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Abstract

Background: Umbilical cord blood (CB) is an invaluable source of 
hematopoietic stem and progenitor cells (HSPCs). Its use in stem cell 
transplantation is however constrained by the insufficient cell dose 
present in each unit. Recent development in ex vivo HSPC expansion 
technologies addresses this issue and encourages the use of the best 
matched CB unit. In this study, we sought to develop a cryopreserva-
tion and thawing protocol for ex vivo expanded HSPC.

Methods: CB CD34+ HSPC-enriched cells were expanded in se-
rum-free medium supplemented with a previously optimized mix of 
chromatin-modifiers and early acting cytokines for 7-days. CB HSPC 
were then harvested and prepared for cryopreservation. Thawed CB 
samples were then analyzed by flow cytometry to measure cell viabil-
ity and recovery of HSPC-enriched fractions, while graft potency was 
measured using the colony-forming unit (CFU) assay.

Results: First, we compared two widely used means of freezing; a pas-
sive isopropyl alcohol-based freezing container vs. a controlled-rate 
freezer (CRF). Both methods exhibited comparable recovery of viable 
cell numbers, including the HSC-enriched CD34+CD45RA–CD90+ 
fraction, and similar potency measured using the CFU assay. Next, we 
compared two thawing methods frequently used in clinical settings. 
The “thaw and dilute” method slightly improved the recovery of total 
nucleated cells (TNC) and HSPC fractions over the “rinse” method, 
though potency was comparable between both thaw methods. Next, 
we investigated the impact of three different commercial freezing solu-
tions on product recovery. Dimethyl sulfoxide (DMSO)/dextran-40 and 
CryoProtectPure-STEM (CPP) provided superior recovery of HSPC-
fractions and potency when compared to CryoScarless (CSL).

Conclusions: Taken together, this study provides insights into alter-
native, less harmful options for the freezing and thawing of ex vivo 
expanded HSPCs.

Keywords: Cryopreservation; Thawing; Hematopoietic stem cells; 
Stem cell expansion; Stem cell agonist cocktail; Cell death

Introduction

Umbilical cord blood (CB) is a rich source of hematopoietic 
stem and progenitor cells (HSPCs), which can be used for stem 
cell transplantation [1]. A notable advantage of CB over adult 
stem cells is the less stringent human leukocyte antigen (HLA) 
matching requirements, short procurement and reduced risk of 
graft-vs-host disease [1, 2]. In addition, collection from minor-
ity or ethnically diverse groups helps increase the diversity of 
HLA inventory available [3]. However, a major drawback of 
CB is the low number of cells, including hematopoietic stem 
cells (HSCs) present per unit [3]. The reduced total nucleated 
cells (TNCs) and HSC dose lead to slower platelet and leuko-
cyte engraftment, which increases the patient’s risk of treat-
ment-related mortality [1, 4, 5].

One strategy that has provided meaningful results in clinic is 
the ex vivo expansion of CB units’ HSPC prior to transplantation. 
While ex vivo expansion of HSC was historically challenging, 
recent strategy that combines the use of stem cell agonists (i.e., 
small molecules promoting HSC self-renewal) with early acting 
cytokines [6] significantly raised the level of expansion of HSPC 
with high engraftment activity. Several of the stem cell agonists 
identified to date such as valproic acid, nicotinamide and UM171 
act as chromatin modulating agents [4, 7, 8]. StemRegenin 1 is 
another stem cell agonist with a different means of action, shown 
to act as an aryl hydrocarbon receptor antagonist [7]. Important-
ly, the use of CB units expanded with nicotinamide [9], UM171 
[2, 10] or StemRegenin 1 [11] was reported to accelerate engraft-
ment in clinical trials including one phase III trial [12].

A cornerstone in the field of stem cell transplantation is the 
degree of match between the donor and the recipient. This is one 
of the most important variables to promote prompt engraftment 
and minimize graft-vs-host-disease [13, 14]. Such outcomes 
are also associated with lower treatment-related death and im-
proved quality of life [15, 16]. An underappreciated advantage 
of expansion technologies is that it can allow for the use of a 
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better-matched CB unit that would otherwise be unsuitable for 
transplantation due to insufficient cell dose [2, 6].

We reasoned that, as seen before with cytokines [17, 18], 
a combination of stem cell agonists could support superior 
growth and expansion of HSPCs through additive and syn-
ergistic activities. Hence, we developed a series of stem cell 
agonist cocktail (SCAC) through factorial and central com-
posite design screens. The SCACs significantly improved ex-
pansion of HSPCs and provided superior engraftment [4]. The 
top SCAC X2A, composed of StemRegenin 1, UM171, valp-
roic acid, and L-ascorbic acid 2-phosphate (AA2P), supported 
over a 2,500-fold expansion of TNC, a 1,500-fold expansion 
of CD34+ cells, and a 500-fold expansion of CD34+CD45RA– 
HSPCs over a 14-day period. This strong growth was accom-
panied by a 15-fold expansion in the frequency of long-term 
SCID-repopulating cells (i.e., HSC), which was four-fold 
higher than that observed with the combination of StemRe-
genin 1 and UM171 [4]. Currently, transplantation of CB unit 
following ex vivo expansion is only done in rare cases, mostly 
in the context of clinical trials. The expanded HSPC fractions 
is transplanted directly after expansion, together with the lin-
eage-positive fractions containing mature cells (lymphoid and 
myeloid). One issue with this strategy is the significant manu-
facturing time and the cumbersome logistic surrounding this 
procedure, which can delay the graft availability.

The usage of pre-expanded frozen CB grafts could be a po-
tential solution to this problem. Besides, development of freezing 
protocols for expanded HSPCs would facilitate the storage and 
transport of the grafts to clinic sites. However, many challenges 
remain before such strategy is applicable, and only a few studies 
have investigated this topic. When Giarratana et al first investi-
gated this option in 1998, they showed that bone marrow HSPC 
could be expanded in culture bags under cytokine-rich condi-
tions, supporting the expansion of myeloid CFU and multipotent 
progenitor cells that could be frozen, with post-thaw recovery 
reported in the range of 45–90% [19]. In 2001, Rice et al report-
ed the engraftment outcomes of cryopreserved ex vivo expanded 
CB HSPC. While the engraftment was only measured at 6 weeks 
post-transplant in immunodeficient mice, the study nonetheless 
confirmed that pre-expanded frozen grafts could support short-
term engraftment as efficiently as the non-expanded grafts [20]. 
On the other hand, Duchez et al optimized a freezing medium for 
expanded CB HSPC grafts (HP01-dimethyl sulfoxide (DMSO)), 
which was shown to support a high engraftment level 8 weeks 
post-transplant [21]. Lastly, Schaniel et al recently demonstrated 
that clinical-grade, cryopreserved VPA-expanded CB HSPC sus-
tained equivalent high level long-term serial engraftment in NSG 
mice compared with the same grafts transplanted without prior 
cryopreservation [22]. Together, these studies provide supporting 
evidence that the engraftment activity of ex vivo expanded HSPC 
is well maintained during cryopreservation.

The creation of pre-expanded, cryopreserved HSPC stocks 
could help decrease wait times and potentially improve trans-
plant efficiency. Thus, the aim of the present study was to de-
velop a procedure for the cryopreservation and thawing of pre-
expanded CB HSPC. Toward this, we compared the efficiency 
of different freezing apparatus, of different thawing protocols 
and the effectiveness of three commercially available freezing 
solutions on the recovery of HSPC post-thaw.

Materials and Methods

Collection and purification of CB CD34+ cells

The project was preapproved by the Canadian Blood Services 
Ethic Review Board, and CB units were obtained following 
written informed consent from the Canadian Blood Services 
CB for Research Program. CB units contained a minimum of 
750 × 106 nucleated cells and were obtained less than 24 h 
post-collection. Mononuclear cells were isolated by Ficoll-
Paque Plus (GE, Pittsburgh, PA) and CB CD34+ cells were en-
riched using the EasySep™ Human CD34 Positive Selection 
Kit II (StemCell Technologies, Vancouver, BC).

Small molecules

StemReginin1 (Cat 72342), UM171 (Cat 72912) and valproic 
acid (Cat 72292) were purchased from StemCell Technologies 
and AA2P (Cat A8960) from Sigma-Aldrich (Mississauga, ON). 
UM171 and StemReginin1 were solubilized in DMSO while val-
proic acid and AA2P in phosphate-buffered saline (PBS). All mol-
ecules were aliquoted and stored at –80 °C for single use. The fi-
nal concentration of DMSO in culture did not exceed 0.01% (v/v).

Cell culture

CB CD34+ cells (12,000 cells/mL) were expanded for 7 days 
(unless indicated otherwise) in X2A cultures in a 24-well plate 
in serum-free medium StemSpan SFEM (Cat 09650, StemCell 
Technologies). The medium was supplemented with human 
low-density lipoprotein (Cat 02698, StemCell Technologies) at 
10 µg/mL and 1% penicillin-streptomycin (Gibco), cytokines 
(stem cell factor, thrombopoietin and FMS-like tyrosine ki-
nase 3 each at 100 ng/mL, PeproTech, Cranbury, NJ) and X2A 
(StemRegenin 1 2,500 nM, UM171 62 nM, valproic acid 0.01 
mM and AA2P 1,000 µM) [4]. Cultures were maintained in 
humidified incubator (37 °C, 5% CO2) for 7 days with fresh 
culture medium added on day 4.

Freezing and thawing protocol

Expanded cells were aliquoted and spun down before resus-
pending the pellet in 1 mL freezing media at 200,000 cells per 
cryovial. Pre-freeze and post-freeze viable cell counts were 
done manually by trypan blue staining using a hemocytometer. 
Unless stated otherwise, the freezing medium for all experi-
ments was made of 5% (v/v) Human Albumin USP (Grifols 
Canada Therapeutics, Montreal, QC), 20% CryoSolve (55% 
w/v DMSO and 5% w/v dextran-40, Akron Biotechnologies), 
and 60% Iscove’s Modified Dulbecco’s Medium. CryoSolve 
was used as default freezing solution unless stated otherwise. 
Other freezing solutions tested included CryoProtectPure-
STEM (CPP, Ad Infinitum Cell Preservation Technologies, 
Plymouth, MI) and CryoScarless (CSL, DiagnoCine, Hack-
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ensack, NJ). CPP was used as described above by replacing 
CryoSolve, while for CSL, cells were resuspended directly 
into CSL as indicated by manufacturer. Cryovials were frozen 
either in a Mr. Frosty™ freezing device (Thermo Fisher Sci-
entific, ON, Nepean, ON) or a CryoMed controlled-rate freez-
er (CRF) (Thermo Fisher Scientific) following manufacturer 
instructions as indicated. For the CRF, the freezing program 
for cryovial using slow cooling consisted of the following 
steps: 1) ramp at 1.0 °C/min until sample = –4.0 °C; 2) ramp 
at 25.0 °C/min until chamber = –40.0 °C; 3) ramp at 10.0 °C/
min until chamber = –12.0 °C; 4) ramp at 1.0 °C/min until 
chamber = –40.0 °C; 5) ramp at 10.0 °C/min until chamber 
= –90.0 °C. Cryovials were rapidly thawed in a 37 °C water 
bath then diluted 1:1 with 4% human albumin (Grifols Canada 
Therapeutics) in Plasma-Lyte-A (Baxter, Deerfield, IL).

Colony-forming unit (CFU) assay

Thawed ex vivo expanded CB cells (1,000 cell/mL) were 
plated in MethoCult Classic H4434 (StemCell Technologies) 
and incubated at 37 °C for 14 days. Colonies were scored ac-
cording to their morphology and classified as burst-forming 
unit-erythroid, CFU granulocyte/macrophage, and mix colo-
nies (megakaryocyte, monocyte, granulocyte and erythroid). 
The total number of CFU (CFU-total) of all colony types per 
thawed vial is presented for each condition.

Flow cytometry

Flow cytometry analysis was used to measure the frequency 
of CD34+ subsets and post-thaw cell viability (%) using an 
Attune NxT cytometer (Thermo Fisher Scientific). Unless 
stated otherwise, all antibodies were from Becton Dickinson 
Pharmingen (Mississauga, ON). The antibodies used includ-
ed CD34-phycoerythrin (PE, clone clone 581), CD45RA-al-
lophycocyanin (APC, clone H100) and CD90-PECy7 (clone 
5E10). Cells were stained with antibodies and Sytox AAD-
vanced (Thermo Fisher Scientific) for 20 min and diluted in 
fluorescence-activated cell sorting (FACS) buffer (PBS + 2% 
fetal bovine serum (FBS)). Antibodies were titrated before use, 
while fluorescent-minus-one controls were used to set gates 
and/or quadrants. The following CD34+ subsets were quan-
tified by FACS: HSC-enriched (CD34+CD45RA–CD90+), 
HSPC (CD34+CD45RA–), and CD34+ cells.

Statistical analysis

Data are shown as mean values ± standard error of the mean 
(SEM) of four independent experiments done from three dif-
ferent donors. Prism 9 (GraphPad, La Jolla, CA) was used to 
perform statistical analyses. Two-group comparisons were per-
formed using paired two-tailed t-tests. Multigroup comparisons 
were performed using repeated measures one-way analysis of 
variance (ANOVA) or two-way ANOVA as indicated. A P value 
of less than 0.05 was considered as statistically significant.

Results

Experimental design overview

We set out to test various variables and approaches for the op-
timization of a freeze and thaw protocol for ex vivo expanded 
HSPC. CB CD34+ HSPC-enriched cells were expanded in 
X2A-supplemented, serum-free medium cultures for 7 days, 
after which cells were harvested, frozen, and later thawed for 
analyses (Fig. 1a). Different cryo-related variables were test-
ed (Fig. 1b), which included freezing devices, thawing pro-
cedures and the use of different cryosolutions. The impact of 
these variables on the viability and recovery of HSPC subpop-
ulations were measured by flow cytometry, and functional as-
sessment of HSPC activity was assessed using the CFU assay, 
respectively (Fig. 1c). Representative flow cytometry analyses 
of CD34+, CD34+CD45RA– and CD34+CD45RA–CD90+ cell 
subpopulations progressively enriched in HSC activity post-
expansion are presented in Figure 1d.

Slow cooling rate provides reliable cryopreservation out-
comes for pre-expanded HSPCs

Slow cooling rates during freezing are recommended for many 
mammalian cells, including hematopoietic cells. Herein, we 
compared two different means of freezing: a CRF vs. an alco-
hol-based freezing device (Mr. Frosty™).

The viabilities of TNC (mean of 93% (90–96%) and 93% 
(90–98%) for the CRF and Mr. Frosty, respectively), and all 
CD34+ cell fractions post-thaw (e.g., mean of 94% (91–97%) 
and 95% (93–99%) for CD34+ cells) measured by cytometry 
were not significantly different between the two different freez-
ing devices (data not shown). The recovery of viable cells 
post-thaw, presented as total number of viable TNC, CD34+, 
CD34+CD45RA– and CD34+CD45RA–CD90+ (most enriched 
in HSC), was also similar whether the expanded HSPCs were 
frozen in a CRF or a Mr. Frosty device (Fig. 2a–d). Functional 
assessment of HSPC post-thaw measured with the CFU assay 
confirmed that both apparatuses supported similar potency 
post-thaw (Fig. 2e). In short, these results confirm that both 
freezing devices provide adequate cryopreservation efficien-
cies for ex vivo expanded HSPCs. The remainder of the work 
presented herein was carried out using the Mr. Frosty device.

Impact of thawing methods on viability and HSPC recov-
ery

The most common method employed when thawing umbilical 
CB grafts is to simply dilute the cells to reduce DMSO cytotox-
icity and avoid cell loss [23]. An alternative method is to wash 
the cells post-thaw through centrifugation and resuspension of 
the cell pellet. While this method ensures the complete removal 
of DMSO, it is susceptible to cell loss. We therefore chose to 
compare these two methods to assess their impact on the recov-
ery of ex vivo expanded CD34+ cells post-thaw.
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Samples thawed using the “rinse” method had a tendency 
of lower cell viability post-thaw though none of the differences 
reached statistical significance (Fig. 3a–d). As expected, we 
observed lower recovery of TNCs and CD34+ cell fractions 
post-thaw, including the CFU content, though the differences 
remain below statistical significance (Fig. 3e–i). This is con-
sistent with the known risk of cell loss during a wash step [23]. 
Given the inherent risk of the “rinse” method, the remainder of 
this work was done with the “thaw and dilute” method.

Impact of different freezing solutions

The next variable that we sought to test was the freezing so-

lution. The current standard cryoprotectant for HSC grafts is 
DMSO [24]. However, DMSO-free cryosolutions are of in-
terest given DMSO’s side effects that include nausea, vomit-
ing, and abdominal cramps, as well as potential negative car-
diovascular and respiratory side effects [25, 26]. Recently, we 
demonstrated successful cell recovery and function post-thaw 
using the DMSO-free cryosolutions CSL and CPP [24]. We 
thus decided to evaluate the impact of these two DMSO-free 
cryosolutions on ex vivo expanded CD34+ cells post-thaw.

For this, we compared CSL and CPP to the DMSO-con-
taining solution CryoSolve, which was used up to now in this 
work. The cell viabilities obtained with samples cryopreserved 
with CryoSolve and CPP were significantly superior to those 
obtained with CSL. This was observed for all cell fractions 

Figure 1. Overview of the experimental design and HSPC-fractions investigated. (a) Overview of experimental design. (b) Cryo-
variables investigated in this work. (c) Summary of analyses done on samples post-thaw. HSPC-fractions tracked herein by flow 
cytometry and their relative content in HSC, progenitors and mature cells, are presented. (d) Representative flow cytometry 
analyses of ex vivo expanded CD34+ cells post-expansion before freezing. Gating strategy used to track viable cells and fre-
quency of CD34+-subfractions are presented. HSPC: hematopoietic stem and progenitor cell; UCB: umbilical cord blood; CRF: 
controlled-rate freezer; CPP: CryoProtectPure-STEM; CSL: CryoScarLess; CFU: colony-forming unit; TNC: total nucleated cell; 
HSC: hematopoietic stem cell; DMSO: dimethyl sulfoxide.
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investigated, including the HSC-enriched CD34+CD45RA–

CD90+ cells (Fig. 4a–d). In line with these results, we ob-
served lower numbers of TNCs and CD34+ cells post-thaw 
in CSL samples compared to CPP and CryoSolve (Fig. 4e, 
f). Moreover, CSL exhibited significantly lower numbers of 
CD34+CD45RA– HSPC, CD34+CD45RA–CD90+ HSC and 
CFU post-thaw than other samples (Fig. 4g–i). Collectively, 
the data suggest that with ex vivo expanded HSPC, CPP and 
CryoSolve represent the better options for freezing solutions.

Investigation of freezing solutions on delayed-onset cell 
death of CD34+ cells

Previous results presented viabilities and cell recoveries ap-
proximatively 1.5-h post-thaw, which does not take into con-

sideration potential cell loss due to delayed-onset cell death. 
This stress response to cryopreservation and thawing can man-
ifest itself hours or even days after thawing [27, 28]. To inves-
tigate this, samples used in previous comparisons were placed 
back into culture, and their viability was reassessed 20 h post-
thaw. As shown, no significant decrease in the viability of the 
CD34+ cell subset was observed when the latter was assessed 
by DNA stain exclusion criterium (Fig. 5a, b). This is not sur-
prising, considering that our study was done with HSPCs that 
contained very few mature cells, which are known to be much 
more sensitive to delayed-onset cell death [29–31].

Next, we assessed whether samples frozen with the dif-
ferent cryosolutions would show different viability profiles 
20 h post-thaw when investigated by AnnexinV/Sytox stain-
ing. Viability profiles of CPP and CryoSolve samples were 
remarkably similar and diverged significantly from CSL 
samples. The profiles are consistent with what was observed 
post-thaw, with live CD34+ cells (Sytox-AnnexinV-) signifi-
cantly superior in CryoSolve or CPP (Fig. 5c). Loss of cell 
viability in all samples was mostly attributable to apoptosis 
followed by necrosis, with both being superior in CSL sam-
ples (Fig. 5c).

Discussion

Ex vivo expansion procedures are now making possible the use 
of smaller better matched units that would otherwise be unsuit-
able for transplantation due to insufficient cell dose. Expanded 
grafts can be shipped either fresh or frozen depending on prod-
uct specification. An extension of this technology would be to 
bank pre-expanded CB HSPC, especially for units from under-
represented racial and ethnic minorities, which face the biggest 
challenge in finding a suitable donor due to their more diverse 
HLA polymorphisms. Several related proof-of-concept stud-
ies were recently reported, supporting further development 
[20–22]. Herein, we sought to complement these studies by 
focusing on the cryopreservation and thawing aspects.

Historical studies done with primary grafts paved the way 
for this work by optimizing several aspects for the cryogenic 
storage of hematopoietic grafts, such as the rate of freezing, 
cryoprotectants, thawing methods and many more [23, 24, 32–
35]. The first step investigated in this study for the cryopreser-
vation of expanded HSPCs was the selection of the freezing 
method, by comparing two frequently used apparatuses, CRF 
vs. Mr. Frosty. Each of these comes with their own advantages 
and inconveniences. CRFs are frequently used in clinical set-
tings as they ensure reliable, reproducible and traceable freez-
ing procedures. However, due to their cost of procurement and 
usage, not all institutions have access to such equipment. On 
the other hand, devices such as Mr. Frosty are much cheaper 
and can be used to freeze samples at a constant slow freeze 
rate. Mr. Frosty is also very easy to use, but the rate of cool-
ing cannot be modified and is dependent on users following 
instructions and on the device being well maintained (e.g., 
change of the isopropyl solution). Samples frozen in the CRF 
or Mr. Frosty device showed no significant differences in the 
recovery of viable TNC, CD34+ fractions enriched in HSPC, 

Figure 2. Impact of different freezing procedures on the viability and 
recovery of ex vivo expanded cryopreserved HSPCs. (a–d) Total 
number of nucleated cells, CD34+ cells, CD34+CD45RA– cells, and 
CD34+CD45RA–CD90+ cells post-thaw in indicated conditions. (e) Total 
number of CFU post-thaw. Data are presented as mean ± standard er-
ror of the mean (SEM, n = 3–4). No significant differences are detected. 
HSPC: hematopoietic stem and progenitor cell; CRF: controlled-rate 
freezer; CFU: colony-forming unit; TNC: total nucleated cell.
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or CFU content post-thaw. These results with expanded HSPCs 
are consistent with previous studies and reflect the widespread 
popularity of both devices [34, 36].

Next, we compared the impact of two different thawing 
methods on post-thaw outcomes: the “rinse” vs. the “thaw 

and dilute” methods. The main advantage of the “rinse” 
method is that it protects the graft and the patients from the 
harmful and side effects associated with exposure to high 
concentration of DMSO. A popular alternative is to dilute 
samples sufficiently to prevent the osmotic cytotoxic effects 

Figure 3. Impact of different thawing methods on the viability and recovery of ex vivo expanded cryopreserved HSPCs. (a–d) 
Viability of TNC, CD34+ cells, CD34+CD45RA– cells, and CD34+CD45RA–CD90+ cells post-thaw. (e–h) Total number of indicated 
viable cells post-thaw. (i) Total number of CFU post-thaw. Data are presented as mean ± standard error of the mean (SEM, n = 
4). No significant differences are detected. HSPC: hematopoietic stem and progenitor cell; CFU: colony-forming unit; TNC: total 
nucleated cell.
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of DMSO on the graft and reduce infusion-related side ef-
fects [23, 34]. In this work, the “rinse” method consistently 
exhibited a trend of lower cell viability and cell numbers 
compared to the “thaw and dilute” method. This is consist-
ent with previous work showing that the centrifugation and 
resuspension step can contribute to cell loss [23, 34]. Of note, 
in this work, samples were never exposed to high concentra-
tion of DMSO for long periods, as sample preparation for 
cell viability analysis started about 0.5 h post-thaw and led 

to sample dilution 20 mins later. Moreover, overnight incu-
bation for the measurement of delayed-onset cell death was 
done after the complete removal of cryoprotectants.

Lastly, we set out to compare the efficiencies of three dif-
ferent freezing solutions for the cryoprotection of expanded 
HSPCs. In this, we compared CryoSolve (DMSO/dextran-40) 
to two DMSO-free solutions, CSL and CPP. CryoSolve and 
CPP were found equivalent and provided the highest recov-
eries of HSPC subsets and potency post-thaw, significantly 

Figure 4. Impact of different freezing solutions on the viability and recovery of ex vivo expanded cryopreserved HSPCs. (a–d) 
Viability of TNC, CD34+ cells, CD34+CD45RA– cells, and CD34+CD45RA–CD90+ cells post-thaw. (e–h) Total number of indicated 
viable cells post-thaw. (i) Total number of CFU post-thaw. Data are presented as mean ± standard error of the mean (SEM, n = 
3–4). Significant differences were determined by one-way ANOVA; *P < 0.05, **P < 0.01 and *** P < 0.001. HSPC: hematopoietic 
stem and progenitor cell; CPP: CryoProtectPure-STEM; CSL: CryoScarLess; CFU: colony-forming unit; TNC: total nucleated cell; 
DMSO: dimethyl sulfoxide; ANOVA: analysis of variance.
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superior to CSL. Furthermore, CSL samples were associated 
with a much lower percentage of live CD34+ cells 20 h post-
thaw, due to very high levels of apoptosis and, to a lesser 
extent, necrosis. The significant reductions in the recovery 
of the CD34+CD45RA–CD90+ subset enriched in HSC and 
CFU, insinuate that the engraftment activity of CSL-frozen 
expanded HSPC grafts would very likely be reduced [37].

The reduced viabilities and yields observed with CSL 
were unexpected, considering our previous investigations in 
which CSL had high protective activities [24, 29]. However, 
our recent study discovered that the capacity of the same freez-
ing solutions to protect HSPCs from transient warming events 

diverged significantly, with CSL and CPP providing the best 
and lowest protection, respectively [29]. Altogether, this re-
inforces the importance of carefully screening cryosolutions 
when freezing samples that have undergone significant modi-
fication. The different outcomes between the current study and 
the previous ones could be attributed to several factors. For 
one, the first two studies were done with primary CB leuco-
cyte-enriched samples whereas the current one was done with 
expanded HSPCs. Cells acquire different physical properties 
during culture such as increased cell size, changes in mem-
brane lipid composition and alteration of membrane perme-
ability to name a few [38, 39]. These factors can alter the sensi-

Figure 5. Investigation of delayed-onset cell death. (a, b) Viability measured by flow cytometry by Sytox exclusion 1.5 h and 20 
h post-thaw. Comparisons between the different freezing procedures (a) and different thawing procedures (b) are presented. (c) 
Impact of different cryosolutions on the incidence of necrosis and apoptosis 20 h post-thaw. Representative cytometry analyses 
for each cryosolutions tested and summarized proportions of live, apoptotic and necrotic cells are presented. Data are presented 
as mean ± standard error of the mean (SEM, n = 4). Significant differences were determined by one-way ANOVA; *P < 0.05, 
**P < 0.01 and ***P < 0.001. CRF: controlled-rate freezer; CPP: CryoProtectPure-STEM; CSL: CryoScarLess; DMSO: dimethyl 
sulfoxide; ANOVA: analysis of variance.
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tivity of cells to osmotic shock, ice formation and dehydration. 
In second, it could be due in part to the fact that CSL is a 
non-concentrated solution, and samples must be resuspended 
directly in CSL. As such the freezing medium composition be-
tween the CPP/CryoSolve (IMDM/human albumin) and CSL 
(protein and serum-free formulations with carboxylated poly-
L-lysine) differed significantly.

The findings of this study must be interpreted in light of 
several limitations. One is the limited sample size, which 
likely contributed to some of the differences failing to reach 
statistical significance. In addition, only one culture condi-
tion was used in this work. It would be interesting in future 
work to explore and compare the impact of different stem 
cell agonists or SCAC, and of different expansion times on 
the quality and potency of CB grafts post-thaw. Also, our 
current study is still in pre-clinical stage, future translation 
work will be required to confirm results with whole CB unit 
and clinical-grade consumables. Lastly, xenotransplantation 
will be required to confirm long-term repopulating activity 
of the hematopoietic grafts post-thaw ahead of future clini-
cal translation. However, the detection of CFU in all samples 
observed herein provides reassurance that functional HSPCs 
are likely retained [37].

In summary, the present study provide support for the use 
of two popular freezing devices (CRF or Mr. Frosty), the use 
of the “thaw and dilute” method, and CPP or DMSO for freez-
ing solutions for the cryopreservation of ex vivo expanded CB 
HSPCs. This work complements previous studies, potentially 
leading to the development of a cryopreserved, ex vivo ex-
panded HSPC products expressing rare HLA, thereby increas-
ing the availability of stem cell products for patients.
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