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ABSTRACT

Background

Mesenchymal stromal cells are employed in various different clinical settings in order to
modulate immune response. However, relatively little is known about the mechanisms
responsible for their immunomodulatory effects, which could be influenced by both the
cell source and culture conditions.

Design and Methods

We tested the ability of a 5% platelet lysate-supplemented medium to support isolation
and ex vivo expansion of mesenchymal stromal cells from full-term umbilical-cord blood.
We also investigated the biological/functional properties of umbilical cord blood mes-
enchymal stromal cells, in comparison with platelet lysate-expanded bone marrow mes-
enchymal stromal cells.

Results

The success rate of isolation of mesenchymal stromal cells from umbilical cord blood was
in the order of 20%. These cells exhibited typical morphology, immunophenotype and dif-
ferentiation capacity. Although they have a low clonogenic efficiency, umbilical cord blood
mesenchymal stromal cells may possess high proliferative potential. The genetic stability of
these cells from umbilical cord blood was demonstrated by a normal molecular karyotype;
in addition, these cells do not express hTERT and telomerase activity, do express p16™* pro-
tein and do not show anchorage-independent cell growth. Concerning alloantigen-specific
immune responses, umbilical cord blood mesenchymal stromal cells were able to: (i) sup-
press T- and NK-lymphocyte proliferation, (ii) decrease cytotoxic activity and (iii) only
slightly increase interleukin-10, while decreasing interferon-y secretion, in mixed lympho-
cyte culture supernatants. While an indoleamine 2,3-dioxygenase-specific inhibitor did not
reverse mesenchymal stromal cell-induced suppressive effects, a prostaglandin Ez-specific
inhibitor hampered the suppressive effect of both umbilical cord blood- and bone marrow-
mesenchymal stromal cells on alloantigen-induced cytotoxic activity. Mesenchymal stromal
cells from both sources expressed HLA-G.

Conclusions

Umbilical cord blood- and bone marrow-mesenchymal stromal cells may differ in terms
of clonogenic efficiency, proliferative capacity and immunomodulatory properties; these
differences may be relevant for clinical applications.

Key words: mesenchymal stromal cells, umbilical cord blood, platelet lysate,
immunomodulatory properties, cell therapy.

Citation: Avanzini MA, Bernardo ME, Cometa AM, Perotti C, Zaffaroni N, Novara F, Visai L,
Moretta A, Del Fante C, Villa R, Ball LM, Fibbe WE, Maccario R, and Locatelli E. Generation of
mesenchymal stromal cells in the presence of platelet lysate: a phenotypic and functional comparison
of umbilical cord blood- and bone marrow-derived progenitors Haematologica 2009; 94:1649-1660.
doi:10.3324/haematol.2009.006171

©2009 Ferrata Storti Foundation. This is an open-access paper.

haematologica | 2009; 94(12) | 1649 |



| 1650 |

M.A. Avanzini et al.

Introduction

In addition to hematopoietic stem cells, the bone mar-
row (BM) also contains mesenchymal stromal cells
(MSC)."” These latter cells exhibit multilineage differen-
tiation potential and are endowed with immunomodu-
latory properties that have been demonstrated both in
vitro and in vivo.>* Ex vivo-expanded MSC have been
employed in the setting of hematopoietic stem cell
transplantation, in view of both their immunomodulato-
ry activity and their ability to support hematopoiesis. In
particular, in a phase I/Il multicenter study, MSC proved
safe and effective when administered to 55 patients with
severe, steroid-refractory acute graft-versus-host disease
(GvHD).> Moreover, in another phase I/Il study, co-
transplantation of MSC, together with T-cell depleted
peripheral blood stem cells, overcame the problem of
graft failure in 14 children receiving a hematopoietic
stem cell transplant from an HLA-haploidentical family
donor.® Co-transplantation of MSC and umbilical cord
blood (UCB) stem cells is also under investigation.”*
Recently, in view of the immunosuppressive properties
of MSC, as well as their role in tissue repair and
trophism, infusion of these cells has also been proposed
as a novel approach for reparative/regenerative medicine
in the treatment of autoimmune disorders and chronic
inflammatory diseases.”'

Although BM represents the most commonly
employed source of MSC for both experimental and
clinical uses,*?'* MSC have been isolated from other
sources, including adipose tissue, placenta, amniotic
fluid, fetal tissues and UCB."#

Notably, it has not always been possible to grow MSC
from UCB and in many cases the yield was low. In par-
ticular, the presence of mesenchymal progenitors in full-
term UCB has been questioned in recent years by many
groups, whose attempts to obtain MSC have either
failed®* or yielded low numbers.”* In fact, the frequen-
cy of MSC in UCB is very low and, in fetal blood, it has
been reported to decline with gestational age from about
1/10° mononuclear cells in first trimester fetal blood to
0.3/10° mononuclear cells in term cord blood.” Despite
this limitation, Bieback et al. have demonstrated that,
when critical parameters for the selection of ‘good qual-
ity’ term UCB units are employed, MSC can be success-
fully isolated from more than 60% of processed cord
blood units.”

MSC have been mainly expanded in vitro in the pres-
ence of fetal calf serum (FCS). Cells thus obtained, when
infused into patients, carry the potential risk of both
transmitting zoonoses and causing immune reactions
directed against residual animal proteins. For these rea-
sons, culture supplements devoid of animal compo-
nents, such as platelet lysate (PL), have been tested in
recent years for the isolation and expansion of MSC.***
In particular, our group previously demonstrated that a
5% PL-supplemented medium can support large-scale,
ex vivo expansion of BM-derived MSC (BM-MSC) and
that this medium is superior to 10% FCS in terms of
both the clonogenic efficiency and proliferative capacity
of the expanded MSC.” Conversely, BM-MSC expand-

ed in PL seem to be endowed with relatively low
immunosuppressive activity, as compared with BM-
MSC grown using FCS as the culture supplement.”
The aim of this study was to test the ability of a PL-
supplemented medium to support the generation and ex
vivo expansion of MSC from full-term UCB (UCB-MSC),
as well as to characterize these latter cells for their bio-
logical and functional properties, in comparison with PL-
expanded BM-MSC. In particular, we focused on an
investigation of both the genetic stability and the
immunoregulatory function, exerted on alloantigen-spe-
cific immune responses, of UCB-MSC. Moreover, we
studied the possible mechanisms at the basis of the
immunosuppressive effect of UCB-MSC.

Design and Methods

Collection and selection of umbilical cord
blood units

UCB units were collected after full-term delivery and
stored at the Cord Blood Bank of our Hospital after
obtaining signed, written informed consent. The
Institutional Review Board of the Fondazione IRCCS
Policlinico San Matteo approved the study. Citrate phos-
phate dextrose-A, 20 mL, was employed as the anticoag-
ulant in the collection bags. Whole UCB units were used
to generate the MSC. Ten fresh UCB units (median vol-
ume 45 mlL; range, 40-60 mL) were selected according to
the following criteria: (i) total nucleated cell count rang-
ing from 500 to 750x10% (i) manipulation performed
within 24 h of delivery; (iii) overall cell viability greater
than 75%, investigated by 7-amino-actinomycin D and
Aldefluor. Samples obtained from UCB units before and
after mononuclear cell (MNC) separation were analyzed
by a Becton Dickinson FACSCanto instrument (BD
BioSciences, San Jose, CA, USA) using FACSDiva soft-
ware 5.0, according to the European Working Group on
Clinical Cell Analysis guidelines.”* Cell viability was
determined using the 7-amino-actinomycin D dye test
(Molecular Probes, Eugene, OR, USA) within the context
of expression of surface markers identified by fluo-
rochrome-labeled antibodies. The following monoclonal
antibodies were used: anti-CD34 phycoerythrin, anti-
CD45 peridinin chlorophyll protein, anti-CD133 allo-
phycocyanin (all from BD BioSciences) and Aldefluor
(StemCell Technologies, Vancouver, Canada). Aldefluor
was detected using the green fluorescence channel fol-
lowing the manufacturer’s instructions.

Preparation of the platelet lysate

The PL was prepared as previously described.” In
brief, aliquots of 50 mL platelet-rich plasma, collected by
apheresis, were obtained from ten healthy volunteers at
the Transfusion Service of our hospital. All apheresis
products contained a minimum of 5x10" platelets.
Written informed consent from donors was always
obtained and all apheresis products were screened for
infectious agents according to national regulations.
Immediately after collection, platelet apheresis products
were frozen at -80°C and subsequently thawed at 37°C
to obtain the release of platelet-derived growth factors.
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Heparin (5000 Ul) was added to the platelet bags to
avoid gel formation. Apheresis products were cen-
trifuged three times at 900 g for 30 min to eliminate
platelet bodies. Finally, PL preparations obtained
through this procedure were pooled in a single culture

supplement to be used for the generation and expansion
of UCB-MSC.

Isolation and culture of umbilical cord blood-derived
mesenchymal stromal cells

MNC were isolated from the ten UCB units by densi-
ty gradient centrifugation (Ficoll 1.077 g/ml;
Lymphoprep, Nycomed Pharma, Zurich, Switzerland)
after 1:1 dilution with Dulbecco’s phosphate-buffered
saline (D-PBS; Euroclone, Celbio, Milan, Italy) and plat-
ed in non-coated 75-175 cm”® polystyrene culture flasks
(Corning Costar, Celbio) at a density of 160,000/cm” in
complete culture medium: Mesencult (StemCell
Technologies) supplemented with 2 mM L-glutamine,
50 pg/mL gentamycin (Gibco-BRL, Life Technologies,
Paisely, UK) and 5% PL. This concentration of PL was
chosen on the basis of results previously obtained with
BM-MSC.” Cultures were maintained at 37°C, in a 5%
CO: humidified atmosphere. After 48 h, non-adherent
cells were discarded; culture medium was replaced
twice a week. Upon the appearance of MSC-like clones,
cells were harvested using trypsin (Sigma-Aldrich,
Milan, Italy), re-plated for expansion at a density of
4,000 cells/cm” and propagated in culture until reaching
a senescence phase. Senescent cells were monitored for
up to 8 weeks, in order to reveal any change in mor-
phology and/or proliferation rate. Cell growth was ana-
lyzed by direct cell counts and cumulative population
doublings were determined. The number of population
doublings was calculated using the formula:

logio(N)/logio(2)

where N=cells harvested/cells seeded and results are

expressed as cumulative population doublings.”

Multilineage differentiation potential of umbilical
cord blood-derived mesenchymal stromal cells

The adipogenic and osteogenic differentiation capaci-
ty of UCB-MSC was determined at passage (P) 2, as pre-
viously described.” To detect osteogenic differentiation,
cells were stained for alkaline phosphatase activity
using Fast Blue (Sigma-Aldrich) and for calcium deposi-
tion with Alzarin Red (Sigma-Aldrich). Adipogenic dif-
ferentiation was evaluated through the morphological
appearance of lipid droplets stained with Oil Red O
(Sigma-Aldrich).

Immunophenotypic characterization of umbilical cord
blood-derived mesenchymal stromal cells

Fluorescein isothiocyanate-, phycoerythrin-, peridinin
chlorophyll protein-cyanin 5.5- labeled monoclonal
antibodies specific for the following antigens were
employed: (i) CD45 (clone HI30), CD14 (clone M®P9),
CD34 (clone 581), CD13 (clone L138), CD80 (clone
L307.4), CD31 (clone L133.1), HLA A-B-C (clone G46-
2.6), HLA-DR (clone G46-6[L243]), CD90 (clone 5E10),
CD73 (clone AD2) (all from BD Biosciences), CD105
(clone SN6; Serotec, Kidlington, Oxford, UK), and HLA-

G (clone MEM-G/9; Exbio, Prague, Czech Republic) for
the assessment of the surface phenotype of the MSC;
(ii) CDS3 (clone SK7), CD4 (clone SK3), CD8 (clone SK1),
CD56 (clone NCAM16.2), CD25 (clone 2A3), CD152
(CTLA4; clone BNI3), and Foxp3 (clone PCH101;
eBioscience, San Diego, CA, USA) for evaluation of
lymphocyte subsets. Appropriate isotype-matched con-
trols (BD Bioscience, eBioscience) were included.
Intracellular staining for CD152 (CTLA4), Foxp3 and
HLA-G was performed as previously described.”?
Two-color or three-color direct immune fluorescence
cytometry was performed with a FACScalibur flow
cytometer (BD Biosciences) and data calculated using
CellQuest software (BD Biosciences).

Telomerase activity detection assay and reverse
transcription polymerase chain reaction analysis
of human telomerase reverse transcriptase

Telomerase activity was measured by the polymerase
chain reaction (PCR)-based telomeric-repeat amplifica-
tion protocol (TRAP) using the TRAPeze kit (Intergen
Company, FL, USA) on samples containing 0.6 and 6.0
ug of protein. Protein extract from a telomerase-positive
human cell line (JR8) was used as a positive control.* A
sample was scored as telomerase activity-positive when
positive TRAP results were obtained from at least one
protein concentration.

For assessment of human telomerase reverse tran-
scriptase (hTERT), total cellular RNA was extracted
from frozen samples with the RNeasy microkit (Qiagen
GmbH). A 0.5 pg aliquot from each sample was reverse-
transcribed using the reverse transcription (RT)-PCR
Core kit (Applied Biosystems, Foster City, CA, USA)
with random hexamers, and the resultant cDNA was
then amplified with the same kit. hTERT cDNA was
amplified as previously described.*

Western immunoblotting

MSC were lysed on ice in lysis buffer. Total cellular
lysates were separated on 15% sodium dodecyl sulfate-
polyacrylamide gel and were transferred onto Hybond
ECL nitrocellulose membranes (GE Healthcare Europe
GmbH, Cologno Monzese, Italy). Nitrocellulose mem-
branes were blocked in PBS-Tween 20 with 5%
skimmed milk, first incubated overnight with the pri-
mary antibody specific for p16™* (Abcam Inc,,
Cambridge, MA, USA) and then with the secondary
peroxidase-linked whole antibody (GE Healthcare
Europe). Bound antibody was detected using an
enhanced chemiluminescence western blotting detec-
tion system (GE Healthcare Europe). DU145 human
prostate cancer and U20S human osteogenic sarcoma
cell lines were used as positive and negative controls for
pl6™* expression, respectively.

Clonogenic assay

Single-cell suspensions of 100,000-1,000 cells/mL in
complete medium and 0.3% (w/v) agarose were plated
in triplicate in 35 mm culture dishes, over chilled 0.6%
agarose feeder layers. Cultures were incubated at 37°C
in a 5% CO:2 humidified atmosphere and examined at
14 days after plating under an inverted microscope.
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Molecular karyotyping

Molecular karyotyping of UCB-MSC at early and late
passages (P3 and P8-9, respectively) was performed
through array-comparative genomic hybridization
(array-CGH) with the Agilent kit 44B (Human Genome
CGH Microarray, Agilent Technologies, Santa Clara,
CA, USA), as previously described.”** A pool of charac-
terized genomic DNA (Human Genomic DNA Male,
Promega, Madison, WI, USA) was used as control DNA
for all experiments. Quality control parameters for every
experiment were evaluated using the CGH Analytics
Agilent software-QC tool.

Mixed lymphocyte cultures and cytotoxicity assays

Peripheral blood MNC were obtained by Ficoll-
Hypaque density gradient from heparinized peripheral
blood samples from healthy volunteers. Primary mixed
lymphocyte cultures (IMLC) were set up according to
previously described methods.”**® Briefly, non-irradiat-
ed, third-party UCB-MSC, allogeneic to both responder
and irradiated stimulator peripheral blood MNC, were
added at a responder cell to MSC ratio of 10:1. A control
MLC was set-up in the absence of UCB-MSC. UCB-
MSC employed in the MLC experiments had been har-
vested and cryopreserved at P3. The total number of
peripheral blood MNC recovered after the 10-day MLC
was counted with vitality assessed by trypan blue
(Sigma-Aldrich). The recovered cells were then analyzed
by flow cytometry and the percentages of lymphocyte
subsets (CD3*CD4* and CD3*CD8* T cells, as well as
CD3™:CD56" NK cells) were determined. The number of
lymphocyte subsets per milliliter of culture was then cal-
culated and compared with the initial number of cells
(day 0). Differentiation of regulatory T cells (Treg) was
evaluated by measuring the percentages of CD4'CD25*
and CD4'CD25™# T lymphocytes, together with the
expression of Foxp3 and CTLA4 on CD4°'CD25* lym-
phocytes. Alloantigen-induced cell-mediated cytotoxic
activity was tested in a 5-hour *'Cr-release assay, as pre-
viously described.”*® Results are expressed as percent
specific lysis of target cells. *Crlabeled target cells
included phytohemagglutinin-activated stimulator
peripheral blood MNC and the same lots of UCB-MSC
that had been added to the MLC.

To evaluate the possible involvement of indoleamine
2,3-dioxygenase (IDO) and/or prostaglandin E» (PGEz) in
the immunosuppressive effect of PL-expanded UCB-
MSC, we set up MLC in which, in some wells, specific
inhibitors of IDO activity (1-methyl-tryptophan, Sigma-
Aldrich), or of PGE2 (NS-398, Cayman Chemicals, Irvine,
CA, USA) were added to the MSC/MLC co-culture at a
concentration of 1 mM and 5 M, respectively.® In this
set of experiments, BM-MSC, expanded in 5% PL-sup-
plemented medium,” were employed as a control for
UCB-MSC. Cell counts per milliliter of culture recovered
after 10 days of MLC, as compared to day 0, and
alloantigen-induced cell-mediated cytotoxic activity
(using *'Cr-labeled phytohemagglutinin-activated stimu-
lator peripheral blood MNC as target cells) were evalu-
ated for each culture condition. After 72 h of culture,
supernatants were collected for the evaluation of IDO
activity and PGE: quantification.

Detection of indoleamine 2,3-dioxygenase activity
IDO activity was evaluated by quantifying tryptophan
and kynurenine concentrations in 72-h culture super-
natants with high-performance liquid chromatography
(HPLC), using the HPLC pump, model SCL-10 VP
(Shimadzu, Kyoto, Japan). For separation, pre-columns
(cartridge holder and guard cartridge) from Phenomenex
(Torrance, CA, USA) and reverse-phase C18 (octyl)
columns (250 mm length, 460 mm internal diameter, 5
micron grain size) from Beckman-Coulter (Milan, Italy),
were used. The incorporated UV/VIS detector model
UV-SPD-M10 VP (Shimadzu) was employed for detec-
tion of both kynurenine and nitrotyrosine at a wave-
length of 360 nm. Tryptophan was detected by a fluores-
cence detector (Shimadzu, Model RF-535) at 285-nm
excitation wavelength and an emission wavelength of
365-nm. Samples were prepared as previously report-
ed.” L-tryptophan, L-kynurenine, 3-nitro-L-tyrosine,
trichloroacetic acid, potassium phosphate and acetoni-
trile for the HPLC elution buffer were obtained from
Sigma-Aldrich. All chemicals used were of analytical
grade. Peak area counts were used to calculate concen-
trations (EZStart software, version 7.3). Tryptophan and
kynurenine were referred to nitrotyrosine. The repro-
ducibility of the system was controlled by nitrotyrosine
counts and variations less than 5% were tolerated.

Measurement of cytokines and HLA-G
by enzyme-linked immunsorbent assay

The concentrations of interferon-y (IFN-y), interleukin
(L)-10, IL-6, 1L-12, IL-7, IL-2, IL-15 and transforming
growth factor B (TGF-B) in MLC supernatants after 12,
24, and 48 h were quantified by enzyme-linked
immunosorbent assay (ELISA) using monoclonal anti-
body pairs (Pierce Endogen, Rockford, IL, USA), as pre-
viously described.” PGE: levels were evaluated using a
commercially —available ELISA (R&D  System,
Minneapolis, MN, USA), according to the manufactur-
er’s instructions. The concentration of soluble HLA-G in
culture supernatants was quantified by ELISA (sHLA-G
ELISA, Exbio); clone MEM-G/9 was employed as the
anti-HLA-G capture antibody.

Statistical analysis

The non-parametric Kolmogorov-Smirnov test for
independent samples was performed for the comparison
of cumulative cell counts at PO and P5 of UCB- and BM-
MSC. Due to the small size of the groups, the maximum
significance value obtained was p=0.1.

Results

Characterization of umbilical cord blood-derived mes-
enchymal stromal cells

Ten UCB units obtained at full-term delivery were
selected according to the ‘quality’ criteria described in
the Design and Methods section. MNC were separated,
plated as PO and cultured in medium supplemented with
5% PL. The cultures at PO were monitored for up to 4
weeks to allow identification of MSC clones in the
flasks. Two out of the ten UCB units (20%; UCB3 and

haematologica | 2009; 94(12)



Platelet lysate for generation of UCB- or BM-derived MSC

UCB6) gave rise to three and four MSC-like clones after
15 and 14 days of culture, respectively. We did not
obtain MSC from the remaining eight UCB units,
despite the long culture period. MSC clones from UCB3
(UCB3-MSC) and UCB6 (UCB6-MSC) were expanded
ex vivo and characterized for their morphology, differen-
tiation potential, immunophenotype, proliferative
capacity, biosafety profile and immunoregulatory prop-
erties. UCB-MSC displayed the typical spindle-shaped
morphology, similar to that of BM-MSC expanded in
the same culture medium (Online Supplementary Data,
Figure S1A).” As already observed for BM-MSC expand-
ed in the presence of PL,” UCB-MSC required only 2-3
min of incubation with trypsin at room temperature to
become completely detached from the flasks, whereas
5-8 min at 37°C are usually necessary to harvest MSC
grown in the presence of 10% FCS.

UCB-MSC were induced to differentiate into
osteoblasts and adipocytes and examined for this capac-
ity by histological staining. The cells were able to differ-
entiate into osteoblasts, as demonstrated by the histo-
logical detection of alkaline phosphatase activity (purple
reaction) and calcium deposition stained with Alzarin
Red (Figure 1A), and into adipocytes, as revealed by the
formation of lipid droplets, stained with Oil Red O
(Figure 1B).

The surface phenotype of UCB-MSC was analyzed
by flow cytometry every two passages (at P1, P3, P5 and
so on) and showed the typical panel of MSC markers, in
agreement with previous reports.”*****” In particular, by
the second passage, contamination with hematopoietic
cells was no longer detectable and more than 98% of
the UCB-MSC were positive for CD90, CD73, CD105
and CD13 surface antigens and negative for CD34,
CD45, CD14, CD80, CD31 molecules. The expression
of HLA-DR was always less than 2%, whereas HLA-
class I was uniformly present on UCB-MSC (more than
98% of positive cells). (Online Supplementary Data, Figure
S1B).

Calculated cumulative cell counts from PO to P5 for
UCB3-MSC and UCB6-MSC, together with counts for
BM-MSC cultured in the presence of 5% PL,” for com-
parison, are shown in Figure 1C. UCB-MSC yielded
similar numbers at P5 (1.62x10° MSC for UCB3 and
2.02x10° MSC for UCB6), as compared with BM-MSC
(8.2+1.02x10° MSC as the mean+SD of eight BM
donors; p>0.1),” even when starting with low numbers
of cells. In fact, the number of UCB-MSC collected after
trypsinization at PO was 0.2x10° for both units, where-
as the mean number of MSC from eight BM donors at
the same passage was 2.6+0.58x10° cells (p<0.1). UCB-
MSC growth was also evaluated in terms of population
doubling; cumulative population doublings from P1 to
P5 were as follows: 12.9 for UCB3-MSC, 13.3 for
UCB6-MSC, and 10.9 for BM-MSC (mean of eight BM
donors). Because of the extremely low frequency of
clones in the case of UCB-MSC, a comparison of the
colony-forming unit-fibroblast (CFU-F) assay with BM-
MSC could not be performed. The median time to reach
80% confluence for all passages from P1 to P5 was 6.5
days for both UCB3- and UCB6-MSC, as compared to
5.5 days in the case of BM-MSC expanded in the pres-
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Figure 1. A) Osteogenic differentiation capacity of UCB-MSC, as
compared with BM-MSC (right panel). Representative photographs
from UCB3-MSC at P3 and BM-MSC from donor 2.2 Magnification
x 20. B) Adipogenic differentiation capacity of UCB-MSCs, as com-
pared with BM-MSC (right panel). Representative photographs
from UCB3-MSC at P3 and BM-MSC from donor 2.2 Magnification
x 20. C) Calculated cumulative cell counts from PO to P5 of UCB3-
and UCB6-MSC, as compared with BM-MSC cultured in the pres-
ence of 5% PL-additioned medium (mean of eight BM-donors) and
already reported.””

ence of 5% PL.” Taken together, these results suggest
that UCB-MSC, although displaying a rather low clono-
genic efficiency, possess high proliferative potential.

UCB-MSC were cultured continuously in vitro until
reaching senescence and monitored daily for up to 8
weeks, in order to investigate their propensity to under-
go spontaneous transformation in vitro. The proliferative
capacity of UCB3-MSC and UCB6-MSC decreased pro-
gressively until the cells reached a senescent phase after
73 and 81 days of culture at P9 and P10, respectively.
The cells maintained their typical spindle-shaped mor-
phology, differentiation capacity and surface markers
throughout the culture period.

Biosafety profile of umbilical cord blood-derived
mesenchymal stromal cells - lack of telomerase
expression during long-term in vitro culture

MSC cultures from both UCB3 and UCB6 were test-
ed at two different i vitro passages (P4 and P8) for the
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Figure 2. (A) Telomerase activity of UCB3- and UCB6-MSC cultures at P4 and P8. Telomerase activity was detected by the TRAP assay
using two protein concentrations. The telomerase-positive cell line JR8 was used as a positive control. The blank represents a negative
control to which no protein extract was added. The lane labeled +RNAse represents an additional negative control containing 0.6 ug cell
extract of JR8 pretreated with RNAse. The location of the internal amplification standard (ITAS) is reported. (B) P16 expression in
UCB3- and UCB6-MSC cultures at different in vitro passages as evaluated by western immunoblotting. The p16™™“-positive DU145 cell
line and the p16™“-negative U20S cell line were used as positive and negative controls, respectively. (C) Representative array-CGH pro-
files of chromosomes 1 of UCB6-MSC at P3 (left, red profile) and P9 (middle, blue profile). The array-CGH profiles are linear and perfect-
ly overlapping (right), thus demonstrating that in vitro expanded UCB-MSC do not show unbalanced chromosomal rearrangements.

expression of telomerase catalytic activity by the TRAP
assay. TRAP results failed to evidence the presence of
enzyme catalytic activity in any of the samples tested
(Figure 2A). To gain insights into the molecular mecha-
nisms responsible for the repression of telomerase activ-
ity in UCB-MSC, we assessed the expression of the
TERT gene, which codes for the catalytic component of
human telomerase,” in the same cultures screened for
telomerase activity. RT-PCR failed to demonstrate evi-
dence of expression of TERT mRNA (Ounline
Supplementary Data, Figure S2), thus indicating that the
absence of telomerase activity in cultured UCB-MSC
was ascribable to a lack of TERT gene transcription.
MSC cultures from both UCB3 and UCB6 were found
to express pl6™* protein, as detected by western

immunoblotting, at all tested in vitro passages (Figure 2B).
In addition, UCB3-MSC (P3 and P6) and UCB6-MSC (P4
and P11) did not show anchorage-independent cell
growth, since they failed to generate colonies when plat-
ed in double-layer agarose (data not shown).

UCB-MSC were also tested for their genomic assets; in
particular UCB3-MSC and UCB6-MSC were investigated
at early passages (P3) and at later passages in culture (P8
and P9, respectively) by means of array-CGH (see Figure
2C for UCB6-MSC at P3 and P9). The results of array-
CGH experiments revealed that UCB-MSC expanded in
vitro do not show unbalanced chromosomal rearrange-
ments; in fact, deletions or duplications of genomic mate-
rial, excluding copy number variations constitutionally
present, were absent in the UCB-MSC studied.
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Immune regulatory properties of umbilical cord
blood-derived mesenchymal stromal cells

In a first set of experiments, the immune regulatory
capacity of UCB-MSC was evaluated by assessing UCB-
MSC interactions with alloantigen-specific immune
responses, elicited i vitro in primary MLC. In agreement
with previously reported studies,’ we observed that
UCB-MSC were able to strongly inhibit alloantigen-
induced lymphocyte proliferation (Figure 3A). A strong
inhibitory effect was evident on whole T lymphocytes
and their subsets (CD3", Figure 3B; CD3*CD4", Figure
3C; CD8'CD8, Figure 3D), as well as on NK lympho-
cytes (CD3*CD56", Figure 3E). The percentage of
CD4°CD25" T cells increased considerably, as compared
with day 0, after 10-day primary MLC, both in the pres-
ence and absence of UCB-MSC, even though the per-
centage of this subset was higher in UCB-MSC MLC
than in control MLC (Figure 3F). In an attempt to dis-
criminate CD4°CD25" Treg from conventional, recently
activated CD4'CD25* T lymphocytes, the degree of
expression of CD25 (CD4'CD25"#* T cells, Figure 3G),
as well as of CTLA4 and FoxP3 molecules, was evaluat-
ed within the CD4*CD25" T-cell subset (Figure 3H). We
found a higher percentage of CD4'CD25"#" and
CTLA4* cells in UCB-MSC MLC than in control MLC,
while the percentage of FoxP3* was lower in the pres-
ence than in the absence of UCB-MSC (Figure 3H).

The kinetics of cytokine production induced in vitro by
allogeneic stimulus documented that addition of UCB-
MSC: (i) inhibits IFN-y secretion; (ii) strongly increases
IL-6  secretion in MLC supernatants (Online
Supplementary Data, Table S1). Differently from what
was found in a previous study, in which the addition of
BM-MSC grown in 5% PL to the MLC substantially
increased IL-10 secretion,” UCB-MSC only slightly
enhanced IL-10 secretion in 24-h MLC supernatants; (iii)
IL-2, IL-7, IL-12, and IL-15 were undetectable in all
experimental conditions.

In order to assess the effect of UCB-MSC on alloanti-
gen-induced cytotoxic activity, effector cells recovered
after 10 days of MLC were tested in a cytotoxicity
assay, employing as targets either MLC-stimulator phy-
tohemogglutinin-activated blasts (Figure 4A) or third-
party UCB-MSC from the same lots added to the MLC
at day O (Figure 4B, and 4C). All the experiments
showed a striking inhibitory effect mediated by both
lots of UCB-MSC (UCB3-MSC and UCB6-MSC) on
alloantigen-induced cytotoxic activity.

With the aim of better understanding the biological
mechanisms responsible for the immunosuppressive
effect exerted by UCB-MSC on alloantigen-induced
immune responses, in a second set of experiments,
MLC were carried out in the presence of IDO- or PGE-
specific inhibitors. As controls, the same experimental

haematologica | 2009; 94(12)
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conditions were also tested in either the presence or the
absence of BM-MSC cultured in PL-supplemented medi-
um.” Moreover, the constitutive expression of intracel-
lular, membrane and soluble HLA-G was evaluated in
UCB-MSC, as well as in BM-MSC harvested at P3.

In terms of alloantigen-induced lymphocyte prolifera-
tion, neither the IDO-specific inhibitor nor the PGE.-
specific inhibitor was able to reverse the MSC-induced
suppressive effect (data not shown). By contrast, when
alloantigen-induced cytotoxic activity was evaluated, a
clear-cut effect of the PGE:-specific inhibitor was
observed; indeed, addition of the PGE:-specific inhibitor
to MLC was able to reverse the suppressive effect exert-
ed by both UCB-MSC and BM-MSC on alloantigen-spe-
cific cytotoxic activity, even though this reagent was
apparently more effective when BM-MSC were
employed (Figure 5). In contrast, the IDO-specific
inhibitor was not able to reverse the suppressive effect
exerted by either UCB-MSC or BM-MSC on alloantigen-
specific cytotoxic activity (Figure 5).

As shown in Table 1, PGE: concentrations were con-
siderably higher in supernatants of MLC carried out in
the presence of BM-MSC than in the presence of UCB-
MSC. These data might explain the striking effect of the
PGEz-specific inhibitor observed in MLC performed
using BM-MSC (Figure 5). The presence of the PGEz-spe-
cific inhibitor considerably decreased PGE: secretion in
MLC experiments carried out with either BM-MSC or
UCB-MSC (Table 1). Interestingly, a striking increase in
PGE: secretion was observed in the presence of the IDO-
specific inhibitor (Table 1). This observation may
explain why the IDO-specific inhibitor was unable to
reverse the suppressive effect exerted in vitro by MSC on
alloantigen-specific cytotoxic activity (Figure 5). In fact,
the striking increase in PGE: secretion, induced by the
presence of the IDO-specific inhibitor, could exert effec-
tive suppression on alloantigen-specific cytotoxic activi-
ty, thus masking the effect of the IDO-specific inhibitor
on IDO-mediated suppressive activity.

IDO activity was evaluated in MLC supernatants, as
indirect evidence of IDO-mediated tryptophan degrada-
tion. Detectable levels of kynurenine were found only in
culture supernatants recovered from MLC carried out in
the presence of either UCB-MSC or BM-MSC (Table 1).
This finding indicates that IDO activity is dependent on
the interaction between MSC and cells active in MLC.
Kynurenine was more abundant in the presence of UCB-
MSC than in the presence of BM-MSC. As expected,
kynurenine was undetectable in culture supernatants
collected from MSC MLC carried out in the presence of
the IDO-specific inhibitor; however, kynurenine was
also undetectable in culture supernatants collected from
MSC MLC carried-out in the presence of PGE:-inibitor.
The latter observation is in accordance with recently
published data demonstrating that PGE: is able to up-
regulate IDO activity in dendritic cells.*** The inter-rela-
tionship between PGE: secretion and IDO activity could
also hypothetically explain why, even though PGE: lev-
els detected in the MLC+BM-MSC+PGE: inhibitor cul-
ture condition of Experiment 1 were comparable to
those detected in control MLC (Table 1),
alloantigen-induced cytotoxic activity was strikingly
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Figure 4. Immune modulatory effect of third-party UCB-MSC on
cell-mediated cytotoxic activity induced by an allogeneic stimulus
(MLC). **Cr-labeled target cells included phytohemagglutin-activat-
ed stimulator peripheral blood mononuclear cells (S-PHA) (A) and
the same UCB3-MSC (B) and UCB6-MSC (C) added to MLC.
Effector to target (E:T) ratios ranged between 20:1 and 0.6:1.
Results are expressed as percent specific lysis of target cells.

higher in the former than in the latter culture condition
(Figure 5).

Evaluation of constitutive HLA-G-expression in MSC
showed that UCB-MSC displayed a higher percentage
of membrane HLA-G" cells as compared with BM-MSC,
while more than 95% of both UCB-MSC and BM-MSC
were positive for intracellular HLA-G. UCB-MSC and
BM-MSC secreted similar amounts of soluble HLA-G in
culture supernatants (Online Supplementary Data, Table
S2).

Discussion

In this study, we have demonstrated that MSC gener-
ated from full-term UCB in a culture medium containing
5% PL are similar to BM-MSC in terms of morphology,
differentiation potential, immunophenotype and prolif-
erative ability. Their clonogenic efficiency does, howev-
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Figure 5. Involvement of IDO and PGE: in
UCB- and BM-MSC mediated suppression
of cell-mediated cytotoxic activity induced
by an allogeneic stimulus (MLC). *'Cr-
labeled target cells were phytohemagglu-
tinin-activated stimulator peripheral blood
mononuclear cells. Effector to target (E:T)
ratios ranged between 10:1 and 1:1;
results are expressed as percentage specif-
ic lysis of target cells. BM-derived MSC
(BM1-MSC and BM2-MSC) expanded in PL-
supplemented medium were employed as
controls.?” IDO or PGE inhibitors (inhib)
were added to the MLC as described in the
Design and Methods section. Results
obtained at the E:T of 1:1 for Exp. 1
(hatched bar) and 10:1 for Exp. 2 (full bar)

MLC+BM-MSC+PGE2 inhib
MLC+BM-MSC+IDO inhib
MLC+BM-MSC
MLC+CB-MSC+PGE2 inhib ¢
MLC+CB-MSC+IDO inhib £

MLC+CB-MSC

CTRL-MLC

T T T ']

are shown, UCB3-MSC and BM1-MSC were
0 5 10 15 20 25 30 employed in Exp. 1 whereas UCB6-MSC
% of lysis and BM2-MSC were tested in Exp 2.

Table 1. Concentration of PGE:, tryptophan (Tryp) and kynurenine (Kyn) in

er, differ. In spite of their high proliferative potential,
MLC-supernatants.

UCB-MSC do not show any signs of iu vitro transforma-
tion. Moreover, in view of our findings, although
obtained in a limited number of UCB-MSC samples,

UCB-MSC are apparently as efficient as BM-MSC in  Control-MLC 17 23215 <001 45 193+11  <0.01
igm]ﬂreszing /an aﬂoantigen-sgeciﬁ; Sirr)lmune response  MLC+BM-MSC 1440 164x10  154£04 700  95x4  16+021

nline Supplementary Figures S3 and S4). 5

Bieback ez al. demonstrated that MSC could be isolat- ylLDCg?nI\}/llﬂlJVlSC BO0 Al <000 1500 22020 <00
ed from full-term UCB with a success rate greater than  MLc+BM-MSC 234 *NA <001 35 WNA <001
60%, when critical parameters for the selection of ‘good ~ +PGE: inhib
quality’ units were employed.” These critical parame-  MLC+UCBMSC 180 54«1  453+01 60  184=12 3.06+0.76
ters included: a storage time shorter than 15 h, a net

! MLC+UCB-MSC 270  200+14 0.01 156 240+21 0.01

UCB volume greater than 33 mL; a MNC count greater +lD5 inhib - = - =
than 1x10° and absence of clots or signs of hemolysis. o ucBMsSC 60 NA <001 920 ANA <001
The quality criteria adopted in our study were less strin- |, pGE, inhib

gent in terms of storage time and UCB cellularity, but
included a viability test on the manipulated cells.
Despite this, the 5% PL-supplemented culture medium,
which we had documented to be superior to 10% FCS
in terms of clonogenic efficiency and proliferative
capacity when employed for BM-MSC,” did not enable
better isolation of UCB-MSC, as compared to a FCS-
based medium.” In fact, only 20% of the UCB units we
tested gave rise to MSC, and MSC could not be
obtained from the remaining UCB units, despite the
extended culture period. We cannot exclude that either
the relatively long storage time of the UCB units

Concentrations of PGE, tryptophan and kynurenine were quantified in MLC-supernatants col-
lected after 72 h of culture in the absence (Control MLC) or presence of BU-MSC (MLC+BM-
MSC) or UCB-MSC (MLC+UCB-MSC) and in the absence or presence of IDO inhibitor
(MLC+MSC+IDO inhib) or PGE: inhibitor (MLC+MSC+PGE: inhib). PGE: levels are reported as
pg/mL. Tryptophan and kynurenine levels are reported in uM as mean +SD of three repeated
runs for the same samples. Tivo independent experiments are presented, in which UCB3-MSC
and BM1-MSC from donor 2°" (Exp 1) and UCB6-MSC and BM2-MSC from donor 5% (Exp 2)
were tested. *NA = not assessable. The tryptophan value could not be evaluated in the experi-
mental condition as its fluorescence signal was superimposed by the fluorescence signal of
the PGE: inhibitor.

employed or their lower cellularity might have influ-
enced our inferior isolation rate, despite the use of a PL-
supplemented medium.

Once obtained, UCB-MSC expanded in the presence
of 5% PL display the typical MSC morphology, immune
phenotype and differentiation capacity (Online
Supplementary Figure S1 and Figure 1A and 1B). UCB-
MSC may possess high proliferative potential, yielding
numbers comparable to BM-MSC cultured with the
same medium” at P5, although starting from lower cell
counts at PO (Figure 1C).

Given the high proliferative capacity and the pub-
lished reports on i vitro transformation of MSC,** we
monitored UCB-MSC during their whole culture period
and, particularly, during their senescent phase, which
occurred after 9 and 10 passages for UCB3-MSC and
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UCB6-MSC, respectively. Neither phenotypic nor func-
tional alterations of the cells were observed; the favor-
able bio-safety profile of UCB-MSC was further
demonstrated by the absence of telomerase activity and
hTERT expression, the expression of p16™* protein, the
absence of anchorage-independent cell growth and by a
normal molecular karyotype as proven by array-CGH
analysis (Figure 2).

These data suggest that UCB-MSC, expanded in our
culture system in the presence of 5% PL, do not have a
tendency to undergo spontaneous transformation, in
accordance with data published evaluating BM-MSC
cultured with both PL- and FCS-supplemented
media.”* To our knowledge, this is the first report to
include a thorough investigation of the genetic stability
of MSC derived from UCB. In our opinion, this type of

| 1657 |



| 1658 |

M.A. Avanzini et al.

evaluation, also in view of the high proliferative poten-
tial of UCB-MSC, is essential for any clinical application
of these cells.

When tested for their capacity to influence the
alloantigen-specific immune response, in comparison to
BM-MSC grown in 5% PL (Online Supplementary Figures
S3 and S4 for details on BM-MSC),” UCB-MSC have
similar suppressive effects on T- and NK-lymphocyte
subset proliferation and on alloantigen-induced cytotox-
ic activity, while only slightly increasing IL-10 in MLC
supernatants. The results obtained in our study suggest
that UCB-MSC are able to exert an immunosuppressive
effect on alloantigen-specific immune responses through
several mechanisms, including IDO activation and pro-
duction of kynurenine, PGE: secretion and HLA-G
expression.”""***# All these biological mechanisms have
been previously described to be active in MSC derived
from other sources, such as BM-MSC.*""*%# In particu-
lar, it is noteworthy that our data confirm and extend
previously reported results, underlining the inter-rela-
tionship between PGE: secretion and IDO activation,
two well-known mechanisms involved in the anti-
inflammatory immune response.**Indeed, the presence
of a specific inhibitor of PGE., besides reducing PGE: lev-
els in culture supernatants, was also able to inhibit IDO
activity. Moreover, in the presence of an IDO-specific
inhibitor, we observed a striking increase in PGE: secre-
tion.

A distinctive feature of UCB-MSC seems to be the
constitutive surface expression of HLA-G on the majori-
ty of cells, while it has been reported that BM-MSC
mainly express only the soluble isoform of HLA-G.*®
However, it is worth considering that MEM-G/9 mono-
clonal antibody, which is specific for both membrane-
bound (HLA-G1) and soluble (HLA-G5) HLA-G isoforms
was employed to evaluate HLA-G expression in flow
cytometry. We were, therefore, unable to formally prove
that soluble HLA-G5 is the only HLA-G isoform
expressed by UCB-MSC, as documented by Selmani et
al.® for BM-MSC. Further experiments are warranted to
clarify this point.

Membrane HLA-G expression and soluble HLA-G iso-
forms have been demonstrated to exert a strong sup-
pressive effect on proliferation and activation of effector
functions of both T and NK lymphocytes. For instance,
it is well known that HLA-G expression at the feto-
maternal interface is one of the most potent mechanisms
protecting the fetus from maternal immune attack.”
Moreover, surface HLA-G expression is one of the sys-
tems employed by tumor cells to evade the cytotoxic
activity of both tumor-specific T lymphocytes and NK
cells, and it has been recently suggested that transfer of
membrane patches containing HLA-G molecules from
membrane HLA-G* cells to activated T and NK lympho-
cytes (trogocytosis) might be a mechanism of immune
suppression protecting HLA-G~ tumor cells.” It may,
thus, be speculated that UCB-MSC expressing mem-
brane HLA-G may be more protected than BM-MSC
from attack mediated by the host immune system.
However, it has recently been demonstrated in a murine
model that while local implantation of MSC results in
ectopic bone formation in syngeneic recipients, it leads

to transplant rejection in allogeneic mice.” This is in line
with previously published data that MSC can be lysed
by cytotoxic T-lymphocytes, when infused into MHC-
mismatched mice, resulting in their rejection.” These
observations support the use of MSC in hard tissue
repair strategies, preferably in an autologous or tolerant
host. Further studies specifically addressing this issue
are underway.

In conclusion, while the ability of BM-MNC to gener-
ate MSC reaches 100% under appropriate culture condi-
tions, the success rate of isolating MSC from UCB ranges,
according to different reports, from 20 to 63%.”***** In
particular, Reinisch er al* have recently shown that
MSC can be obtained from full-term UCB in the pres-
ence of human PL, yielding cell numbers suitable for
clinical applications. The same authors reported an iso-
lation efficiency of 46%), considering both FCS-expand-
ed and PL-expanded MSC. However, their PL prepara-
tion procedure, percentage of PL employed in the culture
medium (10%), as well as MSC plating density, differed
from those used in our approach. These differences
might explain the different results obtained in their
study and ours, in particular in terms of isolation effi-
ciency. Despite this, also in our experience, UCB-MSC
have a high proliferative capacity, which allows the
expansion of sufficient cell numbers for clinical applica-
tions, in a reasonable time-frame.

Given their high proliferative capacity, immunosup-
pressive properties and potential for avoiding attack by
immune cells, as well as the ease of their collection,
UCB-MSC could be considered for use in clinical prac-
tice for the prevention and treatment of alloreactive-
related immune complications, namely severe GvHD
and graft rejection, following hematopoietic stem cell
transplantation. However, as a note of caution, recent
data, obtained in a xenogenic model of NOD/SCID
mice, showed that human UCB-MSC, when adminis-
tered in multiple doses, are effective in the prevention,
but not in the treatment of GvHD.” This discrepancy
with the clinical efficacy displayed by MSC on acute
GvHD?’ in human hematopoietic stem cell transplanta-
tion might be explained by the animal model employed
and also by the unfavorable ratio between the number
of UCB-MSC and the huge number of effector cells
mediating the tissue damage at the time of onset of
acute GvHD.

UCB-MSC could also serve in strategies of reparative/
regenerative medicine, in which the combination of the
immunosuppressive and tissue repair properties could
improve the management of autoimmune and chronic
inflammatory diseases.”"

Our results, although obtained in a limited number of
MSC samples tested, suggest that the differences
between BM- and UCB-derived MSC and between cells
expanded in the presence of PL and FCS may be relevant
to the clinical application of MSC.
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