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Long-Term Cryopreservation Does Not
Affect Quality of Peripheral Blood Stem
Cell Grafts: A Comparative Study of
Native, Short-Term and Long-Term
Cryopreserved Haematopoietic
Stem Cells

Daniel Lysak1, Michaela Brychtová2, Martin Leba3,
Miroslava Čedı́ková2, Daniel Georgiev3, Pavel Jindra1,
Tomáš Vlas4, and Monika Holubova1,2

Abstract
Cryopreserved haematopoietic progenitor cells are used to restore autologous haematopoiesis after high dose che-
motherapy. Although the cells are routinely stored for a long period, concerns remain about the maximum storage time and
the possible negative effect of storage on their potency. We evaluated the effect of cryopreservation on the quality of per-
ipheral stem cell grafts stored for a short (3 months) and a long (10 years) period and we compared it to native products.The
viability of CD34þ cells remained unaffected during storage, the apoptotic cells were represented up to 10% and did not differ
between groups. The clonogenic activity measured by ATP production has decreased with the length of storage (ATP/cell 1.28
nM in native vs. 0.63 in long term stored products, P < 0.05). Only borderline changes without statistical significance were
detected when examining mitochondrial and aldehyde dehydrogenase metabolic activity and intracellular pH, showing their
good preservation during cell storage. Our experience demonstrates that cryostorage has no major negative effect on stem
cell quality and potency, and therefore autologous stem cells can be stored safely for an extended period of at least 10 years.
On the other hand, long term storage for 10 years and longer may lead to mild reduction of clonogenic capacity. When a
sufficient dose of stem cells is infused, these changes will not have a clinical impact. However, in products stored beyond 10
years, especially when a low number of CD34þ cells is available, the quality of stem cell graft should be verified before infusion
using the appropriate potency assays.
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Introduction

A high-dose chemotherapy followed by an autologous stem

cell transplant represents a standard treatment approach in

chemosensitive lymphoid neoplasms. Peripheral blood stem

cells (PBSCs) are a preferable stem cell source used for

autologous stem cell support, where, in most cases, mobili-

zation of PBSCs with G-CSF (alone or combined with che-

motherapy) generates sufficient stem cell numbers for

further use. The leukapheresis products must be cryopre-

served and stored in liquid nitrogen until their subsequent

reinfusion. The success of the whole transplant depends on

the PBSC graft’s ability to reconstitute haematopoiesis fol-

lowing multiple procedural steps, including stem cell collec-

tion, processing, freezing, storage, transportation, and finally

thawing and infusion.

The majority of stem cell products are infused within

months of harvesting; however, whenever multiple trans-

plants are required the need for long-term storage arises. A

second autologous transplant can be a suitable option for

multiple myeloma patients who have relapsed after previous

high-dose chemotherapy, especially if the response to the

first transplant was long-lasting1. A similar multiple trans-

plant approach can be useful in Hodgkin lymphomas, where

the tandem autologous stem cell transplant is proposed as an

option to improve the outcome in high-risk patients2. In all

cases, all grafts are collected before the first transplant as

stem cell harvest at the time of relapse may be challenging

due to the advanced disease stage and increased cumulative

stem cell toxicity. Moreover, the risk of poor mobilization

increases with each course of chemotherapy, which may

ultimately reduce the stem cell pool within the bone marrow.

Autologous PBSCs are cryopreserved and stored in the

liquid or vapor phase of nitrogen until thawing and reinfu-

sion. A conventional cryopreservation method involves

controlled-rate freezing and 5%–10% dimethyl sulfoxide

(DMSO) as the cryoprotectant3. For decades, DMSO is a

verified additive for long-term bone marrow or peripheral

blood stem cell storage protecting cells from the formation

of ice crystals and resulting cellular damage. Under these

conditions, haematopoietic stem cell (HPC) products can

be stored for extended periods ranging from months to years.

Quality control of stem cell grafts typically considers

nucleated cells, where CD34þ cell counts and viability are

key functional markers. The CD34 antigen is used as a sur-

rogate marker for haematopoietic stem cell identification,

and CD34þ cell enumeration is an accepted method stem

cell content quantification. Standardized methods for

CD34þ cell analysis, such as ISHAGE based protocols,

offer low intra- and inter-laboratory variability, thus allow-

ing comparison of different stem cell grafts, mobilizations,

or cryopreservation protocols4.

Viability characterization relies on indirect measurements

and hence questions remain as to its ability to capture func-

tional integrity and potency of CD34þ cells following long-

term storage. Dead cells are identified and excluded from

analysis in the CD34þ assay using viability dye. Membrane

integrity viability measurements, however, correlate poorly

with the post-thaw cell condition and function. The dye

exclusion method only detects the latest stages of cell death,

whereas freezing and thawing could induce more subtle

functional impairment in cells that are still living. In other

words, the viable CD34þ count used in standard quality

control criteria for thawed grafts does not guarantee that

PBSC function and potency are retained. Indeed, cases of

engraftment failure despite high post-thaw viable CD34þ
counts point to a problem of false assurance of stem cell

function check after cryopreservation5. Increasing the rein-

fusion dose to at least 2 � 106/kg CD34þ as measured

before freezing circumvents this problem6 but not without

its pitfalls. A higher dose of 4–5 � 106/kg is associated with

faster engraftment of neutrophils causing reduction of risk of

infections7. The CD34þ cell counting can be combined with

the CFU assay to further evaluate the functional capacity of

the whole graft and its individual cell subsets. Significant

losses in total nucleated cells, cell viability, and colony-

forming units (CFU) may be caused by cryopreservation and

thawing8,9.

Long-term stability and post-thaw potency of haemato-

poietic stem cell grafts remain less explored. Only sparse

data is available for grafts stored for over a decade. Several

studies were performed on cord blood (CB) grafts confirm-

ing storage of up to 10–15 years does not significantly

decrease stem cell recovery10,11. Studies dedicated to per-

ipheral blood stem cells are more limited, most considering

only relatively short storage periods12–14. Only a couple of

studies address storage periods beyond 10 years15,16.

Another limitation of many studies is the lack of functional

stem cell assay in the analysis. Here in we report the effect of

cryopreservation on the quality and activity of PBSC sam-

ples stored for a short (3 months) and a long (10 years)

period in comparison to native samples. The goal of the

study is to determine whether autologous PBSCs retain the

quality and potency after long-term cryostorage and hence

can be stored safely for an extended period.

Methods

Samples Preparation

Three different groups of PBSC samples were subjected to in

vitro analyses and compared. The native non-cryopreserved

samples (N) were processed immediately after the comple-

tion of apheresis (n ¼ 12); the short-term storage samples

(STC) were analysed after 3 months (2.5–3.4) of liquid nitro-

gen storage (n ¼ 12); and long-term storage samples (LTC)

were stored for 10 years (9.0–10.8; n ¼ 20). The study

scheme is showed in Fig. S1.

PBSC collection and freezing

PBSCs from patients with different malignant diseases (non-

Hodgkin, Hodgkin lymphoma, and multiple myeloma) were
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collected on an apheresis device. All enrolled patients signed

informed consent before performing apheresis. Large vol-

ume procedures were performed, processing from 3 to 4

times the patient blood volume in order to collect the amount

of CD34þ cells required for reinfusion. Prior to collection,

patients were mobilized with a combination of chemother-

apy (cyclophosphamide 2–4 g/m2 or disease-specific salvage

regimens) and granulocyte colony-stimulating factor (fil-

grastim 10 mg/kg/day). Target doses of CD34þ cells were

set to� 3.0� 106/kg (lymphoma patients) or to� 4.0� 106/

kg (myeloma patients, tandem transplant) of the recipient.

All apheresis products were cryopreserved on the same day.

Before freezing, the cell count was adjusted with autolo-

gous plasma to a maximum concentration of 200 � 106/l.

Cryobags (OriGen Biomedical, USA) with cells were placed

on cooling plates, followed by the addition of the cryopre-

servation medium containing 20% dimethyl sulfoxide

(DMSO, Wak-Chemie, Germany), 5% human serum albu-

min (HSA - albunorm, Octopharma, Belgium), and

phosphate-buffered saline (PBS, local source) in a 1: 1 ratio

resulting in 10% DMSO concentration final. Small 1 ml

samples were drawn from the cryobag, divided into cryo-

tubes (Nunc, USA), and frozen together with the bags for

subsequent quality control and/or research. All stem cell

processing was done in a cleanroom facility under GMP

conditions. Sealed cryobags were inserted into metal cas-

settes and subjected to the controlled rate freezing in a pro-

grammable freezing machine (IceCube 1810, Sy-lab,

Austria). After reaching the temperature �140�C, cells were

transferred into liquid nitrogen for long-term storage. Iden-

tical processing, freezing, and storage procedures were used

for all bags and samples.

PBSC Samples Thawing

Prior to testing for differentiation potential, flow cytometry,

mitochondrial activity, viability/apoptosis/necrosis, metabolic

activity, and intracellular pH, PBSC samples (representative

samples in cryotubes stored under same conditions as the cell

products) were thawed according to optimized protocol reduc-

ing the clumping of neutrophils. Aliquots were removed from

liquid nitrogen, immediately transferred to a pre-warmed

37�C water bath, and thawed approximately for 3 min. Then

1 ml of pre-warmed IMDM (Gibco, Scotland) medium and

150 UI of DNAse (for clamping reduction; Roche, Germany)

were added (drop-by-drop), and cells were resuspended by

gentle agitation. The final cell suspension was transferred into

10 ml of pre-warmed IMDM. The leukocyte concentration

was determined on a haematology analyser.

Analysis of viability, Necrosis, and Apoptosis

A combination of 7-Aminoactinomycin D (7-AAD) and

Annexin V was used for the evaluation of viable, apoptotic,

and necrotic cells. 7-AAD penetrates through the cell mem-

brane of dead cells only. Membrane phosphatidylserine (PS)

translocation from the inner to the surface side occurs in

dying cells. Annexin V is characterized by its high affinity

to PS. Flow cytometry allows recognition of living cells

(Annexin V negative/7AAD negative), apoptotic cells

(Annexin V positive/7AAD negative), and dead cells (posi-

tive for both markers).

Primary antibodies Annexin V—FITC (Exbio, Czech

republic), CD45—Krome orange, CD34—PE, and 7AAD

marker (all Immunotech, USA) were added to 100 ml of cell

suspension (concentration 5 � 105 cell in 1 ml Annexin

Binding buffer) and incubated for 15 min in the dark (room

temperature). Unbound antibodies were washed away with 4

ml PBS at 350g/5 min. The cell pellet was resuspended in 5

ml Annexin binding buffer, and samples were immediately

measured on BD FACS Canto II flow cytometer. Analysis

was performed using the software FlowJo (Treestar, USA).

Because granulocytes are susceptible to disruption, viability

of all leukocytes (with granulocytes) and mononuclear cells

was analysed separately.

Mitochondrial Potential

JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazo-

lylcarbocyanine iodide), a lipophilic cationic dye assay (Life

Technologies, USA) was used to detect changes in the mito-

chondrial membrane. This dye exhibits mitochondrial poten-

tial indicated by a bright red and green fluorescence

emission in healthy cells. A decrease in green fluorescence

indicates mitochondrial depolarization and cell damage.

Cells were resuspended in 1 ml of PBS at the final concen-

tration 1 � 106/ml. JC-1 solution (10 ml at the concentration

of 200 mM) was added to the cell suspension, and cells were

incubated at 37�C for 20 min. CCCP (2 ml; Carbonyl cyanide

m-chlorophenyl hydrazone), a disruptor of the mitochondrial

membrane potential, was used in the control tube. Washing

with PBS and centrifugation (350g/5 min) followed the incu-

bation period. The supernatant was removed, and the pellet

was resuspended in 100 ml PBS. Staining of membrane anti-

gens CD45 and CD34 was performed by incubating with the

antibodies anti-CD34-PE and anti-CD45-Krome Orange

(both Immunotech, USA) for 15 min at room temperature

in the dark. After washing, the suspension was immediately

measured on BD FACSCanto II flow cytometer (BD

Bioscience, USA). The analysis was performed in the soft-

ware FlowJo.

Metabolic Potential

High aldehyde dehydrogenase (ALDH) activity is typical for

healthy haematopoietic precursor cells. The ALDEFLOUR™
assay (STEMCELL Technologies, USA) uses substrate

BIDOPY™ aminoacetaldehyde (BAAA), which diffuses into

the cells where it is converted to BODIPY® - aminoacetate

(BAA), causing the cells to express high levels of ALDH

becoming brightly fluorescent when measured on a flow cyt-

ometer. Cells were diluted to the concentration 1 � 106 cells/
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ml in PBS. The erythrocytes were lysed, and the cell suspen-

sion was washed with PBS. BAAA (5 ml) was added and half

of the suspension was transferred to a control tube containing

a specific inhibitor of ALDH, diethylaminobenzaldehyde

(DEAB). After 30 min incubation at 37�C, cells were washed

with PBS (1500 RPM, 5 min) and the pellet was resuspended

in 100 ml Aldefluor Assay buffer. Antibodies CD45-Krome

Orange and CD34-PE were added for identification of hae-

matopoietic cells, and further washing with PBS at 1500

RPM/5 min followed. Finally, the cells were resuspended in

300 ml of Aldefluor Assay buffer and immediately measured

on BD FACSCanto II flow cytometer. The analysis was done

with the software FlowJo.

Measurement of pH in Cells

The cell suspension was diluted to a concentration of 1 �
106/ml in EBSS buffer. Next, the BCECF-AM solution

(Sigma Aldrich, USA) was added at the final concentration

of 10 mM. The suspension was incubated for 25 minutes at

37�C in a water bath. After incubation and washing with

EBSS the samples were analysed using a FC500 flow cyt-

ometer (Beckman Coulter, USA). Fluorescence was mea-

sured at 525 nm and 610 nm, and the pH value was

determined using a calibration curve.

Differentiation Potential

Differentiation potential was evaluated using the HALO 96-

PCAeq kit (Hemogenix, USA). This assay was intended as a

replacement of the standard CFU assay. The test is based on

a chemical reaction of ATP with luciferin (in the presence of

luciferase), leading to the production of a bioluminescence

signal. Bioluminescence is measured on the plate reader, and

the concentration of ATP is calculated using a standard

curve. Cell suspension containing 3–5� 106 leukocytes first

was lysed with ammonium chloride (5 ml) to remove the red

blood cell and then washed and resuspended in 1 ml IMDM

medium. Leukocyte concentration was measured, and sam-

ples were diluted to the final concentration 0.75 � 106 cells/

ml. 100 ml of suspension was transferred to 900 ml of HALO®

Culture Master Mix. Cells were seeded at the concentration of

7500 cells/well in six replicates and cultivated for six days in

5% CO2 and 37�C. Following the culture period, the ATP

Enumeration Reagent (100 ml) was added to each well. The

plate was incubated for 10 min at room temperature in the

dark. The bioluminescence was measured on SYNERGY HT

reader (BioTek, USA). A standard curve was done for each

measurement.

Statistical Analysis

We used STATISTICA software (StatSoft, Czech Republic)

for the statistical evaluation of the data. Non-parametric

Mann–Whitney U test was chosen to determine statistical

differences between groups at P � 0.05.

Results

Determination of Viability, Necrosis, and Apoptosis

7-Aminoactinomycin (7-AAD) was used to determine viable

(negative) and dead (positive) cells. Apoptotic cells were

determined by Annexin V expression on the surface of 7-

AAD negative cells (see Supplementary Fig. S2). Both

groups of cryopreserved cells showed lower leukocyte/total

nucleated (TNC) and mononuclear cell (MNC) viability (see

Fig. 1A, B). Total leukocyte viability was the lowest in the

LTC group (median ¼ 68%). The STC group had 80% via-

bility. The N group had the highest viability of almost 100%.

Differences between the N group and either the STC or LTC

group were statistically significant, P < 0.05. A minimal

difference in mononuclear cell viability was observed

between cryopreserved (STC resp. LTC) and native groups

(medians: 91% resp. 94% vs. 99%, P < 0.05). The viability

of CD34þ cells remained above 95% in both cryopre-

served subgroups (medians: 99% and 98%, ns) and was

surprisingly higher than in the native products (median ¼
87%, P < 0.05; Fig. 1C). Apoptotic CD34þ cell popula-

tions were identified in all subgroups but were slightly

more represented in the LTC (median ¼ 8%) and the N

(median ¼ 7%) groups as compared to the STC group

(median ¼ 5%). However, this difference was not statis-

tically significant (see Fig. 1D).

Evaluation of Mitochondrial Potential

Fluorescent dye JC-1 with bright red and green fluorescence

was used to compare mitochondrial potential between the

three subgroups (see Supplementary Fig. S3). Only minimal

and not statistically significant differences between groups

were observed irrespective of storage length. The mitochon-

drial activity in SCT, LCT, and N subgroups measured as a

percentage of cells with bright green fluorescence reached

60%, 65%, and 64% (medians, ns); for details, see Fig. 2.

Testing of Metabolic Activity

Aldehyde dehydrogenase (ALDH) activity was used to

determine metabolically viable cryopreserved and native

haematopoietic stem cells (see Supplementary Fig. S4). The

same numbers of CD34þ cells with high metabolic activity

(high ALDH expression) were recorded in the native and

short time cryopreserved cells (86% and 87%, median).

Slightly lower activity was measured in the LTC group

(81% median), see Fig. 3. The differences are not statisti-

cally significant.

Differentiation Potential

Bioluminescence assay was used for evaluation of hae-

matopoietic stem cells differentiation potential. A consid-

erable degree of heterogeneity was seen within all tested

subgroups. The level of ATP/cell measured in the N
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group was 1.28 nM (range 0.33–4.9) and was higher in

comparison to 1.03 nM measured in the STC group

(range 0.15–1.84, ns) and 0.63 nM measured in the LTC

group (range 0.16–4.9, P < 0.05). A downward trend of

ATP concentration was observed with the N group having

the highest concentration and the LTC group having the

lowest concentration, see Fig. 4.

Measurement of pH in Cells

Detection of intracellular pH (ipH) revealed with borderline

statistical significance lower values for samples stored for

extended periods (7.18; 7.10–7.45) as compared to native

(7.33; 7.30–7.35; P ¼ 0.05) and briefly stored products

(7.31; 7.18–7.50; ns). For details see Fig. 5.

Discussion

High-dose chemotherapy followed by autologous stem cell

transplantation represents an effective treatment for several

haematological malignancies. Despite the significant

improvements in the therapeutic protocols, many patients

still require re-transplantation. The need for a second trans-

plant often occurs years later and opens the question of the

use of the long-term cryopreserved cells or to collect a new

graft. In this presented study, we show that the PBSCs cryo-

preserved even for 10 years can still be safely used for the

transplantation.

The quality of the graft is assessed by several key para-

meters that include, in particular, WBC and stem cell dose,

viability, sterility, and in some cases CFU count. The dose of

CD34þ cells affects the engraftment rate17,18, and some

Figure 1. Determination of viability, necrosis and apoptosis. Detection of viable and apoptotic cells with 7-Aminoactinomycin/Annexin V.
(A) A total leukocyte viability in groups; (B) mononuclear cells (MNC) viability, (C) proportion of dead CD34þ cells, (D) percentage of
apoptotic cells within the CD34þ cell population. (median; box: 25%–75%; quantiles; * significancy P � 0.05).
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reports also suggest a relationship between the stem cell dose

and survival parameters. Therefore, a sufficient stem cell

dose is a prerequisite for a successful stem cell transplant.

The analysis of CD34þ cells by flow cytometry is the most

common method for quantification of haematopoietic stem

cells in apheresis products prior to cryopreservation. The

method is well standardized and achieves a low level of

inter-laboratory variability19. On the contrary, there is no

clear consensus regarding product quality control after thaw-

ing. Post-thaw analysis of stem cell products may cause

multiple problems. Cryopreservation can lead to a signifi-

cant loss of viable CD34þ cells and hence infused CD34þ
cell numbers may be substantially lower than those obtained

at the time of CD34þ cell harvesting20,21. Moreover, flow

cytometry analysis can be complicated by changes in leuko-

cyte subpopulations, the presence of cellular debris, or

post-cryopreservation processing22. This can cause over/

underestimation of CD34þ content in thawed grafts. Indeed,

several studies have reported post-thaw recoveries of

CD34þ or CFU greater than 100%23.

The capability of CD34þ cells to be stored for more than

10 years is proven in cord blood units and reviewed exten-

sively24–27, but these results are not directly comparable with

PBSC, where the CD34þ cells are being mobilized from

their natural environment and cryopreserved accompanied

with highly activated neutrophils. Our study showed that the

viability of leukocytes declined with long-term storage (68%
after 10 years); however, the viability of mononuclear and

CD34þ cells was retained with <10% decrease in compari-

son to native products. Similar data were shown by Abbruzz-

ese et al. who reported that the viability of CD34þ cells

measured after 5 weeks or after 10 years of cryopreservation

remains without change (97.2 vs. 95.9%)28. Almost the same

was obtained by Veeraputhiran et al. showing no difference

of viability after > 9 years8. On the contrary, Liseth et al.

found a decrease of CD34þ cell viability to 73% after 5

years of liquid nitrogen storage. The CD34þ loss does not

impact the safety of PBSC products as the engraftment

kinetics are equivalent for products stored for 1.5, 4229, and

60 months30.

The standard 7AAD viability analysis only detects necrotic

and late apoptotic cells that have altered membrane permeabil-

ity and early apoptotic cells are not captured. A significant

number of CD34þ Annexin Vþ events can be found within

the 7AAD negative population, suggesting many of these

viable cells may undergo apoptosis or have a limited functional

potential after reinfusion. By analysing our samples together,

the mean percentage of viable cells was 94.4% using 7-AAD

alone and 83% when also using Annexin V staining, the dif-

ference was more pronounced in long-term cryopreserved cells

(about 15%). An earlier study showed even a greater difference

Figure 2. Evaluation of mitochondrial potential. Detection of mito-
chondrial potential using the JC-1 assay. Percentage of green cells
indicates the health of mitochondria in groups. There is no signif-
icant difference between native and both groups of cryopreserved
cells. (median; box: 25%–75%; quantiles; * significancy P � 0.05).

Figure 3. Testing of metabolic activity. ALDH expression by
CD34þ cells showing metabolic activity of cells. No difference
between groups was observed. (median; box: 25%–75%; quantiles;
* significancy P � 0.05).
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of about 30% in the percentage of dead cells when using 7-

AAD alone as compared to 7-AAD in combination with an

apoptotic marker31. Increased numbers of apoptotic MNCs in

the thawed product may be associated with lower CFU count

post-thaw and delayed neutrophil recovery after transplant32.

Therefore, the standard CD34þ enumeration method imple-

menting the dye exclusion viability test does not completely

reflect cell potency after thawing. Furthermore, some authors

suggested that CFU recovery is superior even relative to

Annexin V assessment33.

Mitochondria contribute to the haematopoietic stem cell

condition by a complex network of catabolic and anabolic

pathways suggesting loss of mitochondrial activity can pre-

dict further cell damage. The organelle generates ATP by the

mitochondrial ATP synthase activity and utilizes acetyl-CoA

as a source of reduced equivalents to produce NADH34.

Mitochondrial activity of HSC is linked to haematopoietic

function and fate-decision making. Cells with higher mito-

chondrial potential (MP) have a higher differential capacity

than self-renewing cells with low MP35. Mitochondrial dam-

age caused by cryopreservation is widely studied in

reproductive biology and freezing effects on mitochondria

are also described for hepatocytes36 or mesenchymal stromal

cells37. Our analysis showed no differences between native

and short- or long-term stored products. Detection of meta-

bolic activity haematopoietic stem cells by the ALDH assay

also failed to demonstrate any significant effects associated

with extended cryopreservation time. Putting together, the

mitochondrial activity and metabolic functions of stem cells

seem to be well preserved even after long-term storage.

In addition to the quantification of CD34þ cells, determi-

nation of clonogenic potential represents another standard test

for the evaluation of graft quality. Some authors showed

decreased CFUs in PBSCs or cord blood units after cryopre-

servation and thawing38,39. Regardless, CFU recoveries remain

high and do not change significantly with storage time. Winter

et al. found similar CFU recoveries for grafts stored for less

than 1 month and for those stored for 14 years39. Vosganian

et al. also did not reveal any decrease in clonogenic activity of

PBSCs following 10 years of cryopreservation. However, in

samples stored over 10 years, activity decreased signifi-

cantly40. Published data confirms the functional progenitor cell

fraction within PBSC grafts is retained for at least 14 years. Our

data from equivalent potency assay (ATP detection) indicate

that long-term cryopreservation can affect the quality of the

autologous PBSCs and that storage for 10 years or longer may

result in some loss of clonogenic and differentiation capacity.

Figure 5. Intracellular pH detection There was a trend for lower
intracellular pH (ipH) in the LTC group in comparison to the N
subgroup and the STC subgroup but without statistical significancy.
(median; box: 25%–75%; quantiles; * significancy P � 0.05).

Figure 4. Analysis of clonogenic potential. The level of ATP/cell
measured after activation by HALO® Culture Master Mix. All
groups showed potential to differentiate/proliferate; however,
long-term storage slightly decreased the clonogenic potential when
compared to native cells. (median; box: 25%–75%; quantiles; * sig-
nificancy P � 0.05).
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Regulation of intracellular pH is an essential cellular

function that maintains intracellular homeostasis. Proteins,

including those within the cell membrane and enzymes

involved in energy metabolism, are very sensitive to changes

in intracellular pH (ipH). Cells have complex systems that

maintain constant ipH in the presence of metabolic and envi-

ronmental changes. We found only a borderline decrease in

ipH that correlated with MNC viability following long-term

storage. Minor ipH changes cannot be ruled out during long-

term storage and are probably caused by cell damage and

loss of function. Experimental study of Xu et al. on chon-

drocytes showed that exposure of cells to DMSO results in a

decrease of ipH followed by a recovery upon cryoprotectant

removal. The ipH changes also correlated with membrane

integrity and cell volume41.

Our complex analysis of the cryopreserved PBSC sam-

ples demonstrates that stem cells can retain their quality for

up to 10 years in cryostorage. In long-term cryopreservation

(*10 years), there are no major changes in haematopoietic

stem cell properties or function. Based on this study, the

expiration time for grafts stored in our tissue bank was set

to 10 years.

The study also confirmed that, to support high-dose che-

motherapy, only minimal graft quality control post thawing

is necessary when validated and standardized methods for

stem cell freezing, storing, and application are used and

when sufficient doses of CD34þ cells are collected. How-

ever, PBSC grafts may deteriorate with extended storage and

a decrease in stem cell clonogenic activity may be observed

after periods of over 10 years. Post-freeze estimation may be

necessary when transplantation is considered for patients

with grafts in long-term storage, especially when a low num-

ber of CD34þ cells was collected, for example, due to poor

mobilization. The quality of aged grafts should be confirmed

using the appropriate graft potency assays (CFU assay or

ATP assay as the equivalent method).
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