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INTRODUCTION
Cell therapy using human mesenchymal stromal/stem 

cells (MSCs) has been extensively explored for the treatment 
of a variety of diseases based on their multiple biological and 
therapeutic effects.1   An off-the-shelf allogeneic bone mar-
row (BM)-derived MSC product is currently available in the 
clinic for the treatment of the intractable acute graft-versus-
host disease after hematopoietic stem cell transplantation 
(HSCT).2,3   BM is the most commonly used source of 
MSCs.4   However, invasive procedures are required to obtain 
BM cells from donors.   Although other sources of MSCs that 
can be obtained without invasive treatments have been 
sought, including expulsed placenta and exfoliated teeth, 
complex procedures with enzymatic digestion are necessary 
to prepare cells from these tissues.5,6   The demand for alloge-
neic MSCs is expected to increase in the future; therefore, 

appropriate sources of MSCs that can be alternatives to BM 
need to be explored for the further development of MSC-
based therapy.

In a previous study, we demonstrated that MSCs can be 
isolated from freshly donated umbilical cord blood (UCB) 
units that do not qualify for the Japanese banking system as a 
hematopoietic stem cell (HSC) source because of their small 
volume.7   UCB has advantages over other tissues because it 
can be obtained from donors without invasive procedures, 
and a simple adhesion method without complex procedures 
can be used to isolate MSCs.   In addition, infrastructure for 
processing and cryopreserving UCB cells is established in the 
banking system for HSCT in Japan.   More importantly, 
about 90% of donated UCB units are discarded because they 
do not meet the requirements for an HSC source in terms of 
volume and/or cell number.8   We have further extended our 
investigation of the availability of such UCB units as a 
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source of MSCs.   In this study, we examined the efficacy of 
MSC isolation from cryopreserved UCB cells.

MATERIAL AND METHODS
UCB collection

UCB was collected in bags with an anticoagulant (acid 
citrate dextrose) from umbilical cords after delivery of pla-
centas at Japanese Red Cross Kyoto Daini Hospital.   UCB 
units that did not qualify for the banking system for HSCT 
were delivered to Kyoto University Hospital.   Maternal 
informed consent for the donation of UCB to be used in this 
study was obtained prior to delivery.   This study was 
approved by the Internal Review Board of Kyoto University 
Hospital and Japanese Red Cross Kyoto Daini Hospital.

Cell processing of UCB

UCB was subjected to cell processing when: 1) blood 
clots were not found in the bag of UCB and 2) cell process-
ing could be started within 8 hr after delivery.   Hydroxyethyl 
starch 40 (HES; NIPRO, Osaka, Japan) was used to deplete 
red blood cells from UCB.   A one-fifth volume of HES was 
added to UCB, which was then centrifuged at 50 g for 5 min 
at room temperature.   The supernatant was collected 30 min 
later (first supernatant).   The remaining fractions were resus-
pended with Dulbecco’s phosphate-buffered saline (DPBS; 
Wako Pure Chemical Industries, Osaka, Japan) and separated 
using HES as outlined above, and the supernatant was col-
lected (second supernatant).   The first and second superna-
tants were mixed and centrifuged at 500 g for 10 min at room 
temperature to concentrate nucleated cells.   The nucleated 
cells were washed with DPBS twice (UCB cells) and used for 
MSC isolation. 

Cryopreservation of UCB cells

The suspension of UCB cells was equally divided into 
two aliquots.   One aliquot (cryopreserved cell aliquot) was 
mixed with an equal volume of cryopreservation cocktails 
containing clinically available CP-1 (12% HES and 10% 
dimethyl sulfoxide; Kyokuto Pharmaceutical Industrial, 
Tokyo, Japan) and 8% human serum albumin, frozen with a 
conventional protocol (-1°C/min), and then preserved in liq-
uid nitrogen for 30 days (CP-1 method).   The other aliquot 
(non-cryopreserved cell aliquot) was directly used for MSC 
isolation without cryopreservation (non-cryopreserved 
method).   In some experiments, the suspension of UCB cells 
was mixed with a one-fifth volume of CryoSure-DEX40 
(55% dimethyl sulfoxide and 5% dextran 40; WAK-Chemie 
Medical GmbH, Steinbach/Ts, Germany), frozen with a con-
ventional protocol (-1°C/min), and then preserved in liquid 
nitrogen for 30 days (CryoSure-DEX40 method).

Isolation and culture of MSCs from UCB cells

Cryopreserved UCB cells were quickly thawed at 37°C in 

a water bath.   The viability of cells after thawing was evalu-
ated by trypan blue dye exclusion.   The UCB cells were 
seeded onto culture dishes at a density of 5–10×106/cm2 in 
α-Minimal Essential Medium supplemented with 15% fetal 
bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicil-
lin, 100 μg/mL streptomycin (all from GIBCO, Carlsbad, 
CA), and 100 μg/mL ascorbic acid 2-phosphate (Wako Pure 
Chemical Industries).   Dexamethasone (Sigma-Aldrich, St. 
Louis, MO) was added to the culture at a final concentration 
of 10-7 M for the first week.   The culture medium was 
changed the day after seeding cells and twice per week there-
after.   After the first week of culture, suspension cells were 
removed and adherent cells remaining in the dish continued 
to be cultured.   The culture medium was changed twice per 
week.   When colonies of adherent spindle-shaped fibroblas-
tic cells were obtained, they were dispersed by passaging 
using 0.05% trypsin/0.5 mM EDTA and culture-expanded in 
new dishes (passage 1).   Cells at passage 3–5 were used in 
this study.   Successful MSC isolation from UCB cells was 
defined as follows: (i) colonies of adherent spindle-shaped 
fibroblastic cells containing more than 50 cells were 
obtained; (ii) after culture expansion, these cells were posi-
tive for CD105, CD73, and CD90 and were negative for 
CD45, CD34, CD14, CD19, and human leukocyte antigen 
(HLA)-DR, as assessed by flow cytometric analysis; and (iii) 
after culture expansion, these cells exhibited osteogenic, 
adipogenic, and chondrogenic differentiation in vitro, as 
assessed by Alizarin Red S staining, Oil Red O staining, and 
Alcian blue staining, respectively.9

Flow cytometric, differentiation, and growth analyses of 
MSCs

Single-cell suspensions of adherent cells were stained 
with fluorescence-conjugated antibodies and analyzed with a 
FACSCanto II (Becton Dickinson, Franklin Lakes, NJ).   
Data were analyzed using FlowJo software (Tree Star, 
Ashland, OR).   Multilineage differentiation assays were per-
formed as described previously.7,10,11   For adipogenic induc-
tion, 0.5 mM isobutyl-methylxanthine, 60 μM indomethacin, 
0.5 μM hydrocortisone, and 10 μg/mL insulin (all from 
Sigma-Aldrich) were added to the culture media.   For osteo-
genic induction, 1.8 mM potassium dihydrogen phosphate 
(Sigma-Aldrich), 100 μM ascorbic acid, and 100 nM dexa-
methasone were added to the culture media.   For chondro-
genic induction, cell pellets were cultured in chondrogenic 
induction medium comprising Dulbecco’s Modified Eagle 
Medium (GIBCO) supplemented with 15% FBS, insulin/
transferrin/selenous acid mixture (BD Biosciences, San Jose, 
CA), 100 μM ascorbic acid, 2 mM sodium pyruvate 
(GIBCO), 100 nM dexamethasone, 10 ng/mL transforming 
growth factor (Pepro-Tech Inc., Rocky Hill, NJ), 100 U/mL 
penicillin, and 100 mg/mL streptomycin.   Three weeks later, 
Oil Red O staining, Alizarin Red S staining, or Alcian blue 
staining was performed to evaluate lipid-laden fat cells, cal-
cium deposition, or cartilage matrix deposition, respectively.   
To examine growth, 5×104 cells were seeded on a 10 cm dish. 
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On days 4, 7, and 11 after cell seeding, the number of viable 
cells was counted using trypan blue. 

Statistical analyses

Logistic regression analysis was performed to evaluate 
characteristics that were associated with the successful isola-
tion of MSCs.   The unpaired Student t-test was used unless 
specified otherwise. 

RESULTS
Characteristics of UCB units

A total of 38 UCB units that did not qualify for the bank-
ing system were initially obtained.   Of these, eight UCB 
units were excluded from further evaluation for the following 
reasons: 1) blood clots were found in the bag of UCB, and 
2) cell processing could not be started within 8 hr after deliv-
ery.   Consequently, 30 UCB units were evaluated.   The 
characteristics of the UCB units are summarized in Table 1.   
All UCB units were collected following a normal pregnancy 
with a median gestation period of 39 weeks (range, 36–40 
weeks).   The median volume of the 30 UCB units was 34.0 
mL (range, 9.0–100 mL) without anticoagulants.   The 
median number of nucleated cells per UCB unit was 4.4×108 
(range, 1.1–13.3×108). 

Isolation of MSCs from UCB cells that were cryopre-
served using CP-1

An overview of the processing of UCB for MSC isolation 
is shown in Figure 1.   MSCs were isolated from six of 30 
UCB units (20%) that were processed and cryopreserved by 
the CP-1 method (Table 2).   For the six cryopreserved UCB 
units from which MSCs were successfully isolated, the 
median volume of the UCB units, the median nucleated cell 
count before and after HES separation, and the median via-
bility of nucleated cells after thawing were 21.5 mL, 2.7×108 
cells, 2.1×108 cells, and 83.6%, respectively.   On the other 
hand, for the 24 cryopreserved UCB units from which MSCs 
failed to be isolated (80%), these values were 17.0 mL, 
2.0×108 cells, 1.5×108 cells, and 86.3%, respectively.   The 
statistical associations between the characteristics of UCB 
units and the success or failure of MSC isolation were ana-
lyzed.   Although there were no significant associations, all 
these values, except cell viability after thawing, tended to be 

inferior for UCB units from which MSCs failed to be isolated 
compared with UCB units from which MSCs were success-
fully isolated. 

MSCs were isolated from 17 of 30 (57%) non-cryopre-
served aliquots of UCB cells (Table 3).   In all cases of MSC 
isolation failure from a non-cryopreserved cell aliquot (n = 
13), MSCs were not isolated from the corresponding cryopre-
served cell aliquot.   In all cases of successful MSC isolation 
from a cryopreserved cell aliquot (n = 6), MSCs were also 
isolated from the corresponding non-cryopreserved cell ali-
quot.   We compared the characteristics of these six UCB 
uni ts  and the  11  UCB uni ts  for  which  MSCs were 

Characteristic Value

Baby’s gender (male/female) 16/14

Gestation period (weeks), median [range] 39 [36–40]

Volume of UCB unit (mL), median [range] 34.0 [9.0–100]

Nucleated cell count of UCB (×108), median [range]   4.4 [1.1–13.3]

Table 1. Characteristics of UCB units that were processed and 
cryopreserved by the CP-1 method. UCB: umbilical cord 
blood. 

UCB units 
(n = 30, see Table 1 for details)

Preparation of a nucleated cell 
suspension using HES (UCB cells)

Cryopreservation 
using CP-1/albumin

Equal division into two aliquots

Isolation of MSCs Isolation of MSCs

Thawing of the 
cryopreserved cells

CP-1 methodNon-
cryopreservation 

method

Cryopreserved 
cell aliquot

Non-cryopreserved 
cell aliquot

Fig. 1.  An overview of the processing of UCB units. Nucleated 
cells were separated from UCB using HES. These UCB cells were 
divided equally into two aliquots and subjected to two different 
methods, namely, direct isolation of MSCs without cryopreservation 
(non-cryopreservation method) and isolation of MSCs after cryo-
preservation and thawing (CP-1 method).
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successfully isolated from non-cryopreserved cell aliquots, 
but not from cryopreserved cell aliquots (Table 4).   The 
median volume of the UCB units, the median nucleated cell 
count of UCB before and after HES separation, and the 
median cell viability after thawing did not significantly differ 
between these two groups.   These results suggested that 
freezing by the CP-1 method and thawing reduced the effi-
cacy of MSC isolation from UCB cells. 

Isolation of MSCs from UCB cells that were cryopre-
served using CryoSure-DEX40

Dextran was recently used to cryopreserve UCB cells as a 
source of HSCs.12,13   We further examined the isolation of 
MSCs from UCB cells that were cryopreserved using 
CryoSure-DEX40 (CD-40 method).   UCB cells were sepa-
rated from ten UCB units using HES and cryopreserved 
using CryoSure-DEX40.   MSCs were isolated from two of 

the ten UCB units (20%) (Table 5).   There were no signifi-
cant associations between the characteristics of UCB units 
and the success or failure of MSC isolation (Table 5).   The 
isolation rate of MSCs was lower than that from non-cryo-
preserved UCB units.   Logistic regression analysis demon-
strated that the two different cryoprotectants (CP-1 method 
and CD-40 method) were not associated with the successful 
isolation of MSCs. 

Characteristics of MSCs isolated from cryopreserved 
UCB cells

Adherent spindle-shaped fibroblastic cells appeared in the 
culture of cryopreserved UCB cells and had a similar mor-
phology to BM-MSCs (Fig. 2A).   Flow cytometric analysis 
showed that these cells (UCB-MSCs) were positive for mes-
enchymal stem cell-related antigens, including CD73, CD90, 
and CD105 (Fig. 2B), and negative for hematopoietic 

Characteristic Success Failure P value

Number of cryopreserved UCB units 6 24 -

Volume of UCB unit (mL), median [range] 21.5 [15.0–40] 17.0 [4.5–50] 0.35

Nucleated cell count of UCB before HES separation (×108), median [range]   2.7 [1.1–4.9]   2.0 [0.6–6.7] 0.53

Nucleated cell count of UCB after HES separation (×108), median [range]   2.1 [0.9–3.7]   1.5 [0.3–5.8] 0.43

Cell viability after thawing (%), median [range] 83.6 [80.3–99] 86.3 [75.9–99] 0.78

Table 2. Characteristics of UCB units according to whether MSC isolation was a success or failure after cryopreservation using the CP-1 
method (n = 30). UCB: umbilical cord blood, HES: hydroxyethyl starch, MSC: mesenchymal stromal/stem cell.

MSC isolation from non-cryopre-
served cell aliquot

Success Failure Subtotal

MSC isolation from cryopreserved cell aliquot
(CP-1 method)

Success   6   0   6

Failure 11 13 24

Subtotal 17 13 30

Table 3. The number of UCB units according to the success/failure of MSC isolation from cryopreserved and non-cryopreserved cell ali-
quots. MSC, mesenchymal stromal/stem cell, UCB: umbilical cord blood.

Characteristic
Successful MSC isolation 

only from non-
cryopreserved cell aliquot

Successful MSC isolation both from non-
cryopreserved and cryopreserved

cell aliquots
P value

Number of cryopreserved UCB units 11 6 -

Volume of UCB unit (mL), median [range] 20.5 [13.5–50.0] 21.5 [15.0–40.0] 0.90

Nucleated cell count of UCB before HES
separation (×108), median [range]   2.8 [1.4–6.7]   2.7 [1.1–4.9] 0.82

Nucleated cell count of UCB after HES
separation (×108), median [range]   1.9 [0.6–5.8]   2.1 [0.9–3.7] 0.84

Cell viability after thawing (%), median [range] 87.1 [80.6–99] 83.6 [80.3–99] 0.33

Table 4. Characteristics of UCB units according to whether MSC isolation was successful from only the non-cryopreserved cell aliquot or 
from both the cryopreserved and non-cryopreserved cell aliquots. UCB: umbilical cord blood, HES: hydroxyethyl starch, MSC: 
mesenchymal stromal/stem cell.
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cell- and endothelial cell-related antigens, including CD45, 
CD34, CD14, CD19, and HLA-DR.   The surface marker 
expression patterns of these UCB-MSCs were similar to 
those of human BM-MSCs. 

We examined the osteogenic, adipogenic, and chondro-
genic differentiation of MSCs isolated from cryopreserved 
UCB cells in vitro.   After 3 weeks of adipogenic induction, 
these UCB-MSCs showed a low level of fat deposition as 

Characteristic Success Failure P value

Number of cryopreserved UCB units 2 8 -

Volume of UCB unit (mL), median [range] 68.5 [51.0–86.0] 35.0 [21.0–58.0] 0.32

Nucleated cell count of UCB before HES separation (×108), median [range]   6.8 [6.4–7.1]   6.1 [3.0–8.1] 0.21

Nucleated cell count of UCB after HES separation (×108), median [range]   5.0 [4.5–5.4]   3.9 [1.9–6.2] 0.28

Cell viability after thawing (%), median [range] 69.1 [67.5–70.8] 77.7 [62.0–84.0] 0.09

Table 5. Characteristics of UCB units according to whether MSC isolation was successful after cryopreservation using the CD-40 method
(n = 10). UCB: umbilical cord blood, HES: hydroxyethyl starch, MSC: mesenchymal stromal/stem cell.

UCB-MSC
Lot #1

BM-MSC

UCB-MSC
Lot #3

UCB-MSC
Lot #2

A                                         B
CD73                        CD90                        CD105

UCB-MSC
Lot #1

BM-MSC

UCB-MSC
Lot #3

UCB-MSC
Lot #2

Fig. 2.  Characteristics of MSCs isolated from cryopreserved UCB cells. (A) Morphology of UCB-MSCs. Phase contrast images of cells iso-
lated from three different UCB units (Lots #1, #2, and #3) in comparison with that of BM-MSCs. Bars, 50 μm. (B) Expression of MSC-
related antigens in UCB-MSCs. Flow cytometric analysis showing the expression of CD73, CD90, and CD105 in cells isolated from three dif-
ferent UCB units (Lots #1, #2, and #3) in comparison with that in BM-MSCs. Open histograms indicate expression of these molecules. Filled 
histograms indicate control staining.
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assessed by Oil Red O staining, which was poor in compari-
son with that of BM-MSCs (Fig. 3A).   After 3 weeks of 
osteogenic induction, UCB-MSCs showed mineral deposi-
tion as assessed by Alizarin Red S staining, which was com-
parable with that of BM-MSCs (Fig. 3B).   With regard to 
chondrogenic induction, UCB-MSCs showed chondrogenic 
phenotypes as assessed by Alcian blue staining, which was 
comparable with that of BM-MSCs (Fig. 3C).   Thus, MSCs 
isolated from cryopreserved UCB cells showed a multi-dif-
ferentiation capability in vitro, although their adipogenic dif-
ferentiation was reduced.   With regard to the proliferation 
ability, the expansion of MSCs isolated from cryopreserved 
UCB cells was comparable with that of MSCs isolated from 
non-cryopreserved UCB cells (Fig. 3D).   The expansion of 
these UCB-MSCs was faster than that of BM-MSCs.

DISCUSSION
Cryopreservation enables a variety of cells to be stored 

for a long time until they are used.   Donated UCB units that 
qualify for the banking system are processed and cryopre-
served as a source of HSCs.   Although UCB units that con-
tain a large number of cells are in demand for HSCT, those 
that contain a small number of cells are less likely to be 
available in clinics.   In Japan, cryopreserved UCB units con-
taining fewer than 8×108 cells are unlikely to be used.14   We 

therefore explored whether cryopreserved UCB units con-
taining a small number of cells (median cell number: 4.4×108 
cells with the CP-1 method) can be used as an alternative 
source of MSCs.   Our results indicated that MSCs could be 
isolated from cryopreserved UCB cells with a conventional 
adhesion method in the absence of complex procedures.   
However, the isolation rate was lower than that from non-
cryopreserved UCB cells.   A reduced isolation efficacy of 
MSCs is also observed with cryopreserved dental pulp tis-
sues.15   These phenomena may result from damage caused 
by ice crystals during the freezing procedure.   In our study, 
the isolation rate of MSCs was comparable between the 
methods using two different cryoprotectants (CP-1 method 
and CD-40 method).   Further investigation of freezing opti-
mization may improve the isolation efficacy of MSCs from 
cryopreserved tissues, such as a novel programmable freezer 
coupled to a magnetic field.16   Currently, most freshly 
donated UCB units are discarded because of their small vol-
umes and/or cell numbers.8   Such UCB units should be pro-
cessed without cryopreservation for effective MSC isolation.

In contrast with the little attention that has been paid to 
the isolation efficacy of MSCs from cryopreserved tissues/
organs, the influence of cryopreservation on the characteris-
tics of MSCs has been investigated.17   Allogeneic MSCs are 
typically culture-expanded, cryopreserved, and banked for 
future use.   Studies to date have yielded conflicting results 

50 μm                                          50 μm                                              50 μm

UCB-MSC
Lot #1

BM-MSC
Lot #A

UCB-MSC
Lot #3

UCB-MSC
Lot #2

Oil Red O                                  Alizarin Red S                                   Alcian Blue

A                                    B                                   C                                      D
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C
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UCB-MSC Lot #1 UCB-MSC Lot #2

UCB-MSC Lot #3 UCB-MSC (NC) Lot #1

UCB-MSC (NC) Lot #2 UCB-MSC (NC) Lot #3

BM-MSC Lot #A BM-MSC Lot #B

BM-MSC Lot #C

Fig. 3.  Multilineage differentiation and expansion assays of UCB-MSCs isolated from cryopreserved UCB cells. (A) Oil Red O staining 
showing the adipogenic differentiation of UCB-MSCs in comparison with that of BM-MSCs. Yellow arrows indicate lipid-laden fat cells. (B) 
Alizarin Red S staining showing the osteogenic differentiation of UCB-MSCs in comparison with that of BM-MSCs. Yellow arrows indicate 
nodules of calcium deposits. (C) Alcian blue staining with Nuclear Fast Red counterstaining showing the chondrogenic differentiation of 
UCB-MSCs in comparison with that of BM-MSCs. Cartilage matrix deposits were stained blue. In (A–C), representative images were 
obtained from three different UCB units (Lots #1, #2, and #3). Bars, 50 μm. (D) Growth curve of MSCs isolated from three lots (Lots #1, #2, 
and #3) of cryopreserved UCB cells and non-cryopreserved (NC) UCB cells, and from three lots (Lots #A, #B, and #C) of BM cells. On days 
4, 7, and 11 after cell seeding, the number of viable cells was counted using trypan blue. n = 3 per group. Data are mean values ± SD.
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with regard to the impact of cryopreservation on the charac-
teristics of MSCs.   Several reports show that cryopreserva-
tion reduces the immunomodulatory capacity of MSCs.18,19   
On the other hand, cryopreservation does not alter the surface 
marker profiles and osteogenic potential of BM-MSCs or 
compromise the therapeutic effects on cardiac function after 
direct intramyocardial injection.20,21   Difference in donors or 
the cultivation period after cell thawing might affect the char-
acteristics of MSCs.18,22   In our study, MSCs that were iso-
lated from cryopreserved UCB cells showed a similar mor-
phology, surface marker expression profile as BM-MSCs, 
and had capability to differentiate into osteogenic, adipo-
genic, and chondrogenic cells.   The expansion of these cells 
was faster than that of BM-MSCs.   Although our study did 
not examine the immunomodulatory capacity of UCB-MSCs, 
this was demonstrated in previous reports.23,24   Therefore, it 
is crucial to elucidate whether MSCs isolated from cryopre-
served UCB cells maintain the functions for therapeutic 
purposes.

In conclusion, MSCs were isolated from cryopreserved 
UCB units that are currently discarded as medical waste due 
to their inadequate volume and cell number.   To reconsider 
such UCB units as a medical source of MSCs, processing of 
UCB cells without cryopreservation is favorable. 
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