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Recovery of cord blood hematopoietic progenitors after successive freezing

and thawing procedures
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Background and Objectives. Cord blood (CB) is a
valuable source of stem cells. Most CB units are still cryo-
preserved in single bags in the world’s CB banks. Thaw-
ing a single CB unit, dividing it into two parts, expanding
the smaller one and refreezing the other would optimize
ex vivo expansion of CB progenitors prior to transplanta-
tion: expanded and unexpanded cells could be infused
together to accelerate early engraftment.

Design and Methods. The feasibility of refreezing CB
samples was investigated by evaluating the effect of 3
successive cryopreservation procedures in 9 CB units. The
number and viability of WBC, BFU-E, CFU-GM, CFU-MIX,
LTC-IC, and the absolute CD34+* cell count were assessed
at time 0 and after each thawing. The percentage of CD34
cells expressing CD38, L-selectin, VLA-4, VLA-5, H-CAM,
LFA-1 and CXCR4 was also evaluated.

Results. After three freezing and thawing procedures,
WBC counts decreased, while lymphocytes were un-
changed. Viability was 90% of basal values after the first
thawing and did not change. BFU-E decreased signifi-
cantly only after the third thawing. CFU-GM and CFU-MIX
did not change significantly, nor did LTC-IC, CD34+ cell
counts and CAM and CXCR4 expression on CD34+/
CD38- cells.

Interpretation and Conclusions. These data show that
two successive freeze-thaw procedures do not significantly
affect the clonogenic potential and CAM expression of
cord blood progenitors. This information could be exploit-
ed to devise new options in ex vivo expansion procedures
and quality controls prior to transplantation.
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for transplantation in the treatment of hemato-

logic, oncologic, immunologic, and metabolic dis-
eases.> Most CB units in the world’s CB banks are
stored in liquid nitrogen in individual bags for several
years and quickly thawed just prior to transplantation.
A single unit contains a limited number of hematopoi-
etic progenitors although with high proliferative and
repopulating capability.67

The main disadvantages deriving from this are the
delayed neutrophil and platelet engraftment in com-
parison with that provided by bone marrow and periph-
eral blood stem cell transplantation and the difficulty
in obtaining a large enough graft for adult patients or
those weighing more than 30 kg.#Ex vivo expansion of
CB progenitors could overcome the problem by accel-
erating engraftment and facilitating transplantation in
adults.81 Thus, two major problems in CB banking are
cytokine-mediated expansion of CB progenitors and
quality control of cryopreserved units.

The best method of cryopreserving CB units for
expansion purposes is to divide them into two bags
before freezing, thaw them individually, and then infuse
expanded and unexpanded progenitors at the same
time. Alternatively one can separately cryopreserve pre-
viously ex vivo expanded CB progenitors and then infuse
them with the not expanded component at day 0.12
However, this approach is only feasible in selected cas-
es of sibling collections because of its high costs. In
transplants from single bag-cryopreserved CB units, ex
vivo expanded progenitors have been infused 10 days
after the not expanded component,t? although this is
not the best way to accelerate neutrophil and platelet
engraftment. A better approach would be to thaw the
single unit and divide it into two unequal parts: expand
the smaller part, refreeze the other and eventually
infuse the expanded and unexpanded progenitors at
the same time to accelerate early engraftment. This
technique would also allow proper quality control
before the crucial myeloablative treatment of the recip-
ient. To evaluate the feasibility of refreezing CB samples,
we studied the effect of three successive cryopreserva-
tion procedures on 9 CB units. For this purpose, WBC,
lymphocytes, viability, CFU, LTC-IC, CD34+ cell counts,
cell adhesion molecules (CAMs) and CXCR4 expression
on CD34+ cells were evaluated before and after each
procedure.

Cord blood (CB) is a valuable source of stem cells
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Design and Methods

CB collection and processing

Collection and cryopreservation procedures were
performed according to an ISO 9002 quality system
validation program of the Italian Cord Blood Banks
Network.1s Nine CB units were obtained by umbil-
ical vein catheterization after delivery of full-term
newborns. Informed consent was given by the
mothers. CB was collected into PVC MacoPharma
(Rho, Milan, Italy) bags containing 21 mL CPD.1516
Total volumes (including anticoagulant) ranged from
75 to 120 mL (mean 86x15 mL). The units were
transferred with no prior cell separation into 200
mL Haemofreeze DF700 bags (NPBI, Emmer-Com-
pascuum, The Netherlands) and, after the addition
of sterile saline solution plus 5% human albumin,
10% DMSO and 2000 I.U. heparin to obtain 200 mL
final volume, cryopreserved by a standard method
(-1 C°/min programmed cooling rate, stored in lig-
uid nitrogen). CB units were thawed at 37°C, gen-
tly mixed in melting ice and quickly refrozen with-
in 15 min. A5 mL sample was drawn from an insert-
ed injection coupler, slowly mixed with 5 mL of ster-
ile washing solution (5% Dextran40, 2.5% human
albumin in 0.9%NaCl) and centrifuged once (400
9/10 min). The supernatant was removed and the
sedimented cells were slowly resuspended in fresh
washing solution added to restore the 5 mL volume,
then tested.'” This procedure was repeated three
times with an interval of one month or more
between freezing and thawing. Clonogenic tests and
flow cytometry analysis were performed on the
basal sample (whole blood) and after the first, sec-
ond and third thawing. WBC, lymphocytes, CD34+*
and CFU counts were expressed per microliter. To
compare whole blood basal values with values after
thawing, a correction factor was applied because
the units had been diluted to 200 mL final volume
before cryopreservation. After thawing WBC, lym-
phocytes and CFU counts were multiplied by 200
and divided by basal volume. WBC viability was
evaluated by the ethidium bromide and acridine
orange method (Fluoro-Quench, ONE LAMBDA,
Canoga Park, CA, USA).

Cell cultures

The colony assays for BFU-E, CFU-MIX and CFU-
GM were performed by plating 2x10* MNCs in 1 mL
of methylcellulose medium with recombinant
cytokines Methocult GF H4434 (StemCell Technolo-
gies, Vancouver, Canada). LTC-IC were assessed
using bulk cultures (StemCell Technologies). Briefly,
6x10° CB MNCs were cultured in 2 cm? wells in the
presence of MyeloCult H5100 medium with 106 M
hydrocortisone onto a previously established feed-
er layer of irradiated (8000 cGy) M2-10B4 cells. Cul-
tures were performed at 37°C in a humidified incu-

bator with 5% CO: in air. One half of the medium
was removed weekly and replaced with fresh medi-
um. After five weeks, non-adherent and adherent
cells (after trypsinization) were seeded in 35 mm
Petri dishes in Methocult GF H4435 (StemCell Tech-
nologies). After 14 days colonies were scored with
an inverted microscope. LTC-IC were calculated
according to Hogge et al .28

Antibodies

The following monoclonal antibodies were uti-
lized: anti-CD34 FITC (8G12, Becton-Dickinson, San
José, CA, USA); anti-CD38 TC (HIT 2, Caltag, South
San Francisco, CA, USA); anti-CD13 PE (L138, Bec-
ton-Dickinson); anti-CD62L PE (L-selectin, SK11,
Becton-Dickinson); anti-CD49d PE (VLA-4, 44H6,
Serotec, Kidlington, Oxford, England); anti-CD49e
PE (VLA-5, SAM-1, Serotec); anti-CD44 PE (H-CAM,
F 10-44-2, Serotec); anti-CD11a PE (LFA-1, B-B 15,
Serotec); anti-CXCR4 PE (PharMingen, San Diego,
CA, USA).

Flow cytometry

The percentage of cells expressing CD34, CD38
and/or CAM and/or CXCR4 was assessed by three-
color flow cytometry analysis as follows: 5x10°
nucleated cells were incubated for 20 min at 4°C
with anti-CD34, anti-CD38, and anti-CAM or anti-
CXCR4 MoAb. Isotype control was performed. After
incubation and red cell lysis by ammonium chlo-
ride, cells were analyzed with a flow cytometer XL2
Epics Coulter equipped with an argon laser. Almost
two hundred CD34+ cells were analyzed for each
sample. A three-color analysis for CD34, CD38 and
CD13 was also performed in six further samples.
Absolute CD34+, CD34+/38-, CD34+/38-/13- counts
were assessed by a two-platform method, utilizing
a Sysmex K 4500 Counter (Sysmex Corporation,
Kobe, Japan) and a standard Milan protocol. As a
control, absolute CD34+* cell counts were assessed
in each sample by a two-platform ISHAGE-derived
protocol. The coefficient of variation between the
Milan and ISHAGE counts was never more than
5%. In the first three CB units, leukocytes were
counted with a Sismex K 4500 Counter in triplicate
after each thawing. The results were highly repro-
ducible.

Statistical analysis
Statistics were obtained with Student’s t test.

Results

After the three procedures, WBC counts
decreased significantly from a baseline of 9.6+1.4
to 6.7+1.3x103%/uL (p<0.001), whereas lymphocyte
counts were unchanged (basal count = 3.4+0.6
x103/ul, third thawing = 3.4+1.0x103%/uL). The
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mean basal percentage of viable cells was 96.6+
1.7% and did not show significant changes from
the first to the third thawing (first, second and third
thawing: 89.1+3.6%, 90.6+2.2%, and 92.4+1.9%,
respectively). BFU-E decreased significantly from
2.9£1.4/uL to 2.0£0.9/uL after the third thawing
(p=0.01), whereas there was no significant differ-
ence between the first and second thawing. CFU-
GM and CFU-MIX did not change significantly. LTC-
IC were unchanged. The absolute count of CD34+*
cells was virtually constant (23+14.4/ul basal val-
ue; first, second and third thawing: 25.2+15.9/ul,
23.6x 16.3/ulL, and 25.7+13.5/uL, respectively). The
absolute count of CD34+/38- cells increased signif-
icantly from the second to the third thawing (basal
count: 2+1.2/ulL; first, second and third thawing:
25+1.7/uL, 2.8+1.5/uL, 3.8+1.4/uL, respectively),
though in six further experiments the absolute
count of CD34+/38-/13- cells did not change sig-
nificantly (1.2+0.9/ul basal value; first, second and
third thawing: 1.1+1.4/ul, 0.9£1.3/uL, 0.8+0.7/uL).

The percentage of CXCR4 and CAM-positive
CD34+/38- cells did not change significantly, though
CD11a-positive cells increased from the first to the
second thawing (respectively, 8.3+2.6% and 10.5+
1.1%, p=0.04). CXCR4, CD49d, CD11a, and CD62L
expression on CD34+/CD38* cells decreased signif-
icantly from basal values to the third thawing (but
not between the first and second) (82.8+3.9%,
86.9+5.8%, 85.0+6.4%, 82.4+5.8% versus 70.4+
6.8%, 77.8+2.8%, 71.1+7.2%, 70.8+5.7%, p<0.01).
The mean fluorescence intensity for CD11a, CD62L,
CD49d and CXCR4 decreased significantly in
CD34+/38- cells after three procedures but did not
change from the first to the second thawing,
except for CD11a, which decreased from 3.7+1.1 to
3.1+0.8 (p=0.03). The results are summarized in
Tables 1-3 and Figure 1.

Table 1.

CFU-GM CFU-MIX  LTC-IC CD34*
/10°MINC s

WBC  Lymph  BFUE
x10%ul x103/ul  ful ful  ful

Basal 9.6t1.4
Thawl 8.3t1.4

34106
3008

29+14
2.4+0.9

14408 1514
11406 12+09
Thaw2 7.7¢15 32408 23:10 12+06 08+04 11#03 23.6£163
Thaw3 6.7413 34+10 20:09 09+04 07+05 12+07 2574135
Number of WBC, lymphocytes (Lymph), BFU-E, CFU-GM, CFU-MIX, LTC-IC, CD34*

cells before (Basal) and after three successive cryopreservation procedures
(Thawl, Thaw2, Thaw3) in 9 CB units. Basal = whole blood.

1.0+0.6
0.9+0.6

230£144
2524159

Discussion

Hematopoietic progenitors were evaluated in our
study by clonogenic assays and flow cytometry.
Assays of colony-forming cells detect the more dif-
ferentiated progenitors and the LTC-IC assay
detects early progenitors. Flow cytometry evalua-
tion of CD34 and CD38 expression gives informa-
tion about CD34+/CD38- cells, a very immature
population highly enriched in SCID repopulating
cells.1? After three freeze and thaw procedures, the
more differentiated hematopoietic progenitors
decreased, though significantly only for BFU-E.
LTC-IC were unchanged.

The absolute count of CD34+ cells did not change
significantly, while CD34+/38- counts unexpected-
ly showed a significant increase after the third
thawing. To investigate this phenomenon, we per-
formed further experiments. These demonstrated
that after three freeze-thaw cycles CD34+/CD38-
/CD13- cell counts were unchanged. We thus sup-
pose that successive freeze-thaw cycles can reduce
the surface expression of CD38 antigen. A reduc-
tion of CD38 expression of CD34+ cells without a

Table 2.
34+/38- 34+/38* 34+/38- 34+/38* 34+/38-  34+/38+  34+/38-  34+/38+  34+/38-  34+/38 34+/38-  34'/38*
44+ % 44+ % 11a % 11a* % 62L*%  62L*% 49e+% 49+ % 490*%  49d*% CXCR*% CXCR4*%
Basal 27124 87.245.4 7.043.1 85.0+6.4 76432 824t58 82+29 872462 6.7+20 86.9158 7.3+2.7 82839
Thaw 1 6.1+34 85.7+3.7 8.3+2.6 83.0¢7.0 8642 76585 89+30 857455 83122 86.2460 8.1+l3 79.0+7.0
Thaw 2 3.81.9 85.8+3.2 10.541.1 81.045.1 96421 758t75 88+25 86.0+38 84430 828152 9.8+25 78266
Thaw 3 2.942.2 80.7¢4.5 10.0+4.3 711472 67419 708t57 115437 789+42 73131 77.8£28 89+28 704638

Percentage of CAM and CXCR4-positive cells in CD34+/38- and CD34+/38* populations before and after three successive cryopreservation procedures (Thawl, Thaw2,

Thaw3) in 9 CB units.
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Table 3.
34+/38- 34438+ 34+/38- 34+/38" 34+/38-  34+/38* 34+/38-  34+/38+  34/38-  34+/38+ 34/38- 34'/38*
44+ 44+ 11a* 11a* 62L* 62L* 49e* 49¢* 49d* 49d* CXCR4*  CXCR4+
Basal 2.0£1.6 7.8+4.2 46£2.0 6.5£7.4 3815 5.1+25 44419 3.6£1.8 27409 83t49 36£12 8752
Thawl 3.0£1.3 6.812.8 37£11 6.0£8.5 27108 2911 37£1.1 3.4£15 32110 31#11 25#06 6.3t+3.9
Thaw2 21404 9.746.3 3.1:0.8 3.7£2.6 23+0.7 2.3t05 35£1.6 3.1£15 28109 33t08 23t06 7.6+7.9
Thaw3 15+1.0 6.313.1 1.9+0.8 2.8£1.3 17+05 2109 34418 2.7+0.9 16103 33+24 1804 5778

Mean fluorescence intensity of CAM and CXCR4 expression in CD34*/38- and CD34+/38* populations before and after three successive cyopreservation procedures (Thawl,

Thaw2, Thaw3) in 9 CB units.

130
[E= 4 —_
(e

(£
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Figure 1. Recovery of CB WBC, lymphocytes, LTC-IC after 3
cryopreservation procedures (expressed as percentage of
basal values)

concomitant increase of repopulating capacity has
been observed in expansion experiments.?® Our
study on CD34+/ CD38-/ CD13- cells matches the
LTC-IC results and confirms that more immature
progenitors are unchanged after successive cryo-
preservation procedures.

The percentage of viable cells after the first
thawing was 89.1+3.6, according to previous
reports; it did not change significantly from the
first to the third thawing.

The recovery of hematopoietic progenitors was
better than expected from previous in vitro studies.
This could be because of the short thawing time at
low temperature before refreezing, and the wash-
ing method employed to minimize osmotic dam-
age to the hematopoietic progenitors. A previous
study? demonstrated the resistance of CD34+/38-
cells to a single freeze-thaw procedure, while an
example of resistance of relatively undifferentiat-
ed cells to refreezing was observed in human blas-
tocysts that led to a successful pregnancy after two

freeze-thaw procedures.?2 Homing of stem cells to
the bone marrow microenvironment is important
for the outcome of a transplant. CAMs and
chemokines are involved in this process.22 Among
CAMs, VLA-4, VLA-5 and LFA-1a integrins, CD 44
and L-selectin play a critical role,2+-3° while, among
chemokines, stromal-derived factor-1 (SDF-1) and
its receptor CXCR4 are necessary for the engraft-
ment of human CD34+ cells in the NOD/SCID mod-
el.3! Previous studies have demonstrated a high
expression of CAMs in CB CD34+ cells, especially in
the more immature CD34+/CD38- population.323 In
the present study L-selectin, VLA-4, VLA-5, H-CAM
and CXCR4 expression on CD34+/CD38- cells did not
change after two freeze-thaw cycles, while LFA-1
expression actually increased between the first and
second thawing. The mean fluorescence intensity
(an indirect measure of the number of cell surface
antigens) for CD11a, CD62L, CD49d and CXCR4 in
CD34+/CD38- cells was unchanged between the
first and the second thawing, (except for CD11a).
Evaluation of CAM expression on CD34+/CD38- cells
after the third thawing was partially impaired by
the above described loss of CD38 expression. With
regard to the more mature progenitors, CD34+*/
CD38*, we observed a decrease of CAM expression
only after the third thawing. Previous studies
demonstrated a significant reduction of L-selectin
expression in CB CD34+ cells after a single freeze-
thaw procedure, restored after overnight incuba-
tion with serum.34% Once again, we think our
refreezing and washing protocol may explain the
better results. Good resistance of immature prog-
enitors to two freeze-thaw procedures indicates
that single bag-cryopreserved CB units can be
thawed to obtain a sample for quality controls and
divided into two parts; the smaller part can be
expanded, the other refrozen, and finally expanded
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and unexpanded products can be infused at the
same time. The refrozen product would provide a
suitable number of early progenitors, while early
and more differentiated progenitors would be sup-
plied by the expanded product.

In conclusion, the present study shows that two
freeze-thaw procedures do not significantly affect
the clonogenic potential and CAM expression of
cord blood progenitors. If corroborated by animal
studies, these results could be exploited to devise
new options in ex vivo expansion procedures and
quality controls prior to transplantation.
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What is already known on this topic

Hematopoietic stem cells from cryopreserved cord
blood are able to reconstitute hematopoiesis in mye-
loablated recipients. Nonetheless, the number of cells
is frequently insufficient for large body mass patients.
Ex vivo expansion of cord blood stem cells from a
portion of the cord blood unit could overcome this
limitation. As cord blood units have been frequently
cryopreserved in a single bag, ex vivo expansion
might require multiple freeze/thaw procedures. It is
therefore necessary to investigate whether cord
blood hematopoietic progenitors can tolerate multi-
ple freeze/thaw procedures.

What this study adds

The study shows that cord blood tolerates 2
freeze/thaw procedures without significant loss of
its lymphocyte and long-term culture initiating cell
content.

Caveats _
Invivo studies are needed to document full preser-
vation of cell function.
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