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A B S T R A C T   

Clinical development of cellular therapies, including mesenchymal stem/stromal cell (MSC) treatments, has been 
hindered by ineffective cryopreservation methods that result in substantial loss of post-thaw cell viability and 
function. Proposed solutions to generate high potency MSC for clinical testing include priming cells with potent 
cytokines such as interferon gamma (IFNγ) prior to cryopreservation, which has been shown to enhance post- 
thaw function, or briefly culturing to allow recovery from cryopreservation injury prior to administering to 
patients. However, both solutions have disadvantages: cryorecovery increases the complexity of manufacturing 
and distribution logistics, while the pleiotropic effects of IFNγ may have uncharacterized and unintended con-
sequences on MSC function. To determine specific cellular functions impacted by cryoinjury, we first evaluated 
cell cycle status. It was discovered that S phase MSC are exquisitely sensitive to cryoinjury, demonstrating 
heightened levels of delayed apoptosis post-thaw and reduced immunomodulatory function. Blocking cell cycle 
progression at G0/G1 by growth factor deprivation (commonly known as serum starvation) greatly reduced post- 
thaw dysfunction of MSC by preventing apoptosis induced by double-stranded breaks in labile replicating DNA 
that form during the cryopreservation and thawing processes. Viability, clonal growth and T cell suppression 
function were preserved at pre-cryopreservation levels and were no different than cells prior to freezing or frozen 
after priming with IFNγ. Thus, we have developed a robust and effective strategy to enhance post-thaw recovery 
of therapeutic MSC.   

1. Introduction 

The demonstrated potential of mesenchymal stem/stromal cells 
(MSC) to address intractable diseases has been slow to materialize into 
approved therapies. Development of the MSC field has been hindered by 
a lack of clear efficacy in late-stage, multi-center, randomized controlled 
trials, even though preclinical and early-stage trials have appeared 
exceptionally positive. The disconnect between promising early data 
and demonstrating unequivocal clinical efficacy for other than a handful 
of diseases has been broadly attributed to batch-to-batch variation of 
critical quality attributes caused by non-optimal manufacturing prac-
tices [16,17,32]. Advanced manufacturing methods and strong quality 
assurance systems can prevent release of nonconforming MSC lots; 
however, an adequate supply of primary cell stocks are necessary to 
economically manufacture cells without overexpansion, which induces 

senescence and loss of potency [22,36]. 
Other sources of variability are injury due to cryopreservation of 

intermediate cell stocks used in manufacturing and final products as well 
as improper handling of the cells during thawing for administration [10, 
17,36]. Cryopreservation is an essential process for maintaining 
viability during manufacturing and subsequent storage and shipment of 
cellular therapies. However, substantial loss of function after thawing is 
commonly observed and is a major hurdle impeding full realization of 
the broad clinical potential of all cellular therapeutics, including MSC 
[37]. Thus, establishing procedures that overcome cryoinjury are of 
paramount importance for enhancing clinical successes with MSC 
therapies. One presently employed solution is to briefly (commonly 
18–72 h) culture MSC after thawing so that the cells have time to recover 
(ideally without proliferating) prior to infusion into patients [4]. Besides 
adding to costs for treatment by requiring personnel time and material 
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resources, cryorecovery adds logistical complexity to the treatment 
given the lability of cells during shipment and the short product expi-
ration window. Developing a procedure that enables thawing and 
infusing functional cells at the patient’s bedside would be much more 
advantageous. 

It has been suggested that so called “cryoinjury” and related thawing 
injury were major contributors to high profile failures of MSC therapies 
in advanced phase clinical trials [16]. In addition to the immediately 
observable lower viability upon thaw, cryoinjured MSC display dimin-
ished immunomodulatory activity and an increased susceptibility to 
clearance in vivo [10,15,39]. The causes of cryoinjury are multifaceted 
and include osmotic and thermal shock, cryoprotectant toxicity, and 
intracellular ice crystal formation [60]. Each of these insults can lead to 
a sequelae of physiological responses, further enhancing cell injury 
during recovery [5]. These delayed effects, which manifest over hours 
and days, are more accurate predictors of post-thaw cellular yield and 
function compared to immediate post-thaw viability assessments [5]. 
Thus, sampling at intervals rather than at a discrete timepoint imme-
diately post-thaw is required; however, it is not practical to collect this 
data prior to administering MSC in the clinical setting. 

Strategies to prevent or at least limit cellular injury during cryo-
preservation and thawing generally include: developing cryopreserva-
tion solutions which mirror intracellular ion species and concentrations; 
optimization of cooling and warming rates; novel cryoprotectant agents; 
inhibitors of cell injury processes; and ice recrystallization inhibitors 
[2]. Although promising results have been attained, it is likely that a 
single solution that is effective across different cell types, having vastly 
different physiological characteristics might not be achievable. 

Even for a homogeneous population, cell expansion in nutrient-rich 
media generates a spectrum of physiological states due to asynchro-
nous progression of the population through the cell cycle [20,42]. 
Following mitosis (M phase), cells entering the gap 1 (G1) phase of the 
cell cycle are relatively compact in size, expanding until reaching the 
DNA synthesis (S) phase at which point chromosomes decondense dur-
ing replication, followed by continued growth in gap 2 (G2) prior to 
chromosome condensation and another mitosis event [20]. Cells that 
temporarily exit the cell cycle are described as resting in the gap 0 (G0) 
phase. Besides a gradual increase in volume which occurs as daughter 
cells expand and replicate DNA, mitotic phase cells rapidly swell by up 
to 30 % due to a rapid influx of water, resulting in reduced density and 
osmolality of the cytoplasm [7,52,63]. Thus, cells in different phases of 
the cell cycle possess different intracellular compositions and volumes. 
Furthermore, and in contrast to a generalized view of populations of 
proliferating cells, on the individual cell level, mass and volume oscillate 
nonparametrically in response to a multitude of extrinsic and intrinsic 
modulators and somewhat autonomously with respect to the stage in the 
cell cycle [6–8,43,54]. For instance, checkpoint regulation due to DNA 
strand breaks will either stop or slow cell cycle progression, depending 
on the phase of the cell cycle, until repairs are complete [9]. If repairs 
cannot be completed due to the severity of DNA damage, exit from the 
cell cycle will be triggered to prevent passing on damaged DNA to 
daughter cells. 

The differences in size and internal composition of asynchronously 
proliferating monocultures produce a spectrum of physiological states 
with a commensurate range of responses to osmotic imbalances, hypo-
thermia and phase transitions during freezing and warming. The ability 
of cells to tolerate the rather harsh conditions experienced during 
cryopreservation depends on cell size (surface-to-volume ratio), mem-
brane permeability and osmotic constraints [60]. Cell volume is gov-
erned through an equilibrium between internal hydrostatic pressure, 
osmolarity, and membrane tension with each fluctuating due to active 
transport and passive diffusion of water, small solutes and ions across 
the membrane over timescales of minutes to hours [24,38]. Thus, hy-
drodynamic forces acting on individual cells within a population are 
constantly in flux, leading to a distribution of responses to sudden 
changes in external osmolarity that occur during addition or removal of 

molar concentrations of commonly used cryoprotectants such as 
dimethyl sulfoxide (Me2SO). Relatedly, water content will influence the 
extent of ice crystal formation and the concentrations of monomeric 
precursors (e.g., amino acids, nucleosides and monosaccharides) versus 
polymeric structures influence on internal osmolality. Thus, dynamic 
fluctuations in cell size and composition throughout the cell cycle will 
influence tolerance limits to the cryopreservation and thawing 
processes. 

Given this potential for high cell cycle variability with MSC cultures, 
we sought to examine the effects of cell cycle status on susceptibility of 
MSC to injury due to cryopreservation and subsequent thawing. In this 
work it was discovered that MSC in S phase are exquisitely sensitive to 
cryoinjury even in the presence of a cryoprotective additive, demon-
strating heightened levels of apoptosis post-thaw and reduced immu-
nomodulatory function. Synchronizing MSC cultures by growth factor 
deprivation (also known as serum starvation) to block progression 
through G1 phase prior to cryopreservation greatly reduced post-thaw 
dysfunction of the cells by preventing DNA double strand breaks 
(DSB) during replication and subsequent triggering of apoptosis. Thus, 
we have developed a robust and effective strategy to enhance post-thaw 
recovery of therapeutic MSC. 

2. Materials and methods 

MSC culture, synchronization by starvation and cryopreservation. 
Deceased donor-derived vertebral bone marrow (BM) MSC were iso-
lated, cultured and expanded utilizing our published methods [22]. 
Briefly, eluted vertebral body BM obtained from 3 deceased donors was 
seeded in separate CellBIND T-225 flasks (Corning, MA, USA) at a 
density of 2.5x104 viable cells/cm2 with αMEM (Biologos, Montgomery, 
IL, USA) containing 10 % human platelet lysate (hPL; Stemulate®, 
Sexton, Indianapolis, IN, USA), 2 ng/ml each of recombinant human 
epidermal growth factor (rhuEGF; R&D Systems, Minneapolis, MN, 
USA) and recombinant human basic fibroblast growth factor (bFGF; 
R&D Systems) and maintained at 5 % humidified CO2 and 37 ◦C. At 70 % 
confluence cells were detached using 1x TrypLE (Thermo Fisher Scien-
tific, Waltham, MA, USA) and sub-cultured at a density of 4000 
cells/cm2 until passage 4 for use in experiments. Umbilical cord and 
adipose MSC were purchased from Lonza (Morristown, NJ, USA) and 
live donor BM-MSC were purchased from RoosterBio (Frederick, MD, 
USA). All MSC, regardless of the source, were cultured in the medium 
described above. 

Synchronization to G0/G1 by hPL starvation: When passage 4 MSC in 
T175 flasks attained 70–80 % confluency, the cells were washed once 
with 20 ml αMEM and then cultured in αMEM or αMEM containing 0.1 
% hPL for another 24–48 h. Where indicated, IFNγ (R&D Systems) was 
also added to the medium at a final concentration of 25 ng/ml during 
starvation. 

To cryopreserve MSCs, cells were harvested from cultures using 
TrypLE, pelleted and generally resuspended in pre-chilled Me2SO-based 
freezing solution (Plasma-Lyte; Baxter, Deerfield, IL, USA; containing 
2.5 % human serum albumin; Octapharma, Paramas, NJ, USA; supple-
mented with 5 % Me2SO; Biolife Solutions, Bothell, WA, USA) at a 
density of 1 × 106 cells/ml and aliquoted into cryovials. Vials were 
placed in a CoolCell (Corning Life Sciences, Durham, NC, USA) and 
frozen in a − 80 ◦C freezer overnight before storage in liquid nitrogen 
vapor. 

In some experiments either glycerol or propylene glycol (both pur-
chased from Sigma, MO USA) was used as alternative cryoproprotective 
agents (CPAs). These solutions contained 2.5 % HSA supplemented with 
5 % glycerol or propylene glycol (PG) in Plasma-Lyte. To test the CPA 
effect on cells without cryopreservation, P4 MSCs were harvested and 
resuspended in freezing solutions made of Me2SO, glycerol or PG at a 
density of 1 × 106 cells/ml and incubated at room temperature for 1 h. 
The cells suspended in CPA-free solution were used as controls for pre- 
cryopreservation analysis. A portion of the cells in each solution was 
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also frozen as described above. 
For thawing, all vials were removed from liquid nitrogen and quickly 

placed in a 37 ◦C water bath until a small amount of ice remained. Cells 
were then gently transferred into 15 ml conical tubes containing 10 ml 
pre-warmed media, centrifuged at 500×g for 5 min, and resuspended in 
1 ml pre-warmed media for use in downstream applications. 

For the colony forming unit-fibroblast (CFU–F) assay, 100 viable 
continuously cultured or thawed MSC were plated in triplicate wells of 
6-well plates in MethoCult™ medium (StemCell Technologies, Van-
couver, BC Canada). The plates were placed in a humidified incubator in 
an atmosphere of 5 % CO2 and maintained at 37 ◦C. After 11 days, the 
cultures were washed with PBS and fixed with methanol, followed by 
0.5 % crystal violet staining. A cell cluster that had more than 50 cells 
was counted as a colony under microscopy. 

Apoptosis assay. Post-thaw apoptosis of MSC was assessed by staining 
the cells at different time points with annexin V-APC (Biolegend, San 
Diego, CA, USA) and DAPI (Biolegend). Briefly, thawed cells were plated 
in 6-well plates at 2x105 per well and allowed to recover by being placed 
in a 37 ◦C incubator. Cells immediately after thawing served as the 0 h 
time point. At various time points (2, 4, 6, and 8 h), cells (both floating 
and attached) were harvested and stained with annexin V-APC and DAPI 
(0.5ug/ml) in annexin V binding buffer (Thermo Fisher Scientific) ac-
cording to manufacturer’s instruction. A NovoCyte flow cytometer 
(Agilent Technologies, Santa Clara, CA, USA) was used for data collec-
tion, and data were analyzed using NovoExpress software (Agilent). To 
determine DNA content in apoptotic population, annexin V-stained MSC 
were fixed with 3.7 % formaldehyde solution by diluting the 37 % 
formaldehyde stock (Sigma-Aldrich, Saint Louis, MO, USA) and followed 
by permeabilization with 0.5 % Triton X-100. Then cells were treated 
with 10 μg/ml RNase (Sigma-Aldrich) to remove RNA and subsequently 
stained with propidium iodide (Biotium, Fremont, CA, USA) and 
analyzed by flow cytometry. Annexin V binding buffer was used for the 
entire procedure to enhance binding of annexin V-APC on the surface of 
the cells. 

Ethylnyl-2′-deoxyuridine (EdU) incorporation assay. To determine the 
DNA incorporation efficiency of S phase cells during post-thaw recovery, 
the EdU incorporation assay was performed using the Click-iT Plus EdU 
Alexa Fluor 647 Flow Cytometry Assay Kit (Thermo Fisher Scientific), 
according to the manufacturer’s instructions. Briefly, 1 h prior to each 
indicated time point, 10 μM final concentration of EdU was added to 
each well containing post-thaw MSCs. After 1 h incubation, cells were 
fixed, permeabilized and the incorporated EdU was detected using Alexa 
Fluor 647 azide. After washing, cells were incubated in PBS containing 
10 μg/ml RNase for 1 h at room temperature and subsequently stained 
with propidium iodide and analyzed by flow cytometry. 

Detection of DNA DSB by γH2AX staining. γ-H2AX detection was 
performed as described by Muslimovic et al. [41]. Briefly, at indicated 
time points, at least 105 cells in 50 μl (PBS, 1 % BSA) were added to 150 
μl anti-H2AXS139ph-FITC conjugate (0.6 μg/ml, EMD Millipore, Bur-
lington, MA, USA) supplemented Block-9 staining buffer (PBS, 1 g/l 
BSA, 8 % mouse serum, 0.1 g/l RNaseA, 0.25 g/l herring sperm DNA, 
0.1 % Triton X-100, 5 mM EDTA, and phosphatase inhibitors including 
10 mM NaF, 1 mM Na2MoO4 and 1 mM NaVO3). Staining was performed 
on ice in the dark for 3 h. Cell cycle distribution was monitored by 
adding 5 μM Vybrant dye cycle violet stain (Thermo Fisher Scientific) 
during the last hour of staining. The cells were then subjected to flow 
analysis. MSC treated with 100 μM Etoposide (Sigma-Aldrich) for 30 
min were used as positive control. 

Immunofluorescence microscopy. Continuously cultured or post- 
thawed MSC were seeded into 6-well plates at a density of 2x105 per 
well and incubated for 2 h in the presence of 10 μM EdU in a 37 ◦C 
incubator. Cells, both floating and attached, were then collected and 
resuspended in PBS at 5 x105/ml and the cell suspension (75 μl/spot) 
was spun onto slides using a cyto-centrifuge (5 min at 1100 rpm, 
Cytofuge 2, Statspin, Norwood, MA, USA). The cells were then fixed 
with 3.7 % formaldehyde for 15 min at room temperature. After being 

washed with PBS, cells were permeabilized by cold methanol at − 20 ◦C 
for 10 min. Next incorporated EdU was detected using the Click-&-Go® 
EdU 594 Cell Proliferation Assay Kit (Click Chemistry Tools, Scottsdale 
AZ, USA) according to manufacturer’s instruction. Cells were then 
blocked using 5 % FBS in PBS for 1 h at room temperature followed by 
the addition and incubation of the following primary antibodies over-
night at 4 ◦C: mouse anti-phospho-Histone H2A.X (Ser139) antibody 
(1:300, Millipore), rabbit anti- Cleaved Caspase-3 (Asp175) (1:400, Cell 
Signaling Technology, Danvers, MA, USA). After three washes with 0.5 
% Tween in PBS, bound antibodies were detected with FITC-conjugated 
goat anti-mouse IgG (1:300), FITC-conjugated goat anti-rabbit IgG 
(1:300), and DyLight 594 conjugated goat anti-rabbit IgG (1:300) at 
room temperature for 2 h. All secondary antibodies were purchased 
from Boster Biological Technology (Pleasanton, CA, USA). After three 
washes, 5 μg/ml Hoechst 33342 PBS solution was used for DNA stain 
and fluorescent images were obtained by Leica DM4B system (Leica, 
Wetzlar, Germany). 

T cell suppression assay. Fresh whole blood was purchased from 
Versiti Blood Center (Indianapolis, IN, USA). Peripheral blood mono-
nuclear cells (PBMCs) were isolated using Ficoll-Paque® (Cytiva, 
Marlborough, MA, USA) density gradient centrifugation. The isolated 
PBMCs were labeled with carboxyfluorescein succinimidyl ester (CFSE; 
BD Bioscience) at a concentration of 5 μM per 20x106 cells at room 
temperature for 10 min, followed by cryopreservation in 90 % FBS/10 % 
Me2SO. Thawed MSC were seeded in RPMI with 10 % FBS at a density of 
1.2 × 105 or 2.4 × 105 cells per well of a 24-well plate and cultured for 
24 h. The supernatants were carefully removed and 1.2 × 106 CFSE- 
labeled PBMCs in RPMI with 10 % FBS were added into each well. 
The PBMCs were activated using αCD3ε antibody (Bio X Cell, Lebanon, 
NH, USA) at a concentration of 150 ng/ml. The MSC were co-cultured 
with the PBMCs at 37 ◦C for 4 days. Cell proliferation was determined 
by monitoring CFSE dilution in CD4+ and CD8+ T cells by flow cytom-
etry. Proliferation of T cells is reported as the replication index which 
was calculated by dividing the sum of the percentage of all populations 
derived from the original parental population by the percentage of the 
original parental population. 

Statistical analyses. Results are expressed as the mean ± SD. All sta-
tistical comparisons were made using Prism 9 (GraphPad Software Inc, 
La Jolla, CA, USA). Statistical tests used to analyze each data set are 
indicated in the figure legends. A t-test was used to compare two data 
sets. One-way ANOVA with Tukey’s multiple comparisons test or Two- 
way ANOVA with Šídák’s multiple comparisons tests were performed 
when more than two data sets were compared. Differences with p-values 
<0.05 were considered significant. 

3. Results 

Apoptosis of freshly cultured (i.e., non-cryopreserved) and thawed 
cryopreserved MSC was determined by annexin V and DAPI staining 
(Fig. 1A). Immediately after thawing there was no difference in 
apoptosis and viability of cryopreserved cells compared to fresh cells 
(Fig. 1B and C; P > 0.05). The percentage of annexin V+/DAPI−

apoptotic and DAPI+ dead cells increased over time in culture, peaking 
by approximately 4 h at 9.5 ± 0.48 % (mean ± standard deviation) and 
10.0 ± 3.8 %, respectively, which were both significantly higher than 
immediately post-thaw (P < 0.05). By 4 h viable cells decreased to 81 ±
3.3 % from an initial viability of 94 ± 0.12 % (Fig. 1D). Additionally, the 
frequency of colony forming unit-fibroblast cells (CFU–F), which is an 
indication of clonogenicity, was severely compromised in cryopreserved 
MSC (Fig. 1E). Thus, immediate post-thaw analysis is not a reliable 
predictor of cell health, which decreases substantially over time even 
when cells are cultured in optimized nutrient-rich conditions. 

Delayed apoptosis and death were confined to a small percentage of 
thawed cells, suggesting that catastrophic cryoinjuries, such as Me2SO- 
induced toxicity and osmotic stress, were not the primary causes of 
progressive viability loss after 2 h in culture. This was confirmed by 
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evaluating apoptosis levels after extended incubation at room temper-
ature in PBS, Me2SO, glycerol or PG prior to freezing (Fig. S1A). A 
progressive increase in DNA DSB was observed after thawing MSC cry-
opreserved in the three different CPAs tested. (Fig. 1E and S1B). The 
percentage of cells with DSB was higher (P < 0.001) in cells cry-
opreserved in 5 % Me2SO (4.1 ± 0.2 %, mean ± SD) than in either 5 % 
glycerol (1.7 ± 0.3 %) or 5 % PG (2.4 ± 0.1 %). 

It was recently reported that cryopreservation induces breaks in 
single-stranded DNA during S phase replication [13]. It was demon-
strated that single-stranded lesions were initially formed, followed by 
DSB and disruptions of chromatin higher order. Thus, we investigated 

apoptosis in relation to cell cycle status and correlated this to DNA 
synthesis (Fig. 2). Compared to continuously culturing or post-thaw 
recovery for 24 h, the fluorescence intensity of EdU staining was 
reduced, indicating compromised DNA synthesis in thawed MSC 
(Fig. 2A). This decline suggested that S phase cells were impacted by 
freezing and thawing. Analysis of apoptosis indicated that S phase cells 
were disproportionately represented in the population of dying cells 
(32.4 ± 4.6 %) compared to the annexin V− population (12.9 ± 1.9 %) 
of S phase cells, indicating that MSC in this phase were more labile to 
cryoinjury (Fig. 2B and C). 

The presence of DNA DSB in thawed MSC was detected by labeling 

Fig. 1. Cryopreservation of MSCs induces cell death during post-thaw recovery in culture. (A) Representative flow cytometry plots showing early apoptosis (lower 
right quadrant and death (upper quadrants) of post-thaw MSCs compared to cells prior to cryopreservation (“fresh”). Quantitation of post-thaw (B) apoptotic, (C) 
dead and (D) live cells at the times indicated after thawing and culturing compared to freshly cultured cells. (E) Colony forming unit-fibroblast (CFU–F) counts after 
11 days of culturing MSC prior to (fresh) and after (post-thaw) cryopreservation. Data are displayed as mean ± SD from 3 independent experiments using a single 
donor MSC, which are representative of data obtained using MSC from the two other donors. (F) Asterisks indicate statistical significance of the indicated com-
parisons: *, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001. Non-significance (ns) is only indicated for comparisons of fresh versus immediately post-thaw 
cells but is implied if comparisons did not achieve significance (p < 0.05). Fresh and 0 h post-thaw data as well as CFU data compared by unpaired t-test. Post-thaw 
recovery timepoints (B–D) compared by one-way ANOVA with Šídák’s multiple comparisons test. 
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with an antibody to H2AX subunits surrounding the breaks which are 
phosphorylated (termed γH2AX) within minutes of DNA damage (Fig. 3) 
[29,48]. It was first confirmed that γH2AX could be measured in the 
assay conditions employed in this study, using the topoisomerase II in-
hibitor etoposide as a positive control which induced extensive DSB 
(Fig. 3A). Cryopreserved MSC from multiple donors were then evaluated 
for DSB at increasing time intervals after thawing. Very few γH2AX+

cells were detected immediately after thawing (Fig. 3B and C). 
Double-stranded breaks were observed at 1 h post-thaw in MSC from 3 
donor sources, with a peak in frequency of γH2AX+ MSC at 3 h (Fig. 3D). 
The frequency of cells harboring DSB declined between 3 and 4 h 
post-thaw, which correlates with a peak in apoptosis at 4 h, suggesting 
that this population progressively loses viability as a result of DNA 
damage (Fig. 1B). 

The association between increased apoptosis and S phase cells 
harboring DSB led to an examination of whether blocking progression to 
the DNA replication phase, and thereby preventing formation of labile 
single-stranded DNA, would protect cryopreserved cells. Serum starva-
tion to deprive cells of mitogenic growth factors is a well-established 
method for synchronizing cells through inducing quiescence at G0, 
thus, blocking entry to S phase [10,15,39,44,46,56]. Preliminary ex-
periments were performed to determine appropriate levels of “serum 
starvation,” in this case deprivation of human platelet lysate (hPL). Cells 
were transferred from nutrient-rich medium containing 10 % hPL to 
base medium either totally devoid of hPL or containing a very low level 
(0.1 %) of hPL and cultured for 24 and 48 h. The cell morphology was 
unchanged by starvation; however, there was a diminution in size 
(Figs. S2A and B). The percentage of cells undergoing apoptosis for both 
starvation conditions was similar to non-starved cells at 24 h (Figs. S2C 
and D). Conversely, MSC were adversely impacted by hPL starvation for 
longer periods as indicated by a more than doubling of the percentage of 
apoptotic cells at 48 h, which was reflected in lower cell counts at this 
time (Fig. S2E). DNA synthesis was barely detectable by 24 h, indicating 
that the MSC exited the cell cycle during the starvation period (Fig. S2F). 

The impact of starvation on classical properties of MSC was next 

examined. Starving the cells did not alter expression of surface markers 
commonly associated with MSC (Fig. S3A). Additionally, starved MSC 
cultured in complete growth medium were responsive to interferon-γ 
(IFNγ) priming, as evidenced by increased surface expression of Class II 
human leukocyte antigen (HLA) DR and programmed death ligand 1 
(PD-L1) (Fig. S3B). Interestingly, gene expression of the immunoregu-
latory protein, indoleamine 2,3-dioxygenase-1 (IDO-1), increased with 
starvation (Fig. S3C). There was also a slight additive increase in IDO-1 
protein expression with the combination of starvation and IFNγ priming 
(Fig. S3D). These preliminary experiments indicated that culturing MSC 
for 24 h under conditions of hPL deprivation was sufficient to block 
progression to S phase and didn’t promote any obvious deleterious ef-
fects. Furthermore, starvation of MSC did not fundamentally alter the 
phenotype or responses to environmental stimuli. 

To determine the impact of growth factor starvation on post-thaw 
recovery of MSCs, cells were transferred from complete medium to 
basal medium without hPL and cultured for 24 h. The majority of cells 
were in G0/G1 as indicated by the absence of DNA synthesis (Fig. 4A). 
Apoptosis of both starved and non-starved MSC was analyzed prior to 
cryopreservation and following thawing and culturing in complete 
medium for 4 and 8 h. Starving cells prior to cryopreservation greatly 
reduced the number of apoptotic cells (annexin V+/DAPI− ) after thaw-
ing (Fig. 4B and C). Furthermore, protection against cryoinjury was 
observed in MSC obtained from living donor iliac crest BM as well as 
umbilical cord and adipose tissue (Fig. 4D). This effect was observed at 
all timepoints measured (0–8 h). Whereas the percentage of apoptotic 
non-starved cells increased until 4 h, apoptosis in starved cells remained 
low throughout the experimental period. Similarly, the percentage of 
dead (DAPI+) cells increased with time in culture for non-starved cells 
(Fig. 4D). The percentage of dead cells in starved MSC held steady 
during the 8 h and were significantly lower than non-starved cells at 8 h. 

Importantly, starvation completely prevented the occurrence of DSB 
breaks in thawed cells by blocking DNA synthesis prior to cryopreserv-
ing MSC (Fig. 4E). In contrast to cells that were not starved prior to 
cryopreservation (Fig. 3), the percentage of γH2AX-positive cells did not 

Fig. 2. Replicating S phase MSCs demonstrated reduced DNA synthesis and higher levels of apoptosis after cryopreservation and subsequent thawing. (A) Flow plots 
showing EdU incorporation efficiency in S-phase MSCs during post-thaw recovery. (B) Representative gating strategy for enumerating S phase cells in annexin V- 
(AV-) and annexin V+ (AV+) populations at 4 h post-thaw. Gates and percentages shown on contour plots represent cells in S phase. (C) Quantitation of the per-
centage of S phase cells in the total AV- and AV + populations obtained from 4 independent experiments. All data are presented as means ± SD. **, p < 0.01; paired, 
two-tailed t-test. 
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Fig. 3. Freezing and thawing induces DNA double-stranded breaks in replicating MSCs. (A) Flow cytometry scatter plots of γH2AX positive MSCs at baseline (control) 
and following etoposide (100 μM) treatment. (B) Immunofluorescent images of fresh and post-thaw MSC stained with EdU (green), γH2AX (red) and Hoechst 33342 
nuclear stain (blue), shown individually and merged as indicated. The scale bar is 20 μm. (C) Representative scatter plots of γH2AX + cells at the indicated timepoints 
after thawing cryopreserved MSCs. (D) Quantitation of γH2AX + cells over time in thawed MSCs isolated from 3 independent deceased organ donors (mean ± SD). 
****, P < 0.0001 compared to all other timepoints; one-way ANOVA with Dunnett’s multiple comparisons test. (E) Comparison of post-thaw γH2AX + MSC when 
cryopreserved in either 5 % dimethyl sulfoxide (Me2SO), 10 % glycerol or 5 % propylene glycol (PG). *, P < 0.05 **, P < 0.01; ***, P < 0.001; two-way ANOVA with 
Tukey’s multiple comparisons test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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increase over background levels after thawing (Fig. 4E). This phenom-
enon was shown to be associated with the process of cryopreservation 
and thawing and not caused by Me2SO as DSB were not detected prior to 
cryopreservation after incubating cells for 1 h in Me2SO or the alter-
native cryoprotectant agents, propylene glycol and glycerol (Fig. S1). 
The protective effect of growth factor starvation on cryopreserved MSC 
was also observed with MSC obtained from living donor iliac crest BM 
and MSC derived from other tissues (umbilical cord and adipose) 
(Fig. 4G and S4). 

The impact of growth factor deprivation on the CFU-F potential of 
cryopreserved MSC was determined. Cells grown in complete medium 
prior to cryopreservation exhibited impaired (P < 0.01, unpaired T test) 
CFU-F potential compared to G0-arrested MSC (Fig. 4F). Conversely, 
blocking mitogenesis prior to cryopreservation resulted in CFU-F po-
tentials that were indistinguishable from non-cryopreserved MSC. 

In total, these data are highly supportive of DNA double-stranded 
breakage being a major factor contributing to post-thaw loss of MSC 
viability and function and blocking S phase entry prior to cryopreser-
vation prevents these occurrences. 

The effect of growth arrest on MSC function was further evaluated. 
Cryopreserved MSC have been reported by many groups to be impaired 
for immunosuppressive function post-thaw [10,15,39]; therefore, 
starved and non-starved cells were tested prior to cryopreservation or 
after thawing in T cell suppression assays. Non-starved cells demon-
strated the least suppression immediately post-thaw; whereas, there was 
no difference in the CD4+ and CD8+ T cell suppressive activity between 
the other groups at the highest concentrations of MSC (Fig. 5 and 
Fig. S5). At the lowest ratio of 1:80 MSC:T cells, which comprised 
approximately 50 % of PBMC, post-thaw, starved MSC were significantly 
(p < 0.05) more suppressive than non-starved, freshly cultured MSC 
(Fig. 5B). The ratio of thawed MSC required to suppress activated T cell 
proliferation by 50 % (IC50) was 8-fold less (1:80) without starvation 
than with starvation (1:10) (Fig. 5C). The IC50 for post-thaw starved 
MSC was no different than MSC prior to cryopreservation. These data 
suggest that growth-arrested MSC retain pre-cryopreservation levels of 
immunosuppressive function. 

It was previously demonstrated that priming BM-MSC with IFNγ 
prior to cryopreservation partially rescued post-thaw viability and 
function [10]. Therefore, we evaluated whether IFNγ-licensing could 
further enhance growth-arrested MSC function post-thaw. Both starva-
tion alone and starvation with IFNγ priming significantly (p < 0.001) 
enhanced post-thaw T cell suppression activity compared to MSC cry-
opreserved directly after culturing in complete medium (Fig. 6). 
Simultaneously starving and priming MSC enhanced T cell suppression 
activity over priming alone (p < 0.05 and p < 0.001, CD4+ and CD8+ T 
cells, respectively). 

4. Discussion 

We have developed a method for enhancing recovery of cry-
opreserved MSC to yield more viable and functional cells compared to 
traditional cryopreservation methods through cell cycle synchronization 
prior to cryopreservation. Observations that cell survival following 
cryopreservation may be impacted by the stage of cell cycle prior to 
freezing have been previously noted. An early report investigating cry-
oprotected and unprotected Chinese hamster lung fibroblasts however 

indicated any differential effect of cell cycle was mitigated through the 
use of glycerol [34]. A follow up study further investigated the same 
model with the addition of Me2SO and confirmed that any cell cycle 
sensitivity to cryopreservation, for this cell type, was mitigated through 
cryoprotectant additives [35]. More recent studies investigating human 
T cells arrested in G0/G1 with Ribocilib prior to cryopreservation 
indicated that cell cycle did not play an important role impacting 
cryopreservation outcomes [1]. Cell cycle sensitivity to cryopreserva-
tion has also been investigated as a potential means to preferentially 
destroy cancer cells through cryoablation [50]. In this context, experi-
ments were performed to determine if synchronizing a prostate cancer 
cell line in S phase using thymidine might allow for preferential cell 
destruction through freezing. While the authors did note that S-phase 
synchronized samples appeared to be more susceptible to injury 
(without any cryoprotective additive), cell cycle phase was not deter-
mined to be a critical factor in sensitivity to cell death following 
freezing. Based on these previous reports in the literature, it was 
therefore surprising to see the dramatic effect cell cycle stage had on 
MSC cryopreservation outcomes even with the inclusion of a cryopro-
tective additive. 

Subjecting MSC to mitogenic factor deprivation for 24 h prior to 
cryopreservation induces synchronization of the entire cell population 
by forcing exit from the cell cycle at early G1 phase, thus, preventing 
entry into S phase which avoids formation of stalled single-stranded 
DNA replication forks that are susceptible to freeze/thaw damage 
[13]. It was demonstrated that freeze/thaw-induced DSB (Fig. 3) 
strongly contributed to programmed cell death (Fig. 1), predominantly 
in the S phase population (Fig. 2), during the initial culture period 
following thawing and culturing cryopreserved MSC. This early 
post-thaw injury contributed to the delayed effects of reduced viability 
and function observed with culture (Fig.. 2C and 5). It is important to 
emphasize that cell death due to cryopreservation-induced DSB is a 
delayed effect which only manifests with extended periods of culture in 
vitro, which presumably models kinetics of cell persistence in vivo. Thus, 
viability assessments that rely on a single timepoint at an interval close 
to the time of thawing cells for infusion would not be indicative of the 
actual physiological status of cells used for therapeutic applications. 
Previous reports have firmly established the functional impairment of 
cryopreserved MSC [10,15,39]. The present report extends these studies 
by providing a mechanistic explanation, which directly led to the 
practical solutions developed here for overcoming this serious impedi-
ment to clinical translation of MSC therapies. Furthermore, growth 
factor starvation can be combined with other strategies to further 
enhance post-thaw viability and function. For instance, we have 
demonstrated that combining starvation with IFNγ priming (also known 
as IFNγ licensing) has an additive effect on functional recovery of cry-
opreserved MSC (Fig. 6). 

It is interesting to note that the enhanced survival afforded by pre-
venting 15–20 % cells in a non-synchronized culture from entering S 
phase (Fig. 2) leads to a 4-fold enhancement in T cell suppression ac-
tivity (Fig. 5). This observation indicates that synchronizing MSC to G0/ 
G1 phase prior to cryopreservation has additional benefits in addition to 
enhancing post-thaw survival. A slight increase in IDO-1 mRNA and 
protein steady-state levels was observed in growth factor-starved cells 
(Fig. S3). The increase is likely insufficient to explain the full effect of 
starvation on enhanced T cell suppression; however, it might indicate 

Fig. 4. Growth factor withdrawal to induce G0/G1 arrest prior to cryopreservation prevents post-thaw delayed apoptosis and death due to DNA double stranded 
breaks (DSB). (A) Cell cycle arrest prior to S phase was confirmed staining for EdU incorporation, which demonstrated that DNA synthesis was absent. (B) 
Representative flow cytometry scatter plots comparing delayed apoptosis and death in thawed MSCs that were either cultured in complete medium (non-starved) or 
minimal medium without hPL (starved) prior to cryopreservation. (C) Quantitation of apoptosis at the indicated timepoints post-thaw (mean ± SD). (D) Quantitation 
of cell death at the indicated timepoints post-thaw (mean ± SD). (E) Quantitation of DSB by γH2AX staining of starved MSCs following cryopreservation (compare to 
Fig. 3C). (F) CFU-F analysis of starved and non-starved MSC prior to or following cryopreservation. (G) Quantitation of annexin V+ cells after thawing cryopreserved 
umbilical cord, adipose and iliac crest live donor (LD) BM-derived MSC. Mean ± SD for 3 independent experiments using 1–3 donors for each MSC source. *, p <
0.05; **, p < 0.01, ***, p < 0.001; ****, p < 0.0001. Two-way ANOVA with Šídák’s multiple comparisons test (C and D) and one-way ANOVA with Tukey’s multiple 
comparisons test. 
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that growth factor deprivation confers a metabolic state that is receptive 
to inflammatory factor-mediated stimulation of MSC suppression. 
Growth factor deprivation may also enhance expression of other 
immunomodulatory factors. Culturing MSC under conditions that 
induce metabolic reprogramming has been shown to enhance anti- 
inflammatory cytokine expression [11,23,26,33,59,62]. It is also 
possible that starvation induces a quiescent state [58], which promotes 

greatly reduced metabolic activity, with many cell types transitioning 
from oxidative phosphorylation to glycolysis or fatty acid oxidation to 
meet basal metabolic needs [21,27,30,40,53,61]. A transition to 
glycolysis in response to inflammatory stimulus enhances the immuno-
suppressive phenotype of MSC, which may explain the results obtained 
here [28,55]. 

Prolonged growth factor starvation induces reversible exit from the 

Fig. 5. The T cell suppression function of MSCs is greatly diminished by cryopreservation but can be rescued by growth factor starving the cells prior to freezing. 
After thawing, 2x104 cells were added to wells of 96 well plates and incubated for 24 h. The medium was removed and 4x105 CSFE-labeled PBMCs were added to 
each well. PBMCs were stimulated by adding CD3ε antibody and the plate was incubated for 4 days before analyzing T cell proliferation by flow cytometry. Pro-
liferation of (A) CD4+ and (B) CD8+ T cells with different ratios of MSC to T cells which comprised 50 % of the PBMCs. The ratio of MSCs to T cells was as follows: 
0.5x104, 1:80; 1x104, 1:40; 2x104, 1:20; 4x104, 1:10. Representative flow cytometry plots are shown below the bar graphs and in Fig S5 (C) The mean values for each 
condition tested were normalized to the maximum proliferation value obtained from the stimulated PBMC control. IC50 is the number of MSC that suppress 50 % of 
activated T cell proliferation. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Two-way ANOVA with Šídák’s multiple comparisons test. 
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cell cycle and adoption of a quiescent state until growth conditions are 
favorable, at which time the cell will re-enter the cycle [58]. Quiescence 
is a property of stem cells as well as many lineage-restricted and 
differentiated cell types and is associated with increased resistance to 
stresses and injury as well as epigenetic changes that maintain a state of 
readiness for quickly responding to changes in environmental states 
[57]. Starvation-induced quiescence of MSC produces cells that are 
better able than actively proliferating cells to withstand heat shock 
through faster DNA repair, more rapid resumption of proliferation and 
preventing triggering of the senescence response [3]. Quiescent cells can 
exist in a primed state which was first described in skeletal satellite cells, 
skeletal muscle resident MSC and hematopoietic stem cells and termed 
GALERT [47]. Cells in the GALERT state are characterized by increased 
transcriptional and metabolic activity compared to quiescent (i.e., 
classical G0) cells and, thereby, poised to respond quickly to paracrine 
signals. This state has been described as “idling” [57]. It is possible that 
starved MSC adopt a state that promotes accelerated re-entry into the 
cell cycle combined with a heightened response to inflammatory signals 
when transferred to growth-permissive conditions. 

Another probable benefit of growth factor starvation prior to cryo-
preservation is the ~25 % reduction in the size of cells. The reduced size 
of starved cells would be expected due to growth factor-responsive re-
striction point control of the cell cycle which blocks progression early in 
G1 and causes exit from the cycle prior to completing G1 and G2 growth 
phases [14,31,44]. Mitogenic factor withdrawal also induces autophagy 
which could further contribute to reducing cell size [25]. Smaller size 
reduces the surface-to-volume ratio and intracellular water concentra-
tion, which is expected to enhance exchange of water and cryoprotec-
tant [60]. Additionally, the small size after thawing could lead to better 
localization to targeted tissues. It has been frequently observed in ani-
mal models that the vast bulk of intravenously administered MSC trap in 
the lungs and are quickly cleared by lung resident macrophages [12,18, 
19,45,51]. The smaller cell size of G0/G1 synchronized cells could 
promote transit of lung microvasculature; thereby enhancing the prob-
ability that systemically delivered MSC will reach the injured or diseased 
target tissues [18,19,45,51]. 

In summary, we describe here a simple GMP-compliant 
manufacturing step for enhancing post-thaw recovery of cry-
opreserved MSC. This process should remove barriers to clinical devel-
opment and ultimately post-approval marketing caused by the logistical 
challenges due to poor effectiveness of cryopreserved cells. Further-
more, the higher activity, combined with smaller size, is likely to 
enhance the pharmacokinetic and pharmacodynamic properties of 
thawed MSC, which should, in turn, increase effectiveness over normally 

cultured and cryopreserved cells [49]. Assuming greater potency is 
observed in clinical studies, the cost per dose of starved cells should be 
significantly lower than that for non-starved cells. 
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