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Cryopreservation was recommended to ensure continuity in allogeneic hematopoietic progenitor cells (HPC) transplantation during
the COVID-19 pandemic. Several groups have shown no impact on clinical outcomes for patients who underwent HPC
transplantation with cryopreserved products during the first months of this pandemic. However, concerns about quality control
attributes after cryopreservation have been raised. We investigated, in 155 allogeneic peripheral blood cryopreserved HPC,
leukocytapheresis characteristics influencing viable CD34+ and CD3+ cells, and CFU-GM recoveries after thawing. Collection
characteristics such as volume, nucleated cells (NC)/mL and hematocrit correlated with viable CD34+ and CD3+ cells recoveries
after thawing in univariate analysis but only CD3+ cells remained statistically significant in multivariate analysis (r2= 0.376;
P= < 0.001). Additionally, transit time also showed correlation with viable CD34+ (r2= 0.186), CD3+ (r2= 0.376) and CFU-GM
recoveries (r2= 0.212) in multivariate analysis. Thus, diluting leukocytapheresis below 200 × 106 NC/mL, avoiding red cells
contamination above 2%, cryopreserving below 250 × 106 NC/mL and minimizing transit time below 36 h, prevented poor viable
CD34+ and CD3+ cells, and CFU-GM recoveries. In summary, optimizing leukocytapheresis practices and minimizing transportation
time may better preserve the quality attributes of HPC when cryopreservation is indicated.
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INTRODUCTION
Allogeneic hematopoietic progenitor cells (HPC) are usually
transported as fresh products to be transfused without the need
for a cryopreservation step [1]. However, cryopreservation has
undoubted advantages, such as securing graft integrity before
starting the conditioning regimen and the ease of logistics for
transplant procurement. On the other hand, there are some
concerns about cryopreservation such as products not being used,
adverse reactions to DMSO and cell damage [2–4].
In 2020, because of the Coronavirus Disease 2019 (COVID-19)

pandemic, widespread cryopreservation of allogeneic HPC was
recommended by national authorities and international organiza-
tions to guarantee the receipt of a product before starting
conditioning [5–7]. COVID-19 is still highly active in many
countries, and in Europe, there has been an ongoing 6th wave

during the winter of 2021–2022. Although the severity of the
disease has decreased due to vaccinations and the omicron
variant, the social and medical disease burden is still significant.
The emergence of new variants has forced different countries to
continually re-appraise travel restrictions and consider the need
for HPC cryopreservation [6]. Several groups and registries have
shown no differences in engraftment, acute graft versus host
disease (GVHD), infections and early post-transplant survival
during the first months of the COVID-19 pandemic when
comparing cryopreserved versus fresh allogeneic hematopoietic
stem cell transplantations (HSCT) [3, 8–11]. Despite these results,
concerns about product quality after cryopreservation have been
raised [10, 12]. In the setting of cord blood and autologous
hematopoietic stem cell transplantation (HSCT), post thaw graft
quality (viability and colony forming units (CFU)) has been
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demonstrated to influence recipient engraftment [13–15], but the
factors influencing quality control attributes are known and mostly
under control [16]. However, limited data are available about the
effect of pre-cryopreservation characteristics on post thaw quality
control of frozen allogeneic peripheral blood (PB) HPC.
The aim of the present study was to retrospectively investigate

collection and transport factors that might influence the quality
control attributes after cryopreservation (like cell viability and
clonogenicity) of allogeneic PB HPC for transplantation. This
assessment may harmonize collection center practices and transpor-
tation conditions policies when cryopreservation is recommended.

MATERIALS AND METHODS
Eligibility criteria
This is a collaborative study between Banc de Sang i Teixits (BST),
Barcelona, Spain, and Anthony Nolan (AN), Nottingham, UK. Allogeneic
related and unrelated, unmanipulated PB HPC that were cryopreserved
from November 2019 to November 2021 were retrospectively included in
the study. All donors and recipients provided written informed consent
prior to collection and transplantation, respectively. The Vall d’Hebron
Hospital’s Ethics Committee reviewed and approved the study [PR(BS)529/
2021].

Apheresis collection
Leukocytapheresis was performed with either citrate dextrose solution A
(ACDA) anticoagulant or ACDA+ heparin according to collection center
protocols and end time of collection was recorded. Products were hand-
carried in validated boxes for delivery to processing facilities and kept
refrigerated (2–8 °C) for overnight storage. Fresh graft characterization was
performed in the associated transplant center (TC) cellular laboratory on
leukocytapheresis material with: an automated complete blood count (CBC)
using an hematology analyzer (XN550, Sysmex, Kobe, Japan; XE2000, Sysmex
UK, Milton Keynes, UK) analysis of nucleated cells (NC) concentration,
percentage of mononuclear cells (MNC), hematocrit and platelet concentra-
tion; phenotyping by flow cytometry (Navios, Beckman Coulter, Brea, EEUU;
BD FACS Canto II, BD UK, Oxfordshire) assessing CD45+, CD34+ and CD3+

cells expression and viability assessment using 7-aminoactinomycin D (7-
AAD) staining according to the single-platform International Society for
Hematotherapy and Graft Engineering (ISHAGE) protocol; potency was
analyzed with CFU granulocyte-macrophage (GM) assay using Methocult
4434 (Stem Cell Technologies, (Vancouver, Canada) supplemented with
IMDM (Iscove’s Modified Dulbecco’s Medium, BIOWEST, Nuaillé, France).
Frozen bone marrow proficiency testing program (stem cell technologies)
was performed for quality control of CFU counts.

Cryopreservation
Cryopreservation was performed in two cellular processing laboratories
(BST, cell therapy department, and AN Cell Therapy Centre, Nottingham,
UK) and was destined for 4 TCs (BST) and 8 TCs (AN).
Prior to cryopreservation, HPC were plasma reduced. The cryopreserva-

tion solution was added volume: volume over 10min at increasing speed,
to a final concentration of 10% dimethyl sulfoxide (DMSO) and human
serum albumin in Plasma-Lyte solution into a cryobag (50/250/750
dependent upon aliquot volume; Milteny). Final NC concentration and
start time of cryopreservation was recorded. A maximum of 30min was
permitted between initial additions of cryoprotectant solution to initiation
of cryopreservation. A controlled-rate/programmable freezer was used to
produce a freezing rate of −1 °C/minute until −40 °C, then continuing with
a rate of −5 °C/min until −150 °C; storage was performed at less than
−150 °C in vapor phase or liquid nitrogen tanks.

Quality control of cryovial reference sample
Three 0.5 mL cryovials of the cells preparation were frozen in parallel with
the cryobag, and remained for a minimum of 24 h in the same conditions
as the cryobag. Then one cryovial was thawed using a water bath at 37 °C.
Red cells lysis and dilution was performed prior to flow cytometry.
The same quality control tests were performed on the cryovial reference

sample as in fresh leukacytopharesis, but adjusting flow cytometry gating
for thawed cells and following a similar gating strategy as in the ISHAGE
protocol [17].

Table 1. Baseline characteristics of patients and donors, and pre and
post cryopreservation characteristics of HPC.

Characteristics

N= 155 cryiovial reference samples

Patients

Age (years), median (range) 53 (2–70)

Sex, n (%)

Male 95 (61.3)

Female 60 (38.7)

Weight (kg), median (range) 70 (15–110)

Diagnosis, n (%)

Acute leukaemia 86 (55.5)

Lymphoma 23 (14.8)

MDS/MPN 22 (14.2)

Othersa 24 (15.5)

Donors

Age (years), median (range) 34 (17–66)

Sex, n (%)

Male 104 (67.1)

Female 51 (32.9)

Weight (kg), median (range) 77 (51–141)

Type of donor, n (%)

Related 85 (54.8)

Unrelated 70 (45.2)

Collected grafts

Transit time (hours), median (range) 23.3 (2.6–57)

Overseas, n (%) 2 1

Overnight prior cryopreservation, n (%) 96 62

Volume (ml), median (range) 318.5 (84.0–782.9)

NC/mL (x106), median (range) 176.2 (94.2–559.4)

MNC (%), median (range) 84.5 (51.6–98.0)

Hematocrit, median (range) 1.6 (0.2–6.1)

Platelet/mL (x106), median (range) 1385.0 (491.0–3473.0)

Pre-freeze aliquots

NC x 106/mL median (range) 225.1 (73.5–469.1)

NC x 108 cell dose/kg, median (range) 5.7 (1.6–18.3)

CD34+ x 106 cell dose/kg, median (range) 6.0 (0.3–22.1)

CD3+ x 108 cell dose/kg, median (range) 1.8 (0.4–6.1)

CFU-GM x 105/kg, median (range) 9.3 (0.0–67.0)

Cryovial sample

NC x 108/kg, median (range) 5.6 (1.6–19.9)

Viable CD34+ x 106/kg, median (range) 4.4 (0.3–19.7)

Viable CD3+ x 108/kg, median (range) 1.0 (0.1–3.9)

CFU-GM x 105/kg, median (range) 7.9 (0.4–38.0)

Viability, median (range)

CD45+/7-AAD negative (%) 70.3 (26.5–89.4)

CD34+/7-AAD negative (%) 89.2 (7.9–100.0)

CD3+/7-AAD negative (%) 61.5 (10.1–96.8)

HPC hematopoietic progenitor cells, MDS/MPN myelodysplastic syndrome/
myeloproliferative neoplasms, NC nucleated cells, MNC mononucleated
cells, CFU-GM colony-forming units granulocyte/macrophage, 7-AAD
7-Aminoactinomicine D.
aEleven patients with chronic leukaemia, 6 with myeloma/plasma cell
disorders, 4 with secondary acute leukaemia, 2 with inherited disorders, 1
with haemoglobinopathy and 1 with bone marrow failure.
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Definitions
Transit time was considered as the time between the end of the collection
procedure to the start of cryopreservation.
Recoveries were calculated as absolute number of NC, viable CD45+,

CD34+, CD3+ cells and CFU-GM in the post thaw cryovial divided by
absolute number of NC, viable CD45+, CD34+ and CD3+ cells, and CFU-GM
in the initial fresh material sample and multiplied by 100.
Poor post thaw viability and clonogenicity were defined as less than

50% of viable CD34+ and CD3+ cells, and CFU-GM recoveries in a cryovial
after thawing.

Study endpoints
We investigated factors, regarding graft characteristics and transit time,
influencing the post thaw quality control attributes (viable CD34+ and
CD3+ cells recoveries, and CFU-GM recovery) of allogeneic cryopreserved
PB HPC, potentially resulting in reduced graft performance. Additionally,
we evaluated the thresholds of those variables that predict poor viability
and clonogenicity after cryopreservation.

Statistical analysis
Patient- (age, sex, weight and diagnosis), donor- (age, sex, weight, and type
of donor (related or unrelated)), graft- (transit time, volume, NC/mL, %
MNC, hematocrit, platelet/mL and CD45+, CD34+ and CD3+ cells viability),
cell processing- (NC dose/kg, viable CD34+ and CD3+ cells dose/kg, CFU-
GM/kg and NC/mL at cryopreservation) and post thaw quality control
attributes (NC dose/kg, viable CD34+ and CD3+ cells dose/kg and CFU-GM/
kg) were assessed. Median and range or frequency and percentage were
used for quantitative and qualitative variables, respectively. The endpoints
considered were viable CD34+ and CD3+ cells and CFU-GM recovery, in a
cryopreserved reference sample of HPC. Mann-Whitney U test and Chi-
Square test were performed for continuous and categorical variables,
respectively.
A multivariate model was added, considering as explanatory variables all

those with a p-value less than 0.1 in the bivariate analysis, and excluding
those that presented collinearity problems. The final model was obtained
using the Least Square Method to find the estimated multiple linear
regression.
Statistical analysis was performed with the software R Studio (Version

4.1.2). The significance level was set at 0.05.

RESULTS
Baseline characteristics of patients, donors and grafts
Our series comprises a total of 155 cryovial reference samples of
allogeneic PB HPC that were cryopreserved from November 2019
to November 2021 (Table 1). Eighteen (12%) leukocytapheresis
were performed for pediatric patients. Regarding donors, the
median age was 34 years old, mostly men (67%) and 45% of them
were unrelated donors. Patient’s and donors’ characteristics are
summarized in Table 1.
We analyzed the graft’s characteristics (Table 1). The median

time between ending collection and starting cryopreservation was
23.3 h. The median CD45+, CD34+ and CD3+ cells viability at cell
processing reception was 99%, 100% and 100%, respectively.

Baseline characteristics of cryopreservation and quality
control after thawing
One hundred and thirty-three (86%) and twenty-two (14%)
products were processed in BST and AN laboratories, respectively.
The median (range) of cells concentration at cryopreservation was
225 (74–469) NC/mL. Only, 16 (10%) leukocytapheresis were
frozen with a final NC/mL higher than 250 × 106. The median
(range) of CD34+ cells dose/kg, CD3+ cells dose/kg and CFU-GM/
kg in frozen aliquots were 6.0 (0.3–22.1) x 106, 1.8 (0.4–6.1) x 108

and 9.3 (0.0–67) x 105, respectively.
A cryovial reference sample was thawed for each frozen

cryobag to assess cell content, viability and clonogenicity (Table 1).
The median post thaw cryovial viability of CD45+ 7-AAD-, CD34+

7-AAD- and CD3+ 7-AAD- was 70%, 89% and 62%, respectively.
The loss of viable CD34+, CD3+ cells and CFU-GM after

cryopreservation was 19%, 43% and 14%, respectively (Table 1S.
Supplementary data). Comparison between the two facilities is
showed in supplementary data (Table 2S). Non relevant differ-
ences between laboratories were found regarding viable CD3+
cells and CFU-GM recoveries.
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Fig. 1 Variables affecting viable CD34+ cells recovery in the
criovial. Viable CD34+ cells recovery in the cryovial is plotted
against transit time (hours) (a), CD45+ cells 7-AAD- (%) at reception
(b) and NC/mL (x106) at cryopreservation (c).
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Variables influencing viable CD34+ and CD3+ cells recoveries
after thawing
We investigated the effects of fresh cell product characteristics
and transit time on the post thaw attributes of cryovial reference
samples from cryopreserved allogeneic PB HPC. On univariate
linear regression analysis, a weak correlation was observed
between viable CD34+ cells recovery after cryopreservation and

graft attributes such as NC/mL, MNC (%), CD45+ 7-AAD- (%) and
CD3+ 7-AAD- (%), hematocrit and transit time. Interestingly, a
higher correlation was observed between the above parameters
for viable CD3+ cells recovery in cryovials than for viable CD34+

cells (Table 2). In multivariate analysis, only transit time and the
percentage of CD45+ 7-AAD- at reception remained statistically
significant with viable CD34+ cells after thawing. In contrast,
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regarding viable CD3+ cells recovery, more graft attributes (transit
time, collection volume, NC/mL at collection and hematocrit)
remained statistically significant (Table 2). Correlation of those
variables and viable CD34+ and CD3+ cells recoveries are shown
in Figs. 1 and 2, respectively.
Regarding donor characteristics, female and unrelated donors

correlated weakly with viable CD3+ cells recovery after thawing in
univariate but not multivariate analysis (Table 2).
HPC plasma reduction, considered as NC/mL at cryopreserva-

tion, weakly correlated with both viable CD34+ and CD3+ cells
recoveries after thawing on univariate analysis but only
with CD3+ cells recoveries in multivariate analysis (Table 2 and
Fig. 2).

Variables influencing CFU-GM recovery after thawing
Donor characteristics (unrelated donor), graft attributes (transit
time, hematocrit and platelet/mL) showed a weak correlation on
univariate analysis (Table 2). However, only transit time remained
statistically significant in multivariate analysis (Table 2). Weak
correlation with transit time and CFU-GM recovery after thawing is
shown in Fig. 3.
Viable CD34+ cells recovery has a weak correlation albeit

significant with CFU-GM recovery (r2= 0.033; P= 0.002)). How-
ever, even in cases with poor CD34+ cells recovery, CFU-GM
recovery was observed (Fig. 1S. Supplementary data).

Dichotomy variables influencing poor viability and poor
potency after thawing
Those variables that influenced the viable CD34+ and CD3+ cells,
and CFU-GM recoveries after thawing in multivariate analysis were
selected and converted into dichotomy variables.
Exploratory analysis between threshold dichotomy variables

and significant poor viability (<50% viable CD34+ and CD3+ cells
recoveries) and poor clonogenicity (<50% CFU-GM recovery) was
performed (Table 3). Seven out of twenty-eight (25%) allogeneic
PB HSC with more than 36 h from collection until starting
cryopreservation had poor viable CD34+ cells recovery
(P= 0.001). Only 36 h was statistically associated in univariate
analysis with poor viability and clonogenicity (Table 3). Forty-eight
(31%) of leukocytapheresis were collected with a higher
concentration than 200 × 106 NC/mL and associated with poor
viable CD3+ cells recoveries (P= 0.020). Fifty-eight (37%) grafts
had a higher hematocrit than 2% and were associated with poor
viable CD3+ cells recoveries (P= <0.001). Finally, plasma reduced
HPC with a higher NC concentration than 250 × 106/mL were
associated with poor viable CD34+ and CD3+ cells recoveries in
univariate analysis (Table 3).
Four samples showed a very poor viable CD34+ cells recovery

(<30%) after thawing. All of them were cryopreserved at more
than 42 h old from end of collection. Three samples were frozen as
leftover aliquots and they have not been transfused to date. The
only patient that underwent HSCT with a with very poor viable
CD34+ cells recovery showed neutrophil and platelet engraft-
ment at 17 and 87 days after transplantation, respectively. It
reflects a delay in engraftment-mainly in platelets.

DISCUSSION
We retrospectively analyzed pre-freeze variables affecting viability
and clonogenicity after thawing of 155 samples of allogeneic
cryopreserved PB HPC. In our study, transit time longer than 36 h
influenced poor viable CD34+ and CD3+ cells recoveries and also
poor CFU-GM recovery. Interestingly, viable CD3+ cells recoveries
were affected more by graft attributes such as NC/mL >200 × 106,
collection volume and hematocrit >2%. Finally, cryopreservation
with an NC concentration higher than 250 × 106/mL was
associated with poor viability but without affecting clonogenicity.
Several other observations in our study are worth mentioning.

First, our data are consistent with recent scientific literature in
terms of viable CD34+ cells recovery after thawing; Purtill D and
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Table 3. Dichotomy variables resulting in <50% viable CD34+ and CD3+ cells, and CFU-GM recoveries on postthaw cryovial of cryopreserved HPC.

Variable <50% viable CD34+ cell
recovery

<50% viable CD3+ cell
recovery

<50% CFU-GM recovery

No Yes P No Yes P NO Yes P

Transit time, n 0.002 <0.001 0.005

≤ 36 h 121 6 90 37 98 23

> 36 h 21 7 5 23 15 13

NC/mL at reception, n 0.035 0.021 0.034

≤200 × 106 101 5 72 34 83 19

>200 × 106 41 8 23 26 30 17

Hto at reception, n 0.005 <0.001 0.142

≤2% 95 3 71 27 74 18

>2% 47 10 24 33 39 18

NC/mL at cryopreservation, n 0.040 0.017 0.695

≤250 × 106 130 9 89 50 102 31

>250 × 106 12 4 6 10 11 5

CFU-GM colony-forming units granulocyte/macrophage, HPC hematopoietic progenitor cells, NC nucleated cells, hto hematocrit.
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colleagues reported a similar median of 74% CD34+ cells
recoveries [10]. Other groups found >90% CD34+ cells recoveries
[18, 19]. However, a central cryopreservation hub published a 42%
viable CD34+cells recovery but 94% viability after thaw [20]. It is
possible that this may be attributed to the fact that the
assessment of cryopreserved material is more difficult even using
a standardized ISHAGE protocol. This means that alternative
approaches for viable CD34+ cells quantification after thawing
may help in defining a more reproducible method [17]. Second,
CD3+ cells recoveries were more sensitive to cryopreservation
(lower than 60%), as others groups reported [18, 19]. Interestingly
we observed new parameters associated with this impairment
such as transit time, collection volume, NC/mL during transport,
hematocrit and also with cells concentration at freezing (NC/mL at
cryopreservation). Some differences between BST and AN were
observed regarding viable CD3+ cells without affecting overall
results. In our series, BST samples were cryopreserved with longer
transit time and higher NC/mL cryopreservation than AN samples,
leading to a lower viable CD3+ cells recovery.
Third, only transit time was associated with CFU-GM recovery,

showing that clonogenicity of stem cells are well protected even
when low viability is reported.
Leukocytapheresis is a well-defined and automated process.

However, operators can potentially negatively affect product
quality attributes by modulating collection parameters such as red
blood cells contamination and NC/mL. Our study suggests that
long collections, defined as high graft volumes, could result in
poor CD3+ cells viability after thawing. It may be explained by cell
damage due to prolonged centrifugation in the collection device.
A higher hematocrit than 2% was also associated with poor CD3+

cells viability. Red blood cells contamination may also adversely
affect T cells expansion in culture for advanced cell therapies [21].
Our group supports diluting products to a maximum of
200 × 106NC/mL after collection to preserve viability after thawing,
a lower threshold than other groups [12]. In regards to cell
processing after collection, plasma reduction of products to a
higher than 250 × 106/mL was associated to a poor viability.
Despite different graft attributes factors influencing cells recovery

after thawing, only transit time was associated in multivariate
analysis with low viability and clonogenicity. In our study,
allogeneic HPC cryopreserved more than 36 h after collection
(estimated threshold for overseas products) were associated with
poor viability as reported by Purtill D and colleagues [10], and with
poor CFU-GM recovery. The creation of a central European
cryopreservation site for Australian TC’s using DKMS registry donors
has guaranteed a lower transit time and therefore, better quality
control of HPC attributes [20]. Viable CD34+/kg and CFU-GM/kg pre
and post cryopreservation impacts on engraftment of autologous
HSCT and CBU transplantation [14, 22, 23]. However, limited data
are available regarding impact of viable CD34+/kg and CFU-GM
after thawing of cryopreserved allogeneic PB HPC. The COVID-19
pandemic made it necessary to cryopreserve allogeneic HPC, and
mostly groups have shown no differences regarding engraftment
and clinical outcomes versus fresh allogeneic HSCT [3, 8–11].
Probably, despite cell losses after cryopreservation, enough viable
CD34+ cells dose and CFU-GM are usually transfused because a
good mobilization is achieved from healthy donors, and therefore
no clinical impact has been shown. However, even in those healthy
donors, approximately 2% of them are at risk of poor mobilization
[24] and the difference in weight between recipient and donor
exists in allogeneic HSCT. So, cryopreservation of allogeneic HPC
could potentially result in reduced graft performance in those
situations. Therefore, good control of collection variables (transit
time, NC/mL at transportation, collection volume and hematocrit)
and transit time could better preserve the viability and clonogeni-
city after cryopreservation.
Nevertheless, our study has some limitations, first of all because

of its retrospective design. Second, we focus our analysis on

the CD34+ and CD3+ cells populations. Third, 2 different cell
processing laboratories were involved but with the same
cryopreservation and quality control methodology. Finally, CFU
assays require training and experience to reduce variability. In
spite of both laboratories are running external proficiency testing,
CFU assessment is a temperamental assay and due to technician
variation in identifying and counting colonies, pre and post
processing inconsistencies and consequently interlaboratory
performance variations can be expected as our study showed
[14]. However, this issue is not affecting the general results nor our
conclusions.
In summary, to the best of our knowledge, this is the first study

to assess the impact of pre-freeze characteristics not only on
CD34+ cells viability after thawing, but also on T cells lymphocytes
and clonogenicity in allogeneic PB HPC. In our study, transit time
longer than 36 h was associated with poor viability and
clonogenicity after thawing. Diluting leukacytapheresis below
200 × 106NC/mL, avoiding red blood cells contamination higher
than 2% hematocrit and cryopreserving with lower than 250 × 106

NC/mL may increase viability especially for CD3+ cells. These
results may help to harmonize collection centers and transit time
policies when cryopreservation is recommended.
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The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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