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Recent years have seen a dramatic increase in research activity and investment into therapeutic applications of 
stem cell-based medicinal products. In April 2015, the first stem cell product, ex vivo autologous corneal epithe-

lial cells including stem cells (Holoclar®, Holostem Advanced Therapies), was granted a Marketing Authorization 
in the European Union (EU). This product is based on limbal stem cells and is intended for the treatment of lim-
bal stem cell deficiency caused by ocular burns. Whilst only one stem cell product has been approved, there are 
many others being studied for various indications. Approximately 166 clinical trials are testing the use of adult 
stem cells in regeneration of lost or damaged tissue and in hematological or solid-organ malignancies in the 
EU. Embryonic stem cells and induced pluripotent stem cells are mainly being explored in nonclinical studies, 
although early-stage clinical studies with these pluripotent cells have also been reported. Unfortunately, there 
are also reports of patients travelling outside the EU for unregulated treatments with stem cells. In order to 
meet patient’s demands for authorized, safe and effective treatments and to foster innovation in this dynamic 
area, in 2011 the Committee for Advanced Therapies of the European Medicines Agency developed and pub-
lished regulatory guidance with contributions from European and international experts. It has become clear 
that a multidisciplinary point of view has to be applied to stem cell-based products  in order to regulate them 
adequately, thus spanning the bridge from quality criteria and impact of starting materials, animal models, bio-
distribution and niche, to safety issues including tumorigenicity, and clinical aspects. In this article, we report on 
the regulatory and scientific framework for stem cell-based products in Europe and how this can be successfully 
applied in the development and evaluation of novel stem cell-based products. 
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Large expectations have been put on 
stem cells to provide cures for a mul-
titude of different conditions, in-
cluding degenerative, inflammatory 
and metabolic diseases and cancer, 
as well as the repair and regeneration 
of damaged or lost tissue. The first 
stem cell-based medicinal product 
in the European Union (EU) was 
granted a Marketing Authorization 
in April 2015 for the treatment of 
limbal stem cell deficiency (LSCD) 
caused by ocular burns [1]. In cases 
where treatment options are limited 
or where no treatment is available, 
such as degenerative diseases or spi-
nal cord injury, stem cells may pro-
vide a promising treatment option. 
Stem cells are particularly attractive 
for such diseases as they can provide 
a renewable and limitless source of 
cells and production of virtually 
all cell types. On the other hand, 
stem cell treatments have been 
criticized in the scientific literature 
with respect to safety [2,3] and when 
used “outside” common scientific 
principles [4].

In Europe, stem cell-based ther-
apies are embedded into the legal 
framework of Advanced Therapy 
Medicinal Products (ATMPs)  [5] 
and are assessed by the Commit-
tee for Advanced Therapies (CAT) 
at the European Medicines Agency 
(EMA). Regulation 1394/2007  [5] 
defines somatic cell therapy, gene 
therapy and tissue-engineered prod-
ucts as ATMPs. Cell therapy and 
tissue-engineered products consist 
of viable cells or tissues, which have 
either been substantially manipulat-
ed or engineered as defined within 
this legislation (see Art. 2.1(c) of 
the regulation)  [5], or applied in a 
non-homologous manner (i.e., used 
for not the same essential function 
in the recipient and the donor). 
While developers for ATMPs are 

expected to fulfil the same regulato-
ry principles as for other medicinal 
products, specific, tailored require-
ments for ATMPs have been devel-
oped to account for their technical 
specificities. A reflection paper for 
stem cell-based products was de-
veloped and published in 2011 [6], 
based on discussions with relevant 
working parties and the global sci-
entific and regulatory community, 
clinicians, patients and physicians. 
This initial guidance in conjunction 
with the more general guideline on 
cell-based medicinal products  [7] 
and the concept of the risk-based 
approach applied to ATMPs [8] pro-
vide a flexible framework for the 
development of medicinal products 
using stem cells. 

In this article, we discuss the di-
versity of different stem cells, expe-
riences of their clinical use, the spe-
cific regulatory framework for stem 
cell-based therapies in the EU and 
how to best use it for prospective, 
successful product development. 
Although Holoclar® is used here as 
an example and data from the pub-
lic assessment report is presented, it 
should be noted that extrapolation 
to other products has limitations 
due to differences between products 
and diseases to be treated.

DIVERSITY OF STEM CELL-
BASED PRODUCTS 
Stem cell-based products represent a 
wide spectrum of stem cell-derived 
cells with variable degrees of self-re-
newal and differentiation potential, 
as well as levels of manipulation, 
availability of scientific knowledge 
and clinical experience. They in-
clude blastocyst-derived embryonic 
stem cells (hESCs), and adult or so-
matic stem cells, such as hematopoi-
etic progenitor/stem cells (HSCs), 
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mesenchymal/stromal stem cells 
(MSCs), and tissue-specific progen-
itor cells. Cells with stem cell-like 
characteristics have also been gener-
ated from adult differentiated cells 
by reprogramming to re-acquire 
self-renewal and differentiation ca-
pacity. These include induced plu-
ripotent stem cells (iPSCs) and their 
intermediate stages [9]. 

The same features that make 
stem cells so attractive for therapeu-
tic purposes may also contribute to-
wards their risks. Cells with a high 
capacity for self-renewal (hESCs 
and iPSCs) may utilize pathways 
that facilitate development of tu-
mors or teratomas making them 
intrinsically tumorigenic (e.g.,  p53 
suppression)  [10]. Stem cells also 
exhibit a variable degree of differen-
tiation capacity. Pluripotent hESCs 
and iPSCs, for instance, are capable 
of differentiating along multiple 
lineages producing all cell types 
including tissue-specific stem cells, 
which in turn are mainly respon-
sible for tissue turnover  [11]. Stem 
cell differentiation is also affected 
by the microenvironment [12]. Typ-
ically, HSCs and MSCs have a pro-
pensity to home to distant locations 
by responding to environmental 
cues  [13,14]. Therefore, unintend-
ed differentiation or localization to 
ectopic locations may have serious 
clinical consequences [15–17].

Extensive clinical experience 
with unmanipulated bone mar-
row and peripheral blood-derived 
stem/progenitor cells already ex-
ists. This clinical experience has 
proven these cell-based therapies 
to be without serious safety con-
cerns and well tolerated, and the 
potential risks related to their use 
are relatively well understood  [18]. 
On the other hand, the clinical 
experience with pluripotent stem 

cells is still scarce. The first clinical 
trial with hESCs was authorized by 
the FDA in 2009 for patients with 
spinal cord injury (Clinicaltrials.
gov). Since then additional clinical 
trials with hESC-derived cells have 
been authorized in the EU and in 
the USA to treat patients with dry 
age-related macular degeneration 
and Stargardt’s macular dystro-
phy  [19]. The limited experience 
thus far demonstrates that the clin-
ical use of hESC-derived stem cell 
products does not pose a serious 
safety risk. In September 2014,  the 
first patient received an iPSC prod-
uct for the treatment of age-related 
macular degeneration in Japan [20] 
and both safety and efficacy results 
of this trial are eagerly awaited by 
iPSC developers and regulators.  

STEM CELLS REQUIRE A 
TAILORED REGULATORY 
FRAMEWORK
The regulatory framework gov-
erning the safe and effective use 
of stem cell-based products has to 
accommodate the heterogeneity in 
the characteristics, manufacturing 
and clinical experience of various 
stem cell-based products while en-
suring that the therapeutic poten-
tial and safety concerns typical for 
this class of products are adequately 
addressed.  

Stem cell-based products are a 
special class of cell-based ATMPs, 
which are considered complex bi-
ological medicinal products. One 
typical feature of these cell-based 
products is that the medicinal 
product is defined by the (hetero-
geneous) starting materials used to 
manufacture the product. This is 
due to the fact that characterization 
and testing of the starting materials, 
active substance and final product 
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cannot be achieved to the same ex-
tent as is usually possible for other 
medicinal products (e.g. chemical 
entities). Furthermore, it may be 
difficult to control the manufactur-
ing process of cell-based products 
in order to ensure that the product 
is of consistent quality that can be 
routinely produced. For advanced 
stem cell-based products, the manu-
facturing process frequently consists 
of expansion culture steps, which 
may alter the characteristics and/or 
functionality of the stem cell-based 
medicinal product and which in 
turn drives the design of the safety 
and efficacy assessment of clinical 
studies. Cells may even get pheno-
typically/genotypically adapted at 
the end of extensive culture as com-
pared to cells that are in their physi-
ological environment and function. 
It is therefore important to control 
the manufacturing process as vigor-
ously as possible and to understand 
which parameters (e.g. media com-
ponents, growth factors, culture 
conditions) may have an impact on 
the quality and clinical performance 
of the target cell population [21]. 

From a clinical-regulatory per-
spective, the level of manipulation 
(kind and number of manufactur-
ing steps for example) is one of the 
central factors for estimation of 
risk, which should be addressed in 
the product development program. 
In order to manage the level of risk, 
which may result from the starting 
material and the manufacturing 
process, the finished product should 
nevertheless be controlled and char-
acterized as well as possible with re-
spect to identity, potency, purity and 
genomic/phenotypic stability  [21]. 
In the case of stem cell-based prod-
ucts undergoing genetic modifica-
tion (be it via integrating or non-in-
tegrating vectors or plasmids), this 

adds further complexity to the man-
ufacturing process and to the prod-
uct adding uncertainties and hence 
further needs for characterization 
and control [22].

As risks, uncertainties and clinical 
experience associated with different 
stem cell types may vary significant-
ly, a risk-based approach should be 
employed during the development 
of a stem cell-based therapy [8]. 

In light of the intrinsic safety con-
cerns surrounding stem cell prod-
ucts, such as tumorigenicity, as well 
as the limited clinical experience to 
date, non-clinical safety evaluation 
may need to be more extensive for 
stem cell-based therapies than for 
conventional biologics or cell-based 
therapies derived from differenti-
ated, primary cells (e.g., chondro-
cytes). However, the availability of 
animal models may be limited due 
to uncertainty of the similarity be-
tween animal and human stem cells 
or factors involved in the differen-
tiation process. Nevertheless, all ef-
forts should be employed to obtain 
non-clinical data on the proof-of-
concept, biodistribution, and safety 
in vivo as this information will help 
to proceed into first-in-man clinical 
studies. In cases where stem cells 
have been extensively manipulat-
ed ex vivo or nonclinical testing is 
solely based on homologous animal 
models, specific safety end points 
should be included to the first-in-
man trial capable of detecting any 
early toxicity arising from the stem 
cell-based product  [6]. The degree 
of caution to be employed when 
moving into clinical application of 
stem cell-based products depends 
on the estimated risk profile (i.e., 
tumorigenicity aspects of mesen-
chymal stromal cells)  [23], mode 
of administration (e.g., local versus 
systemic), expected biodistribution 
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(e.g., CNS, myocardium), stability 
of the desired (expected) phenotype 
and duration of treatment. 

Similar to conventional medic-
inal products, clinical trials should 
be designed to demonstrate safety 
and efficacy as well as provide evi-
dence on the proposed mode of ac-
tion [7,24]. In the design of clinical 
studies, the disease/indication must 
also to be taken into consideration 
and thus the relevant available guid-
ance for clinical studies in the target 
indication should be followed [25]. 

MARKETING AUTHORIZA-
TION OF HOLOCLAR®:  THE 
FIRST APPROVED STEM 
CELL-BASED MEDICINAL 
PRODUCT IN EU
The EMA recommended Holo-
clar®, the first ATMP containing 
stem cells, for conditional approv-
al in the EU and the European 
Commission granted a marketing 
authorization in February 2015 [1]. 
Holoclar® is used for the  treatment 
of moderate-to-severe LSCD due 
to physical or chemical burns to 
the eye(s) in adults. It is the first 
advanced therapy product rec-
ommended for LSCD, a rare eye 
condition including symptoms of 
pain, photophobia, inflammation, 
corneal neovascularization, loss of 
corneal transparency, and eventu-
ally blindness. This stem-cell-based 
medicinal product is used in the eye 
to replace damaged corneal epithe-
lium and creating a new reservoir 
of limbal stem cells (LSCs) for the 
regeneration of the epithelium. As 
the number of patients with LSCD 
due to ocular burns is about 3.3 out 
of 100,000 people in the EU, the 
disease is considered ‘rare’ and Ho-
loclar® was designated an ‘orphan 
medicine’ in November 2008 [1]. 

A conditional approval is re-
served for medicinal products in-
tended for the use in seriously de-
bilitating, life-threatening or rare 
diseases or in emergency situations 
in response to public health threats. 
It means that additional data are re-
quired post-marketing in order to 
generate a comprehensive data set 
with a view to confirming that the 
benefit–risk balance is positive. 

Holoclar® consists of a trans-
parent circular sheet of viable au-
tologous human corneal epithelial 
cells, expanded in cell culture that 
includes LSCs in addition to stem 
cell-derived transient amplifying 
and terminally differentiated cells. 
To manufacture Holoclar® LSCs are 
derived from a biopsy taken from a 
small area of undamaged limbus of 
the patient’s eye. The cells are grown 
in cell culture with the help of ex-
tensively tested irradiated mouse 
3T3-J2 feeder cells. The resulting 
cell suspension is cryopreserved un-
til transplantation is scheduled and 
thawed cells are used for the manu-
facture of the final product. To this 
end, the expanded cells are again 
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seeded on irradiated feeder cells, 
which have been previously grown 
on a fibrin support layer. When 
the cells have expanded and built a 
confluent layer, the autologous tis-
sue-engineered product is formulat-
ed, shipped and administered to the 
patients. 

The marketing authorization 
holder (MAH) of Holoclar® ap-
plied a multidisciplinary approach 
to the product development, link-
ing the product test results with the 
clinical data, where possible, and 
applying the risk-based approach 
to critical aspects of manufac-
ture and control (i.e. adventitious 
agents safety testing, stability and 
transport). The active substance 
consists of a mixture of cells with 
an average of 3.5% of LSCs as the 
main functional component. LSCs 
were histochemically quantified 
by expression of the phenotypic 
marker p63-bright. In addition, 
clonogenic transiently amplifying 
cells and terminally differentiated 
corneal epithelial cells are present 
in the final product [1]. 

The variability of the cell com-
position and the amount of func-
tional p63-bright-positive LSCs 
presented some challenges during 
product development and assess-
ment. However, the MAH of Ho-
loclar® was justified on the basis of 
clinical data indicating the mini-
mum amount of LSCs needed for 
clinical success, as well as the sup-
portive function of the more differ-
entiated cell populations in the for-
mation of the epithelial sheet-like 
structure needed for the therapy. 
Cell populations with non-stem-
cell phenotypes were therefore not 
regarded as cellular impurities. As 
the starting material, which is de-
rived from the patient’s own lim-
bus biopsy, is of high value and 

limited quantity, the characteriza-
tion strategy needed to be specifi-
cally adapted. The colony-forming 
assay (CFA) was established as a 
predictor of the clonal/proliferative 
capacity of the cells, and was used 
as a sole in-process control (IPC) to 
control the manufacturing process. 
Additionally, beside CFA, growth 
rates are controlled by microscope 
during cell culture.

For validation purposes, the 
MAH of Holoclar® used cadav-
eric corneas that underwent the 
same manufacturing process. With 
the help of this material, import-
ant manufacturing aspects such 
as in-process storage times, and 
also stability and transport condi-
tions could be defined. Likewise, 
small manufacturing changes (e.g., 
qualification of new cell bank, ad-
justment of specifications) were 
validated using cadaveric corneas. 
The finished product is prepared 
as a transparent sheet of 300,000 
to 1,200,000 viable autologous 
human corneal epithelial cells 
(79,000–316,000  cells/cm2) at-
tached on a 2.2 cm diameter fibrin 
support in physiological transport 
medium. Supported by clinical 
data, the MAH was able to show 
that the physical organization 
of the cells on the fibrin sheet is 
self-assured and different cell com-
ponents will organize themselves 
once correctly grafted in vivo. The 
product is sensitive to mechanical 
and temperature stress, therefore 
special emphasis was placed on the 
packaging and storage conditions. 
As such, a robust container closure 
system, consisting of multilayer 
packaging has been developed for 
protection of Holoclar®. Transport 
conditions are tightly controlled 
and validated beyond current stan-
dard pharmaceutical transport 



REVIEW 

7Cell & Gene Therapy Insights 

controls (e.g., temperature-con-
trolled vehicles with alarm-mode 
and GPS-tracked remote tempera-
ture alarm systems). The shelf life 
of 36 hours was established based 
on viability and potency data ob-
tained in stability studies. 

The non-clinical development 
programme of Holoclar® includes 
supportive information of pub-
lished studies from scientific liter-
ature  [1]. Due to the lack of suit-
able animal models, additional 
conventional non-clinical studies 
with Holoclar® were not consid-
ered necessary or appropriate and 
the general concept of transferring 
LSCs was demonstrated via cur-
rent transplantation techniques in 
LSCD. In addition, the shortened 
development programme was jus-
tified by the experience gained 
from clinical practice with Holo-
clar® since 1998  [1]. Biodistribu-
tion of Holoclar® was addressed by 
analysis of histological sections of 
human cornea obtained from pa-
tients who had perforating kerato-
plasty up to 3 years following LSC 
transplantation. Holoclar® was 
shown to be effective in restoring 
a stable corneal surface in patients 
with moderate or severe LSCD 
caused by burns in a retrospective 
study [1]. One year after Holoclar® 
implantation, 72% of the patients 
studied (75 out of 104 patients) 
demonstrate successful implants 
based on the presence of a stable 
corneal surface with no or only 
trace surface defects and little or 
no ingrown blood vessels. There 
were reductions in patients’ symp-
toms, such as pain and inflamma-
tion, and also improvements in 
vision. Despite the absence of a 
control group, the study outcome 
was convincing as LSCD does not 
improve spontaneously. 

KEY ASPECTS FOR STEM 
CELL-BASED MEDICINAL 
PRODUCT DEVELOPMENT 

Quality criteria & starting 
material	

Quality requirements for stem cells 
are particularly difficult to establish 
due to intrinsic heterogeneity of a 
cell preparation and also due to the 
presence of cells at various induced 
differentiation stages. The quality 
control of a product is important 
for both patient safety and effica-
cy of the product, i.e., viral safety, 
characterization of cell populations 
and of the differentiation stage, po-
tency testing and process validation 
to control for consistency and po-
tential risk of tumorigenicity.

For all cell/tissue starting ma-
terials, proper donor testing is 
required  [26]. Thus, viral safety 
concerns are primarily relevant in 
relation to “older” ESC lines, where 
limited information is available on 
the donors and on the reagents used 
in cell line derivation and culture. 
Such reagents, if for example from 
animal origin, may be the source of 
inadvertent viral contaminations. 
For hESCs, a difficult question is 
what should be the “starting ma-
terial” for such medicinal products 
– the blastocysts generated or the 
embryonic stem cell line developed 
from them. In general, it is consid-
ered that the embryonic cell line 
should be the starting material and 
thorough testing may have to com-
pensate for the absence of informa-
tion in order to address the viral 
safety concerns. However, testing 
cannot alleviate the requirements for 
donor testing on recently developed 
lines that must comply with the 
Tissue and Cells legislation [26]. An 
interesting practical issue pertinent 
to numerous products in clinical 
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development is the use of mouse 
feeder cells and the possibility of ret-
roviral transmission by such xeno-
geneic cells. In case such feeder cells 
are required and cannot be replaced 
by a non-xenogeneic alternative, a 
risk assessment may become the ba-
sis for a decision. For Holoclar® an 
irradiated 3T3-J2 murine feeder cell 
line is used during the manufactur-
ing process and also as part of the 
product, which was accepted after 
the Applicant was able to confirm 
the absence of proliferation of the 
irradiated cells and lack of any safety 
signals related to these feeder cells. 
Murine 3T3-J2 clones have been 
used for example in the treatment of 
patients with epithelial defects, such 
as full-thickness burns [27]. Recent-
ly, fully tested master cell banks of 
these feeder cells have become avail-
able from various manufacturers 
(e.g. Waisman biomanufacturing).

The stem cell preparations of-
ten contain mixed populations, 
which may be further impacted 
by the in vitro cell culture process. 
Therefore, specific markers and/or 
cell characteristics need to be iden-
tified in order to be able to follow 
for example, differentiation/redif-
ferentiation processes of the stem 
cells. It has been shown that under 
appropriate culture condition kera-
tinocytes can generate holoclones, 
paraclones and meroclones that 
are all essential components of the 
product [28]. From these holoclones 
arise the stem cells that are essential 
to permanently restore epithelial 
defects. Holoclones have also been 
located in the limbus and are iden-
tifiable by the expression of the p63 
transcription factor  [29]. For Ho-
loclar®, it was demonstrated that a 
specified amount of stem cells (p63-
bright cells) must be present in the 
final product for clinical effect and 

this marker was further used as a 
surrogate marker for potency.  

Although there is a lot of infor-
mation about the characteristics of 
certain stem cells, it is still unclear 
whether epigenetic markers could 
play a role in defining “safe” stem-
ness and lineage commitment of 
stem cells. It is also not clear how 
well different stem cells maintain 
their differentiated phenotype after 
in vitro differentiation and whether 
these could revert back to undiffer-
entiated or even pluripotent stage in 
in vivo conditions. 

The possibility of separating 
undesirable cells, as well as the 
potential to include purification 
steps depends on the starting ma-
terial and the manufacturing pro-
cess. Whilst for undifferentiated 
hESCs there are a several relevant 
markers that allow predictive as-
sessment of the number of plurip-
otent cells entering differentiation, 
it may be more difficult to define 
a meaningful marker pattern after 
differentiation. Expression of vari-
ous markers of cell fate might be 
on or off at different time points 
or, in the early stages of differen-
tiation, co-expressed with markers 
of pluripotency (proliferation). 
Kinetic studies of relevant mark-
ers could be a possible approach 
to validate the process of lineage 
commitment. For the comparison 
of lineage-committed and fully dif-
ferentiated cells functional assays 
could also be valuable tools. 

Regarding purity, an appropriate 
balance needs to be determined be-
tween heterogeneity, where neces-
sary, and consistency of the product 
required to achieve the desired thera-
peutic effect [21]. The use of selective 
positive markers for target cells and 
negative markers for contaminant 
cells may be one approach. While 
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on a research scale such approaches 
(e.g. by fluorescence-activated cell 
sorting) may be possible, their scal-
ability to a level required of a me-
dicinal product may be challenging. 
On the other hand, the Holoclar® 
case has convincingly demonstrat-
ed that a cell population consisting 
of differentiated cells and stem cells 
can deliver the functionality, in con-
cert, whereby the differentiated cells 
contribute to the forming of the ep-
ithelial-like structure harboring the 
stem cells. Thus, there was no need 
to identify and control certain non-
stem cells as cellular impurities, al-
though the ratio of stem/non-stem 
cells is important for other purposes 
(potency and process consistency). 
For tissue-engineered products like 
Holoclar® it is important to note that 
all IPC and release testing will require 
destructive sampling, possibly im-
pacting the final product properties. 
This should be considered and novel, 
non-invasive strategies (e.g. based on 
factors secreted by the cells in culture 
medium) may be more suitable to be 
developed for such products. 

One of the most discussed issues 
for all cell-based products is the 
availability of a good, relevant can-
didate potency test. It is generally 
accepted that a candidate potency 
assay should already be available 
at the early stages of product de-
velopment and preferably validat-
ed before entering pivotal clinical 
trials, since clinical performance 
may then be better captured and 
correlated with the potency test [7]. 
Potency should reflect the mode 
of action of the product, although 
it is acknowledged that this might 
not always be possible. For exam-
ple, the mechanism of action of 
bone marrow cells for cardiac repair 
might be hard to define and not yet 
known, based on current scientific 

knowledge [30]. Therefore, multiple 
approaches drawn from biologi-
cal and functional characterization 
of the cells may, on a case-by-case 
basis, offer a solution for adequate 
testing of potency. Assays based on 
colony-forming efficacy may prove 
useful as predictors of clonogen-
ic and proliferative capacity as one 
feature of a product based on het-
erogeneous cell population, as seen 
with Holoclar®.

Given the inherent risk of tum-
origenicity related to stemness ver-
sus lineage commitment, the ability 
to assess tumorigenicity at the level 
of process development should be 
utilized. In general, karyotypic sta-
bility, genetic or epigenetic instabil-
ities or transcriptional changes are 
best addressed at a nonclinical level; 
however, if recurrent genetic abnor-
malities are identified in the studies, 
further characterization and release 
testing as part of quality control 
may be necessary.

Where commercial manufactur-
ing of stem cell-based products is 
intended, one should be prepared 
for possible manufacturing changes, 
which in turn may impact the prod-
uct characteristics and/or function-
ality. To address the impact of such 
changes, comparability of the prod-
uct pre- and post-change should be 
evaluated. This may be particular-
ly challenging for stem-cell-based 
products with multiple character-
istics to be followed. This further 
highlights the need for thorough 
characterization of the product and 
identification of the key quality at-
tributes that are imperative for the 
intended use of the product [21]. 

Non-clinical aspects 

Non-clinical development of stem 
cell-based medicinal products is 
the same, in principle, as for any 
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other medicinal product whereby it 
is assessed whether the applicant has 
provided credible and satisfactory 
answers to two questions: 

1.	 What evidence is presented 
that supports the expectation 
of therapeutic benefit (proof-
of-principle, pharmacodynamic 
and pharmacokinetic 
properties)?

2.	 What evidence is presented 
that supports the expectation 
of safety (e.g. ,immunogenicity, 
tumorigenicity)? [6,7]

The design of non-clinical studies 
should be driven by a science-based 
approach (rather than uncritical-
ly testing the product) involving 
available knowledge and assessment 
of risk, including various factors: 
type and available knowledge of the 
product, its degree of manipulation, 
the availability of a relevant (homol-
ogous) animal model (relevant both 
as regards resemblance of the me-
dicinal product in question and the 
results that are to be expected) and 
type of administration (e.g. part of 
surgical procedure or by a catheter).

Due to the nature of these prod-
ucts, they respond to the environ-
ment in which they are adminis-
tered and the non-clinical testing 
must take this into account, as 
well as the differences between spe-
cies  [6]. The level of manipulation 
of the cells also dictates some of the 
requirements for the non-clinical 
testing and both in vitro and in vivo 
approaches should be considered.

Animal models 

For stem cell-based products it is 
likely that more than one animal 
model may be necessary to cover all 
safety aspects, and both the human 
cells and homologous animal cells 
may need to be used. The choice 

of the most relevant animal model 
should be determined by the spe-
cific aspect to be addressed in the 
study. However, even the best ani-
mal model is only a model. Predic-
tivity of animal data and meaning-
ful estimation of risk necessitates 
careful interpretation of data and 
thorough understanding of the val-
ues and limitations of each model. 
Non-clinical studies in non-rele-
vant species may be misleading and 
are discouraged from a scientific 
point of view and in view of animal 
welfare. 

The choice of the animal mod-
el(s) used for development of stem-
cell-based therapies and in particu-
lar to study proof-of-principle and 
safety, may be complicated due to 
species differences. For all animal 
studies it is important to determine 
which information can actually be 
extracted from studies in animals, 
and which animal model (homolo-
gous or heterologous) is most suited 
to obtain this information. In ho-
mologous animal models, animal 
cells are used in the animal model 
to “simulate” the human cell-based 
medicinal product, as opposed to 
heterologous models where the hu-
man stem cell product is applied in 
the animal model. In the latter ap-
proach, the actual medicinal prod-
uct is tested, not taking the species 
differences into account that may 
limit the relevance of the obtained 
results. 

In addition to considerations of 
the relevance of such models, the 
requirement of designing a homol-
ogous animal model depends on 
the nature of the stem cell-based 
product itself: if there is no human 
experience with the product or 
similar products so far, then there 
may be a higher risk attributed to 
such a product, and then the use 
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of a relevant homologous model, 
if available, for proof-of-principle 
studies would be valuable to study 
the potential effects and problems 
that may occur later in the clin-
ic. Even though it is recommend-
ed that safety data are included in 
studies with homologous animals, 
some specific data, such as biodis-
tribution and ectopic localization 
may better be obtained with the ac-
tual human product itself, since its 
behavior may differ from the animal 
analogue.

While for some (somatic or mul-
tipotent) stem-cell-derived prod-
ucts important information can be 
obtained from homologous animal 
models, for embryonic (pluripo-
tent) stem-cell derived products the 
relevance of a homologous mouse 
model may be limited given the 
known differences between human 
and mouse ESCs [31]. For such 
products, studies in a heterologous 
setting using immunocompro-
mised animals and/or alternative 
in vitro studies using human tissue 
systems/cells may be more suitable. 
To establish the relevance of an 
animal model, the (patho)physio-
logical characteristics of the animal 
should also be taken into consid-
eration; this may warrant the use 
of a large animal model that bet-
ter resembles the human situation. 
Large animals may also be needed 
when the route of administration, 
e.g. surgical procedure, is not feasi-
ble in a small animal model.

In the case of Holoclar®, conven-
tional non-clinical animal studies 
have not been considered appro-
priate or feasible due to the unique 
and diverse structural and biologi-
cal properties of the product and 
therefore an abridged non-clin-
ical programme was accept-
ed  [1]. The proof-of-principle was 

demonstrated in non-clinical stud-
ies in rabbits, which showed that 
ex vivo expanded limbal stem cells 
cultured on a fibrin support can be 
used to replace and regenerate lost 
corneal epithelium [32,33]. The cells 
were able to create a structural re-
placement, with the formation of a 
normal thickness corneal epithelial 
cell layer. The functionality of these 
types of grafts was further support-
ed by the demonstration of clinical 
efficacy, as defined by a resolution 
of LSCD-associated symptoms 
(ocular burning and pain, photo-
phobia, foreign body sensation) as 
well as improved visual acuity  [34]. 
For the pharmacokinetic data, the 
Applicant referred to published 
data [35], in which the distribution 
of a similar cell sheet based on skin 
keratinocytes was analyzed after 
subcutaneous transplantation in 
athymic mice.  

Similarly, non-clinical toxicology 
assessment of Holoclar® was limit-
ed and abridged due to the lack of 
relevant animal models with similar 
ocular structure, and focussed on 
the characterization of the tumori-
genic and carcinogenic potential of 
the therapy. Other aspects of toxi-
cology, such as antigenicity and mi-
crochimerism due to the presence of 
the irradiated 3T3-J2 feeder layer, 
were largely deduced from clinical 
findings [1].

Biodistribution & niche 

Successful therapeutic outcome, 
but also the safety profile, of a 
stem-cell-based medicinal product 
administered to humans depends 
on the extent of biodistribution 
into the whole organism and target 
tissue from the site of administra-
tion (organ or tissue). Stem cells 
that reach the target tissue adapt to 
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the new microenvironment (niche) 
and express their biological activi-
ty effectively regardless of their in-
tended use, be it pharmacological 
or repair, restoration or regenera-
tion of a tissue or function. There-
fore, whole-body distribution 
patterns and microenvironmental 
influencing of stem cell fate are 
considered critical factors. Unfor-
tunately, in most cases, it is still not 
known which factors drive and in-
fluence biodistribution and hom-
ing of stem cells in a given tissue. 
Various factors including the target 
tissue (e.g., bone marrow, liver or 
heart), the route of stem cell ad-
ministration, stem cell load, phys-
ical contact/adhesion with other 
cell types or macromolecules and 
chemo-attractants influence the 
fate of the administered cells  [36]. 
Rolling and firm adhesion of stem 
cells to the endothelial cells as 
well as transendothelial migration 
across physical barriers are import-
ant determinants for biodistribu-
tion to target tissue [37]. 

Stem cells can then remain as 
undifferentiated, self-renew, or 
give rise to differentiated progeny 
needed for the intended function. 
To estimate efficacy and safety of 
stem cell-based medicinal products, 
the biodistribution pattern and fur-
ther fate of the cells should ideally 
be evaluated. Furthermore, there 
is a risk of ectopic tissue forma-
tion and unwanted differentiation 
in cases where the administered 
cells respond to the environmental 
cues in an unwanted manner, as 
for example was observed with the 
development of severe calcification 
in patients with acute myocardial 
infarction after administration of 
bone marrow cells  [38]. In animal 
models, quantitative polymerase 
chain reaction (qPCR) techniques 

can be used to detect administered 
cells in resected tissues and organs. 
In xenotransplantation, human 
cells can be detected in animals us-
ing human-specific sequences  [39]. 
Non-invasive imaging technologies 
could be used to track stem cell mi-
gration patterns in vivo (in relevant 
animal models and/or in humans) 
as the cells move from the site of 
administration or implantation 
through the whole body towards 
the tissue of action. Over the past 
years, various non-invasive bio-
imaging techniques such as multi-
photon intravital miscoscopy (MP-
IVM), nuclear magnetic resonance 
(NMR), magnetic resonance imag-
ing (MRI), combined single-pho-
ton emission CT (SPECT/CT) 
scanning microscopy, and the use of 
radionuclide (111In, 99Tc) have been 
developed for quantitative tracking 
of stem cell transplants [40]. More-
over, immunofluorescence/biolu-
minescence resulting from reporter 
genes transferred into stem cells and 
expressed fluorescent proteins such 
as GFP, firefly luciferase can also 
be utilized. State-of-the-art tech-
niques should be used based on the 
expected amount of information 
and the perceived level of risk of a 
particular product. Likewise, some 
techniques including reporter genes 
may only be feasible in a non-clin-
ical model. If such an approach is 
chosen, special attention should be 
paid to the comparability of the la-
belled product with the unlabelled 
product. Developers of stem-cell-
based medicinal products may have 
to focus their biodistribution stud-
ies on relevant animal models even 
though the results can be applied to 
humans by extrapolation only. An 
unresolved question is how to effec-
tively monitor long-term behavior 
of cells in humans. 
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Tumorigenicity 
A common safety concern related to 
stem cell therapy is the occurrence 
of tumorigenicity. Tumor develop-
ment may be linked to product-re-
lated factors such as cell source, ex-
tent of ex vivo manipulation, use of 
excipients, and/or to indication or 
patient related-factors including the 
implantation site. The formation of 
teratomas, an intrinsic characteristic 
of hESC and iPSC when injected 
in vivo, may be linked to the lack 
of suitable microenvironment cues 
rather than to transformation as the 
same cells differentiate normally 
into all type of tissues when inject-
ed into blastocysts [41]. The capacity 
of stem cells to give rise to uncon-
trolled growth or precancerous tis-
sue may be affected by the cell status, 
the implantation site and the aggre-
gation state of these cells as well as 
potentially acquired genomic insta-
bility during in vitro expansion and 
differentiation. How to differentiate 
between senescence and malignant 
transformation is still scientifically 
debated [42]. It might be impossible 
to separate tumorigenic cells from 
non-tumorigenic cells, as pluripo-
tency and tumorigenicity appear to 
be interconnected, i.e., activation 
of tumor suppressor gene p53 in 
ESCs leads to their rapid differen-
tiation [43] and down regulation of 
p53 seems to be associated with in-
creased iPSC generation [10].

To address these safety concerns, 
further studies to analyze the tum-
origenic potential are required and 
both in vitro and in vivo studies 
should be performed in order to 
obtain information on the risk lev-
el. General features of the cell pop-
ulation such as growth factor de-
pendency and regulatory signalling 
pathways may be studied by molec-
ular and biochemical technologies. 

Cytogenetic techniques such as 
fluorescence in-situ hybridization 
(FISH) or subtelomere screening 
may be useful, and additional nov-
el molecular techniques are emerg-
ing. In the case of Holoclar® karyo-
type analysis, soft agar assays and 
growth factor dependence growths 
were examined [1]. These tests sug-
gested a low tumorigenic potential 
of Holoclar®, which was support-
ed by clinical data, but the num-
ber of patients in the studies was 
too low to fully exclude this risk. 
Therefore, further monitoring of 
the safety of Holoclar® in clinical 
practice is required as part of the 
risk management of Holoclar®, in-
cluding post-marketing reports of 
neoplasms occurring after implan-
tation as well as long-term safety 
data from a registry and a clinical 
trial. 

Animal models can also be used 
for the development of biological 
functional assays and for long-
term toxicity studies. The extent 
of testing is determined by avail-
able techniques, the nature of the 
product (e.g., autologous vs allo-
geneic), and the amount of cells 
available. It is also important to 
develop data-based acceptance cri-
teria and not only to rely on de-
scriptive findings. It has also been 
highlighted that protocols for cell 
differentiation should be species 
specific. Therefore, ideally,  human 
stem-cell-based medicinal products 
should be tested for tumorigenicity 
in a suitable immunocompromised 
animal model. Extrapolation from 
animal tumorigenicity data to hu-
mans is demanding, and final proof 
can only be obtained from clini-
cal use. The clinical trial protocol 
should include careful dosing, 
monitoring and suspension rules. 
Interpretation of these results is 
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particularly challenging and may 
indicate an inherent risk of tum-
origenicity. To manage uncertainty 
that remains after administration 
to patients, rescue strategies to re-
move or kill the administered cells 
in the patient (such as inclusion of 
a suicide gene) could serve as an 
alternative to an extended tumor-
igenic analysis. 

Clinical aspects 

The clinical development of stem-
cell-based products is complicated 
by a number of issues, since estab-
lished principles such as pharma-
codynamic, pharmacokinetic and 
dose finding may have to be adapt-
ed to the specific nature and needs 
of the product in question. 

In early clinical development, 
lack of non-clinical safety studies to 
assess the risk imposed on the en-
rolled subjects may pose significant 
challenges.  Although fewer risks 
may be perceived for autologous 
versus allogeneic cell sourcing, ma-
nipulation of autologous cells may 
increase the risks even beyond what 
may be foreseen for unmanipulated 
allogeneic cells. Furthermore, the 
risks depend greatly on the mode 
of administration and the clinical 
condition. It is unclear to what ex-
tent the immune system tolerates 
manipulated autologous cells, and 
is able to control, for example, ex-
cessive in vivo growth of the cells 
administered. Consequently, it may 
be challenging to define the first-in-
human starting dose of acceptable 
tolerability and safety. The most 
common adverse reactions with Ho-
loclar® are eye disorders, including 
blepharitis and corneal epithelium 
defect [1]. Adverse reactions related 
to the surgical procedure and re-
quired concomitant corticosteroid 

regimen include conjunctival hem-
orrhage and glaucoma, respectively.

Furthermore, the relationship 
between efficacy and dose adminis-
tered should be understood. From 
a trial subject’s perspective this is 
particularly important as patients 
hope to obtain a benefit from 
the treatment.  The feasibility of 
dose-finding studies, however, is 
dependent on suitable clinical read-
outs sufficiently sensitive to detect 
clinical differences in efficacy be-
tween different doses. It might be 
possible that living cells, applied as 
a medicinal product, may have suf-
ficient plasticity to divide and fill 
out the defect, even if the dose ini-
tially applied was too small. How-
ever, such considerations should be 
supported by relevant clinical data. 
Absence of dose-finding studies 
may be problematic if the pivotal 
clinical study only demonstrates 
borderline results or significant 
safety findings that may potentially 
have been avoidable with a lower, 
albeit still efficacious dose.  This 
concern is one of the key points 
when developing a completely new 
medicinal product.  For Holoclar®, 
dose-finding studies were not for-
mally carried out. The authorized 
dose was supported by the results 
of the three retrospective, multi-
center, case series-based, non-ran-
domized, and uncontrolled obser-
vational studies  [1].  Furthermore, 
studies carried out by Pellegrini and 
colleagues  [44,45] (in two patients 
[grafts contained about 2.0  x  106 
cells]) provided insights into how 
the sourcing, procurement and 
testing, as well as the dose, were 
optimised in the early stages of 
the clinical development program. 
For Tissue Engineering Products 
(TEP) like Holoclar® the meaning 
of “dose” may be difficult to define. 
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For many TEP applications the 
amount of the product adminis-
tered is influenced by factors such 
as trauma, extent or size, and the 
intended effect like regeneration, 
replacing or restoring of target 
functions or tissue with the time 
to steady-state as a dependent vari-
able. Thus it is essential that appli-
cants detail the description of the 
measures taken to avoid/minimize 
systematic errors in the study de-
sign, conduct, analysis, and inter-
pretation of the results submitted. 
The product consists of a confluent 
sheet of 300,000–1,200,000 viable 
autologous human corneal epithe-
lial cells (79,000–316,000 cells/
cm2), including on average 3,5% 
(0.4–10%) LSCs.  The specifica-
tions for cell density and potency 
are controlled during the manufac-
turing process of the product. The 
same specifications were already 
applied for the treatment of pa-
tients included in the retrospective 
studies which demonstrated suc-
cessful ocular surface reconstruc-
tion and replacement of LSCs and 
related barrier function 1 year after 
Holoclar® implantation. In the piv-
otal trial, 72% (75/104) of patients 
were considered a treatment success 
with no or trace epithelial defects 
and vessel penetration, although 
some patients (12 out of 104 pa-
tients in the pivotal trial) required 
more than one graft. Clinically 
meaningful outcomes also includ-
ed a reduction in the proportion 
of patients with symptoms from 
39% (40/104) to 12% (12/104) as 
well as vision gains equivalent to 
three lines on a vision chart in 39% 
(40/114) of patients. Furthermore, 
patients with deep stromal scarring 
were shown to be more likely to 
have a successful keratoplasty sub-
sequent to Holoclar® treatment.  

Another experience of stem cell 
products is the Health Canada ap-
proval of a MSC therapy intended 
for the treatment of acute graft-
versus-host disease (GvHD) in 
children who have failed all previ-
ous therapies for GvHD following 
bone marrow transplantation  [46]. 
In the EU, similar products have 
been classified as somatic cell ther-
apy medicinal products by the 
CAT  [47]. The authorization was 
provided by Health Canada with 
conditions, such as expecting fur-
ther proof of efficacy to be submit-
ted post-authorization. 

Stem cell products have created 
an as yet unresolved debate on the 
length of follow-up required to de-
termine efficacy, which is not only 
linked to short-term efficacy and 
safety but also to the intended final 
effect, both at cellular and structur-
al level in the recipient’s body (e.g., 
integration of TEPs). Therefore, the 
length of follow-up studies should 
be considered both from a safe-
ty and efficacy perspective, taking 
into consideration all relevant fac-
tors. Article 14 of the Advanced 
Therapies Regulation  [5] offers the 
possibility of post-authorization 
follow-up of efficacy studies (in 
addition to safety) as a specific ob-
ligation, which enables the approv-
al of ATMPs in the EU that have 
a positive benefit/risk but where 
limited information is available on 
long-term outcome. Defining long-
term efficacy may be challenging, 
since the natural course of the un-
derlying disease may at some point 
prevail, and gradual loss of efficacy 
may or may not be problematic as 
regards re-definition of benefit/risk. 
For Holoclar®, long-term data up 
to 10 years, although limited, sug-
gested persistence of the treatment 
effects over time.
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Lastly, applicants should note 
that within the EU (as well as glob-
ally) ethical issues exist within the 
competencies of Member States 
and therefore must be taken into 
account when considering differ-
ent approaches in hESC and   iP-
SCs.  The diversity of legislative 
provisions among Member States 
on hESC research must also be 
taken into consideration; 17 Mem-
ber States permit – subject to their 
oversight and conditions – research 
involving hESCs, 7 are restrictive 
(Croatia, Germany, Italy, Lithuania, 
Malta, Romania and Slovakia)  [48] 
and the remainder have no specif-
ic legislation. This makes commer-
cialization of hESC-based products 
particularly challenging. 

CONCLUSIONS 
Stem cell therapies utilize a wide 
spectrum of stem cell-based 
products with variable degrees of 
self-renewal and differentiation 
potential, as well as availability of 
scientific knowledge and clinical 
experience. Consequently, risks 
and expected benefits associated 
with different stem cell products 
may vary significantly. Stem cells 
are considered particularly attrac-
tive in therapeutic applications 
where no other treatment options 
are available (e.g., spinal cord in-
juries, LSCD). In Europe, the 
pathway for safe and efficacious 
development and application of 
stem-cell based medicines has 
been mapped with specific guid-
ance and approval of the first stem 
cell medicinal product in the EU. 
The development of Holoclar® was 
based on a multidisciplinary and 
risk-based approach, which proved 
to be a successful way to bring 

such products to the EU market. 
However, it must be noted that 
the post-marketing generation of 
additional efficacy and safety data, 
including a prospective interven-
tional study is expected as part of 
the conditional approval.  

The challenges relating to the 
development of stem-cell-based 
products are multi-faceted and re-
quire thorough planning and solid 
research before entering into the 
clinical development pathway. The 
heterogeneity of the starting mate-
rials, challenges in manufacturing 
and quality control, limitations in 
non-clinical studies and the require-
ments for the clinical studies should 
be carefully explored to build a 
bridge from the quality of the prod-
uct to successful clinical develop-
ment. A risk- and knowledge-based 
approach should always be the basis 
for decision making.

Tumorigenicity is clearly one of 
the biggest inherent risks of these 
products, especially where plurip-
otent cells are used. This will have 
to be taken into account during 
the development of such products, 
but also in benefit–risk estimations 
during assessment of clinical trial 
and marketing authorization ap-
plications. The risk level may vary 
considerably depending on the cell 
source, level of manipulation, route 
of administration, and clinical con-
dition including its prognosis and 
therapeutic alternatives. The more 
good quality data gathered on the 
actual tumorigenicity of different 
stem cell-based products, the easier 
it will be to find acceptable crite-
ria for the risk of tumorigenicity of 
these products. 

The multidisciplinary perspec-
tive suggests that clinical results 
will relate not only to “usual” fac-
tors such as dose, but also to the 
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status of the surrounding tissue, 
quality aspects of the cells, meth-
od/route of administration, extent 
and nature of manipulation, clin-
ical condition for example. Long-
term follow-up requirements will 
always depend on the patient pop-
ulation and on the risks perceived, 
but likewise present an opportuni-
ty to more firmly establish benefit 
for patients. Based on the frame-
work developed and the experience 
collected it is foreseen that the pri-
mary challenges of stem-cell-based 
medicines are:

ff Heterogeneity of both product 
and clinical condition

ff Limitations of traditional 
methodologies, which can only 
be met with a multidisciplinary, 
science- and risk-based 
approach. 

Interpretation of existing regula-
tory principles for the wide variety 
of possible stem cell-based products 
requires a close dialogue between 
regulators, developers and patients.
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