehalose were prepared
and subjected to cleavage by the enzyme trehalase.
The calculation of the trehalose concentration for the
100 mM trehalose solution was 108 mM (indicating
full enzymatic cleavage), although for the 250 mM
trehalose solution the calculated concentration indicated potential incomplete enzymatic cleavage, at 202
mM. However, as all of the intracellular trehalose
concentrations assayed here were \ 100 mM (maximum, 87.3 mM for UC-MSCs), which indicates that
all of the trehalose in these samples was converted to
glucose. Further, considering potential interference in
this assay by endogenous glucose, in the control cells
that were not exposed to extracellular trehalose or
electroporation, both without and with cryopreservation with DMSO, the intracellular glucose concentration was about 1 mM for both the ASCs and UCMSCs.
Cell viability
The cell viability in terms of dependence on exposure
to increasing extracellular trehalose concentrations
was determined before and after cryopreservation.
Cell survival (%) was determined using the Trypan
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Fig. 1 Determination of intracellular trehalose concentrations
of human adipose-derived stromal cells (ASC) (a, b) and human
umbilical-cord-derived mesenchymal stromal cells (UC-MSC)
(c, d). Before (a, c) and after (b, d) cryopreservation (CP), the
cells were incubated with 250 mM trehalose without (250Treh–
EP) and with (250Treh ? EP) electroporation, with incubations

at different temperatures (as indicated). The cells with no
incubation were processed immediately for intracellular trehalose. Data are means ± standard error of three technical
replicates.
*p \ 0.05;
**p \ 0.01;
***p \ 0.001;
****p \ 0.0001; ns, not significant (one-way parametric
ANOVA test)

blue exclusion method (Fig. 2), and cell proliferation
(%) with the MTT assay (Fig. 3).
As shown in Fig. 2, compared to nontreated cells,
before cryopreservation there was no dependence on
trehalose concentration for cell survival for the
nonelectroporated and electroporated cells, for both
cell types (Fig. 2a, c). However, after cryopreservation, strong trehalose concentration dependence for
cell survival was seen for both cell types, whereby the
increasing trehalose concentrations promoted increasing cell survival (Fig. 2b, d). At 10 mM extracellular
trehalose, post-cryopreservation cell survival was
similar to that for cells cryopreserved without trehalose (Fig. 2 and 0 mM) and without DMSO. At 50
mM extracellular trehalose, around 20% of both cell
types survived cryopreservation, while at 100 mM

trehalose, this was increased to 40–50% survival.
However, at 250 mM extracellular trehalose, cell
survival with electroporation was 72.0% ±3.3% for
ASCs, and 83.0% ±2.4% for UC-MSCs, with comparable survival to DMSO cryopreservation, at 75.9%
±2.8 and 81.4% ±1.1%, respectively. The survival
differences between the nonelectroporated and electroporated cells after cryopreservation were small and
not significant, reaching about a further 10% cell
survival at 250 mM trehalose.
Similar concentration dependent data were
obtained for the cell proliferation assays, both before
and after cryopreservation, and without and with
electroporation (Fig. 3). Indeed, in 250 mM extracellular trehalose, the cell proliferation for the UC-MSCs
was even greater than the DMSO cryopreservation
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Fig. 2 Cell survival of human adipose-derived stromal cells
(ASC) (a, b) and human umbilical-cord-derived mesenchymal
stromal cells (UC-MSC) (c, d). Before (a, c) and after (b,
d) cryopreservation (CP), cell survival was determined as a
function of extracellular trehalose concentration, including

nontreated and DMSO-processed cells, and without (Treh–EP)
and with (Treh ? EP) electroporation. Cell survival was
determined according to the Trypan blue assay. Data are
means ± standard error of at least three independent
experiments

control (Fig. 3d), although no significant differences
were seen across these different cryopreservation
protocols demonstrating trehalose comparable to
DMSO cryopreservation protocol.

For better graphical presentation, the calculated foldchanges were Log2 transformed in Figs. 4 and 5.
For SOD2 expression, before cryopreservation, 250
mM trehalose resulted in increased expression for the
electroporated ASCs (5-fold, 7-fold, 9-fold at 3 h, 6 h,
12 h, respectively). However, at 3 h after cryopreservation, the expression of SOD2 was highly upregulated both without and with electroporation. By
12 h, the expression of SOD2 in the electroporated
ASCs was 17-fold that of the DMSO ASCs, while in
the nonelectroporated ASCs this increase was about
8-fold. Indeed, in general, the expression of SOD2 was
higher after cryopreservation of the ASCs (Fig. 4a). In
the UC-MSCs, similar trends were seen, whereby
before cryopreservation, 250 mM trehalose promoted
up-regulation of SOD2 expression in the electroporated UC-MSCs of 4-fold, 6-fold, and 7-fold at 3 h,
6 h, and 12 h, respectively. In nonelectroporated UCMSCs, the changes in SOD2 expression were not
significant. After cryopreservation, SOD2 expression
was up-regulated in both the nonelectroporated and

Gene expression analysis – stress response
To determine the effects of 250 mM trehalose,
electroporation and cryopreservation on gene expression over time (0, 3, 6, 12 h), the data were normalized
to the nontreated cells at t = 0 h. Initially, expression
of various stress-related genes was compared: SOD2,
TP53, BCL2, and two genes from the heat shock
protein family, HSPB2 and HSPA1A (Fig. 4). The
changes in the expression of TP53, HSPB2, and BCL2
were not biologically significant under any of these
conditions for both ASCs and UC-MSCs (Fig. 4c-f, i,
j). This was based on the biological relevance of the
difference between nontreated and treated samples for
a calculated fold-change C 4, which equates to
Log2(RQ) fold-change C 2 for the logarithmic scale.
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electroporated UC-MSCs. Then, 12 h after cryopreservation, the expression of SOD2 remained upregulated 14-fold for the electroporated UC-MSCs and
5-fold for the nonelectroporated UC-MSCs (Fig. 4b).
For both of the cell types, the expression of SOD2
increased with time in the electroporated cells, while it
was decreased with the nonelectroporated cells
(Fig. 4a, b).
Expression of the heat shock protein gene HSPA1A
was slightly increased in the electroporated ASCs at
12 h without cryopreservation (Fig. 4 ). On the other
hand, after cryopreservation, expression of HSPA1A
was up-regulated after 3 h in all of the ASCs (Fig. 4g).
Interestingly, expression of HSPA1A was consistently
higher in the nonelectroporated ASCs (at 4-fold,
29-fold, 58-fold, 35-fold at 0 h, 3 h, 6 h, 12 h,
respectively) compared to the electroporated ASCs
(at 3-fold, 8-fold, 12-fold, 14-fold at 0 h, 3 h, 6 h,
12 h, respectively) (Fig. 4g). In UC-MSCs, changes in
HSPA1A were only seen at 12 h, both before and after

Fig. 3 Cell proliferation of human adipose-derived stromal
cells (ASC) (a, b) and human umbilical-cord-derived mesenchymal stromal cells (UC-MSC) (c, d). Cell proliferation was
determined before (a, c) and after (b, d) cryopreservation (CP),
as a function of extracellular trehalose concentration, including
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Fig. 4 Expression of the SOD2 (a, b), TP53 (c, d), HSPB2 (e, f), c
HSPA1A (g, h), and BCL2 (i, j) stress-related genes by human
adipose-derived stromal cells (ASC) (a, c, e, g, i) and human
umbilical-cord-derived mesenchymal stromal cells (UC-MSC)
(b, d, f, h, j). Gene expression was determined before and after
cryopreservation (as indicated) at different times (as indicated),
including nontreated and DMSO-processed cells, and with 250
mM trehalose without (250Treh–EP) and with (250Treh ? EP)
electroporation. Expression data are means of technical
duplicates, as normalized to nontreated (no cryopreservation,
no electroporation) cells at t = 0 h. Differences between treated
and nontreated samples can be considered biologically relevant
for linear fold-changes C 4 (i.e., Log2(RQ) C 2 for the
logarithmic scale). RQ, relative quantity (see Methods)

cryopreservation, with slightly higher expression after
cryopreservation (Fig. 4h).
Gene expression analysis: MSC activation assay
To determine whether the electroporation- and cryopreservation-induced stress affects the functional properties of these cells, we analyzed nonactivated MSCs

nontreated and DMSO-processed cells, and without (Treh–EP)
and with (Treh ? EP) electroporation. Cell proliferation was
determined according to the MTT assay. Data are means ± standard error of at least three independent experiments
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and MSCs activated with IFNc plus TNFa. Gene
expression of various immunomodulatory factors was
examined: IDO1, IL10, TNFA, TSG6, IL6, and TGFB1
(Fig. 5).
Expression of the main immunomodulatory gene
IDO1 in ASCs was similar across all of the cryopreserved ASCs, compared to the nontreated ASCs.
However, when comparing DMSO cryopreservation
with 250 mM trehalose cryopreservation, higher IDO1
expression was seen, at 2.7-fold that for nonelectroporated ASCs, and 3.0-fold for electroporated ASCs
(Fig. 5a). In UC-MSCs, the highest IDO1 expression
was for the cryopreservation in 250 mM trehalose,
which was a little higher in the electroporated UCMSCs. Compared to the DMSO cryopreservation, a
4-fold increase was seen with trehalose and no
electroporation, which was increased further to 5.6fold with trehalose and electroporation (Fig. 5b).
The IL10 gene was down-regulated in all of the
ASCs, except with DMSO cryopreservation, which
showed an 18-fold increase (Fig. 5c). A similar pattern
was seen for the UC-MSCs, where expression of IL10
was increased about 4-fold only for DMSO cryopreservation (Fig. 5d).
Expression of TNFA was almost the same across all
of the ASC conditions here (Fig. 5e), while for UCMSCs, TNFA showed its highest expression in the
noncryopreserved nontreated cells (Fig. 5f).
Expression of TSG6 was also up-regulated with 250
mM trehalose compared with DMSO cryopreservation
for both cell types. For ASCs, TSG6 expression was
37.2-fold higher for the cryopreserved cells with
trehalose, and 4.3-fold higher for the electroporated
cells with trehalose (Fig. 5g). A similar pattern was
seen for UC-MSCs, where trehalose inclusion resulted
in 4.5-fold and 1.3-fold increases for nonelectroporated and electroporated cells, respectively, in comparison to the DMSO cryopreservation (Fig. 5h).
The IL6 gene was up-regulated in all of the
cryopreserved cells in comparison to the nontreated
cells. However, in comparison to DMSO cryopreservation, IL6 was less expressed in the electroporated
cells that were cryopreserved with trehalose, as 1.6fold and 3.3-fold for ASCs and UC-MSCs, respectively (Fig. 5i, j).
Finally, for the expression of TGFB1 in both cell
types, the small changes in expression seen were not
biologically significant (Fig. 5k, l).
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Fig. 5 Expression of the IDO1 (a, b), IL10 (c, d), TNFA (e, f), c
TSG6 (g, h), IL6 (i, j), and TGFB1 (k, l) immunomodulatory
genes by human adipose-derived stromal cells (ASC) (a, c, e, g,
i, k) and human umbilical-cord-derived mesenchymal stromal
cells (UC-MSC) (b, d, f, h, j, l). Gene expression was
determined before (nontreated cells: no cryopreservation, no
electroporation) and after cryopreservation (CP; as indicated)
with DMSO and with 250 mM trehalose without (250Treh–EP)
and with (250Treh ? EP) electroporation. The cells were
activated using IFNc plus TNFa. Expression data are means
of triplicates, as normalized to their nonactivated counterparts.
Differences between treated and nontreated samples can be
considered biologically relevant for linear fold changes C 4
(i.e., Log2(RQ) C 2 for the logarithmic scale). RQ, relative
quantity (see Methods)

Discussion
To replace DMSO for cryopreservation of therapeutic
cell products, the introduction of potential nontoxic
cryoprotectants has been studied extensively. One
approach has been to identify new single or combination cryoprotectants that can provide similar protective functions to DMSO, and thus inhibit ice
formation and stabilize cell membranes. These substitutes can be sugars and sugar alcohols or ‘antifreeze’ (glycol)protein mimics. Another approach
has been to develop novel technologies to replace
conventional cryopreservation without DMSO
involvement, as for cell encapsulation, nano-rewarming with magnetic induction heating, or intracellular
sugar delivery by nanoparticle-mediated delivery or
electroporation. In comparison to the other strategies,
as one of the relatively simple and cost-effective
methods, the use of electroporation might allow
DMSO-free cell cryopreservation (Awan et al. 2020;
Weng and Beauchesne 2020).
In the present study, we first wanted to determine
the intracellular trehalose concentration that would
suffice to protect the ASCs and UC-MSCs during
cryopreservation. As can be seen here for the
intracellular trehalose assessment with 250 mM
extracellular trehalose, before cryopreservation this
resulted in about 10 mM and about 40 mM to 50 mM
intracellular trehalose in the nonelectroporated and
electroporated cells, respectively. After cryopreservation, an increase to 20 mM to 50 mM intracellular
trehalose was seen for the nonelectroporated cells, and
to 50 mM to 90 mM for the electroporated cells. In all
cases, considering the resealing of the cell membrane
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after the electroporation, some temperature dependence for trehalose uptake was observed. Kinosita and
Tsong (1977), Rols et al. (1994), Saulis (1997)
reported faster resealing of cell membranes after
electroporation at 37 °C. However, in the present
study, before cryopreservation the temperature dependence for trehalose loading did not reach significance.
After cryopreservation, increasing intracellular trehalose concentrations were seen for higher resealing
temperatures. The highest intracellular trehalose was
at 37 °C and the lowest at 4 °C, for both nonelectroporated and electroporated cells. Thus, after cryopreservation, the trehalose uptake might be enhanced
due to thermotropic lipid phase transition of the
membranes, as has already been reported for pancreatic islets, endothelial cells, and fibroblasts (Beattie
et al. 1997; Campbell and Brockbank 2012; Zhang
et al. 2016). In this case, the cell membrane permeability is increased, which can occur during freezing
phase as well as during thawing, and thus might allow
greater influx of trehalose down its concentration
gradient.
Before cryopreservation of the nonelectroporated
cells, there was slightly increased trehalose uptake
with increased resealing temperature for both of these
cell types, which might indicate trehalose uptake by
fluid-phase endocytosis. Also, greater trehalose uptake
was seen for the nonelectroporated cells after cryopreservation. In fluid-phase endocytosis, the extracellular trehalose would be internalized in vesicles that
are pinched off from the cell membrane. Oliver et al.
(2004) also reported the loading of 20 mM to 30 mM
trehalose into noncryopreserved MSCs by the same
mechanism. Zhang et al. (2010) achieved about 14
mM intracellular trehalose in MSCs after 24 h incubation with 100 mM trehalose. In their study, the cells
were lyophilized and the recovery rates were almost
70%; however, the cells remained with some significantly impaired functional characteristics. As endocytosis is temperature dependent and increases with
increased temperature, higher trehalose uptake occurs
at higher resealing temperatures. In the present study,
the cells were exposed to trehalose for only 30 min,
while Oliver et al. (2004) and Zhang et al. (2010)
incubated their cells for 24 h. Presumably, if our cells
had been exposed to trehalose for longer times, more
obvious temperature dependence of this endocytosis
process would have been observed.
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After cryopreservation, the same phenomenon of
increased trehalose uptake with increased resealing
temperature for the nonelectroporated and electroporated cells was observed. Phase transition will most
likely have occurred during the freezing and thawing,
although not with just cooling (i.e., 30-10 °C), at
least not in any considerable way, as also observed for
fibroblasts by Zhang et al. (2016). It has been reported
that the membrane phase and the permeability properties are drastically altered upon ice crystal formation, which affects the permeability of the cell
membranes to water and other molecules (Akhoondi
et al. 2012; Zhang et al. 2016). As Zhang et al. (2016)
suggested, as well as phase transition, freezinginduced uptake of membrane-impermeant molecules
can be attributed to a combination of the osmotic
forces and membrane imperfections induced by
extracellular ice formation.
However, as already noted above (see Methods),
small variations in cell size and numbers can have
large effects on determination of the intracellular
trehalose concentration. Thus, the data reported here
as the intracellular trehalose concentrations need to be
considered as estimates, rather than absolute values.
To determine the necessary extracellular trehalose
concentration needed to preserve high cell viability
here, the extracellular trehalose was increased to 250
mM, as in our previous study the cell viability was not
improved further at 400 mM extracellular trehalose
(Dovgan et al. 2017). As expected, the viability of the
cells exposed to electroporation and/or incubation
with trehalose prior to cryopreservation was not
affected. However, after cryopreservation, there was
strong positive correlation between the trehalose
concentration and the cell viability. The cell survival
in 250 mM trehalose was comparable to that using the
standard DMSO cryopreservation protocol. Surprisingly, however, survival of the cells that were only
incubated and cryopreserved with trehalose (i.e., no
electroporation) was only about 10% lower than that
of the electroporated cells with trehalose. This
discrepancy compared to our recent studies (Dovgan
et al. 2017; Mutsenko et al. 2019) might originate from
some small changes to the protocol that were used in
the present study. Here, after the electroporation, the
cells were incubated for 30 min to allow the membranes to reseal, in comparison to the 2 min used by
Mutsenko et al. (2019).
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As previously reported, the time and temperature
needed for (electro)permeabilization and membrane
resealing is important (Kinosita and Tsong 1977; Rols
et al. 1994; Saulis 1997; Kandušer et al. 2008).
Interestingly, in comparison to DMSO, there was
greater cell proliferation after cryopreservation in both
the nonelectroporated (110%) and electroporated
(140%) UC-MSCs as determined by MTT test. This
MTT assay for cell proliferation is based on mitochondrial metabolic activity, and the mitochondria can
become hyperactive when homeostasis is disrupted by
different stress inducers. Stress-induced mitochondrial
biogenesis and increased metabolic activity might thus
lead to increased chemical reduction of MTT (Rai
et al. 2018). Of note, we also showed here that these
ASCs and UC-MSCs undergo oxidative stress due to
electroporation and cryopreservation, with up-regulation of SOD2 expression. Thus, the consequent
mitochondria hyperactivation might have led to higher
values in the MTT assay in UC-MSCs, as indicative of
this apparently higher cell proliferation. To confirm
this speculation, additional experiments using multiple cell donors need to be performed.
Overall, compared to extracellular trehalose treatment alone, while the electroporation conditions used
here introduced significantly greater amounts of
trehalose into these MSCs, these increased intracellular concentrations of trehalose appeared to be insufficient to significantly improve cell viability.
However, for both cell types, the 250 mM extracellular
trehalose (without or with electroporation) provided
comparable cryoprotection to the standard 10%
DMSO protocol. For the cell survival after cryopreservation, about 20 mM to 50 mM intracellular
trehalose is sufficient, which can apparently also be
achieved without electroporation. Using electroporation, 50 mM to 90 mM intracellular trehalose is
obtained, which provides only about 10% greater cell
survival after cryopreservation. However, greater
trehalose uptake was achieved with the cell membrane
resealing incubation at higher temperatures, rather
than at low temperature (i.e., 4 °C), which is in
agreement with other studies (Kinosita and Tsong
1977; Saulis 1997).
Other methods have been used to introduce trehalose into cells, such as engineered pore-forming
using a-hemolysin (Buchanan et al. 2004), and the
design of pH-responsive nanoparticles to encapsulate
the trehalose (Rao et al. 2015). In comparison to these,

electroporation does not require extensive manipulation of the cell therapy product (i.e., the MSCs), which
is an additional advantage (Weng and Beauchesne
2020). Also, we believe that any such cell therapy
product needs to contain the highest possible numbers
of viable cells when administered to the patient.
Therefore, the additional 10% cell viability achieved
by using electroporation in the present study although
low might still represent added value for these
therapeutic products.
Electroporation and cryopreservation are known
stressors for mammalian cells (Forjanič et al. 2019;
Liu et al. 2000). Therefore, gene expression analysis
was also performed here to assess the stress responses
of these MSCs, and to determine the effects on the
functional immunomodulatory properties of these two
cell types. Cells respond to stress in a variety of ways,
which range from activation pathways that promote
survival, to activation of programmed cell death
(Fulda et al. 2010). Therefore, the expression of genes
involved in apoptosis (BCL2), DNA damage (TP53),
heat shock responses (HSPB2, HSPA1A), and oxidative stress (SOD2) was analyzed. Here, the electroporation and cryopreservation procedures did not
significantly affect the expression of BCL2 or TP53.
On the other hand, it is well established that
electroporation with pulses of 0.1 ms to 15 ms duration
(Bonnafous et al. 1999; Gabriel and Teissié 1994), and
also nanosecond pulses (Nuccitelli et al. 2013;
Pakhomova et al. 2012), can stimulate the production
of reactive oxygen species (ROS) in various mammalian cell lines. Under normal conditions in cells,
there is an equilibrium between pro-oxidant species
and antioxidant defense mechanisms, such as the
ROS-metabolizing enzymes (e.g. SOD2). Oxidative
stress occurs when there is a disturbance in this
balance (Fulda et al. 2010). In our approach here, we
did not directly quantify the changes in ROS within
cells; instead, we measured the changes in the
expression of the SOD2 gene. This gene is a
mitochondrial member of the iron/manganese SOD
family, and it is responsible for clearing of mitochondrial ROS and for protection of cells against apoptosis
and cell death (Pias et al. 2003). In the present study,
electroporation resulted in increased SOD2 expression
even before cryopreservation, for both of these cells
types. This increase in SOD2 expression was also time
dependent, and was greatest at the longest time
measurement here (i.e., 12 h). After cryopreservation,
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the increase in SOD2 expression in the electroporated
cells was even higher than before cryopreservation.
Cryopreservation in the presence of trehalose without
electroporation also strongly induced SOD2 expression. It thus appears that judging by SOD2 expression,
preservation of cells with DMSO results in less
oxidative stress. However, the time courses for these
changes in SOD2 expression showed opposite effects
between the nonelectroporated and electroporated
cells: SOD2 expression was decreased with time for
the nonelectroporated cells, while it increased with
time for the electroporated cells. The significance of
this phenomenon on the functional properties of
stromal cells has not been studied yet.
Heat shock proteins are encoded by the heat shock
genes that express this family of proteins that are
produced by cells in response to exposure to various
stress conditions. An increase in HSPA1B expression
(which encodes a member of the HSP70 family) has
already been described for electroporation of the
malignant melanoma SK-MEL28 cell line (Mlakar
et al. 2009). In the present study, we analyzed the
expression of HSPA1A and HSPB2 (which encodes a
member of the small heat-shock protein family).
However, only HSPA1A expression was up-regulated,
and it also differed between these two cell types. The
origin of these differences between ASCs and UCMSCs for HSPA1A expression is not known at present.
Although all MSCs isolated from various origins share
considerable similarities in their immunological phenotypes and differentiation potential, there are biological differences in their transcriptomes and
secretomes, as well for their in-vitro and in-vivo
functionality (Burja et al. 2020; Grégoire et al. 2019;
Hu et al. 2013).
For ASCs in particular, HSPA1A expression was
already increased significantly with cryopreservation
after 3 h. Interestingly, HSPA1A expression was
highest in ASCs cryopreserved with trehalose and
without electroporation. ASCs electroporated in the
presence of trehalose also expressed high levels of
HSPA1A that increased with time. Further, the standard DMSO protocol led to biologically significant
changes in HSPA1A expression in the cryopreserved
ASCs. Similarly, the effects of cryopreservation using
5% DMSO have revealed increased expression of
HSP70A and HSP70B in bone marrow-derived MSCs
(François et al. 2012). As these authors suggested, the
stress response induced by cryopreservation might
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have a temporary effect on the immunosuppressive
properties of MSCs.
Most MSC-based therapies exploit their trophic,
paracrine, and immunomodulatory functions for treatment of various pathological conditions; e.g., for
cardiovascular diseases and autoimmune disorders
(Murphy et al. 2013). If cryopreserved cell therapy
products are used in the clinic, immuno-suppression
by the freshly thawed cells is of great importance.
However, MSCs are not spontaneously immunosuppressive, as they require activation of their
immunomodulatory properties. The most important
‘licensing’ or activation factors are IFNc, TNFa, and
IL1b (Krampera et al. 2011; Zhang et al. 2016). Upon
activation, MSCs express a variety of bioactive
molecules that can immunomodulate inflammatory
environments. Among the most important are IDO,
TSG6, TGFb, TNFa, IL10, IL6, and PGE2, although
there are a number of others (Krampera 2011; Lee
et al. 2014; Zachar et al. 2016).
In our functional bioassays, the inflammatory
environment was established by activating ASCs and
UC-MSCs with the combination of IFNc and TNFa.
Changes in gene expressions across the nonactivated
and activated cells revealed the responsiveness of
these cells to this inflammatory stimulus. Here, IDO
and TSG6 expression were the most up-regulated in all
of these cells, as nontreated and cryopreserved. As a
comparison only among the different cryopreservation
protocols here, the DMSO protocol resulted in the
lowest expression of both IDO and TSG6. The
expression of the other genes examined here, except
IL10, did not differ that much between the DMSO and
trehalose cryopreserved cells. This higher expression
of IDO and TSG6 for the trehalose cryopreserved cells
(without or with electroporation) is an encouraging
result. To date, MSCs cryopreserved with DMSO have
shown impaired immunomodulatory properties, which
will presumably affect the therapeutic activities of
such cryopreserved cell products (François et al. 2012;
Moll et al. 2014). In the present study, despite elevated
oxidative stress and HSPA1A expression, for cryopreservation in trehalose, the expression of IDO, TSG6
and the other genes was not affected. When MSCs are
administered
systemically
to
patients
for
immunomodulatory purposes, their mode of action
has been described as ‘hit and run’ (Erkers et al. 2015):
they act by expressing various immunomodulatory
molecules, and they are cleared out from the body
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within 48 h. In our opinion, the elevated expression
levels of these stress genes do not affect the
immunomodulatory gene expression, as seen in our
study. However, these data are worth further exploration using additional functional bioassays, such as
mixed lymphocyte reactions, secretome analysis, and
surface-marker expression analysis (de Wolf et al.
2017; Galipeau et al. 2016).
Despite a number of shortcomings of the present
study (single tissue donors, methods for assessing
viability, nonoptimized electroporation conditions),
these data contribute to the understanding of cryopreservation using sugars, and opens new possibilities
for xeno-free and DMSO-free cryopreservation of
MSC-based medicines.

Conclusions
The present study has shown the feasibility for
efficient cryopreservation of ASCs and UC-MSCs
using trehalose, with maintained post-cryopreservation immune responsiveness. While inclusion of the
electroporation conditions used here provided loading
into the cells of relatively high concentrations of
trehalose (maximum, 87 mM), this did not result in
significantly increased cell viability (maximum
increase, 10%) compared to incubation in trehalose
without electroporation. The stress induced by the
electroporation and/or cryopreservation increased the
expression of the SOD2 and HSPA1A genes; however,
expression of the main immunosuppressive genes
IDO1 and TSG6 was even higher with trehalose than in
DMSO cryopreserved cells.
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Zachar L, Bačenková D, Rosocha J (2016) Activation, homing,
and role of the mesenchymal stem cells in the inflammatory
environment. J Inflamm Res 9:231–240. https://doi.org/10.
2147/JIR.S121994
Zhang M, Oldenhof H, Sieme H, Wolkers WF (2016) Freezinginduced uptake of trehalose into mammalian cells facilitates cryopreservation. Biochim Biophys Acta
1858:1400–1409. https://doi.org/10.1016/j.bbamem.2016.
03.020
Zhang SZ, Qian H, Wang Z, Fan JL, Zhou Q, Chen GM, Li R, Fu
S, Sun J (2010) Preliminary study on the freeze-drying of
human bone marrow-derived mesenchymal stem cells.
J Zhejiang Univ Sci B 11:889–894. https://doi.org/10.
1631/jzus.B1000184

Cytotechnology
Zhou X, Yuan J, Liu J, Liu B (2010) Loading trehalose into red
blood cells by electroporation and its application in freezedrying. Cryo Lett 31:147–156
Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ,
Benhaim P, Lorenz HP, Hedrick MH (2001) Multilineage
cells from human adipose tissue: implications for cell-

based therapies. Tissue Eng 7:211–228. https://doi.org/10.
1089/107632701300062859
Publisher’s note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

123

