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Risk of tumorigenicity in mesenchymal stromal cellebased therapies—
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Abstract
In the past decade, the therapeutic value of mesenchymal stromal cells (MSCs) has been studied in various indications,
thereby taking advantage of their immunosuppressive properties. Easy procurement from bone marrow, adipose tissue or
other sources and conventional in vitro expansion culture have made their clinical use attractive. Bridging the gap between
current scientific knowledge and regulatory prospects on the transformation potential and possible tumorigenicity of MSCs,
the Cell Products Working Party and the Committee for Advanced Therapies organized a meeting with leading European
experts in the field of MSCs. This meeting elucidated the risk of potential tumorigenicity related to MSC-based therapies
from two angles: the scientific perspective and the regulatory point of view. The conclusions of this meeting, including the
current regulatory thinking on quality, nonclinical and clinical aspects for MSCs, are presented in this review, leading to
a clearer way forward for the development of such products.
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Introduction

Mesenchymal stem cells/mesenchymal stromal cells
(MSCs) have been studied and used for more than
a decade now to treat various diseases (1). Human
MSCs are most commonly isolated from the mono-
nuclear fraction of the bone marrow (BM) or from
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adipose tissue. Other sources for MSCs are also used,
for example, some cell preparations are isolated
from placenta, amniotic fluid or periosteum (2,3).
The isolated MSCs show phenotypic heterogeneity,
depending on the origin of the cells and the isolation/
manufacturing techniques. According to current
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thinking, the cell surface proteins expressed by MSCs
include cluster of differentiation (CD)105, CD73,
CD44, CD90, CD71, Stro-1, CD106 CD166 and
CD29. MSCs do not express hematopoietic markers
such as CD45, CD14 or CD11. They also do not
express co-stimulatory molecules CD80, CD86 or
CD40 or adhesionmolecules CD31, CD18 or CD56.
In 2006, the research groups within the International
Society for Stem Cells agreed on the minimal cell
surface markers, considered necessary to distinguish
mesenchymal stromal cells from other cell types (4).

Several researchers have described a role of
MSCs in tumor formation (5,6). Furthermore, some
groups have reported that human MSCs may
develop genetic instabilities and undergo a trans-
formation process after long-term culture, as sug-
gested for adipose-derived MSCs (7), and for
BM-derived MSCs (8). In contrast, however, several
authors have reported that MSCs cultivated in vitro
can be expanded over multiple cell doublings with-
out apparent loss of differentiation potential or chro-
mosomal alterations (9,10). In addition, long-term
cultured MSCs can develop chromosomal abnor-
malities but without evidence of transformation
potential (11). This discrepancy may be explained by
reports that the cell cultures used in the studies per-
formed by Rubio et al. (7) and Rosland et al. (8) were
contaminated by malignant cells that initially grew
slowly in the presence of human MSCs (12,13).

In October 2011, the Cell Products Working
Party (CPWP) arranged an expert meeting to discuss
the findings of the research groups working in this
area. The expert meeting was intended to obtain
information and discuss the opportunities and chal-
lenges currently faced when MSCs are used as
therapeutic products. The focus was on tumorige-
nicity as a safety concern frequently expressed
by regulatory authorities, although practicalities
involved in the development of MSCs as medicinal
product were also more broadly discussed.
Manufacturing and quality aspects

Garcia et al. (12) and Torsvik et al. (13) reported that
the original observations of tumor formation for iso-
lated MSCs were the result of MSC cultures
contaminated with tumor cell lines. The meeting
experts therefore emphasized the importance of rec-
ommending that cell culture is performed under good
manufacturing practice conditions to ensure proper
segregation and control of starting and raw materials.

The discussions also highlighted some specific
issues around terminology and the need for harmo-
nization. For example, the time for cells in culture is
often described in terms of “cell passages.” This was
considered a nonspecific term that does not permit
a suitable comparison for standardization purposes.
Thus, the use of “population doubling level” (PDL)
was unanimously recommended both by the experts
and CPWP members. Concerning the impact of
varying PDLs, it would be of interest to compare the
different cell culture protocols used by different
developers of a cell-based product for same indica-
tion (e.g., graft versus host disease [GvHD]). Over-
all, the maximum PDL for cell culture processes
must be justified at the time of marketing authori-
zation application.

The expert group discussed whether the manu-
facturing process could trigger the generation of
cytogenetic abnormalities and what risk factors could
promote tumorigenicity in MSCs. During the
discussion, it appeared that culture conditions and
duration of the cell propagation significantly influ-
ence the formation of cytogenetic abnormalities.
Most experts considered that long-term cell expan-
sion of MSCs may increase the risk of chromosomal
aberrations. Some experts, however, did report that
no such phenomenon had been seen when their own
cell culture processes were used.

It was concluded that such abnormalities can be
avoided through the use of methods that ensure slow
growth and short expansion times because the
number of expanded cells is linked to the growth
rate, and a high proliferative rate may potentiate risk
of karyotypic changes. A low PDL number was also
considered an important factor in this regard.

It was also hypothesized that physiological stress
or in vitro culture conditions may significantly
contribute to the occurrence of cell or chromosomal
aberrations: for example, enzymatic cell dissociation
(i.e., trypsin) raises more concerns in relation to
abnormalities than mechanical dissociation. Several
reports indicate that culture conditions could also
affect chromosomal stability (14,15). Therefore, it is
important to identify and define culture conditions
during process development, which avoid the
occurrence of chromosomal abnormalities.

Cells with chromosomal aberrations are known
to be less able to divide, which may lead to apoptosis
and death of the abnormal cells during the culture
(16). It appears that the majority of abnormalities lead
to senescence, but it is difficult to formally exclude the
risk of cell transformation because deoxyribonucleic
acid (DNA) damage is considered a central process
in tumor formation. It has been suggested by some
experts that cell senescence and transformation could
be evaluated with the use of certain molecular
markers (11). However, this issue was not discussed
in the meeting, and the original results remain to be
confirmed. It is therefore important, for each defined
processes, to force a sample of cells on an exper-
imental basis into senescence through the use of
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long-term culture and to characterize the genetic
and proliferative stability of the cells to justify the
optimal culture time for the intended use.

The majority of experience reported during this
meeting highlighted that the occurrence of genetic
aberrations appears to be related mainly to the man-
ufacturing process rather than to the patient-derived
factors. However, there appeared to be divergent views
on this aspect. Different manufacturing processes
and laboratory practices between the research groups
were identified. Various chromosomal abnormalities
are sometimes seen from one patient to another.
Further studies to investigate the role of the donor are
therefore needed.
Cells with chromosomal aberrations

Observed chromosome aberrations can be broadly
divided into two categories: (i) spontaneous abnor-
malities and (ii) recurrent abnormalities. Spontaneous
(nonrecurrent) abnormalities are heterogeneous from
one batch to another and from one patient to another.
To exclude products containing cells with abnormali-
ties potentially conferring a proliferative advantage, it
was suggested that a karyotyping analysis would be
sufficient as a release test in the case that it is possible
(frozen product). A limit was suggested to be set with
exclusion of two identical abnormal metaphases on
20 metaphases analyzed (10%). The International
System for Human Cytogenetic Nomenclature in its
latest Edition (2009) establishes that the same chro-
mosome aberration must be found in at least two
different cells to be considered as a clonal chromosome
change. Recurrent abnormalities imply that the
observed abnormalities are detected at least in two
expanded cell samples originating from the same
patient. In this case, more attention should be paid
to potential risks, including testing at release. An
assessment of the benefit-risk ratio linked to the clinical
indication should be conducted before use of such cells.

If no chromosomal abnormalities are observed,
there should be no need to perform cytogenetic
testing on each batch as release criteria. In either
case, it is important to cryopreserve cell samples at
critical steps of manufacturing to test them later on,
if needed.

During the discussion, it was reported that
chromosomal abnormalities are rarely observed in
primary cells (17). MSCs are adult stromal cells with
a limited possibility of expansion in culture, contrary
to embryonic stromal cells or induced pluripotent
stromal cells. However, MSCs are a heterogeneous
cell population composed of cells with different
population doublings. Thus, some of the cells may
be more prone to develop chromosomal aberrations.
It should be emphasized that tumor formation in
human patients after MSC administration has not
been reported to date.

Other groups suggested the ability of MSCs
to develop chromosomal aberrations in culture
(18,19). The novelty of this field of research as well as
the scarcity of clinical long-term follow-up may lead
to different perspectives on these issues (20,21). Also,
because of uncertainties on the characteristics of
these abnormal cells and because of a limited follow-
up of the patients, it is currently difficult to estimate
the real risk these abnormalities may pose to patients.

Even if it cannot be demonstrated that the
transformed cells do not lead to tumor formation,
a possibility for such a risk remains to be considered.
From an epidemiological point of view, there are not
enough data available to make firm conclusions. To
address this risk, it would be important to set up
follow-up studies and/or registries to collect long-
term data from treated patients.
Analytical techniques available to assess
cytogenetic abnormalities

Two groups of techniques were discussed as possible
methods for testing of genetic instability: (i) conven-
tional karyotyping (GTG-banding, G bands by trypsin
with the use of Giemsa) and Spectral karyotyping
(SKY) technique) and (ii) molecular cytogenetic
techniques (fluorescent in situ hybridization [FISH]
and comparative genomic hybridization array (CGH
array) and single nucleotide polymorphism array (SNP
array). Karyotyping should be used to screen cells for
chromosomal abnormalities during the preclinical
phase of productdevelopment.At least 20mitoses from
several different production batches should be studied
during the preclinical phase. It should be noted that
conventional karyotyping has poor sensitivity and
resolution (approximately 5e10Mb resolution),which
alone is not sufficient to predict full genetic stability.
However, the assay is relatively easy to perform, and it
allows detection of balanced rearrangements. In
contrast, CGH array has higher sensitivity (�50 kb),
although it may not be sufficient to detect a low
proportion of cells with abnormalities (lowmosaicism)
and balanced rearrangements. Thus, karyotyping and
CGH array should be used together as complementary
tools. Characterization of putative chromosomal aber-
rations could be continued with the use of immuno-
fluorescence and FISH, for example, to have further
proof of genotypic stability. These techniques are able
to detect minor structural abnormalities. FISH could
be used to further investigate aberrations previously
detected by means of karyotyping.

One of the difficulties for valid karyotype testing
appears to be suitable positive controls (MSC
transformed cells) for robust testing. Thus far, no



756 L. Barkholt et al.
transformed MSCs but only immortalized MSCs
(22) have been used as positive control. Further-
more, the status of the quality control laboratories,
technical references (international guideline, Phar-
macopoeia monograph or equivalent) and relevant
tests to be performed need consideration. Currently,
it appears that most karyotype tests are conducted
for/within hospitals, and there are certain accredita-
tions that a testing laboratory can obtain. Accredi-
tation of the testing laboratory and validation of the
assays are recommended to ensure validity of the
results. Further information on the accreditation can
be found from http://www.biologia.uniba.it/eca/
NEWSLETTER/NS-17/Guidelines.pdf.

In conclusion, on the basis of the state of the art,
conventional karyotyping can be considered a valu-
able and useful technique to analyze chromosomal
stability during preclinical studies. If recurrent aber-
rations are identified, other complementary tools (e.g.,
CGH and/or FISH analysis) could be used to look for
these aberrations because they have better sensitivity
to detect a low proportion of abnormal cells.
Nonclinical aspects

Occurrence of cell abnormalities appears to be
mainly related to the manufacturing process as
opposed to patient-specific factors (personal com-
munication of the experts). It is therefore important
to determine during preclinical development whether
the manufacturing process leads to chromosomal
abnormalities.

The nonclinical discussion focused on the in vivo
tests available for tumorigenicity testing and their
reliability and relevance for the intended purposes.

Experiments performed with the use of human
adipose-derived MSCs in nude mice and athymic
rats with different application routes in a 3- to 6-month
follow-up period were reported (personal communi-
cation of the experts).No evidence of tumor formation
has been seen in such studies. MSC experts supported
this observation and highlighted the fact that no
evidence has been reported of tumor formation after
injection of BM-derived human MSCs into immu-
nocompromised mice. Moreover, the issue that
current in vivomodelsmay not be predictive for tumor
formation/induction was stressed. It was highlighted
that the NOD-Rag mouse model (23), which appears
to be currently the most suitable model system, may
not be sufficient to completely rule out the risk for
tumor formation. In addition, experts mentioned that
in general, the immunological status of the animals in
such tumorigenicity studies should be considered.
When allogeneic MSCs are used in immunocompe-
tent mice, rejection of allogeneic cells may prevent
tumor formation. Attention was drawn also to other
possiblemodel systems for tumorigenicity testing such
as the Zebrafish model (24).
Clinical aspects

The majority of expert presentations at this work-
shop, including those from experts with experience
with the use of human MSCs in clinical trials,
focused on quality and preclinical findings that ack-
nowledge the importance of these steps in the devel-
opment of medicinal product in general and especially
when evaluating risks in clinical application.

During the discussion on clinical aspects, the
experts shared their experiences regarding the hypo-
thetical risk for tumor development in patients
receiving MSCs containing cytogenetic abnormali-
ties. The obtained results on the use ofMSCs as a cell-
based medicinal product neither confirm nor exclude
the risk for tumorigenicity in patients. To date, no
tumors have been diagnosed in patients that would
originate from administrated MSCs. Two scenarios
are possible: (i) malignant transformation of the
MSCs occurs per se, which implies both a potential
risk for further malignant development of in vitro
cultures and transformation of MSCs themselves,
possibly through the immunosuppressive milieu
created by these cells, and (ii) an immunosuppressive
effect of MSCs, which may evoke tumor cell growth
in existing malignant cells of a patient. Malignant
transformation of MSCs must be further explored
and monitored in a clinical setting with longer follow-
up than what currently exists before any statements
on potential tumorigenicity can be made.

Despite the described immunosuppressive/modu-
lating effect of MSCs, an eventual rejection of allo-
geneic MSCs may be more likely to occur than for
autologous cells. Also, long-lasting survival may be
more likely with autologousMSCs rather than with an
allogeneic product. Thus, by definition, a risk of any
late-occurring adverse event would be higher for an
autologous cell preparation. Considering aspects
related to possible immune-toxicity and adventitious
agents, the situation may be different between allo-
geneic and autologous cells. Allogeneic MSCs appear
to be rejected in immunocompetent patients.
However, even though the cells may be rejected, they
may still exert therapeutic effects, for example,
through paracrine effects. In addition, allogeneic
MSCs may trigger an allo-immune response in
immunocompetent patients, which should be taken
into account when designing clinical trials for patients
with autoimmune disorders, susceptible to receive
a future organ transplant, or in cases in which repeated
injections are planned.

Allogeneic MSCs used in the immunosuppressed
transplant setting (e.g., hematopoietic stem cell
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transplant) are still without conclusive results
because of the small numbers of treated patients and
only short-term follow-up data. The risk is evaluated
to be low (>400 patients with hematopoietic stem
cell transplant dosed for treatment of GvHD without
demonstrated tumor formation), but no consecutive
per-protocol tissue sampling has been performed.
Few polymerase chain reactionepositive MSCs of
donor origin (DNA) have been found in sporadic
tissue sampling of patients with GvHD at an esti-
mated level of 10�5 to 10�6 (25). It was highlighted
that autologous MSCs may also be rejected in
immunocompetent patients, depending on the
culture process. However, the knowledge must be
improved, for example, concerning patients with
autoimmune diseases and use of autologous MSCs
as well as concerning the tissue quality (diseased vs.
healthy). Interestingly, samples for in vitro culturing
of MSC of some donors presented the same type of
cell abnormalities on separate occasions when
different samples from the same donor were pro-
cessed through the use of different culture methods
(11). Furthermore, co-infusion of patients’ autolo-
gous MSCs and allogeneic BM has been demon-
strated to improve BM engraftment (autologous
MSCs may support microenvironment for allogeneic
BM cells). The use of MSCs from one donor for
multiple recipients may create additional demands
both for quality control and post-administration
controls in development and manufacture.

Immunogenicity of autologous and allogeneic
MSC therapy including infusion-related effects on
the coagulation system is under investigation.

Experts’ preliminary results suggest that MSCs
may exert influence on the coagulation system. This
is in line with previous reports on the inhibitory effect
of MSCs on systemic intravascular coagulation in
animal models (26). Thus, MSC therapy may lead to
additional hemostatic complications such as throm-
boembolism or bleeding, which are known to be
associated with cancer (27).

It was agreed that well-designed clinical trials
are needed to further collect relevant clinical data.
Long-term safety and efficacy trials are awaited. All
experts considered the need for registries both
concerning donors and patients through the use of
simple questionnaires to improve user compliance.
A European MSC registry already exists with
an aim to collect long-term data. However, no
detailed suggestions on follow-up regimens were
presented.

The relevant data have been obtained from
experience gathered through the use of immuno-
suppressive therapy in solid organ transplantation:
these data revealed that the transplant population
compared with the general population; that is,
recipients of a kidney, liver, heart or lung transplant,
have an increased risk for diverse infection-related
and unrelated cancers (28). In contrast, the similarity
of the pattern of increased risk of cancer in the
two relevant populations (human immunodeficiency
virus [HIV]/acquired immune deficiency syndrome
[AIDS] and immunosuppressed transplant recipients)
suggests that immune deficiency rather than other
risk factors for cancer is responsible for the
increased risk (29).

Risk-benefit evaluation is an inherent part of
clinical practice as well as clinical trials. Additional
data are needed to be collected from nonclinical
animal studies. Risks of immunosuppressive effects
(risk for infections, malignancies) of MSCs versus
benefits demonstrated in clinical trials (anti-GvHD
effect) should be further scrutinized. Risk-benefit
assessment will be especially difficult in an allogeneic
transplant setting, in which immunosuppressive
therapy is given to all patients. Final conclusions on
the tumorigenic risks of MSCs can be only achieved
through the use of properly controlled and charac-
terized MSC preparations and from long-term
follow-up of treated patients.

Experience gained during the last two decades in
the solid organ transplantation area revealed that
although the average time to presentation of partic-
ular neoplasms occurs at distinct time intervals after
transplantation, when all cancers are considered, the
average latency is approximately 3 to 5 years after
transplantation (30,31). Thus, the minimal time of 5
years for the long-term follow-up period is reason-
able. The clinical safety program for malignancies
could be based on both premarketing and post-
marketing phases.

In addition, samples collected and stored at
various critical steps of the cell product manu-
facturing process, with details about the culture
conditions, could be used in evaluation of the corre-
lation between the cell preparation and the clinical
outcome. This would allow a retrospective analysis
of the product, in the case of any treatment failures.
Discussion

The expert group reached agreement on several
issues discussed. First, occurrence of recurrent cell
abnormalities appears to be mainly related to the
manufacturing process. In addition, some donor-
related recurrent abnormalities have been detected.
Thus, the culture conditions should be chosen to
avoid a high proliferative rate (e.g., use of excessive
amount of growth factors) because this may poten-
tiate chromosomal abnormalities. Furthermore, the
number of population doublings should be kept to
a minimum to limit the potential for chromosomal



758 L. Barkholt et al.
abnormalities. The growth rate of the cell propagation
process should be justified. Pushing several samples
of the cells, on an experimental basis, into senescence
with the use of long-term culture was considered
important to obtain further information on the
potential of the culture process to lead to genetic
instability under more extreme (artificial) conditions
and to define a safety margin. It was also considered
important to retain cell samples in the case that later
testing is needed. Conventional karyotyping when
combined with other techniques (CGH/SNP array,
FISH) was agreed as the state of the art to evaluate
putative chromosomal aberrations. All MSC pro-
cesses should be evaluated for their ability to affect
genetic stability of the cells. However, a karyotype
or FISH analysis of each batch is only necessary in
cases in which recurrent chromosomal abnormalities
are found.

In current animal models, in which either human
or animal cells (homologous models) are used, no
evidence of tumor formation has been observed to
date. However, the frequency of transformation of
human MSCs is too low to detect overt tumor
formation in established rodent models. The
immunological status of animals may play a role in
tumor development, which should be taken into
account in nonclinical testing.

The risk of tumor formation of MSCs must be
further explored and monitored in clinical settings
with longer follow-up than what is available today
before any statements on tumorigenicity can be
made. The development of long-term follow-up and/
or registries is encouraged to improve the knowledge
on long-term effects. The time of follow-up is
dependent on the specific product and impact of the
treatment on the patient’s health status.

In addition to tumorigenicity, further consider-
ations should be noted such as immunogenicity of
autologous and allogeneic MSC therapy, including
infusion-related effects on the coagulation system, and
these may also need to be considered during clinical
applications.Thepotential risks of immunosuppressive
therapy (risk for infections, malignancies) associated
with the clinical use of MSCs are a central part of the
benefit/risk assessment. In conclusion, an approach
that is based on the totality of evidence, combining
quality control with clinical observation and potentially
complemented by animal studies, probably will be best
suited to address existing concerns of tumorigenicity in
clinical applications of MSCs.
Acknowledgments

The authors acknowledge the valued contribution by
Dr K. LeBlanc to the expert group meeting on
mesenchymal stromal cells and tumorigenicity held
at European Medicines Agency (EMA) on October
7, 2011, as well as the organizational and scientific
support by Lucia D’Apote and Patrick Celis, EMA
scientific secretariat for the Committee of Advanced
Therapies.

Disclosure of interests: The authors have no
commercial, proprietary, or financial interest in the
products or companies described in this article. The
views expressed in this article are the personal views
of the authors and may not be understood or quoted
as being made on behalf of or reflecting the position
of the EMA or one of its committees or working
parties.
References

1. Casiraghi F, Remuzzi G, Abbate M, Perico N. Multipotent
mesenchymal stromal cell therapy and risk of malignancies.
Stem Cell Rev 2013;9:65e79.

2. Díaz-Prado S, Muiños-López E, Hermida-Gómez T, Rendal-
Vázquez ME, Fuentes-Boquete I, de Toro FJ, Blanco FJ.
Multilineage differentiation potential of cells isolated from the
human amniotic membrane. J Cell Biochem. 2010;111:
846e57.

3. De Bari C, Dell’Accio F, Vanlauwe J, Eyckmans J, Khan IM,
Archer CW, et al. Mesenchymal multipotency of adult human
periosteal cells demonstrated by single-cell lineage analysis.
Arthritis Rheum. 2006;54:1209e21.

4. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I,
Marini F, Krause D, et al. Minimal criteria for defining multi-
potent mesenchymal stromal cells: the International Society for
Cellular Therapy position statement. Cytotherapy. 2006;8:
315e7.

5. Houghton J, Stoicov C, Nomura S, Rogers AB, Carlson J,
Li H, et al. Gastric cancer originating from bone marrow-
derived cells. Science. 2004;306:1568e71.

6. Mohseny AB, Szuhai K, Romeo S, Buddingh EP, Briaire-de
Bruijn I, de Jong D, et al. Osteosarcoma originates from
mesenchymal stem cells in consequence of aneuploidization
and genomic loss of Cdkn2. J Pathol. 2009;219:294e305.

7. Rubio D, Garcia-Castro J, Martín MC, de la Fuente R,
Cigudosa JC, Lloyd AC, Bernad A. Spontaneous human adult
stem cell transformation. Cancer Res. 2005;65:3035e9.
Erratum in Cancer Res. 2005;65:4969. Retraction in Cancer
Res. 2010;70:6682, by de la Fuente R, Bernad A, Garcia-
Castro J, Martin MC, Cigudosa JC.

8. Rosland GV, Svendsen A, Torsvik A, Sobala E,
McCormack E, Immervoll H, et al. Long-term cultures of
bone marrow-derived human mesenchymal stem cells
frequently undergo spontaneous malignant transformation.
Cancer Res. 2009;69:5331e9.

9. Mareschi K, Ferrero I, Rustichelli D, Aschero S,
Gammaitoni L, Aglietta M, et al. Expansion of mesenchymal
stem cells isolated from pediatric and adult donor bone
marrow. J Cell Biochem. 2006;97:744e54.

10. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R,
Mosca JD, et al. Multilineage potential of adult human
mesenchymal stem cells. Science. 1999;284:143e7.

11. Tarte K, Gaillard J, Lataillade JJ, Fouillard L, Becker M,
Mossafa H, et al; Soci�et�e Française de Greffe de Moelle et
Th�erapie Cellulaire. Clinical-grade production of human
mesenchymal stromal cells: occurrence of aneuploidy without
transformation. Blood. 2010;115:1549e53.



Tumorigenicity and MSCs 759
12. Garcia S, Bernad A, Martín MC, Cigudosa JC, Garcia-
Castro J, de la Fuente R. Pitfalls in spontaneous in vitro
transformation of human mesenchymal stem cells. Exp Cell
Res. 2010;316:1648e50.

13. Torsvik A, Røsland GV, Svendsen A, Molven A,
Immervoll H, McCormack E, et al. Spontaneous malignant
transformation of human mesenchymal stem cells reflects
cross-contamination: putting the research field on track.
Cancer Res. 2010;70:6393e6.

14. Holzwarth C, Vaegler M, Gieseke F, Pfister SM,
Handgretinger R, Kerst G, Müller I. Low physiologic oxygen
tensions reduce proliferation and differentiation of human mul-
tipotentmesenchymal stromal cells. BMCCell Biol. 2010;11:11.

15. Fan G, Wen L, Li M, Li C, Luo B, Wang F, et al. Isolation of
mouse mesenchymal stem cells with normal ploidy from bone
marrows by reducing oxidative stress in combination with
extracellular matrix. BMC Cell Biol. 2011;12:30.

16. Roos WP, Kaina B. DNA damage-induced cell death by
apoptosis. Trends Mol Med. 2006;12:440e50.

17. Prockop DJ, Brenner M, Fibbe WE, Horwitz E, Le Blanc K,
Phinney DG, et al. Defining the risks of mesenchymal stromal
cell therapy. Cytotherapy. 2010;12:576e8.

18. Grigorian AS, Kruglyakov PV, Taminkina UA, Efimova OA,
Pendina AA, Voskresenskaya AV, et al. Alteration of cytol-
ogical and karylogical profile of human mesenchymal stem cells
during in vitro culturing. Bull Exp BiolMed. 2010;150:125e30.

19. Ben-David U, Mayshar Y, Benvenisty N. Large-scale
analysis reveals acquisition of lineage-specific chromosomal
aberrations in human adult stem cells. Cell Stem Cells. 2011;
9:97e102.

20. Senseb�e L, Tarte K, Galipeau J, Krampera M, Martin I,
Phinney DG, Shi Y. MSC Committee of the International
Society for Cellular Therapy: limited acquisition of chromo-
somal aberrations in human adult mesenchymal stromal cells.
Cell Stem Cell. 2012;10:9e10.

21. Ben-David U, Mayshar Y, Benvenisty N. Significant acquisi-
tion of chromosomal aberrations in human adult mesenchy-
mal stem cells: response to Sensebe et al. Cell Stem Cell. 2012;
10:10e1.
22. Burns JS, Abdallah BM, Guldberg P, Rygaard J,
Schrøder HD, Kassem M. Tumorigenic heterogeneity in
cancer stem cells evolved from long-term cultures of telome-
rase-immortalized human mesenchymal stem cells. Cancer
Res. 2005;65:3126e35.

23. Manz MG, Di Santo JP. Renaissance for mouse models of
human hematopoiesis and immunobiology. Nat Immunol.
2009;10:1039e42.

24. Stoletov K, Klemke R. Catch of the day: zebrafish as a human
cancer model. Oncogene. 2008;27:4509e20.

25. Ringd�en O, Uzunel M, Rasmusson I, Remberger M,
Sundberg B, Lönnies H, et al. Mesenchymal stem cells for
treatment of therapy-resistant graft-versus-host disease.
Transplantation. 2006;81:1390e7.

26. Wang B, Wu SM, Wang T, Liu K, Zhang G, Zhang XO, et al.
Pre-treatment with bone marrow-derived mesenchymal stem
cells inhibits systemic intravascular coagulation and attenuates
organ dysfunction in lipopolysaccharide-induced dissemi-
nated intravascular coagulation rat model. Chin Med J. 2012;
125:1753e9.

27. Falang A, Marhetti M, Vignoli A. Coagulation and cancer:
biological and clinical aspects. J Thromb Haemost. 2013;11:
223e33.

28. Engels EA, Pfeiffer RM, Fraumeni JF Jr, Kasiske BL,
Israni AK, Snyder JJ, et al. Spectrum of cancer risk among US
solid organ transplant recipients. JAMA. 2011;306:
1891e901.

29. Grulich AE, van Leeuwen MT, Falster MO, Vajdic CM.
Incidence of cancers in people with HIV/AIDS compared with
immunosuppressed transplant recipients: a meta-analysis.
Lancet. 2007;370:59e67.

30. Saeian K, Franco J, Komorowski RA, Adams MB. Hepato-
cellular carcinoma after renal transplantation in the absence of
cirrhosis or viral hepatitis: a case series. Liver Transpl Surg.
1999;5:46e9.

31. Pedotti P, Cardillo M, Rossini G, Arcuri V, Boschiero L,
Caldara R, et al. Incidence of cancer after kidney transplant:
results from the North Italy transplant program. Trans-
plantation. 2003;76:1448e51.


	Risk of tumorigenicity in mesenchymal stromal cell–based therapies—Bridging scientific observations and regulatory viewpoints
	Introduction
	Manufacturing and quality aspects
	Cells with chromosomal aberrations
	Analytical techniques available to assess cytogenetic abnormalities
	Nonclinical aspects
	Clinical aspects
	Discussion
	Acknowledgments
	References


