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Abstract

efficient MSCs.

Because of their multi/pluripotency and immunosuppressive properties, mesenchymal stem/stromal cells (MSCs) are
important tools for treating immune disorders and for tissue repair. The increasing use of MSCs, their definition as
advanced-therapy medicinal products in European regulations, and the US Food and Drug Administration
requirements for their production and use imply the use of production processes that should be in accordance
with Good Manufacturing Practices (GMPs). Complying with GMPs requires precisely defining the production
process (es) as well as the multiple criteria required for a quality final product. Such variables include the
environment, staff training and qualification, and controls. Developing processes based on well-defined or
completely defined media and operating in closed systems or bioreactors is important and will increase safety and
reproducibility. One of the most challenging issues remains implementation of relevant and reproducible controls
for safety and efficacy. A linking of researchers, research and development teams, producers, and clinicians is
mandatory to achieve GMP-compliant processes with relevant controls for producing well-defined, safe, and

Introduction

Producing cells according to Good Manufacturing Practices
(GMPs) is a global challenge for the production of all cells
for use in humans, specifically mesenchymal stem/stroma
cells (MSCs), one of the most promising tools in cellular
therapy and regenerative medicine. MSCs with a
mesodermic origin were first described by Alexander
Friedenstein and colleagues in the 1960s and 1970s [1] as
non-hematopoietic bone marrow (BM) cells that adhered
to plastic and that could develop into colonies with a fibro-
blastic appearance. The cells were first named colony-
forming unit-fibroblasts (CFU-Fs). They could differentiate
into bone, cartilage, and a hematopoietic microenviron-
ment. The first use in a clinical setting was reported in
1995, without side effects [2]. Later, MSCs were described
as stem cells of skeletal tissues (for example, bone and car-
tilage) [3], and one of the first clinical uses was in
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combination with biomaterials to repair long-bone frac-
tures, which demonstrated good efficacy [4].

Since 2000, the MSC field has moved rapidly with the
demonstration that ex vivo-grown MSCs had immuno-
suppressive properties after treatment with inflammatory
cytokines such as IFN-y, IL-1, or TNF-«a [5] and acted
on all effectors of innate and adaptive immunity [6].
These immunosuppressive properties were first used in
transplanting hematopoietic stem cells to treat drug-
resistant graft-versus-host disease [7] and were found to
be useful for improving organ transplantation by de-
creasing rejection [8]. Moreover, MSCs have trophic ef-
fects mediated by numerous growth factors and the
cytokines they produce [9].

The first emerging cells of the MSC type were found to
originate from the neural crest and not the mesoderm [10],
and cells with the same features as BM MSCs were found
in almost all tissues in the fetus, neonate, and adult [11].
An international expert panel [12] described the common
minimal criteria for cells in the MSC category: cells adher-
ing to plastic; able to form CFU-Fs; expressing CD90,
CD73, and CD105 without the hematopoietic molecules
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CD45, CD34, and HLA-DR; and able to differentiate via
osteoblastic, chondrocytic, and adipocytic pathways. These
main characteristics apply to cultured BM MSCs, but some
differences might appear to be related to the tissue of ori-
gin. Examples are adipose tissue (AT)-derived MSC expres-
sion of CD34 and CD54 [13]. Finally, phenotype and
function studies revealed that MSCs from different tissues
are not exactly equivalent [14]. In addition, MSCs could ex-
press HLA-DR after stimulation with IFN-y or spontan-
eously, depending on culture conditions [15,16]. Although
MSCs are first described in BM, BM MSCs producing
hematopoietic microenvironment and presenting self-
renewal [17], a unique MSC entity over all tissues is
debated [14]. Cells referred to as MSCs originating from
various tissues are now used in clinical trials.

Whatever the MSC source, the safety, efficacy, and re-
producibility of MSC production and compliance with
GMPs must be ensured. Most of the problems refer to
processes: open systems versus bioreactors, reagents and
particularly media used, and controls ensuring safety
and efficacy of the final product. However, some other
important issues should be addressed: donor eligibility
and screening, facilities, environmental controls, and
storage. We review these questions with specific em-
phasis on processes and controls that largely remain dif-
ficult to fix and that, for some, seem poorly relevant.

Good manufacturing practice and mesenchymal
stem/stromal cell production

In Europe, MSCs are somatic cell therapy products, re-
ferred to as advanced-therapy medicinal products (ATMPs),
and are under European Regulation No. 1394/2007. Regula-
tion 1394/2007 contains rules for authorization, supervi-
sion, and technical requirements regarding the summary of
product characteristics, labeling, and the package leaflet of
ATMPs, which are prepared following industrial methods
and in academic institutions. The production and delivery
of MSCs should be in accordance with European GMPs
(Euralex).

In the US, the production of MSCs, like that of any other
human cell- and tissue-based products (HCT/Ps), must
comply with Current Good Tissue Practice requirements,
under the Code of Federal Regulations (CFR, FDA for facil-
ities (Part 1271.190a and b), environmental control (Part
1271.195a), equipment (Part 1271.200a), supplies and re-
agents (Part 1271.210a and b), recovery (Part 1271.215),
processing and process controls (Part 1271.220), labeling
controls (Part 1271.250a and b), storage (Part 1271.260a-d),
receipt, pre-distribution shipment, and distribution of an
HCT/P (Part 1271.265a-d), and donor eligibility determin-
ation, screening, and testing (Parts 1271.50, 1271.75,
1271.80, and 1271.85)).

The translation of research-based protocols into pro-
cedures for large-scale production of clinical-grade
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MSCs complying with GMPs requires a deep analysis of
all critical aspects [18]. For MSCs, as for other cell cul-
tures, the facilities should be in accordance with the
CER Parts 1271.190a and b and European regulations.
For example, an open system for culturing or processing
cells requires use of a class A cabinet operated in a class
B room. The environment must be qualified and con-
trolled to prove that the levels are achieved and
maintained. Also, supplies and reagents, recovery, and
labeling controls as well as storage, receipt, pre-
distribution shipment, and distribution of materials are
the same as for culture of other NCT/Ps. However, pro-
ducing MSCs involves several specific conditions.

Donor and cell sources

e For MSCs, the donor eligibility, mainly age and viral
testing, is based on the same criteria as for other
cell- and tissue-based products. However, apart from
microbiological safety, evaluation criteria of the
normality or potency of donor MSCs are lacking;
therefore, determining who will be a good MSC
donor is still difficult. Age could be an important
criterion: BM of children may have a higher level of
progenitors (CFU-Fs) [19], and age could be directly
linked to decreased in vitro proliferation and
multipotency [20]. Although there are no specific
regulatory requirements, the main problem for
donor selection remains the risk of abnormalities
with MSCs, which is difficult to assess. This point is
of particular importance when producing large
batches of MSCs, from one or a few donors, for
allogeneic uses in multiple recipients.

e As previously reported, cells of the MSC type are
present in all tissues [11]. Thus, many sources of
MSCs have been described and used. The main
candidates for clinical applications are BM, AT, and
fetal or neonate tissue (for example, placenta,
amniotic membrane, and Wharton’s jelly). BM and
AT have been the most used sources; they are easy
to collect by standardized procedures. MSCs are
more abundant in AT than BM. Despite a
standardized collection technique, a short time
between collection and processing, and a high
volume and cell content of collected blood [21],
obtaining MSCs from cord blood on a regular basis
is difficult with variable cell yield and viability.
Neonate or fetal sources are being investigated as
sources of more primitive MSCs.

e After harvesting and processing of cells (for
example, AT dissociation by collagenase), MSCs
could be seeded as a crude population or after MSC
enrichment with immunomagnetic devices or
fluorescence-activated cell sorting (FACS) with
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known MSC-expressed antigens (Ags). One of the
most used Ags is STRO-1, whose use leads to large
enrichment of CFU-Fs and STRO-1"/CD106" cells
representing a highly purified MSC population [22].
Other Ags, such as al integrin subunit (CD49a) or
CD200 [23,24] or CD271 (low-affinity nerve growth
factor receptor) [25], can be used. Regardless of cell
source, cell population, fractionated status, or
separation by density gradient, plastic adherence
remains the main step to isolate MSC populations.
Although the use of raw material (for example,
unfractionated BM or stromal vascular fraction of
fat) could deliver some immunological priming [16],
the most convenient and efficient way is to use
unfractionated starting material.

e Because MSCs are adherent cells, cell-plating
density is one of the main critical conditions for
optimal expansion rate and maintenance of MSC
functions. Use of low or very low plating density
could maintain a high proliferation rate and
multipotentiality [26]. After the first culture phase,
plating densities of 1,000 to 4,000 cells/cm? seem
reasonable and allow a high number of final MSCs
[27]. Sequential passages may affect the quality of
cultured MSCs, with progressive senescence, slowed
proliferation rate, and cells progressively
experiencing loss of multipotentiality [28]. Thus,
limiting the number of population doublings to less
than 20 seems appropriate [16].

Production processes

Media

From the beginning of the production of MSCs, an ap-
propriate simple medium allowing for ex vivo growth of
MSCs is a-minimal essential medium or Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
calf serum (FCS). With this simple medium, MSCs can
be grown but with a long doubling time (more than 1
month) to achieve useful quantities. Several cytokines
and growth factors — for example, platelet-derived
growth factor (PDGF) and fibroblast growth factor 2
(FGF2) - are active in in vitro MSC growth. The
addition of cytokines to MSC culture improves the
process; specifically, the use of FGF2 at a low concentra-
tion (1 ng/mL) can result in a large number of MSCs in
2 to 3 weeks [16]. These media, though simple, are
based on a xenogeneic source of growth factors (FCS)
that could transmit unexpected or emerging diseases.
Therefore, new developments are based on supplemen-
tation with human blood-derived products secured by
serologic and nuclear acid testing of blood-transmitted
viruses (for example, HIV and hepatitis C virus) with,
eventually, a supplemental step of virus inactivation. The
most reliable and most used human supplementation
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product is platelet lysate (PL), consisting of plasma
enriched by platelet growth factors released by freezing-
thawing cycles [29]. Large quantities of MSCs from di-
verse sources (BM, AT, and so on) can be grown with
concentrations from 2% to 8% PL [30]. The effects of PL
are principally related to the presence of large quan-
tities of cytokines and growth factors such as PDGF
and FGF2 [31].

The media seem to be equivalent for producing large
amounts of MSCs but are not equivalent in terms of
time of culture and functions [32]. Indeed, medium used
for producing cells could affect the behavior of the final
product, so the safety and efficacy of MSCs produced by
different media should be carefully tested and docu-
mented; for example, BM MSCs grown in medium
supplemented with PL commit to an osteoblastic path-
way [33]. The goal is the development of completely de-
fined media that lack any biological products from
animal or human origins. Different serum-free media
based on cocktails of growth factors (for example, FGF2,
PDGE, and transforming growth factor-beta) can main-
tain the main phenotypic and functional characteristics
of cultured MSCs [34] but are still used for research
purposes and require upgrading for clinical uses. The
remaining problem with the use of completely defined
media is the attachment of cells, which implies the use
of a specific protein to ensure the first cell attachment.

Bioreactors/closed systems

As stated in GMPs (that is, Appendix 1 of the current
European GMP regulations), MSC production (like pro-
duction of any cellular products) requires aseptic condi-
tions and their validation. Therefore, the development
and use of closed automated devices are an important
step facilitating MSC expansion with GMPs. A first step
is the use of multilayer systems — such as CellStacks
(Corning, Corning, NY, USA) or Cellfactory (Nunc, part
of Thermo Fisher Scientific Inc., Waltham, MA, USA) —
that could be stacked in incubators. These devices allow
for the safe use of a wide surface area and easy produc-
tion of hundreds of millions to 1 billion pure MSCs in 2
to 3 weeks [16]. However, in terms of GMP require-
ments, these processes are not fully closed and require a
class A cabinet for each manipulation. For simpler and
safer processes, a fully closed and automated bioreactor
must be used. The main criteria for growing MSCs in
bioreactors are a large ratio of surface area to volume, a
closed system, automated inoculation and harvesting,
and automated control of culture parameters. Different
designs of bioreactors — parallel-plate, hollow-fiber, or
micro-fluidic [35] — could help improve these criteria.
Multilayered systems could be coupled with automatic
devices allowing medium circulation and helping with
medium replacement, such as the system from ATMI
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(Bloomington, MN, USA). The company Terumo (Som-
erset, NJ, USA) has developed a fully automated bioreac-
tor based on hollow-fiber technology that can allow for
a large expansion of MSCs in a GMP-compliant system
[36]. Linked with animal- or serum-free media, these
technologies can provide the optimal tools for delivering
MSCs of clinical grade that comply with GMPs. More-
over, bioreactors could help manage environmental
conditions that change or improve the behavior of
MSCs; for example, supplying continuous low oxygen
tension improves the growth and genetic stability of
MSCs [37], and three-dimensional culture increases
anti-inflammatory properties [38]. Finally, the use of bio-
reactors performing entire processes in closed systems
could allow for the production of MSCs in a class C or
D room and not a class A cabinet in a class B room.

Controls of ex vivo-expanded mesenchymal stem/

stromal cells

One of the main requirements for MSC production is
that controls give relevant information on the safety and
efficacy of the released products. Such controls should
allow for a determination of the identity and purity of
cell products and, if applied to the release of fresh prod-
uct, should be reproducible and fast. These requirements
are challenging and not yet fully achieved.

Controls for safety

As for all ex vivo-expanded cells that do not undergo
sterilization processes or filtration, the sterility of the
final MSC product must nevertheless be guaranteed.
Pharmacopeia (for example, European Pharmacopeia)
can be used for this purpose. Lack of classic bacteria and
mycoplasma contamination must be documented, and
the presence of endotoxins must be tested.

Because MSCs are expanded ex vivo cells, sometimes
for a long period with a high number of population dou-
blings, they can undergo senescence and some can
undergo genetic instability. Recently, important concerns
have been raised regarding the risk of transformation
after long-term culture that are related to some cells es-
caping the senescence program. Replicative senescence
arises through well-known mechanisms such as telomere
shortening and activation of the pRB pathway through
the INK4a/ARF locus encoding pl6ink4a and pl9inkda
as well as the p53 pathway [39]. Senescence and trans-
formation are tightly linked [40]; cells becoming senes-
cent could transform after a transient senescence crisis
or abrogation of senescence mechanisms by a re-
increase of telomere length or repression of pl6inkda
and p53 activity [41]. During culture, senescence of
MSCs induces growth arrest with normal telomere
shortening, decreased differentiation with predominant
osteogenic potential, downregulation of genes related to
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tumorigenesis such as myc and ras, and upregulation of
some gene clusters and some microRNAs [42]. These
changes during senescence appear to be continuous. A
few studies reported that cultured human MSCs could
show chromosome abnormalities and transform [43,44].
However, these results were recently retracted because
they were based on a contaminated exogenous cancer
cell line [45,46]. Using karyotype and comparative gen-
omic hybridization (CGH) array, other authors showed a
genetic stability of MSCs during culture [47]. Recently,
we demonstrated that clinical-grade cultured human
MSCs could undergo senescence and never transform,
with or without aneuploidy, mainly duplication of chro-
mosomes 5 and 8 [16]. Finally, a study showed that hu-
man adult MSCs had a 4% probability of acquiring
chromosomal abnormalities that are lineage-specific
[48]. However, misleading interpretations have mini-
mized these conclusions [49]. Moreover, since the first
clinical trial in humans [2], tumors have never been
reported with application of MSCs.

To avoid the main risks during the use of MSCs, the
genetic stability of MSCs expanded by GMP processes
must be tested. Different assays could be used for test-
ing. The oldest one is the karyotype assay, which has
problems. First, karyotype testing is not really sensitive,
allowing the analysis of 30 to 50 cells in metaphase on
millions or billions of produced cells. Second, in the
context of cell production far from the area of diagnosis
and residual disease assessment, the relevance of karyo-
type is not established. To increase sensitivity, fluores-
cence in situ hybridization (FISH) can be used to easily
increase the sensitivity (for 200 to 1,000 analyzed cells)
but is not really sensitive in terms of the number of cells
in the final product. Also, the technique is difficult, re-
quires knowledge of the target to search for, and lacks
relevant final information. CGH array is more sensitive
than karyotype assay and FISH and can be used to de-
tect unknown abnormalities, but some limitations per-
sist. Particularly, a minimum of 20% to 25% of cells
must present the same abnormalities. The real question
is how to predict something that has never happened to
date. We need a new approach to controls, one that fo-
cuses on the molecular events involved in transform-
ation and senescence. Recently, a group of experts and
persons from European Regulatory Authorities proposed
a pragmatic statement: the number of population dou-
blings should be minimal, and conventional karyotype
combined with CGH array or FISH are only necessary
when recurrent abnormalities are found [50].

Controls of identity and efficacy

Controls of identity are simple and are based on FACS
analysis of surface Ags. Most of these controls are in the
consensus paper by an international panel of experts
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from the International Society for Cellular Therapy [12].
The minimal panel of Ags comprises positive Ags
(CD90, CD73, and CD105) and negative Ags (CD45,
CD34 (for BM MSCs only), and HLA-DR). At this step,
viability should be tested by FACS or a simple method
such as trypan blue dye exclusion.

Efficacy is based in large part on previous in vitro and
in vivo experiments carried out in animals during the
preclinical phase of process development. For product
release, the implementation of relevant potency assays is
challenging. For example, for the capacity of differenti-
ation, MSCs can commit to an osteoblastic pathway;
there are different ways to look at the osteoblastic en-
gagement of MSCs in vitro, but results of many tests
could be prone to artifacts. Before choosing assays, one
must carefully demonstrate that the process can give
relevant results by parallel in vivo testing. MSCs are
now widely used for their anti-inflammatory or im-
munosuppressive properties; the immunosuppressive
capacity of produced MSCs must be tested in vitro.
Tests could be standardized and validated as demon-
strated by different teams working together in an inter-
national consortium [6].

Conclusions

The MSC field is reaching maturity. Numerous phase 2
trials are in progress, but few phase 3 trials have been
implemented. All of the regulatory requirements for
safety and efficacy of MSCs used or intended to be used
imply full compliance with GMPs. We now have differ-
ent media, tools, and devices that help in compliance
with GMP, and different public institutions and private
companies have adequate rooms for working in the right
environment. However, the most challenging point re-
mains the definition and implementation of relevant
controls for safety, particularly for testing genetic stabil-
ity, and for efficacy. To be able to develop such control
requires close collaboration among research and devel-
opment teams, clinicians performing clinical trials, and
industry.
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