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Abstract

were analyzed for their cellular and functional potency.

their diminished stem-cell function.

Background: Mesenchymal stem cells (MSCs) are attractive cell-therapy candidates. Despite their popularity and
promise, there is no uniform method of preparation of MSCs. Typically, cells are cryopreserved in liquid nitrogen,
thawed, and subsequently administered to a patient with little to no information on their function post-thaw. We
hypothesized that a short acclimation period post-thaw will facilitate the recovery of MSC's functional potency.

Methods: Human bone-marrow-derived MSCs were divided into 3 groups: FC (fresh cells; from existing culture); TT
(thawed +time; acclimated for 24 h post-thaw); and FT (freshly thawed; thawed and immediately used). The 3 groups

Results: Phenotypic analysis demonstrated a decrease in CD44 and CD105 surface markers in FT MSCs, with no
change in the other two groups. All MSCs were able to differentiate down the osteogenic and chondrogenic lineages.
In FT cells, metabolic activity and apoptosis was significantly increased with concomitant decrease in cell proliferation;
clonogenic capacity; and key regenerative genes. Following 24-h acclimation, apoptosis was significantly reduced
inTT cells with a concomitant upregulation in angiogenic and anti-inflammatory genes. While all MSCs significantly
arrested T-cell proliferation, the TT MSCs were significantly more potent. Similarly, although all MSCs maintained their
anti-inflammatory properties, IFN-y secretion was significantly diminished in FT cells.

Conclusions: These data demonstrate that FT MSCs maintain their multipotent differentiation capacity, immu-
nomodulatory function, and anti-inflammatory properties; yet, various aspects of cell characteristics and function are
deleteriously affected by cryopreservation. Importantly, a 24-h acclimation period reactivates' thawed cells to recover
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Background

During the last decade, mesenchymal stem cells (MSCs)
have emerged as a potent cell-based therapy for a wide
spectrum of indications due to their immunomodulatory
and anti-inflammatory properties, as well as their capac-
ity to differentiate into cells of mesenchymal origin (oste-
oblasts, adipocytes, and chondrocytes) [1, 2]. Yet, despite
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the popularity and promise, there is no uniform method
for the preparation and administration of MSCs [1].
Clinical trials involving allogenic MSC therapy typi-
cally require 10’-10° cells. To generate these large
numbers, cells are expanded in vitro and subsequently
cryopreserved in liquid nitrogen (LN,). The purpose
of cryopreservation is to maintain viability by slowing
down metabolic processes for long-term storage [3]. To
accomplish this, MSCs are typically cryopreserved in
10% dimethyl sulfoxide (DMSO) together with a protein,
such as fetal bovine serum (FBS), to sustain cell viabil-
ity. The DMSO serves as the cryoprotectant to prevent
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formed ice crystals from rupturing the cell membrane
during the slow freezing process (1 °C/min) [4]. Gener-
ally, this conventional practice has been confirmed to
preserve the viability and differentiation potential of
MSCs [5-8]; however, various studies have demonstrated
that cryopreservation may impact MSC function post-
thaw [9-11]. Despite this knowledge, cryopreservation
and preparation of MSCs in clinical studies remain sub-
optimal. For MSCs to be efficacious in the clinic, effects
of cryopreservation on MSC function require further
elucidation.

Studies have employed different strategies to optimize
the freezing and thawing process for cell-based therapies,
albeit with limited success. Since DMSO is cytotoxic and
has been shown to induce differentiation and epigenetic
modification in stem cells [12, 13], lower concentrations
and alternative cryoprotectants have been investigated,
such as polyvinylpyrrolidone, glycerol, polyethylene gly-
col, and trehalose [14, 15]. Other than DMSO substi-
tutes, various cryopreservation parameters have been
examined including different cooling protocols, reduc-
ing or altogether eliminating animal serum from the
cryopreservation solution (e.g., human serum albumin
in lieu of FBS), as well as modifying the temperature and
periods that are used for cold storage [16, 17]. Neverthe-
less, regardless of the reagents and methods used, some
effects of cryopreservation are expected. Therefore, strat-
egies to mitigate these effects should be developed.

In this study, we compared the characteristics and func-
tional potency of human bone-marrow-derived MSCs
before cryopreservation, immediately after thawing, and
after 24 h of acclimation post-thaw. The objective of the
study was to elucidate the effects of cryopreservation on
MSCs with the underlying hypothesis that a short accli-
mation period can facilitate the recovery of their thera-
peutic function.

Materials and methods

Mesenchymal stem cell culture

Human MSCs were isolated from fresh bone-marrow
mononuclear cells purchased from AllCells (Alameda,
CA). The MSCs were expanded in complete culture
media (CCM) consisting of a-MEM supplemented with
15% heat-inactivated, lot-selected fetal bovine serum
(FBS, Atlanta Biologicals, Flowery Branch, GA), 1% anti-
microbial/antimitotic, and 1% L-glutamine, as previously
described [18]. Following expansion, the MSCs were
harvested using 0.25% Trypsin/EDTA, re-suspended in
cryopreservation medium, composed of 90% FBS and
10% dimethyl sulfoxide (DMSO), and cryopreserved in
— 80 °C overnight and subsequently in liquid nitrogen
(LN,) for 7 weeks. One week prior to experimentation,
MSCs were thawed, expanded in CCM, and harvested
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Table 1 Tabulated description of experimental groups
of mesenchymal stem cells

FC Fresh cells; cells expanded in culture for 7 days prior to experi-
mentation

T Thawed + time; cells acclimated for 24 h prior to experimentation

FT Freshly thawed; cells thawed on day of experimentation; no
acclimation time

on experimentation day to create the ‘fresh cells’ (FC)
group. One day prior to experimentation, another group
of MSCs were thawed, acclimated for 24 h in standard
tissue-culture flasks, and harvested on experimentation
day to create the ‘thawed + time’ (TT) group. On the day
of experimentation, a third group of MSCs were thawed
out of preservation and used immediately to create the
‘freshly thawed’ (FT) group (Table 1). MSCs from the 3
groups were identical in regards to passage number (P3)
and population doublings (PDs: 18.3).

Immunophenotyping

Cells were examined by flow cytometry for the expres-
sion of common MSC markers. An MSC Analysis Kit (BD
Biosciences, San Jose, CA) was used for assessing human
MSC:s. Cells were stained with pre-conjugated antibodies
based on the manufacturer’s instruction. Briefly, MSCs
were incubated with staining buffer containing 1% bovine
serum albumin and Fc blocker (BioLegend, San Diego,
CA) for 10 min at a cell concentration of 1 x 10%/ml in
order to reduce non-specific binding. Then, the antibody
cocktail for MSC-positive markers (CD90-FITC, CD105-
PerCP-Cy5.5, CD73-APC), and negative markers (CD45-
PE, CD34-PE, CD11b-PE, CD19-PE, HLA-DR-PE) was
added to the cells. In addition, in two separate tubes,
PE-conjugated mouse monoclonal CD44-PE antibody or
PE-conjugated mouse monoclonal CD142-PE antibody
(tissue factor, BD, Biosciences, San Jose, CA) was added
to MSCs. After 20 min of incubation at 22 °C, cells were
washed to remove excess antibodies. Analyses were car-
ried out on a BD FACSCanto II or on a BD FACSCelesta
using the BDFACS Diva software, as previously described
[19].

Multipotent differentiation capacity

A multi-differentiation assay was used to evaluate the
multipotent capacity of MSCs to give rise to osteoblasts
and chondrocytes using a commercially-available differ-
entiation media (StemPro Differentiation Kits, Thermo
Fisher Scientific), as previously described [20]. For this
purpose, the MSCs from the different groups were cul-
tured in 8-well chamber slides for histological evaluation.
Briefly, for osteogenic differentiation, cells were cultured
in osteogenic differentiation media. The differentiation
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media were replaced twice weekly. After 21 days, differ-
entiation was assessed by quantifying calcium deposits
using alizarin red staining. For chondrogenic differentia-
tion, 5-pl droplets of cell solution at a density of 1.6 x 10
cells/ml was seeded in the center of a multi-well plate
to form a micromass cultured for 2 h, and then induced
using the chondrogenic differentiation media. Differenti-
ation media were changed every other day. After 14 days,
chondrogenic differentiation was assessed by Alcian Blue
staining of sulfated proteoglycans.

Cell apoptosis

Cells apoptosis was measured by flow cytometry using
Annexin V kit (BioRad, Hercules, CA) per the manufac-
turer’s instructions. Briefly, MSCs were collected and
washed in PBS containing 1% bovine serum albumin
(BSA). Then, MSCs were resuspended in 1x annexin
binding buffer at a cell concentration of 1.5 x 10%/ml
and subsequently incubated for 10 min with annexin
V-FITC in the dark. Propidium iodide (PI) was added to
MSCs to be immediately analyzed by FACSCelesta (BD
Biosciences, San Jose, CA) using the BDFACS Diva and
FLowJo software. Cell fragments were removed by mor-
phological gating. Cells negative for annexin V-FITC and
PI were considered viable; annexin V-FITC positive and
PI negative were considered early apoptotic; and annexin
V-FITC positive and PI positive were considered late
apoptotic/necrotic.

For qualitative assessment of proliferation, MSCs were
stained with a fluorescent Live/Dead Cell Viability Kit,
according to the manufacturer’s instruction (Life Tech-
nologies, Grand Island, NY) and as previously described
[18]. In this live/dead assay, the cytoplasm of viable cells
is stained green (Ex/Em 495 nm/515 nm) and the nucleus
of dead cells is stained orange (ex/em 528 nm/617 nm).

Cell metabolic and proliferation activity

MSCs were evaluated for their metabolic activity using
the Vybrant assay (Thermo Fisher Scientific, Waltham,
MA) according to the manufacturer’s instructions. In this
assay, non-fluorescent resazurin (R-12204) is reduced by
viable cells to red-fluorescent resorufin. To perform this,
MSCs were seeded at 1000 cells/cm in triplicates and
their media evaluated along three different time points
on days 3, 7, and 10. At each time point, the fluorescent
product was measured at wavelengths of 563/587 nm
using a SpectraMax i3X system (Molecular Probes,
Eugene, OR).

Following the metabolic assay, the MSCs were placed
in a cell-lysis buffer (Cell Signaling Technology, Danvers,
Massachusetts). Following lysis, the multi-well plates were
stored at — 80 °C until batch analysis. Next, plates were
thawed and DNA concentration was measured using the
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Quant-iT PicoGreen assay (Invitrogen, Carlsbad, CA) to
evaluate cell proliferation, as previously described [21].
Briefly, an ultrasensitive fluorescent nucleic acid stain was
used to quantify double-stranded DNA in solution. Sam-
ples were prepared by diluting with 1x TE buffer (1:100)
then plated in duplicates. PicoGreen working solution was
then added to pre-diluted samples. Plates were run on a
SpectraMax i3X system (Molecular Probes, Eugene, OR)
and fluorescence measured at a wavelength of 502/523 nm.

Colony-forming unit fibroblast (CFU-F) assay

The colony-forming unit fibroblast (CFU-F) assay was used
as an indicator of progenitor cells, as previously described
[21]. Briefly, MSCs were plated at 100 and 200 cells per well
on 6-well plates in a total of 3 ml of CCM per well. Media
were changed every 3—4 days and the cells were allowed to
grow for 7-10 days. Prior to the overlap of colonies, cells
were washed with PBS and fixed with chilled methanol for
10 min at room temperature. Next, the plates were allowed
to air dry and stained with Giemsa to allow for visualiza-
tion. Colonies larger than 50 cells were enumerated and
reported as CFUs/well.

Gene expression

To determine gene expression via quantitative real-time
polymerase chain reaction (qRT-PCR), total RNA was
extracted from MSCs using Trizol (Thermo Fisher Scien-
tific) and reverse-transcribed using a High Capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA). The
transcripts of interest were amplified from ¢cDNA using
Tagman Universal PCR Master Mix and all the primers
were purchased from Applied Biosystems. Amplification
and detection were carried out with a StepOnePlus Real-
Time PCR System (Applied Biosystems) for the pertinent
genes (Table 2). For normalization, the MSC FC group was
used as the reference sample. 18s was used as the house-
keeping gene. Gene expression is expressed as a relative
quotient (RQ) calculated from AACt of the sample of inter-
est, where C is the threshold cycle.

ACT Gene of Interest = Cr Housekeeping — Cr Gene of Interest

AACT Gene of Interest = ACT Gene of Interest — AC T Reference

RQ — 2_AACT Gene of Interest

Mixed lymphocyte reaction (MLR) assay

MSCs were plated at 5 x 10* cells per well, in triplicates,
in a 24-well plate. To allow for cell attachment, MSCs
were incubated for at least 2 h prior to addition of mono-
nuclear cells (MNCs). Human MNCs were isolated from
peripheral blood of consenting donors using Ficoll-Paque
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Table 2 Genes analyzed by qRT-PCR

HMGB1 High mobility group box 1; DNA binding protein involved in
tissue damage

TRL4 Toll-like receptor 4; play role in activation of innate immunity

TNF-a Tumor necrosis factor alpha; upregulated in inflammation

CYCS Cytochrome ¢; involved in initiation of apoptosis

BCL2 B-cell lymphoma 2; regulates apoptosis

BAX BCL-2-like protein 4; apoptosis activator

CASP3 Caspase 3; apoptosis activator

NANOG  Transcription factor essential for pluripotency

SOX2 Sex determining region Y-box 2; transcription factor essential
for pluripotency

OCT-4 Octamer-binding transcription factor 4; transcription factor
essential for pluripotency

TNFAIP6 Tumor necrosis factor-inducible gene 6 protein; involved in
macrophage polarization (M1 to M2 phenotype)

VEGF Vascular endothelial growth factor; essential for angiogenesis

HMOX-1  Heme oxygenase 1; anti-inflammatory upregulates IL.-10 and
IL-1ra

STC-1 Stanniocalcin 1; regulation of metabolism and calcium/phos-
phate homeostasis

CAT Catalase; catalyzes hydrogen peroxide to protect cell from
reactive oxygen species

VCAM1 Vascular cell adhesion molecule 1; mediates adhesion of
various immune cells

ICAM1 Intercellular adhesion molecule 1; mediates adhesion of

leukocytes when activated

using an institutional IRB-approved protocol. Carboxy-
fluorescein succinimidyl ester (CFSE; Sigma Aldrich, St.
Louis, MO) was used to fluorescently label the MNCs at
a concentration of 5 uM/ml. The MNCs were mixed well
and incubated for 5 min in the dark. After incubation,
the MNCs were washed twice and resuspended in MNC
media (RPMI 1640 medium supplemented with 10% FBS,
1% Anti—Anti, and 1% L-glutamine) at a concentration of
0.5 x 10° cells/ml. Then, the MNCs were stimulated with
Phytohaemagglutinin (PHA) at a concentration of 5 pg/
ml. Next, 1 ml of stained, stimulated MNCs was added
to MSCs and incubated for 96 h. In addition, MNCs were
plated in the absence of MSCs as a positive control. After
96 h, the MNCs and conditioned media (CM) were col-
lected for further analysis. The collected MNCs were
centrifuged, and resuspended in filtered PBS contain-
ing 1% BSA and Fc blocker (BioLegend, San Diego, CA).
MNCs were incubated for 10 min in dark and subse-
quently labeled with pre-conjugated CD3-APC antibody
(BD Pharminogen) for another 15 min. After washing,
7AAD viability dye (BD Pharminogen) was added and
the cells incubated for 5 min. Proliferation rate of the
live CD3-positive T cells was analyzed by FACSCelesta
or FACSCanto II (BD Biosciences, San Jose, CA) using
the BDFACS Diva and FlowJo software. The CM were
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analyzed with a Milliplex kit for the following cytokine/
chemokines: IL-1«, IL-1p, IL-1ra, IL-4, IL-6, IL-8, IL-10,
IL-12, MCP-1, and IFN-y. Protein content was normal-
ized to total protein using the Pierce 660-nm protein
assay (Thermo Scientific) according to the manufacturer’s
instructions.

Anti-inflammatory assay

MSCs were seeded at 5 x 10* cells per well, in quadru-
plicates, in a 24-well plate and placed in standard culture
conditions for 2 h to allow for cell attachment. MNCs
were prepared at a concentration of 0.5 x 10° cells/ml
in MNC media. Prior to addition of lipopolysaccharide
(LPS), MNC control cells were set aside. Next, LPS was
added to the MNCs at a concentration of 50 ng/ml and
0.5 x 10° of the stimulated MNCs were added to the
MSC:s. Following 18 h incubation, the co-cultures super-
natant was collected, cell debris was removed via cen-
trifugation, and the resulting conditioned media (CM)
were analyzed for levels of IFN-y, TNF-a, IL-1RA, IL-1f,
and IL-10 using a Milliplex kit (Millipore, Billerica, MA).
Protein content was normalized to total protein using
the Pierce” 660-nm protein assay (Thermo Scientific)
according to the manufacturer’s instructions.

Statistical analysis

Results are presented as means = standard errors of the
mean. All statistical tests were performed with the aid of
GraphPad Prism version 7.01. Experimental data were
analyzed with a one-way analysis of variance (ANOVA)
followed by Tukey’s Multiple Comparisons post-test.
Evaluation and exclusion of outliers was performed using
the ROUT method; a probability (p-) value less than 0.05
was considered statistically significant.

Results

Immunophenotype and multipotent differentiation

To elucidate whether cryopreservation had deleterious
effects on MSC phenotype, differentiation capabilities
and surface expression of common MSC markers were
evaluated. Flow cytometry analysis revealed reduced
expression of CD44 (88%) and CD105 (91%) surface
markers in the freshly thawed (FT) cells, whereas the
other two groups maintained surface expression over
95%. Expression of CD73 and CD90 remained unchanged
and above 95% among the 3 groups. Importantly, no tis-
sue factor (CD142, indicative of pro-thrombogenic dis-
position) expression was detected in any of the MSC
groups (Fig. 1a). Moreover, MSCs from all groups were
able to differentiate down the osteogenic and chondro-
genic lineages with no apparent differences among the 3
groups (Fig. 1b).
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CD19/HLA-DR
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Group CD44 (%)  CD73(%)  CD90(%)  CD105(%)  CD142 (%)
FC 95.4 99.0 99.4 98.1 05
1 96.5 99.2 99.4 95.9 0.2
FT 87.7 97.9 99.2 91.4 0.1
b FC FT
'

Chondrocytes

Osteocytes

Fig. 1 Immunophenotype and multipotent capacity of MSCs from the 3 different groups. a Flow cytometry analysis revealed a decrease in CD44
and CD105 surface markers in FT cells whereas the other two groups maintained surface expression greater than 95%. b MSCs from all groups were

able to differentiate down the osteogenic and chondrogenic lineages. Images were acquired using a 4x objective
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Fig. 2 Functional characteristics of MSCs from the 3 different groups. a The metabolic activity was significantly higher in FT MSCs at all time points.
b The proliferation of FC cells was higher at day 10 compared to TT and FT cells (p =0.07). c The clonogenic capacity of FC MSCs was significantly
higher compared to FT cells. d Apoptosis was significantly reduced in TT MSCs following a 24-h acclimation period. e Live cells growing in culture
from the 3 groups exhibiting similar morphology; scale bars are 100 microns in length. *p < 0.05; ****p < 0.0001

Cell metabolism, proliferation, clonogenicity,

and apoptosis

The effect of cryopreservation on MSC function was also
investigated. On day 3, the metabolic activity was signifi-
cantly higher (p <0.05) in FT and acclimated (T'T) cells as
compared to fresh cultured (FC) cells. On days 7 and 10,
the metabolic activity of FT cells was significantly higher
(p<0.05 and p<0.0001, respectively) compared to the
other two groups (Fig. 2a). Proliferation of FC cells was
higher, albeit not significantly, at day 10 compared to TT
and FT cells (p<0.07) (Fig. 2b). Similarly, the clonogenic
capacity of FC MSCs was significantly higher (p <0.05)
compared to FT cells (Fig. 2c). Since standard cryo-
preservation and thawing techniques can affect viability,

cell apoptosis was examined via flow cytometry. Percent
live cells was significantly lower in FT MSCs compared to
the FC (p<0.05) and TT (p<0.01) groups. Correspond-
ingly, percent apoptotic and necrotic cells was signifi-
cantly higher in FT MSCs, as compared to the other two
groups (Fig. 2d). Fluorescent images demonstrated simi-
lar cell morphology and overall viability among the differ-
ent groups (Fig. 2e).

Gene expression

MSC response to cryopreservation and thawing was
evaluated for genes involved in tissue injury, apoptosis,
pluripotency, angiogenesis, and anti-inflammatory func-
tion. Gene expression analysis revealed a downregulation
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Fig. 3 Gene expression of MSCs from the 3 different groups. Gene expression analysis revealed a downregulation in the tissue injury-related genes,
HMGB1 and TLR-4 in FT MSCs. Apoptosis-related genes (cytochrome C, BAX, BCL-2) and the pro-inflammatory TNF-a were downregulated in both
TT and FT MSCs. The anti-inflammatory/anti-oxidant genes HMOX and TSG-6 as well as the angiogenesis gene VEGF were upregulated in TT cells.
Finally, the stem cell genes, OCT-4, NANOG, and SOX2 as well as the anti-inflammatory gene, STC-1 were downregulated in both TT and FT cells.
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in the tissue-injury-related gene, HMGBI, and its recep-
tor, TLR-4, in FT MSCs compared to the other two
groups (p<0.001). The apoptosis-related genes, BCL-2,
BAX, and cytochrome C were significantly downregu-
lated in TT (p<0.05) and FT (p<0.01) cells as compared
to FC cells. The stem-cell genes SOX2 (p<0.0001) and
OCT-4 (p<0.001) were significantly downregulated with
concomitant upregulation in the anti-oxidant gene, cata-
lase, in both TT and FT cells, compared to FC cells. The
adhesion genes VCAM1 and ICAM1 were significantly
downregulated in both TT and FT cells (p<0.0001) with
a more significant downregulation in VCAM1 in TT
cells (p<0.0001), as compared to the other two groups.
Significant upregulation in the anti-inflammatory genes
TSG-6 (p<0.001) and HMOX-1 (p<0.0001), as well

as the angiogenesis gene VEGF (p<0.05) was seen in
TT MSCs compared to the other two groups. The pro-
inflammatory TNF-a gene was significantly downregu-
lated (p<0.01) in both TT and FT MSCs (Fig. 3).

Immunosuppressive and anti-inflammatory function

Immunosuppression was also examined among the 3
groups of MSCs using a MLR assay. All groups were able
to significantly suppress T-cell proliferation (p<0.001)
as compared to controls; however, the effect of the TT
MSCs was significantly more potent (p <0.0001) whereas
the FT cells were significantly less potent (Fig. 4a).
Immunomodulation of MSCs was also examined by
measuring their secreted factors in the MLR co-culture
system. MSCs from all groups significantly suppressed
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the secretion of the pro-inflammatory mediators, IFN-y
(»<0.001), TNF-a (p<0.0001), and IL-13 (p<0.001 for
FC and TT; p<0.01 for FT), with concomitant increase in
FGF-2 (p<0.05 for FC and T'T; p<0.01 for FT), compared
to controls (Fig. 4b).

The anti-inflammatory function of the different
MSCs was evaluated by measuring the secretion of pro/
anti-inflammatory mediators in a co-culture system.
In response to a LPS challenge, all MSCs were able to
similarly significantly suppress the secretion of IL-1f
(p<0.01) and TNF-a (p<0.01) while promoting the
secretion of the anti-inflammatory, IL-1RA (p<0.0001),
and IL-10 (over-saturated; data not shown), as com-
pared to controls. However, levels of IFN-y were sig-
nificantly higher in FC and TT MSCs compared to
controls (p<0.0001 and p<0.05, respectively) and FT
cells (»<0.0001 and p <0.01, respectively) (Fig. 4c).

Discussion

To provide the needed doses for clinical studies, MSCs
are expanded in vitro and subsequently frozen for stor-
age/banking purposes [22]. Marquez-Curtis and col-
leagues reviewed how aspects of cryopreservation,
including the type and concentration of cryoprotectants
used, cooling rate, storage period, and storage tempera-
ture affect the characteristics of MSCs from different
tissues. Overall, their findings demonstrate that MSCs
retain their biological properties post-thaw despite the
rate of cooling and cryoprotectant concentration, but
some alteration in cell function is evident [16]. Although
cryopreserved cells are typically used in the clinic, recent
studies have demonstrated their lower therapeutic effi-
cacy compared to fresh cells [23-26]. Therefore, a short
recovery period post-thaw in culture may facilitate a
regain of function. In this study, we evaluated 3 groups of
MSC:s: fresh cells (FC); cells recovered for 24 h post-thaw
(TT); and freshly thawed cells (FT).

In line with other studies, our results demonstrate that
cryopreservation deleteriously affect cell viability and
function [27-30]. Specifically, surface-marker expres-
sion of common MSC markers (CD44 and CD105) was
diminished in FT cells, whereas surface expression of
positive markers remained above 95% in the TT and FC
groups, as recommended by the International Society for
Cellular Therapy (ISCT) for defining MSCs. In addition,
in agreement with other studies [5-7, 31], differentiation
was not affected by the cryopreservation process (Fig. 1).

Cell metabolism and proliferation were measured for
10 days in the different MSC groups. On all days, metab-
olism of FT MSCs was significantly higher (Fig. 2a).
Killer et al. reported decreased metabolism of freshly-
thawed MSCs immediately post-thaw. They attributed
this phenomenon to DMSO and demonstrated that the
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metabolic activity of MSCs increased on subsequent days
post-thaw, which is in agreement with our data [32]. As
with the study by Kaplan et al., cryopreservation did not
significantly affect cell proliferation, but trends dem-
onstrated higher rates in FC MSCs on day 10 (p=0.07,
Fig. 2b) [33]. Similarly, the clonogenic capacity was also
higher in fresh MSCs as compared to FT MSCs (p<0.05,
Fig. 2c¢).

Cell viability is expected to be compromised to some
extent due to cryopreservation. Previous studies have
reported viability rates as low as 50% [23], while others
demonstrated MSC viability as high as 90% post-thawing
[34]. Viability will depend on the cryopreservation/thaw-
ing method, duration in cold storage, and reagents used.
In our study, viability of FT MSCs was 69%, which was
significantly lower compared to the TT (82%) and FC
(77%) groups (p<0.01 and p <0.05, respectively). We also
demonstrate that FT cells contained significantly more
apoptotic (p<0.05) and necrotic (p<0.01) cells than TT
and FC cells (Fig. 2d). This fact should be emphasized
since standard viability assessment via trypan blue exclu-
sion merely detects dead cells and does not account for
early apoptotic cells. Hence, viability of freshly thawed
cells is most likely often overestimated in clinical practice
[23]. For example, a recent phase 2a trial completed by
Matthay and colleagues reported significant variation in
viability (36-85%) post-thaw in MSCs for the treatment
of acute respiratory distress syndrome (ARDS). In their
study, they postulate that the lack of clinical efficacy post
MSC infusion was, in part, likely due to the low viability
post-thaw [35].

Evaluation of gene expression demonstrated significant
changes due to cryopreservation (Fig. 3). The stem cell
genes NANOG, SOX2 and OCT-4, VCAM1 and ICAM1,
and the pro-inflammatory gene TNF-a were significantly
downregulated following cryopreservation. VCAM1 was
significantly downregulated in TT cells compared to both
the FC and FT cells. This reduced adhesion potential
can prove useful for inflammatory indications, such as
ARDS, in which ‘cytokine storm’ activate these proteins
excessively and contribute to the disease sequalae. Other
than catalase, which protects cells from reactive oxygen
species, all genes were significantly downregulated in FT
cells. A 24-h acclimation period induced upregulation
of various key genes (i.e., HMGB1, TLR-4, BCL-2, BAX,
CYCs, and STC-1) to levels significantly higher than FT
cells. Interestingly, significant upregulation of TSG-6,
VEGEF-A, and HMOX-1 genes was seen in TT MSCs as
compared to the other two groups. This indicates that a
short acclimation period appears to potentiate the thera-
peutic function of MSCs.

The premise that a short acclimation period potentiates
MSC function is also supported by the MLR assay, which
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informs on the immunosuppressive capacity of MSCs
to arrest T-cell proliferation in vitro. We observed that
irrespective of the cryopreservation process, all groups
were able to significantly suppress T-cell proliferation
(p<0.001). However, the TT MSCs were significantly
more potent than the other two groups, whereas the FT
cells were significantly less potent (Fig. 4a). Whether
cryopreservation negatively impacts the immunosup-
pressive capacity of MSCs remains inconclusive in the
literature. Francois and colleagues reported an impaired
immunosuppressive capacity following cryopreservation
[23]. Likewise, Moll et al. showed a slight, yet signifi-
cant, reduction in the ability of freshly thawed MSCs to
inhibit T-cell proliferation when stimulated with PHA,
whereas this difference was not evident in allo-stimulated
co-cultures [36]. In contrast, Luetzkendorf et al. demon-
strated that cryopreservation had no effect on the ability
of MSCs to suppress mitogen-stimulated T-cell prolif-
eration [37]. Unequivocally, fundamental differences in
MSC donors, isolation, preparation, expansion, and cryo-
preservation will dictate cell fate and the degree of clini-
cal response [23, 25, 37]. In this study, we demonstrate
that cryopreservation does compromise the immunosup-
pressive capacity of MSCs, but that freshly thawed cells

are still functionally active. Importantly, a short accli-
mation period restores that functionality to levels even
higher than fresh cells in culture.

We also examined the secreted bioactive factors in the
conditioned media from the MLR assay. In accordance
with their immunosuppressive capacity, MSCs from all
groups were able to significantly inhibit the secretion of
the pro-inflammatory mediators IFN-y (p<0.001) and
TNF-a (p<0.0001) in a comparable manner. Similarly,
levels of the pro-inflammatory IL-13 were suppressed
by all MSCs; yet, the TT MSCs were significantly more
potent than the FT cells (p<0.05), which indicates that
paracrine secretion may be affected by the cryopreserva-
tion process (Fig. 4b).

Finally, we assessed the anti-inflammatory capacity of
the different MSCs following a LPS challenge. LPS, an
endotoxin secreted by Gram-negative bacteria, is com-
monly used to promote the secretion of pro-inflam-
matory cytokines to mimic infection in vitro or induce
ARDS in vivo. In this study, the secretion of the pro-
inflammatory cytokines IL-1p and TNF-a were signifi-
cantly inhibited in all MSC-treated cultures, irrespective
of the cryopreservation process (p<0.01). Likewise, the
secretion of the anti-inflammatory cytokines IL-1RA and



Antebi et al. J Trans| Med (2019) 17:297

IL-10 were significantly increased with no differences
among the three MSC groups (p<0.0001). In contrast,
levels of the pro-inflammatory IFN-y were significantly
elevated in both FC and TT MSCs, as compared to both
control (MNCs only) and FT cells. This indicates that fol-
lowing cryopreservation the capacity to secrete IFN-y is
diminished in response to a LPS stimulus, but rebounds
(albeit not completely, p<0.01) after acclimation to levels
secreted by fresh cells. It can be proposed that the mech-
anism responsible for the restoration of immunomodula-
tory function seen in the TT MSCs is facilitated, in part,
via the recovery of IFN-y levels, as suggested in published
literature [23, 26, 36].

To the authors’ knowledge, this study is the first to
compare, and report on, cell characteristics and function
among 3 groups of MSCs, namely, FC, TT, and FT. In
addition, herein, we provide evidence that a short accli-
mation period, in vitro, provides a temporal window for
recovery of cell function following cryopreservation, a
method that can be potentially translated to the clinic. In
this study, a 24-h time period was selected because it is
short enough to be clinically feasible while allowing the
cells the needed time for recovery. Yet, it is conceivable
that a shorter acclimation time, in the order of hours,
may yield the same favorable results. This, however,
remains to be elucidated.

This study has some limitations that should be
acknowledged. One caveat is the fact that the MSCs
were obtained from a single donor. Donor-dependent
variation is a known issue in the field of cellular ther-
apies, and, therefore, it is important to verify these
results in MSCs from multiple donors, as well as, ide-
ally, in MSCs from various tissue sources (e.g., adipose,
umbilical cord, etc.). Another limitation is the lack of
in vivo data as these results must be validated in an
appropriate animal model prior to clinical translation.
Finally, the potential implication of a short in vitro
acclimation may complicate the cellular handling pro-
cess in the clinic, which also introduces the possibil-
ity for contamination. It can be proposed, therefore,
that this acclimation period can be feasible in vivo.
For example, intramuscular administration of MSCs is
gaining favor as it provides MSCs with sustained dwell-
ing time in the muscle (as opposed to being phago-
cytized following systemic administration), as recent
evidence suggests. This extended dwelling time may
permit the recovery of cell function post-thaw in vivo
as they impart their effects via paracrine signaling.
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Conclusion

We show that cryopreservation indeed compromises
various aspects of cell function. Yet, this loss of potency
may be recovered using a short acclimation period.
Methods for increased cell viability and function post-
thaw are vital for the success of cell therapy in the
clinic. We propose that this technique may be employed
clinically, especially in light of emerging research show-
ing suboptimal results using cryopreserved cells [35].
If cryopreservation is indeed suboptimal, alternative
methods for cell preparation and storage should be
developed. For example, freeze-drying has been suc-
cessfully used to preserve whole platelets for hemor-
rhage control [38] so it is not unreasonable that the
same lyophilization approach can be applied to MSCs
[39]. Finally, owing to MSCs’ robust paracrine function,
MSC-based products, such as extracellular vesicles
(EVs), could emerge as potent alternatives to whole cell
therapy. While it is imperative to optimize cell-prepara-
tion techniques, logistical challenges must also be con-
sidered. A key advantage of EVs include the potential
for freeze-drying for long-term storage and delivery to
patients in the clinic as well as warfighters in austere
environments [40].
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