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Clinical-grade human mesenchymal
stromal cells (MSCs) have been ex-
panded in vitro for tissue engineering or
immunoregulatory purposes without
standardized culture conditions or re-
lease criteria. Although human MSCs
show poor susceptibility for oncogenic
transformation, 2 recent studies de-
scribed their capacity to accumulate
chromosomal instability and to give rise

to carcinoma in immunocompromised
mice after long-term culture. We thus
investigated the immunologic and ge-
netic features of MSCs expanded with
fetal calf serum and fibroblast growth
factor or with platelet lysate in 4 cell-
therapy facilities during 2 multicenter
clinical trials. Cultured MSCs showed a
moderate expression of human leukocyte
antigen-DR without alteration of their low

immunogenicity or their imnmunomodula-
tory capacity. Moreover, some transient
and donor-dependent recurring aneu-
ploidy was detected in vitro, indepen-
dently of the culture process. However,
MSCs with or without chromosomal alter-
ations showed progressive growth arrest
and entered senescence without evi-
dence of transformation either in vitro or
in vivo. (Blood. 2010;115:1549-1553)

Introduction

Mesenchymal stromal cells (MSCs) are multipotent stem cells able
to differentiate into mesoderm-derived cells,! and exhibit immuno-
regulatory properties.> MSCs have been used in the context of
allogeneic hematopoietic stem cell transplantation to improve
hematopoietic engraftment, to prevent graft failure, and to
reduce the incidence or severity of acute graft-versus-host
disease (GVHD).3-5

MSCs obtained from bone marrow (BM) can undergo in vitro
expansion in medium containing either fetal calf serum (FCS), with
or without fibroblast growth factor (FGF-2), or platelet lysate
(PL).° However, little is known about the effect of donor selection
or culture conditions on the functional properties and therapeutic
potential of clinical-grade MSCs.

Recent studies have suggested that MSCs can contribute to
tumor growth and metastasis.” A related concern is the capacity of
MSCs for oncogenic transformation. Mouse MSCs show chromo-
somal abnormalities and are highly susceptible to transformation
associated with an increased telomerase activity and myc expres-
sion, and a loss of p53 and p16.%1° In contrast, human MSCs are
more resistant to transformation in vitro with no genomic instabil-
ity detected and no tumor induced after long-term in vivo
transfer.!!5 After 20 to 50 population doublings (PDs), human
MSCs undergo replicative senescence, with telomere shortening

and increased p16 expression.'® They require the same steps to
achieve transformation as for differentiated cells, suggesting that
they are not prone to spontaneous transformation.!” Nevertheless,
one recent study described the transformation of human adipose
tissue-derived MSCs with up-regulation of myc, repression of p16,
acquisition of telomerase activity,'® and generation of carcinoma
in mice."”

We investigated the immune properties and resistance to
transformation of MSCs produced in 4 cell therapy facilities during
2 multicenter clinical trials designed to evaluate the capacity of
BM-MSCs to prevent acute GVHD or to treat irradiation-
induced lesions.

Methods

Details regarding methods are provided in the supplemental data (available
on the Blood website; see the Supplemental Materials link at the top of the
online article).

MSC production

Between January and December 2007, according to the Société Francaise
de Greffe de Moelle et Thérapie Cellulaire process, 11 MSC productions
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Table 1. Growth and genetic characteristics of clinical-grade MSCs
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Culture protocol/donor

number (age, y) PD (proliferation rate)* Karyotype P (no. of mitoses) Karyotype P, (no. of mitoses) hTERT P4

FCS/FGF-2
1A (55) 23 (29.5) 46, XX (15) ND Negative
2A (38) 23 (209.2) 46, XX (17) 46, XX (21) Negative
3A (32) 22 (170.8) 46, XY (17) 46, XY (20) Negative
4A (29) 20 (145.8) 46, XX (14) ND Negative
5A (41) 24 (20.9) 46, XY (16) ND Negative
6A (33) 21(78.2) 49, XY, +5, +8, +20 (3)/46, XY (19) 46, XY (31) Negative
7A (50) 19 (4.6) 46, XY (21) ND Negative
8A (30) 21 (47.9) 46, XY (6) 46, XY (21) Negative
9A (61) 20 (18.1) 49, XY, +5, +8, +20 (3)/46, XY (18) 46, XY (29) Negative
10A (28) 19 (39.8) 46, XY (27) ND Negative
11A (48) 24 (34) 46, XX (30) 46, XX (30) Negative
12A (47) 22 (44.6) 47, XX, +5 (15)/46, XX (5) ND Negative
13A (56) 20 (54.2) 46, XY (20) ND Negative
12A2 (47) 20 (57.5) 47, XX, +5 (3)/46, XX (17) 47, XX, +5(2)/46, XX(28) ND
13A2 (56) 17 (9.44) 46, XY (30) ND ND

Platelet lysate
12B (47) 18 (6.2) 46, XX (28)/47, XX, +5 (2) 47, XX +5(2)/46, XX (28) Negative
13B (56) 16 (1.5) 46, XY (30) 46, XY (30) Negative
14Bt (27) 17 (16.2) 46, XY (30) 46, XY (30) Negative
15Bt (33) 15 (1.3) 46, XY (30) 46, XY (30) Negative
16BT (23) 19 (16.5) 46, XY (30) ND ND

Two donors (12 and 13) were collected twice, giving rise to a first MSC expansion performed in FCS/FGF-2 culture condition (12A and 13A) and to a second MSC
expansion performed in 2 independent laboratories both in FCS/FGF-2 (12A2 and 13A2) and in platelet lysate (12B and 13B) culture conditions.

PD indicates cumulative number of population doubling (PD at Py X PD P4); and ND, not done.

*Proliferation rate = cumulative proliferation rate (proliferation rate at Py X proliferation rate at P4).

tAutologous MSCs from accidentally irradiated patients.

(1A to 11A) were done for the GVHD prevention clinical trial, and 4 (12A,
13A2) to treat accidentally irradiated patients. For irradiated patients,
5 supplemental MSC productions (12B to 16B) were done using human PL.®

Growth kinetics and MSC characterization

Growth kinetics was assessed by studying total fold increase, total number
of PDs, and colony-forming unit-fibroblast. MSCs were screened for the
expression of CD45, CD73, CD105, CD90, and human leukocyte
antigen-DR (HLA-DR) and were also checked for their capacity to
stimulate the growth of allogeneic peripheral blood mononuclear cells
(PBMCs) and to inhibit alloantigen-driven proliferation of PBMCs.

Cytogenetic analysis

At the end of the first (P;) and second (P,) passages, reverse heat Giemsa
(RHG)-banded metaphases were analyzed and karyotypes were described
according to the International System for Human Cytogenetics Nomencla-
ture. Fluorescent in situ hybridization (FISH) was performed according to
standard protocols.

Expression of genes involved in transformation

Real-time reverse-transcribed polymerase chain reaction was performed for
expression of genes of interest, such as c-myc, p21, p53, and p16™*+, For
hTERT, only the functional full-length hTERT transcript was studied. The
integrity of Ink4a/ARF locus was checked by polymerase chain reaction
analysis of p16 exons 2 and 4.

Culture in soft agar and 3-Gal expression

For in vitro testing of anchorage-independent colony development, MSCs
were cultured in soft agar at 2 time points: end of P; and end of last passage.
Senescence of cultivated MSCs was studied by (-galactosidase (3-Gal)
staining using the Senescence Detection Kit (BioVision).

In vivo tumorigenesis in mice

Female SCID mice were sublethally y-irradiated and infused intravenously
with 10 MSCs. Animals were monitored during 8 weeks and were then

killed for organ extraction and analysis. All animal studies were approved
by the ethical review board of Inserm.

In vivo persistence in humans

BM aspirates were collected from the recipient of the MSCs from donor 6A
at day 30 and day 90 after infusion and analyzed for MSC chimerism by
real-time polymerase chain reaction on specific genetic polymorphisms.?

Results and discussion

We analyzed 20 preparations of BM-MSCs obtained under Good
Manufacturing Practice (GMP) conditions according to 2 different
protocols: 15 MSCs were obtained using a process involving FCS
and FGF-2, whereas 5 MSCs were obtained using a procedure
involving PL.

A sufficient number of MSCs (5 X 10° MSCs/kg) could be
obtained whatever the age of the donor and the process used, with a
mean cumulative PD of 20 plus or minus 2.5 (Table 1). Phenotypic
criteria for release were validated, including the expression of
CD73, CD105, and CD90 (> 90%) and the lack of CD45 (< 5%;
supplemental Table 2). We detected a higher expression of major
histocompatibility complex class II than previously reported, with a
mean percentage of HLA-DR reaching 19.2% plus or minus 17%
(ratio of mean fluorescence intensity [fMFI], 1.6 = 0.7) in FCS/
FGF-2 and 11.8% plus or minus 6% (rMFI, 2.4 = 1.5) in PL
(supplemental Figure 1). Because the 2 procedures did not involve
selection of BM mononuclear cells (BM-MNCs), we compared
HLA-DR expression on BM-MSCs obtained from whole BM
versus BM-MNCs and demonstrated that the use of whole BM was
associated with a significantly higher level of HLA-DR on
BM-MSCs. HLA-DR is inducible on MSCs by inflammatory
factors?! and FGF-2.22 Our culture conditions combining FGF-2 or
PL with whole BM could thus favor an induction of HLA-DR.
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Figure 1. Immunologic and genetic characterization of clinical-grade human MSCs. (A-C) Immunologic properties of 2 representative MSC productions obtained
from donors 10 and 11 using FCS/FGF-2 were evaluated at the end of P4. (A) HLA-DR expression was quantified by flow cytometry. The percentage of positive cells and
the rMFI (mean fluorescence intensity of HLA-DR/mean fluorescence intensity of Ig specific control) are indicated on the top right of each panel. (B) Responding PBMCs
(10%/well) were stimulated both with allogeneic MSCs from donors 10A and 11A (10%well) and with allogeneic mature dendritic cells (allo-DC, 10%well), 0.5 pg/mL
pokeweed mitogen (PWM), and y-irradiated PBMCs from the MSC donor when available (105/well) as positive controls. Each experiment was performed in sextuplicate
culture wells. After 5 days of culture, cells were pulsed with tritiated thymidine (?H-TdR) for the last 16 hours, harvested, and counted on a liquid scintillation analyzer.
(C) Responding PBMCs (105/well) were stimulated for 5 days with irradiated stimulator allogeneic PBMCs (10%/well) in the absence (MLR) or presence of decreasing
number of third-party MSCs. Each experiment was performed in sextuplicate culture wells. Cells were pulsed with tritiated thymidine (3H-TdR) for the last 16 hours,
harvested, and counted on a liquid scintillation analyzer. (D) Growth profile of MSCs that exhibited (gray line) or not (dark line) karyotypic abnormalities. (E) Quantitative
analyses of the expression of p53, p21, and c-myc cell-cycle regulators along passages. Each result was normalized to ABL and compared with expression levels in P,
MSCs. The arbitrary value of 1 was assigned to P, MSCs. (F) SA-B-Gal staining of MSCs, which exhibited (12A2) or not (11A) karyotypic abnormalities, was performed
at early (P3 and P, respectively) and late (P13 and P, respectively) passages. The percentages of positive cells are indicated on the top left of each panel. Original
magnification xX10. (G) Culture in soft agar was performed at P; for 2 MSCs that exhibited karyotypic abnormalities. HeLa cell line was used as a positive control.
Original magnification X10. Image acquisition details: Nikon Eclipse TE2000-S microscope, 10X/0.25 numeric aperture objective lens, Nikon DXM1200F digital
camera, Lucia Version 5.00 software.
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Regardless of the level of HLA-DR, BM-MSCs were poorly
immunogenic in vitro (mean stimulation index, 1.4 = 0.5; n = 11)
and efficiently suppressed alloantigen-driven T-cell proliferation
(mean percentage of MLR inhibition, 55 * 16%, n = 6; Figure
1A-C). The expression of HLA-DR should thus not be considered a
critical release criterion for MSCs.

Another important concern for clinical use of MSCs is their
genomic stability. Karyotype analysis at P, revealed nonrandom
aneuploidy in 5 of 20 BM-MSC cultures, including recurring
trisomy of chromosome 5 with occasional trisomy of chromosomes
8 and 20 (Table 1). Interestingly, 3 of 5 abnormal cultures were
derived from the same donor, who provided 2 separate BM samples
cultivated in either FCS/FGF-2 (12A/12A2) or PL (12B). Similarly,
a frozen BM sample from donor 6A recultured in FCS/FGF-2
produced again trisomy of chromosomes 5 and 8 at P (data not
shown). These data suggest that clinical-grade MSCs could exhibit
recurring chromosomal alterations independent of the culture
process but at least in part donor-dependent.

The most important question remains whether these genetic abnor-
malities confer a selective growth advantage and promote cell transfor-
mation. Karyotyping performed at P, (Table 1) revealed no genetic
alteration, except for MSCs from donor 12, which exhibited persistent
trisomy of chromosome 5 in FCS/FGF-2 and PL conditions, without
selective amplification of abnormal clones. We then performed FISH
experiments targeting chromosomes 5 and 8, which gave consistently
negative results for samples 6A (P;), 9A (P;), and 12A2 (P4, Py).
Therefore, genetic alterations of clinical-grade MSCs are not associated
with a selective growth advantage in vitro and conferred a growth
disadvantage to abnormal cells, probably linked to DNA damage-
associated senescence.?? Although displaying wide variability in prolif-
eration kinetics and in vitro life span, all BM-MSCs showed complete
growth arrest at PD between 35 and 52 (Figure 1D), with lack of
postsenescence proliferation even after long-term culture. Moreover,
hTERT expression was undetectable from P; (Table 1) to the end of
culture for all the samples tested, including those with transient
aneuploidy. In agreement, when MSCs displaying (6A, 9A) or not (2A,
5A) chromosomal aberrations in vitro were injected into immunocom-
promised mice, no signs of tumor formation were detected when mice
were killed after 8 weeks. Moreover, because of the delay in karyotype
analysis, MSCs from donor 6A were injected to an allograft recipient.
No mesenchymal chimerism was detected on BM-MSCs at day 30 and
day 90 after MSC injection. The patient is still alive without any tumor
with a 2-year follow-up. Similarly, the accidentally irradiated patient
who received the 3 productions from donor 12 did not develop tumor.

p53, p21, Myc, and p16 expression has been involved in MSC
transformation.'® Regardless of the presence of aneuploidy at Py,
the expression of p53 and p2/ did not change with time in culture,
whereas that of myc slightly decreased (Figure 1E). p/6 mRNA
level increased during cell culture and was detected first between
passages 4 and 7 (n = 6). However, we never detected pl6 mRNA
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in MSCs from donor 12 in association with a late deletion in the
Ink4a/ARF locus, as previously reported for human hTERT-
transduced MSCs.?* In particular, although p/6 exon 4 was always
detected, the INK4a/ARF exon 2 could only be amplified at P,. This
result reinforces the hypothesis of a donor-dependent behavior of
MSCs in vitro. Nevertheless, (-Gal staining confirmed that
BM-MSCs, including those from donor 12, entered senescence
(Figure 1F), in agreement with a lack of growth in soft agar even at
late passages (Figure 1G).

A recent study presented conflicting results, describing a high rate of
transformation in human BM-MSC cultures.” Interestingly, trans-
formed human MSCs displayed a CD90~ phenotype consistent with a
mesenchymal-epithelial transition,'” a phenomenon that we never
observed. These results are surprising given the huge amounts of
contrary data obtained by numerous laboratories. Strict side-by-side
comparisons using the same starting material and fully validated culture
conditions are urgently needed to understand these discrepancies.

Our data show that the occurrence of aneuploidy in cultivated
MSCs is not related to the culture process and could be donor-
dependent. All MSCs, with or without aneuploidy, became senes-
cent, without transformation features. Therefore, karyotyping and
FISH results are not informative and are thus not adequate controls
for the release of MSCs for clinical uses.

Acknowledgments

The authors thank Fabien Guilloton for help with (3-Gal staining,
Mehdi Alizadeh for mesenchymal chimerism analysis, and C.
Bilhou-Nabera for her contribution to cytogenetic studies.

This work was supported by grants from the Program Hospi-
talier de Recherche Clinique (PHRC 2005 no. 00166), Agence de la
Biomédecine, Ligue Contre le Cancer, Cancéropdle Grand Ouest,
Etablissement Francais du Sang, and the 7th Framework Program
of European Commission: Cultivated Adult Stem Cells as Alterna-
tive for Damaged Tissue (no. 223236; HEALTH-F5-2009-223236).

Authorship

Contribution: K.T. analyzed the data, designed the study, and wrote
the paper; J.G., A.T., J.D., and D.M. performed the research; J.-J.L.,
H.R., and M.S. coordinated the cell expansion procedure; M.B.,
H.M., and C.H. performed cytogenetic analysis; L.F., PG., and
N.-C.G. designed and coordinated the clinical studies; and L.S.
designed the research and wrote the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Luc Sensebé, EFS Centre-Atlantique, 50 ave
Marcel Dassault, BP40661 37206 Tours cedex 3, France; e-mail:
luc.sensebe @efs.sante. fr.

1.

Pittenger MF, Mackay AM, Beck SC, et al. Multi-
lineage potential of adult human mesenchymal
stem cells. Science. 1999;284(5411):143-147.

Nauta AJ, Fibbe WE. Immunomodulatory proper-
ties of mesenchymal stromal cells. Blood. 2007;
110(10):3499-3506.

Le Blanc K, Samuelsson H, Gustafsson B, et al.
Transplantation of mesenchymal stem cells to
enhance engraftment of hematopoietic stem
cells. Leukemia. 2007;21(8):1733-1738.

Le Blanc K, Frassoni F, Ball L, et al. Mesenchy-
mal stem cells for treatment of steroid-resistant,

5.

severe, acute graft-versus-host disease: a
phase Il study. Lancet. 2008;371(9624):1579-
1586.

Ball LM, Bernardo ME, Roelofs H, et al. Cotrans-
plantation of ex vivo expanded mesenchymal
stem cells accelerates lymphocyte recovery and
may reduce the risk of graft failure in haploidenti-
cal hematopoietic stem-cell transplantation.
Blood. 2007;110(7):2764-2767.

. Doucet C, Ernou |, Zhang Y, et al. Platelet lysates

promote mesenchymal stem cell expansion: a
safety substitute for animal serum in cell-based

therapy applications. J Cell Physiol. 2005;205(2):
228-236.

. Mishra PJ, Glod JW, Banerjee D. Mesenchymal

stem cells: flip side of the coin. Cancer Res.
2009;69(4):1255-1258.

. Rodriguez R, Rubio R, Masip M, et al. Loss of

p53 induces tumorigenesis in p21-deficient mes-
enchymal stem cells. Neoplasia. 2009;11(4):397-
407.

. LiH, Fan X, Kovi RC, et al. Spontaneous expres-

sion of embryonic factors and p53 point muta-
tions in aged mesenchymal stem cells: a model of



BLOOD, 25 FEBRUARY 2010 - VOLUME 115, NUMBER 8

10.

1.

12.

13.

14.

age-related tumorigenesis in mice. Cancer Res.
2007;67:10889-10898.

Miura M, Miura Y, Padilla-Nash HM, et al. Accumu-
lated chromosomal instability in murine bone marrow
mesenchymal stem cells leads to malignant transfor-
mation. Stem Cells. 2006;24(6):1095-1103.

Aguilar S, Nye E, Chan J, et al. Murine but not
human mesenchymal stem cells generate osteo-
sarcoma-like lesions in the lung. Stem Cells.
2007;25(6):1586-1594.

Izadpanah R, Kaushal D, Kriedt C, et al. Long-
term in vitro expansion alters the biology of adult
mesenchymal stem cells. Cancer Res. 2008;
68(11):4229-4238.

Vilalta M, Degano IR, Bago J, et al. Biodistribu-
tion, long-term survival, and safety of human adi-
pose tissue-derived mesenchymal stem cells
transplanted in nude mice by high sensitivity non-
invasive bioluminescence imaging. Stem Cells
Dev. 2008;17(5):993-1003.

Bernardo ME, Zaffaroni N, Novara F, et al. Hu-
man bone marrow derived mesenchymal stem
cells do not undergo transformation after long-
term in vitro culture and do not exhibit telomere
maintenance mechanisms. Cancer Res. 2007;
67(19):9142-9149.

15.

20.

CLINICAL-GRADE MESENCHYMAL STROMAL CELL ANEUPLOIDY

Lange C, Cakiroglu F, Spiess AN, Cappallo-
Obermann H, Dierlamm J, Zander AR. Acceler-
ated and safe expansion of human mesenchymal
stromal cells in animal serum-free medium for
transplantation and regenerative medicine. J Cell
Physiol. 2007;213(1):18-26.

. Shibata KR, Aoyama T, Shima Y, et al. Expres-

sion of the p16INK4A gene is associated closely
with senescence of human mesenchymal stem
cells and is potentially silenced by DNA methyl-
ation during in vitro expansion. Stem Cells. 2007;
25(9):2371-2382.

Funes JM, Quintero M, Henderson S, et al.
Transformation of human mesenchymal stem
cells increases their dependency on oxidative
phosphorylation for energy production. Proc Nat/
Acad Sci U S A. 2007;104(15):6223-6228.

Rubio D, Garcia-Castro J, Martin MC, et al. Spon-
taneous human adult stem cell transformation.
Cancer Res. 2005;65(8):3035-3039.

Rubio D, Garcia S, De la Cueva T, et al. Human
mesenchymal stem cell transformation is associ-
ated with a mesenchymal-epithelial transition.
Exp Cell Res. 2008;314(4):691-698.

Alizadeh M, Bernard M, Danic B, et al. Quantita-
tive assessment of hematopoietic chimerism after

21.

22.

283.

24.

25.

1553

bone marrow transplantation by real-time quanti-
tative polymerase chain reaction. Blood. 2002;
99(12):4618-4625.

Tse WT, Pendleton JD, Beyer WM, Egalka MC,
Guinan EC. Suppression of allogeneic T-cell pro-
liferation by human marrow stromal cells: implica-
tions in transplantation. Transplantation. 2003;
75(3):389-397.

Sotiropoulou PA, Perez SA, Salagianni M,
Baxevanis CN, Papamichail M. Characterization
of the optimal culture conditions for clinical scale
production of human mesenchymal stem cells.
Stem Cells. 2006;24(5):462-471.

Ohtani N, Mann DJ, Hara E. Cellular senescence:
its role in tumor suppression and aging. Cancer
Sci. 2009;100(5):792-797.

Serakinci N, Guldberg P, Burns JS, et al. Adult
human mesenchymal stem cell as a target for
neoplastic transformation. Oncogene. 2004;
23(29):5095-5098.

Rosland GV, Svendsen A, Torsvik A, et al. Long-
term cultures of bone marrow-derived human
mesenchymal stem cells frequently undergo
spontaneous malignant transformation. Cancer
Res. 2009;69(13):5331-5339.



	Clinical-grade production of human mesenchymal stromal cells: occurrence of aneuploidy without transformation
	Introduction
	Methods
	MSC production
	Growth kinetics and MSC characterization
	Cytogenetic analysis
	Expression of genes involved in transformation
	Culture in soft agar and β-Gal expression
	In vivo tumorigenesis in mice
	In vivo persistence in humans

	Results and discussion
	Acknowledgments
	Authorship
	References


