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ABSTRACT

Background. Umbilical cord blood progenitor cells have been demonstrated to possess
significant advantages over bone marrow in terms of proliferative capacity and
immunologic reactivity. But the low number of hematopoeitic stem cells (HSC) is the
most important limitation of its use. The ex vivo expansion of cord blood progenitor
cells is the current strategy to overcome this problem. Futhermore, among the factors
that enable successful cord blood transplantation is the ability to store and subse-
quently recover a sufficient number of viable cells. Since it would be costly to expand
umbilical cord blood (UCB) progenitor cells, it is important to determine the feasibility and
reproducibility of progenitor cell expansion after cryopreservation. We evaluated whether
cryopreservation procedures might impair the clonogenic capacity and in vitro expansion
of UCB.

Materials and methods. We evaluated the cell viability, clonogenic capacity, CD34 38~
content and in vitro expansion potential of progenitor cells from UCB (n = 10) separated
mononuclear cells (MNC), before and after 1 month of cryopreservation by programmed rate
freezing.

Results. Although cell viability decreased after cryopreservation (P < .05), there was no
significant difference in CD34" or CD34 738~ absolute count, colonogenic capacity and in
vitro expansion potential of cord blood progenitor cells (P > .05).

Conclusions. Since the survival of CD34™" cells was greater than other elements, CD34™
cells seem more tolerant to cryopreservation than the other nucleated populations.
Moreover in vitro expansion of UCB progenitor cells may be obtained following
cryopreservation. Our results suggest that cryopreservation procedures do not impair the
clonogenic capacity and in vitro expansion potential of cord blood stem/progenitor cells.

MBILICAL CORD blood (UCB) has been recently

considered an attractive potential alternative to bone
marrow (BM) as a source of hematopoeitic progenitor cells
(CD34*CD38") for stem cell transplantation, but the low
number of hematopoetic stem cells (HSC) is the most
important limitation for its use.' Therefore, the use of UCB
for allogenic transplantation in adults has been hindered by
the concern that a single CB may not contain sufficient
numbers of stem/progenitor cells to reconstitute heavier
patients in a timely manner.> Ex vivo expansion of stem/
progenitor cells may circumvent this problem.> Because
cryopreservation remains the method of choice for long-
term preservation of stem/progenitor cells, UCB cryo-
preservation has become an important issue in banking and
transplantation.*
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Because it would be costly to expand UCB progenitor
cells, it is important to determine the feasibility and repro-
ducibility of progenitor cell expansion after cryopreserva-
tion. This study has the practical advantage that an expan-
sion procedure may need to be performed in certain cases
eg, transplants of heavier patients.” Cytokine-mediated
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ex vivo expansion of progenitor cells might overcome the
limitation of a low number of progenitor cells present in a
single UCB collection.® On the other hand, the expansion
of cells from UCB units before freezing does not seem
practical for the higher costs, as the vast majority of UCB
donations are never used. Ottenbreit et al’ suggested that
one colony-forming cell (CFC) population (preferentially
responsive to fibroblast condition medium) was destroyed
by the freeze-thaw procedure, while another which prefer-
entially responded to leukocyte conditioning medium sur-
vived. Rice et al® conclude that prior cryopreservation of ex
vivo expanded cord blood cells was not detrimental to
engraftment as measured in the NOD-SCID mouse model.
Bertolini et al® reported that cryopreserved UCB commit-
ted as well as multipotential progenitor cells retained their
potential for ex vivo expansion. Mugishima et al'® reported
that engraftment depended on succesful cryopreservation of
cells without substantial losses in viability.

MATERIALS AND METHODS
Cell Source

UCB (n = 10) obtained from the umbilical vein after vaginal
delivery or cesarean section was collected in transfer bags contain-
ing 25 mL of CPD-A as anticoagulant.

Processing and Isolation of UCB Mononuclear Cells

The UCB samples were red cell-depleted by hydroxyl ethyl starch
sedimentation. Solutions of 0.8% HES (Fresenius) in 0.9% Nacl
were added directly to the collection bag in a ratio of one part HES
to seven parts blood. Low-density UCB mononuclear cells were
obtained by Ficoll sedimentation.

Cryopreservation and Thawing

Without any futher manipulation mononuclear cells (MNC; 5 to 10 X
10%mL) were diluted (1:1) in ice-cold cryopreservation medium
composed of 64% RPMI (Sigma) with 10% DMSC (Merok), 20%
human albumin (Bager), 1% CPD-A, and 5% HES in 2-mL
cryovials (Nunc). The cells were cryopreserved using an automated
programmed control rate freezer (biological freezer BV-25) and a
—80 °C mechanical freezer. Samples were immediately placed into
the chamber of the cell freezer, which utilized a reference thermo-
element that yielded information about the actual sample tempra-
ture conditions. The temperature in the freezing chamber was
continuously controlled by the coprocessor inside the freezing
chamber. Initially, the sample ambient temperature was lowered to
0 °C for 5 minutes followed by 1 °C-reduction per minute to —30 °C
with a 20-minute holding period at this intermediate temperature
followed by 2 °C-reduction per minute to —70 °C. At the end of the
freezing procedures the cells were stored in a vapor phase of
nitrogen. The other part of each sample was frozen using a —80 °C
freezer. With this method, DMSO treated cells were placed into
unolit and then transferred to a —80 °C freezer.

After 30 days, cells were rapidly thawed by and quick shaken in
a 37 °C water bath. Once the sample had thawed but was still cool,
the cells were washed twice by centrifugation. The cells then were
counted for recovery and viability assessed by trypan blue dye
exclusion (Merck). CD34%38~ content was established by flow-
cytometery and colony count in semisolid agar media and expan-
sion potential were determined in serum-free media.
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Flowcytometery Analysis

Monoclonal antibodies were used for flow cytometery:phycoeryth-
rin(PE)-labeled antiCD38 and FITC-labeled antiCD34 (Dako).
Initially 1 X 10° MNC/mL washed in PBS-containing 1% FBS
(Gibco), 10A of CD38-PE, and 10A of CD34-FITC were added to
100 of cell suspension followed by an incubation for 20 minutes at
4 °C. After washing the cells were fixed with 100A 1% formaldehyde
in 500A PBS. As negative controls we used PE and FITC anti-
mouse Ab. Ten thousand events were counted with analysis
performed on an EPICS XL-MCL flowcytometer. As isotypic
controls PE-IgG1 and FITC-IgG1 were obtained from Dako.

Clonogenic Assay

The input MNC and output obtained after liquid culture of fresh
and cryopreserved samples were determined using 35-mm tissue
culture plates (Sigma) at concentration 1 X 10° cells/mL. The
medium contained 0.3% agar, 20%FBS, 1% BSA (Sigma) plus
10~* mol/L 2-mercaptoethanol (Sigma) 10 ng/mL SCF, 10 ng/mL
1L-3, 10 ng/mL GM-CSF, 1 IU/mL EPO (Stem Cell Technologies,
Vancouver, Canada), After 14 days of culture at 37 °Cin a 5% CO,
fully humidified atmosphere, the colonies defined as aggregates of
more than 50 cells, were enumerated.

Short-Term Expansion of Stem/Progenitor Cells in
Serum-Free Media

MNC (8 X 10°) cells were incubated in liquid suspension culture
for 7 days in SFEM supplemented with recombinant human IL-3
(50 ng/mL), SCF (100 ng/mL), TPO (50 ng/mL), (Stem Cell
Technologies) for incubation at 37 °C in an humidified atmosphere
of 5% CO, without medium exchange or cytokine readdition. Cells
were harvested after 7 days, counted and assayed for colony
forming cells (CFC), long-term culture-intiating cells (LTC-IC),
and expression of CD34+38—. The CD34+CD38— absolute num-
bers were measured.

Long-Term Culture Initiating Cell (LTC-IC)

Input UCB mononuclear and expanded cells (output) from fresh
and cryopreserved samples were evaluated for LTC-IC. Briefly, test
cells (2 X 10* MNC/mL) were seeded into cultures containing a
feeder layer of human bone marrow cells. inactivated with 10
wug/mL mytomycin (Imery). Test cells were resuspended in com-
plete medium consist of IMDM (Sigma) supplemented with 12.5%
FBS (Gibco), 12.5% HS (Sigma), 2 mmol L-glutamin (Sigma), 10~*
mol 2-ME (Sigma), 0.2 mmol inositol (Merck), 20 wmol folic acid
(Merck), and freshly dissolved 10~° mol hydrocortisone (Merck).
At a 7-day interval, the cultures were fed by removing half the
culture volume followed by replacement with fresh medium. After
4 to 5 weeks in culture, nonadherent and adherent cells harvested
by trypsinization were pooled, washed, and assayed for clonogenic
elements using semisolid agar cultures.” The total number of
clonogenic cells present in 4- to 5-week-old-LTC provided a
relative measure of the number of LTC-IC that were originally
present in the test suspension. Absolute LTC-IC values were
calculated by a colony assay.

Statistics

The results was compared with an independent #-test in cryopre-
served versus precryopreserved sample. ANOVA or post hoc tests
were used for two- or three-group comparisons, respectively.
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RESULTS
Flowcytometery Analysis

MNC specimens were analyzed by flow cytometry before and
after cryopreservation to determine whether the CD34%
CD38" cell population was by the freezing and thawing
procedures. The dead cells were gated out by considering
forward scatter decrement, which had been already evalu-
ated for viability by the trypan blue exclusion dye method.
Although the viability (trypan blue exclusion dye) was
decreased after cryopreservation, there was no significant
difference in the CD34™ and CD34"38~ absolute numbers
as well as the colonogenic capacity and in vitro expansion
potential of umbilical cord blood progenitor cells before
and after cryopreservation.

Progenitor Colony-Forming Assay

The clonogenic capacity was evaluated before cryopreser-
vation and after thawing by colony culture assays that show
differentiation capacity and lineage commitment. Cells
were stimulated with a combination of IL-3 (10 ng/mL),
GM-CSF (10 ng/mL), SCF (10 ng/mL), EPO (1 IU/mL) in
semisolid agar media. The colonies was evaluated morpho-
logically. Each colony was plucked from the plate. After
cytospin centrifugation, =50 cells were stained by Wright-
Giemsa reagent to assess the state of maturation and
confirm the existence of a myeloid or an erythroid colony.
Benzidine dye was used to identify an erythroid colony.
Each plate was covered with benzidine dye. Colonies that
became dark after some minutes were identified as ery-
throid colonies. The samples (n = 10) showed no statisti-
cally significant difference in the clonogenic capacity of
cryopreserved versus precryopreserved samples.

Liquid Suspension Culture

Liquid culture of 8 X 10° MNC cells/mL (n = 10) was
established in 96-well flat-bottomed plates in the presence
of SCF (100 ng/ml), IL-3 (50 ng/mL), and TPO (50 ng/mL).
After 7 days, the expansion potential was evaluated by flow
cytometery and a colony forming assay. We found 2.04-,
6.3-, 4.47-, and 5.6-fold expansion in the number of MNC,
CFC, and CD34+,CD34+38— cells in fresh versus 2.10,
6.64, 4.23, 5.26 fold expansion in cryopreserved samples.
After cryopreservation at a nonprogrammed rate in a —80
°C freezer, these items were 1.8, 6.51, 4.7, and 5.68,
respectively.

There was no significant difference in CFC fold-expansion
between fresh and cryopreserved MNC cells. Similar results
were obtained for CD34" and CD34%38 cell expansion
from fresh versus cryopreserved MNC cells.

LTC-IC

The frequency of cells that sustained long-term engraftment
was measured by LTC-IC assays in the initial MNC UCB
cells from fresh versus cryopreserved samples (n = 3). The
input and output values were 4.67 = 0.88 and 11 * 1.73,

MOEZZI, POURFATHOLLAH, ALIMOGHADDAM ET AL

respectively. After 7 days of liquid culture, the LTC-IC
content evaluated by the number of CFC-generated after 4
to 5 weeks in a BM stromal assay was 2.35-fold greater than
the input value. In fact, these test confirmed that the
expansion procedure succeed in fresh and cryopreserved
samples.

DISCUSSION

UCB is a particularly important source of stem cells for
ethnic groups that are poorly represented in current bone
marrow transplantation registries. One issue in UCB bank-
ing is that there is only one opportunity to obtain the
sample. Overall, it is limited in volume and cell number.
Therefore, efficient transplantation may be limited to chil-
dren or low weight adults, since the therapeutic dose of
stem cells to obtain rapid engraftment in adults may not be
reached in cord blood samples. The ability to expand this
population of stem cells to reach a therapeutic dose even
for adults would be a major advantage that could potentially
augment the use of UCB transplantation.

The tolerance of cells to freezing at slow cooling rates
depends on their ability to withstand osmotic stress. Gran-
ulocytes show much less osmotic tolerance.'' The survival
of CD34™ cells was higher than that of nucleated cells,
indicating that CD34" cells with 10% DMSO are more
tolerant to cryopreservation than the total nucleated cell
population.'> Moreover, postthawing it dramatically de-
creased for the percentage of granulocytes, and highly
increased for the percentages of lymphocytes and mono-
cytes. We conclude that the use of DMSO and 10% dextran
is harmful to mature cells and cells with large size such as
granulocytes, but suitable for lymphocytes and monocytes,
especially for cells of small size such as CD34* cells.”?

Environmental and chemical changes that occur during
cooling alter the membrane’s selective permeability. Increased
osmotic pressure leads to shrinkage, which increases surface
pressure on the membrane. This change could result in
alterations including phase separations, collapse, or loss
of membrane components, which may or may not be
reversible.'*

To improve the use and reproducibility of CD34% cell
culture procedures at scales sufficient for therapeutic appli-
cation, several culture parameters were optimized. To
eliminate the requirements for fetal calf serum, cell expan-
sion was performed in an serum-free medium (SFEM)
which together with exogenous recombinant cytokines of-
fers advantages for ex vivo expansion of cells for clinical
purposes by standardizing culture conditions, thereby en-
hancing reproducibility and removing the risk of contami-
nation for reinfusion into patients.'*

We evaluated the impact of various growth factors on
CD34% cell cultures. Recombinant growth factors were
capable of stimulating progenitor cell expansion and differ-
entiation along various pathways. Stem cell factor inter-
acted with a number of human growth factors to stimulate
colony growths. It was particularly effective to stimulate the
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formation of mixed cell colonies from CD34* cells.'®
Moreover, adding other growth factors, particularly human
SCEF, to the cultures increased expansion of UCB stem cells,
decreasing the time needed to generate a sufficient number
of stem cells for rapid engraftment of adults.'”

The Mpl ligands are a family of HGFs that bind to the
thrombopoietin receptor, c-Mpl, which is related to pheno-
type of stem cells with long-term repopulating capacity. Tpo
was initially defined as a megakaryocyte colony stimulator,
but in combination with SCF it enhanced the proliferation
of early hematopoietic cells.'? Also in combination with
early acting cytokines, IL-3 improves the ex vivo expansion
of UCB stem and progenitor cells.'®

Finally we observed that MNC, clonogenic cells, CD34 %,
and CD34%38™ are enhanced (up to 2.04-, 6.3-, 4.47-, and
5.6-fold versus 2.10-, 6.64-, 4.23-, and 5.26-fold) in fresh
versus 2.10, 6.64, 4.23, and 5.26-fold in cryopreserved
samples using commercial SFEM in combination with IL-3,
SCF, TPO (50, 100, 50 ng/mL). After cryopreservation in a
—80 °C freezer, these values were 1.8, 6.51, 4.7, and 5.68.
With the use of SCF growth factor, the faster progenitor
cell expansion in SFEM could decrease the total volume of
expansion medium needed to produce a UCB graft with
sufficient HSC for adult transplantation, thereby decreasing
the cost of the procedures.'® Moreover, we concluded that
cryopreservation was a good method for cord blood cell
storage."’
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