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Abstract Cryopreservation of peripheral blood stem cells
(PBSC) mobilized by chemotherapy combined with or
without granulocyte colony-stimulating factor (G-CSF) is
an essential part of procedure for anti-cancer strategies.
We evaluated whether a higher cell concentration (2�108/
ml) without the use of a programmed freezer was
acceptable for the storage of mobilized PBSC in an
autologous setting. Mobilized PBSC were enriched to
mononuclear cells (MNC) by Percoll separation and then
frozen at cell concentrations of 2–5�107/ml (group I,
n=20) or 2�108/ml (group II, n=44) without the use of a
programmed freezer using 5% DMSO, 6% hydroxy ethyl
starch, and 4% autologous serum or human albumin.
CD34+ cells purified by ISOLEX300 were frozen at
2�107/ml (group III, n=22) using the same method. The
median recovery rates of CD34+ cells and CFU-GM
were, respectively, n.d. (not determined) and 88% in
group I, 103 and 64% in group II, and 98 and 53% in
group III. There was a statistical significance between the

recovery rate of CFU-GM in group III and that in group I
(p=0.02). The median percentage of cell viability after
thawing in each group was 89, 87, and 75%, respectively.
The median numbers of days after PBSCT to achieve a
WBC of >1.0�109/l, an absolute neutrophil count of
>0.5�109/l, and a platelet count of >50�109/l were,
respectively, 11, 11 and 15 in group I; 12, 12 and 16 in
group II; and 12, 12 and 27 in group III. These results
suggest that enriched MNC from mobilized PBSC could
be frozen at a higher cell concentration (2�108/ml)
without the use of a programmed freezer, leading to
reduction of the toxicities associated with infusion of
thawed cells and of costly space required for cell storage.
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Introduction

Peripheral blood stem cell transplantation (PBSCT) has
replaced autologous marrow transplantation in the treat-
ment of various types of cancers [1].Improvements in
mobilization methods with recombinant cytokines enable
us to collect larger numbers of PBSC. Harvested periph-
eral blood stem cells (PBSC) are also expected to be a
source of targeting cells for various types of future cell
therapies.

Cryopreservation of PBSC is essential in an autolo-
gous setting. It has been previously reported that cell
concentration (2�107/ml) and rate control (�1�C/min) are
critical in cell freezing procedure [2]. In case of PBSCT,
the traditionally recommended concentration of 2�107/ml
would result in large product volumes with correspond-
ingly increased amounts of cryoprotectant, which could
be toxic for the recipients [3, 4, 5]. On the other hand,
rate-controlled freezing with a programmed freezer is
expensive as a routine clinical procedure. To make this
procedure simpler and more economical, a non-rate-
controlled freezing method has been reported by several
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investigators [6, 7, 8].It has been shown that rate-
controlled cryopreservation with a programmed freezer
at a higher cell concentration does not impair the post-
thaw recovery of hematopoietic stem/progenitor cells [9].

However, the effect of cryopreservation at a higher cell
concentration without the use of a programmed freezer on
autologous PBSCT has been tested very little [10]. In this
study, we compared the recovery of CFU-GM, CD34+
cells and engraftment kinetics of cryopreserved products,
which were frozen without the use of a programmed
freezer at low and higher cell concentrations.

Methods and materials

Subjects

Patients who underwent PBSC collection and autologous PBSCT
from January 1992 to December 1999 in the Department of
Pediatrics, University of Tokushima, were enrolled into this study
after obtaining consent. The study subjects consisted of patients
with acute lymphoblastic leukemia (ALL, n=26), acute nonlym-
phocytic leukemia (ANLL, n=11), non-Hodgkin’s lymphoma
(NHL, n=3), and various solid tumors (n=46). The solid tumors
included neuroblastoma (n=13), brain tumor (10), Wilms tumor (6),
ovarian cancer (5), breast cancer (4), retinoblastoma (2), rhabdo-
myosarcoma (2), testicular tumor (2), peripheral neuroectodermal
tumor (1), and juvenile rheumatoid arthritis (1). Of 86 patients, 42
were male and 44 were female. Their ages ranged from 1 to
56 years, with a median age of 10 years.

Mobilization and collection of PBSC

PBSC were mobilized by intensive chemotherapy with or without
recombinant human granulocyte colony-stimulating factor (G-CSF)
as previously reported [11].They were collected in the recovery
phase of chemotherapy with a Baxter CS3000 plus continuous-flow
blood cell separator (Baxter Healthcare, Deerfield, IL, USA)
[12].Collection was performed on the day the patient achieved a
WBC of >3�109/l and a platelet count of >100�109/l in the
recovery phase after chemotherapy. In some patients, PBSC were
mobilized by G-CSF alone [13].In these cases, patients received
10 mg/kg of G-CSF once a day by subcutaneous injection for
5 days.Apheresis was initiated from days 4 to 6 after G-CSF
injection, and 200–300 ml/kg (max. 10 liters) were processed per
session.

Cryopreservation and thawing procedures

Apheresis-collected cells were separated using discontinuous
gradients of 40 and 60% Percoll and centrifugation [14].Cells
were resuspended in Dulbecco’s modified Eagle’s minimum
essential medium (DMEM) supplemented with 10% autologous
serum, as previously reported. The freezing method reported by
Makino et al. was introduced with minor modifications from the
beginning of this study [7].Briefly, Percoll-separated cells were
resuspended in DMEM with 10% autologous serum or 8% human
albumin (Albumin Yoshitomi, Yoshitomi Pharmaceutical, Osaka)
and mixed slowly with an equal volume of freezing solution
containing 12% HES and 10% DMSO to give final concentrations
of 5% DMSO and 6% HES. Prior to May 1995, PBSC were
cryopreserved at concentrations of 2–5�107/ml (Group I, n=20).
Purified CD34+ cells were frozen at 2�107/ml using the same
method (Group III, n=22). Subsequently, a concentration of 2�108/
ml was adopted (Group II, n=44). In all methods, cells were
transferred to 5-ml polypropylene cryo-tubes (MS4605 W, Sum-
itomo Bakelite, Osaka), placed directly into a �80�C electric

freezer, and then transferred to �135�C on the following day. The
cells were stored in the same freezer until use.

Cells were thawed rapidly in a water bath maintained at 37�C.
We divided stored cells into two portions that were infused over
2 days, when the volume of cells suspension was >300 ml [15]. For
recovery analysis, an aliquot of cell suspension was quickly
transferred to a 50-ml tube and diluted with thawing medium
consisting of 10% fetal bovine serum (FBS, Filtron, Brooklyn,
Australia) and 50 IU/ml of deoxyribonuclease (Sigma DN-25,
Aldrich Japan, Tokyo) in DMEM by the stepwise addition of this
medium at room temperature with gentle agitation. The cells were
then collected by centrifugation, washed three times with the
thawing medium, and resuspended in DMEM supplemented with
10% FBS for further experiments. Trypan blue staining method was
used to measure cell viability.

CD34+ cell purification

G-CSF-mobilized PBSC collected by apheresis were enriched for
CD34+ cells using an ISOLEX-300 (Baxter Healthcare, Deerfield,
IL, USA) according to the manufacturer’s suggestions. Briefly,
excess platelets were removed by centrifugation for 20 min at
200�G at room temperature. Cells were incubated in phosphate-
buffered saline (PBS, Nissui, Tokyo) containing 0.5% human-
globulin (Gammagard, Baxter Japan, Tokyo) for 15 min to block
Fc-receptors. One vial of anti-CD34 monoclonal antibody (9C5,
2 mg) was added to the cell suspension that contained <5�1010

cells. After 30 min of incubation at room temperature with gentle
rotation (4/min), cells were washed three times with PBS contain-
ing 1% human serum albumin (Albumin-Yoshitomi, Yoshitomi
Pharmaceutical, Osaka). Sensitized cells were incubated with sheep
anti-mouse IgG1-coated paramagnetic microspheres (Dynabeads,
10 ml; Dynal, Oslo). Cells rosetted with beads were captured on
permanent magnets, and released by chymopapain or peptide
capture included in the kit. These cells were frozen by the same
method as described above.

Flow cytometry

CD34+ cells were assayed by Otsuka Assay Institute (Tokyo).
Sample cells were shipped by air-cargo and assayed within 24 h.
Cells that expressed the surface CD34 antigen were identified by
flow cytometry analysis. Briefly, 100 ml of cell suspension were
added to a test tube (Falcon 2052, Becton Dickinson, Lincoln Park,
NJ, USA) containing isotype control (phycoerythrin-mouse IgG1)
and phycoerythrin-conjugated CD34 monoclonal antibody (Anti-
HPCA2 antibody, Becton Dickinson) at a concentration of 1 mg
antibody/106cells. Samples were analyzed with a FACScan flow
cytometer (Becton Dickinson). After function was verified, samples
were drawn into the flow cytometer using FSC and SSC, as gating
parameters, along with debris subtraction techniques to determine
the characteristics of the cells. A total of 20,000 events were
counted to identify the mononuclear cell fraction. The flow
cytometric data were analyzed using a gated analysis via a set of
SSC-FL parameters for CD34+ cells to calculate the percentage of
positive cells. When a sample was substantially contaminated with
RBC, it was lysed with a solution consisting of 0.826% (w/v)
NH4CL, 0.1% KHCO3, and 0.004% EDTA-4Na.

Hematopoietic progenitor assay

Colony-forming cells were incubated in methylcellulose cultures
supplemented with 20% FBS, 450 �g/ml of human transferrin
(Sigma T-1147), 2 U/ml of recombinant human erythropoietin
(Kirin Brewery, Tokyo), 1% deionized delipidated BSA (Cal-
biochem 12657, Hoechst Japan, Tokyo), and a combination of
recombinant human G-CSF (filgrastim, Kirin), interleukin-3
(Kirin), and stem cell factor (Kirin). These stimulating factors
were used at a final concentration of 20 ng/ml, which was the
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previously determined optimal concentration in our laboratory.
Triplicate or quadruplicate cultures were plated in volumes of
0.4 ml in 24-well tissue culture plates (Corning 258201, New York,
NY) that were then placed in an ESPEC N2-O2-CO2 BNP-110
incubator (Tabai ESPEC, Osaka, Japan), which maintained a humid
atmosphere of 5% carbon dioxide, 5% oxygen, and 90% nitrogen at
37�C. Plates were incubated for 13–15 days and three types of
colonies, including colony-forming unit for granulocyte-macro-
phage (CFU-GM), were counted using an inverted microscope. The
mean number of colonies in four wells was calculated.

Transplant procedures

The transplant procedures in our institute have been previously
described in detail [16]. Briefly, frozen cells were thawed rapidly in
a water bath maintained at 37�C. The patients were given 5 mg/kg
of hydrocortisone and/or antihistamines to prevent allergic reac-
tions before infusion. The recovery speed after autografting was
evaluated in terms of the number of days to achieve a WBC of
>1�109/l, an absolute neutrophil count (ANC) of >0.5�109/l, and a
platelet count of >50�109/l. G-CSF was given to the patients only in
group III after autografting.

Statistics

The Mann Whitney U-test was used to analyze the significance of
differences. Data were analyzed using StatView (Version 4.5;
Abacus Concepts, Berkeley, CA, USA) for a Macintosh computer.

Results

Frozen cells

After Percoll separation (groups II and I) or the purifi-
cation procedure (group III), the median (range) numbers
of frozen cells per kilogram of recipient body weight were
determined, as shown in Table 1. MNC in group III
(median, 2.6�106/kg) was significantly lower than those
in groups II (5.9�108/kg) and I (13�108/kg) (p<0.001
each). The number of CD34+ cells in group II (5.7�106/
kg) was also significantly higher than that in group III
(2.2�106/kg) (p=0.002). The number of CFU-GM in
group II (16�105/kg) was significantly higher than those
in groups III (4.2�105/kg) and I (6.1�105/kg) (p<0.001
each). However, there was no difference in the number of
CFU-GM between groups III and I.

Recovery rate and cell viability

Cell recovery rates after cryopreservation/thawing are
shown in Table 2. These numbers ranged widely.
Recovery rates of MNC were statistically identical among
the three groups, but with different p values (II and I;
0.770, III and I; 0.100, III and I; 0.144). The viability of
MNC after thawing in group III [75% (66–89)] was
significantly lower than those in groups II and I (p<0.001,
each). There was no difference in cell viability between
groups II and I (p=0.332). The recovery rate of CFU-GM
in group III [53% (13–202%)] was lower than that in
group I (p=0.023). However, there were no significant
differences between groups II and I (p=0.091), or groups
III and II (p=0.271).

Engraftment kinetics

The median volume of cell suspension infused was
180 ml (range, 85 –700 ml) in group I, 60 ml (23–145 ml)
in group II, and 8 ml (3.5–15 ml) in group III. The number
of infused CFU-GM in group I [median, 5.6 (range, 1.5–
20) �105/kg] was statistically identical to that in group II
[9.1 (0.3–90) �105/kg] (p=0.086). The number of infused
CD34+ cells in group III [2.1 (0.43 – 7.0) �106/kg] was
significantly lower than that in group II [5.3 (0.12–75)
�106/kg] (p=0.001), and the number of CFU-GM in group
III [2.2 (0.3–12) �105/kg] was significantly lower than
those in groups II [9.1 (0.3–90) �105/kg] and I [5.6 (1.5–
20) �105/kg] (p<0.001 each).

Table 1 Numbers of frozen cells

Group MNC CD34+ cell CFU-GM
(�108/kg) (�106/kg) (�105/kg)

I (2–5�107/ml) 13 n.d. 6.1
n=20 (3.6–67.2) (1.5–22.0)

II (2�108/ml) 5.9 5.7 16
n=44 (0.8–35.5) (0.13–83.2) (0.4–73.2)

III (2�107/ml) 2.6�106/kg 2.2 4.2
n=22 (1.3–19) (0.85–15.6) (0.75–37.4)

Each value indicates a median value (range). The number of
CD34+ cells in group II was significantly higher than that in group
III (p=0.0024). The number of CFU-GM in group II was
significantly higher than in groups I and III (p=0.0009 and
0.0003, respectively). n.d. not determined

Table 2 Cell recovery rates and
viabilities after thawing

Group MNC Viability CD34+ cell CFU-GM

I (2–5�107/ml) 67 89 n.d. 88
n=20 (26–298) (84–95) (33–373)

II (2�108/ml) 72 87 103 64
n=44 (23–335) (83–91) (27–429) (19–508)

III (2�107/ml) 96 75 98 53*
n=22 (23–204) (66–89) (33–196) (13–202)

Each value indicates the percentage of a median value (ranges). n.d. not determined
*CFU-GM recovery in group III was significantly lower than that in group I with a p value of 0.023
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The engraftment rates determined by the number of
days to achieve a WBC of >1�109/l and ANC of 0.5�109/l
after autografting were identical among the three groups.
However, the platelet engraftment rate determined by the
number of days to achieve a platelet count of >50�109/l in
group III was significantly delayed (p=0.022 and 0.002
versus groups II and I, respectively; Table 3).

Discussion

The rapid hematopoietic recovery after myeloablative
therapy has prompted the use of PBSC in preference to
BM cells [17]. Apheresis after mobilizing chemotherapy
with or without G-CSF enables the collection of a large
numbers of PBSC in comparison with marrow aspiration
under general anesthesia. However, the collection and
cryopreservation of PBSC is associated with intense labor
and requires ample space for storage. Optimal conditions
for PBSC cryopreservation have not yet been defined. In
particular, an increase in the volume of cell suspension
which will be frozen results in a concomitant increase in
the volume of cryoprotectant, such as DMSO, which may
become toxic at cell infusion [3, 5]. Under these
circumstances, we applied a gradient centrifugation
method with double-layered Percoll to deplete red cells,
granulocytes, and platelets for clinical use in pediatric
patients [18].

Rowley et al. reported that stem cell survival, as
reflected in the post-thaw recovery of MNC, CFU-GM
and CD34+ cells, was unaffected even when nucleated
cells were frozen at a concentration of 3.7€1.9�108/ml
[9].In addition, cryopreservation at different cell concen-
trations did not predict the time to engraftment or duration
of aplasia [9]. Another study showed a reduced recovery
of CFU-GM when a higher cell concentration of PBSC
was compared with a lower cell concentration of bone
marrow at the time of freezing. However, this did not
translate into delayed hematopoietic recovery in clinical
transplantation [19].Based upon these studies, we have
initiated to cryopreserve PBSC at higher cell concentra-
tions without the use of a programmed freezer. Benefit
and efficacy of the procedure was evaluated by comparing
hematopoietic recovery after autologous PBSCT.

In this study, we did not observe a significant
difference in the freeze/thaw recovery rates of CD34+
cells or CFU-GM between groups II and I. However,
recovery rate of CFU-GM and the number of reinfused
cells in group III were significantly smaller than in the
other two groups. The speeds of engraftment were not
significantly different between groups II and I, although
patients in group III showed a slower recovery of
platelets. The neutrophil recovery might be enhanced by
the administration of G-CSF in group III. On the other
hand, there is another possibility that purification proce-
dures with ISOLEX300 selectively affect on platelet-
lineage progenitor cells or make them vulnerable to
freeze/thaw procedure. Further investigations will be
required to solve this problem.

Balint et al. reported that presence of 10% DMSO is an
essential part of the cryopreservation procedure of very
primitive murine stem cells [20]. On the other hand,
DMSO is the primary factor related to toxicities at graft
infusion and reduction of amount of DMSO by reducing
the total volume of grafts should merit patients, partic-
ularly pediatric population. Thus, there is no suspicion for
the superiority of using 5% DMSO when recovery rates of
frozen cells and engraftment kinetics are identical.

In conclusion, the present results indicate that MNC in
apheresis products be cryopreserved at 2�108/ml without
the use of a programmed freezer, without jeopardizing
their engraftment potential. Definition of the upper limit
for the cryopreservation cell concentration will require
further studies.
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