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ABSTRACT

As research on human embryonic stem cell (hESC)-based therapies is moving from the laboratory to
the clinic, there is an urgent need to assess when it can be ethically justified to make the step from
preclinical studies to the first protocols involving human subjects. We examined existing regulatory
frameworks stating preclinical requirements relevant to the move to first-in-human (FIH) trials and
assessedhow theymaybe applied in the context of hESC-based interventions tobest protect research
participants. Our findings show that some preclinical benchmarks require rethinking (i.e., identity,
purity), while others need to be specified (i.e., potency, viability), owing to the distinctive dynamic
heterogeneity of hESC-based products, which increases uncertainty and persistence of safety risks
and allows for limited predictions of effects in vivo. Rethinking or adaptation of how to apply preclin-
ical benchmarks in specific cases will be required repeatedly for different hESC-based products. This
process would benefit frommutual learning if researchers included these components in the descrip-
tion of their methods in publications. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1–9

SIGNIFICANCE

To design translational research with an eye to protecting human participants in early trials, re-
searchers and regulators need to start their efforts at the preclinical stage. Existing regulatory frame-
works for preclinical research, however, are not really adapted to this in the case of stem cell
translational medicine. This article reviews existing regulatory frameworks for preclinical require-
ments and assesses how their underlying principlesmay best be applied in the context of human em-
bryonic stemcell-based interventions for the therapy of Parkinson’s disease. This researchwill help to
address the question of when it is ethically justified to start first-in-human trials in stem cell trans-
lational medicine.

INTRODUCTION

Research on human embryonic stem cell (hESC)-
based therapies for several diseases has reached
encouraging results at preclinical stages [1–4],
and moves cautiously from the laboratory to
the clinic [5–7]. Although some political and reli-
gious positions still defend views, according to
which hESC-based therapies could be more mor-
ally suspect than other therapies, other, arguably
more pressing, issuesmust be examined. In partic-
ular, given the novelty and the unique characteris-
tics of hESC-derivedproducts, ethical challenges of
human subject research are more complex in this
context and there is a need to define appropriate
ethical frameworks for the first protocols involving
human subjects.

Until recently,most of the literature onbench-
to-approval research on hESC-based therapies has
focusedonhow todesign first-in-human(FIH) trials
[8–17]. This discussion suggests that, provided

participants in FIH trials of hESC-based interven-
tions are not exposed to excessive risks, these tri-
als can be designed in an ethically sound way [17].
Less attention has been given to ethical questions
regarding the move from the preclinical stage to
clinical trials. Although there are detailed regula-
tions on the preclinical requirements to initiate
FIH trials, it can be difficult to determine where
current standards apply to novel cellular thera-
pies. Early phase I trials in the field of human gene
transfer have already raised similar concerns [18].
Hence, it is difficult to determine when to start
first phase I trials (i.e., to knowwhen the relevant
prerequisites have been met). Moreover, it is
likely that this step will be required repeatedly
for different hESC-based products.

Similar to discussions on how to design phase
I experiments, the question about when to start
FIH trials involves balancing uncertainty with po-
tential benefits of research. However, the “when”
question takes priority: It aims to determine the
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relevant prerequisites that have to be met in the transition from
preclinical to human experimentation, to evaluatewhether to ini-
tiate FIH trials. Moreover, the when question has important im-
plications for the design of first phase I trials. For example,
defining clinical safety endpoints of FIH trials depends on the as-
sessment of preclinical requirements that can be predictive of
safety in humans [19]. Thus, focusing on the when question is
to address primary and fundamental ethical issues in translational
stem cell research, and to provide key elements to answer the
question about the ethical justification of FIH hESC-based
interventions.

MATERIALS AND METHODS

This study was conducted as part of PROMETHEUS (Pluripotent
stem cells for therapy of Parkinson’s disease: a multidisciplinary
translational consortium), a project exploring the preclinical
stage of development of an hESC-based therapy for Parkinson’s
disease (PD), but we have explored the broader issue of re-
search on hESC generally.

Unlikemost other discussions on FIH trials of novel therapeu-
tic interventions, we did not proceed deductively from general
ethical principles but examined existing regulatory frameworks
stating scientific requirements relevant to themove frompreclin-
ical to human studies, to explore their ethical justification. We
then assessed how these principles may best be adapted or re-
thought in the context of FIH transplantation of hESC-derived do-
paminergic progenitors for the therapy of PD.

We conducted a literature search of guidelines produced by
themost important regulatory bodies of newmedicinal products
in Europe, the U.S., and at the international level, including the
European Medicines Agency (EMA), the U.S. Food and Drug Ad-
ministration (FDA), and the International Conference on Harmo-
nization (ICH). We selected 24 documents, including general
ethical guidelines on research with human subjects, procedural
guidelines on manufacturing and testing of medicinal products,
and specific guidelines on cellular therapies. Within this list, we
identified 18 documents (Table 1) that provide guidance on the
move from preclinical studies to FIH trials.

Data collectionwas conducted througha systematic reviewof
the documents to identify themost recurrent preclinical require-
ments that should be met to make the step from preclinical to
clinical studies (Table1). Collaborationwithpreclinical and clinical
researchers involved in the project was essential to identify re-
quirements for the protection of human subjects, which could
have implications in preclinical stages research.

Data analysis consisted of a thorough examination of each
preclinical requirement, to consider how those developed for
conventional pharmaceuticals and/or biologicals needed to be
redefined for application to cellular products.

RESULTS

Relevant Frameworks and the Values Underlying Them

Most guidelines relevant to the move from preclinical to clinical
studies apply to classical pharmaceutical products or to biophar-
maceuticals (including both living and nonliving biologicals), or to
somatic cellular and tissue-based therapies (Table 1). Only a small
number of documents cover specific issues associated with the
development of hESC-based interventions, often as additional

provisions in guidelines on cell-based interventions in general
[32, 33, 35].

Current regulatory standards are aimed at ensuring that, be-
fore their clinical application, investigational products prove tobe
safe, effective, and of sufficient quality for their intended medic-
inal use. Preclinical studies should provide supporting evidence to
assess and anticipate possible effects of experimental medicinal
products in humans. Specifically, the preclinical stage of develop-
ment of new medicinal products should assess the stability of
safety risks to allow predictions of safety in preparing for risks as-
sessment in clinical trials, and establish proof-of-principle of effi-
cacy to confirm theplausibility of the researchhypothesis thatwill
be tested in humans. Ultimately, the background ethical justifica-
tionof this framework is toensure that futurepatientswouldben-
efit from new therapies and that human subjects of research are
not exposed to excessive or avoidable risk.

The ICH provides general guidance on quality, safety, and ef-
ficacy standards for pharmaceutical and biotechnological prod-
ucts through guidelines on good manufacturing practices
(GMPs) [36]. Additional provisions on preclinical requirements
are detailed in ICH guidelines on test procedures for product-
specific properties [20–25]. Although current ICH standards
are, to a certain extent, also relevant to novel cellular therapies
[38], it can be difficult to determine where they apply to cell-
based interventions that only partially meet concepts developed
forpharmaceuticals andbiologicals. For this reason, regulationon
drug development in the U.S. and in Europe is being adapted to
address concerns associated with the distinct characteristics of
cell-based products [39].

In the U.S., cells and tissue-based products are regulated un-
der Part 1271 of the Code of Federal Regulations [29]. FDA guide-
linesprovide specifications formanufacturing, andpreclinical and
clinical testing of human somatic-cell therapy investigational
products [30]. Because a distinct regulation on hESC-based ther-
apies is not underway, some commentatorsmade specific recom-
mendations on how FDA standards may be applied to preclinical
and clinical testing of these products [40, 41]. Moreover, the FDA
offers assistance for regulatory compliance in thedevelopment of
hESC-derived products [35].

In Europe, Directive No. 1394/2007 on advanced therapyme-
dicinal products (ATMPs) provides a framework for specialized
guidelines to be developed on how to adapt existing GMP and
good clinical practice standards to novel cell therapies [42].
According to the EU directive, ATMPs include gene therapy,
tissue-engineered products, and somatic cellular therapy. The ra-
tionale for grouping together somatic cell-, gene-, and tissue-
based therapies is that they share several commoncharacteristics
and represent a distinct class of products, separate from pharma-
ceuticals or classical biologicals. The EMAmade the first tentative
steps through theGuidelineonHumanCell-BasedMedicinal Prod-
ucts [28],which specifiesquality requirements formanufacturing,
preclinical development, and clinical testing of cellular therapies.
In addition, EMA recently adopted a reflection paper to address
particular concerns common to different types of stem cell ther-
apies, including those derived from hESCs [32].

The Limits of Existing Regulations as Applied to
hESC-Based Products

Existing regulations presume a paradigm of drug development
that does not provide clear-cut guidance, or provides misleading

2 Adapting Preclinical Benchmarks for hESC Therapies
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guidancewhenapplied tonovel interventions such ashESC-based
therapies [43]. Compared with conventional small-molecule
drugs, biologicals, and somatic cellular therapies, hESC-based in-
terventions have unique characteristics that raise new quality,
safety, and efficacy concerns in the transition from preclinical
to clinical studies [8, 10, 12, 41, 44, 45].

Common principles of pharmacokinetics and toxicology used
in drug development, such as absorption and excretion, are not
relevant to assess safety risks associated to hESCs, which can per-
sist and develop over time when transplanted. Based on current
knowledge, at least four types of risk need tobe further evaluated
through preclinical in vitro and animal testing:misdifferentiation,

mistargeting, tumor formation, and immune rejection [10, 12,
44]. Specific data frompreclinical experiments are required to as-
sess these risks. Moreover, preclinical evaluation of proof-of-
principle of efficacy of hESC-based products should be adjusted
to assess characteristics such as viability, migration, and differen-
tiation of transplanted cells.

To some extent, safety, and efficacy concerns can be addressed
through amultiparametric testing approach for characterization
of hESC-based products during manufacturing and in vitro con-
trols to anticipate effects in vivo. However, because of the dy-
namics of hESC-derived compounds, some pivotal preclinical
benchmarks remain necessary; applying them appropriately is

Table 1. List of documents and preclinical benchmarks

Type of Product Document

Benchmarks

Identity Potency Purity Viability

Pharmaceuticals ICH, Impurities in new drug substances [Q3A (R2)],
(1994). 2006 [20]

3

ICH, Specifications: Test procedures and acceptance
criteria for new drug substances and new drug products:
Chemical substances [Q6A], (1997). 1999 [21]

3 3

ICH, Stability testing of new drug substances and
products [Q1A (R2)], (1992). 2003 [22]

Biopharmaceuticals ICH, Preclinical safety evaluation of
biotechnology-derived pharmaceuticals [S6], (1996).
1997 [23]

3

ICH, Note for guidance specifications: Test procedures
and acceptance criteria for biotechnological/biological
products [Q6B], (1998). 1999 [24]

3 3 3

ICH, Stability testing of biotechnological/biological
products [Q5C], 1995 [25]

3 3

FDA, Code of Federal Regulations, Title 21. Part 600:
Biological products: General. 2015 [26]

3 3

FDA, Code of Federal Regulations, Title 21. Part 610:
General biological products standards. 2015 [27]

3 3 3

Somatic cell- and
tissue-based products

EMA,Guideline on human cell-basedmedicinal products.
2008 [28]

3 3 3 3

FDA, Code of Federal Regulations, Title 21. Part 1271:
Human cells, tissues and cellular and tissue-based
products. 2015 [29]

3

FDA, Guidance for reviewers. Instruction and template
for chemistry, manufacturing, and control (CMC)
reviewers of human somatic cell therapy investigational
new drug applications. 2003 [30]

3 3 3 3

FDA, Proposed approach to regulation of cellular and
tissue-based products. 1997 [31]

3 3 3

Cell-based products in
general (including hESC
based)

EMA, Reflection paper on stem cell-based medicinal
products. 2011 [32]

3 3 3

ISSCR, Guidelines for the clinical translation of stem cells.
2008 [33]

3 3 3

NIH, 10. Assessing human stem cell safety. In: Stem Cell
Information. [34]

3 3 3

hESC-based products FDA, Cellular therapies derived from human embryonic
stem cells – Considerations for preclinical safety testing
and patient monitoring. 2008 [35]

3 3

Mixed ICH, Good manufacturing practice guide for active
pharmaceutical ingredients [Q7]. 2000 [36]

3 3 3

FDA, Guidance for industry. CGMP for phase 1
investigational drug. 2008 [37]

3 3

Abbreviations: EMA, European Medicines Agency; FDA, U.S. Food and Drug Administration; hESC, human embryonic stem cell; ICH, International
Conference on Harmonization; ISSCR, International Society for Stem Cell Research.
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not straightforward, and can require clarification or rethinking
to adequately address quality, safety, and efficacy concerns
in the move from preclinical to FIH studies of hESC-based
interventions.

Analysis and Discussion of Preclinical Benchmarks

Established ethical principles of research with human subjects,
such as the need for a favorable risk-benefit ratio and the social
value of research, underlie preclinical criteria such as the predict-
ability of safety and proof-of-principle of efficacy of investiga-
tional products in humans. These criteria form the basis for
preclinical “benchmarks” assessed through specific in vitro and
in vivo tests. To address the when question (i.e., to evaluate
whether to initiate FIH trails), preclinical benchmarks to be met
in the transition from preclinical to human experimentation have
to be assessed. Themost important benchmarks are identity, pu-
rity, potency, and viability. Simply stated, these benchmarks aim
to answer the following questions: “What is this stuff?,” “Is there
other stuff?,” “How strong is this stuff?,” and “Will it stay
effective?”

In this report, we analyze the most recurrent preclinical
benchmarks (i.e., identity, purity, potency, and viability) in regu-
latory documents on the development of pharmaceuticals, bio-
logicals, and cellular therapies to clarify their specific function
and background ethical justification; and, we discuss their poten-
tial application in the context of hESC-based products. Tables 2–5
outline how these benchmarks are described in existing regula-
tions on pharmaceuticals, biologicals, or cellular products. Text
boxes highlighted in gray include our considerations on how
the benchmarks should be applied to hESC interventions.

Identity: “What Is This Stuff?”

Identity (Table 2) is a core quality benchmark to assess the suit-
ability of pharmaceutical products for their intended use. The pri-
mary aimof identity assays is to discriminate between aparticular
drug and other pharmaceutical compounds on the basis of the
distinctive physicochemical properties that determine drug ef-
fects in vivo. Specifically, preclinical identity testing is important
to anticipate and evaluate risks related to mislabeling, contami-
nation of production batches, and degradation and adulteration
duringmanufacturing and storage. Because these risksmay affect
both the safety and the therapeutic effect of amedicinal product,
the ethical justification for preclinical identity assessment is to al-
low predictions of safety risks and proof-of-principle of efficacy in
humans.

Biologicals and cell-based products raise unprecedented
problems for the application of identity requirements. Unlike
conventional pharmaceuticals, identification of biological
compounds cannot be based on distinctive properties of a
product’s molecular structure, and should be performed
through the assessment of the product’s function in vivo. Thus,
when compared with chemical drugs, identification of biolog-
icals is reversed because it is necessary to proceed from the
product’s effects to its specific properties that are predictive
of safety and efficacy.

Identity requirements are further adapted to suit specific
characteristics of cellular therapies, where they apply to starting
cell materials as well as to noncellular components of chemical or
biological origin that may be integral parts of the final product (e.
g., reagents andexcipients used inmanufacture). Because cellular

products may consist of heterogeneous cell phenotypes, existing
regulations recommend that identity characterization be per-
formed through relevant genotypic, phenotypic, or othermarkers
to distinguish between the multiple cell lines used and to estab-
lish the identity of the cell population of interest [28, 30]. For ex-
ample, for cellular therapies for which identity concerns mainly
reflect the variability of the source of cells, identification should
include histocompatibility markers for cells of allogeneic origin
[28, 33].

In the absence of clear-cut guidance on hESC-derived prod-
ucts, EMA suggests that a combination of markers be used to es-
tablish the identity of the cellular population that constitutes
the product before release, and that appropriate identity
markers be based on the expected function of the product in
vivo [32]. The application of identity to hESC-based products,
however, should be further clarified and partially reassessed

Table 2. Identity: outline of benchmark

Identity Function and application

Pharmaceuticals Identity: distinctive physicochemical properties
determining drug effects in vivo

Identity testing: avoid risks related tomislabeling,
contamination of production batches,
degradation, and adulteration during
manufacturing and storage

Biologicals Identity testing reconsidered: cannot be basedon
specificproperties of productmolecular structure
andshouldbeperformedthrough theassessment
of product function in vivo

Cellular products Identity characterization readapted to address
concerns associated to heterogeneous cell
populations, and to establish the identity of the
cellular population of interest

hESC-based products Identity requires clarification to anticipate safety
and efficacy concerns related to the dynamic
heterogeneity of hESC-based products in vivo

Identity: (a) identical functional properties of the
final product to be tested in humans, (b) identical
product’s characteristics in the various steps of in
vitro and in vivo testing, (c) identical steps of the
product’s preclinical development

Abbreviation: hESC, human embryonic stem cell.

Table 3. Purity: outline of benchmark

Purity Function and application

Pharmaceuticals Purity: relative (not absolute) freedom from
extraneous or residual materials

Purity testing: specification of acceptable
levels of contamination-heterogeneity

Biologicals Purity testing readapted to assess concerns of
inherent-structural heterogeneity of
biologicals

Cellular products Purity testing readapted to assess risks
associated to extra- and intracellular
contamination, heterogeneous cell types, and
nonviable cells

hESC-based products Purity requires rethinking to consider
durability and uncertainty of risks related to
the dynamics of hESC-derived products

Purity: functional stability of hESC-based
products over time

Abbreviation: hESC, human embryonic stem cell.

4 Adapting Preclinical Benchmarks for hESC Therapies
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to anticipate safety and efficacy concerns related to the dy-
namic heterogeneity of hESCs.

A possible approach would be to go beyond a rigorous sepa-
ration between identity and other preclinical benchmarks. Thus,
identity may be considered as a general marker for the assess-
ment of the functional stability of hESC products, because biolog-
ical markers of all relevant preclinical benchmarks should prove
identical from batch to batch. In particular, identity characteriza-
tion may address three aspects of hESC-based products: identity
of functional properties of the final product to be tested in hu-
mans, identity of other relevant products’ characteristics in the
various steps of in vitromanufacturing and in vivo testing on an-
imal models, and identity of steps of the overall product’s pre-
clinical development. While the first two aspects need to be
satisfied, the third is always necessary, in addition to identity
characterization of hESC-derived compounds. This would allow
the answer to the question “what is this stuff?” to be reliable,
despite the differences between stable chemical substances
and dynamic biological ones.

As yet, neither of the first two aspects have been assessed for
hESC-based products for the therapy of PD. Preclinical studies
show that the survival rate of dopamine neurons progenitors de-
rived in vitro decreases when cells are transplanted in vivo [46].

Moreover, evidence of cell surface markers of neural differentia-
tion in vitro associated with cells’ potential to develop into func-
tional midbrain dopaminergic neurons in vivo is still lacking. This
indicates that further research on preclinical identity markers, ei-
ther based on the expected function of the product in vivo or on
other cellular characteristics, is needed to prepare to FIH of hESC-
derived compounds.

Purity: “Is There Other Stuff?”

According to relevant common usages, the term purity refers to
the quality of a substance of being molecularly homogeneous,
that is, of not being mixed or adulterated with other substances
or extraneous materials (i.e., impurities). The function of purity
testing in drug development (Table 3) is to assess the quality of
the product for the intended therapeutic use through control
of contamination from residual material or microbial agents
[36]. The background ethical justification for purity assessment
in preclinical studies is to provide supporting evidence of the sta-
bility of safety risks and estimate proof-of-principle of efficacy in
preparing for clinical studies. General quality standards do not re-
quire an absolute assessment of purity but involve the specifica-
tion of acceptable levels of contamination. Thus, purity is defined
as the relative freedom of a pharmaceutical compound from ex-
traneous or residual materials that may be introduced during the
manufacturing process. Conversely, impurity is generally defined
as any component present in the active pharmaceutical ingredi-
ent that is not the desired entity.

In the context of biological products, the concept of purity de-
veloped for pharmaceuticals is partially adapted because of the
impossibility of sterilizing compounds. Concerns about contami-
nation are revised and refer to impurities and adventitious con-
taminants related to the inherent-structural heterogeneity of
biologicals, which is due to biosynthetic process used inmanufac-
ture [24, 27].

The concept of purity is further readjusted and specified for
cellular therapies. Purity concerns are associated with contami-
nating materials that are product or process related, such as re-
agents and components used in the manufacture of cell-based
products, or adventitious microbial agents that may be intro-
duced in the final product [28, 30].Moreover, purity characteriza-
tion of cellular products includes the definition of acceptance
criteria for heterogeneous cell phenotypes and nonviable cells
that may affect the safety and/or the biological activity of a
cell-based product [28].

In the context of hESC-based products, application of purity
requirements in terms of acceptable levels of contamination rai-
ses concerns because assessing the risk of transmission of un-
known diseases will necessarily be imperfect. This risk can be
minimized in its likelihoodusing clinical-grade cellsmanufactured
through animal-product-free maintenance media [47]. However,
where hESC-based products integrate quiescent forms of adven-
titious agents (i.e., retrovirus that cannot be easily detectedwhen
inactive), the magnitude of safety risks associated with contam-
ination is intrinsically less manageable. Because cells self-renew
and proliferate, hESC-based interventions involve risks that are
potentially more durable and cannot be easily addressed in man-
ufacture through point-in-time validation of preclinical bench-
marks such as purity.

Moreover, the heterogeneity of the cellular population
should not be considered as a merely static attribute of the final

Table 5. Viability: outline of benchmark

Viability Function and application

Pharmaceuticals Not applicable

Biologicals Viability assessment restricted to cell culture
processes used during manufacture (e.g.,
cells viability under storage conditions,
viability of cells in cultures)

Cellular products Viability requirements readapted to cover all
active cellular constituents of products

Viability specification relevant to product
purity and potency

hESC-based products Viability assessment should be readjusted to
address concerns related to the variability of
hESC-based products over time

Viability in vitro and in vivo should be
understood as two different preclinical
benchmarks of hESC-based compounds

Abbreviation: hESC, human embryonic stem cell.

Table 4. Potency: outline of benchmark

Potency Function and application

Pharmaceuticals Strength: quantitative measure of the active
substance, related to product’s desired
therapeutic effect

Biologicals Potency: quantitative measure of the
biological activity of a product, based on its
relevant biologic properties

Cellular products Potency assessment readapted to meet
distinct biologic properties of cell-based
products (e.g., viability, proliferation
potential, intended therapeutic effect)

hESC-based products Requirements for potency assessment should
be specified to guarantee animal-human
proximity relative to organ site and cellular
environment of transplantation, method of
administration, and immunologic response

Abbreviation: hESC, human embryonic stem cell.
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product: hESC-based products are characterized by a “dynamic”
heterogeneity because the cellular population develops over
time. Engineering cells to express suicide genes that can be
switched on upon tumor formation is a possible strategy to min-
imize risks related to the dynamics of stem cell interventions [48].
However, strategies intended to reduce risks related to the dy-
namics of hESC products would not allow predictions of safety.
Likewise, estimations of efficacy cannot be adequately assessed.
Even where fluorescence-activated cell-sorting (FACS) tech-
niques would target the cellular population of interest, uncer-
tainty related to the dynamics of hESC-based products cannot
be easily assessed through point-in-time identification of the de-
sired cell population.

To successfully address the persistence of risks and the uncer-
tainty of effects related to the dynamic heterogeneity of hESC-
based products, testing for purity should include the assessment
of the functional stability of the product over time. That is, purity
testing should allow theassessmentof characteristicsof the cellular
population that are predictable from batch to batch. The question
then becomes: What characteristics of the cellular population
would be most predictive of the functional stability of hESC-
based product? In the context of hESC-therapy for PD, one possible
marker of the functional stability of the cellular productmay be the
degree ofmaturation of hESC-derived dopaminergic precursors be-
fore transplantation. However, as explained, FACS techniques used
to measure in vitro proliferation and pluripotency markers associ-
ated to tumor proliferation (e.g., Ki67, Oct3/4, Nanog) do not allow
predictionsof functional stability in vivo,becauseof thedynamicsof
hESC-based compounds.

Potency: “How Strong Is This Stuff?”

Potency as a benchmark in preclinical development of medicinal
products appears for the first time in guidelines on biologicals
(Table 4). It tries to capture the idea of strength used for conven-
tional small-molecule drugs to indicate the quantitative measure
of the active substance, which is related to the desired therapeu-
tic effect.

Guidelines on biopharmaceuticals define potency as the
quantitativemeasure of the biological activity of a product, based
on its relevant biologic properties [24, 25]. Potency assays apply
to the overall manufacturing process, including cultures, product
storage, and release, andmay include in vitro and/or in vivo tests.
The function of preclinical potency testing is to gather informa-
tionon the correlationbetween thebiological activity of theprod-
uct and its intended therapeutic outcome. Thus, the ethical
justification for potency assessment is to allow predictions of
proof-of-principle of efficacy in preparing for FIH trials.

Potency in vitro and in vivo tests are adapted tomeet specific
properties of cell-based products, such as viability, proliferation
potential, and differentiation. In vivo potency tests are recom-
mended where animal models relevant to assess the intended
therapeutic use are available. In particular, EMA guidelines on so-
matic cellular therapies include specific provisions for in vitro and
in vivo potency assays that shall be performed depending on
product’s clinical use (e.g., repair and regeneration, metabolic
or pharmacological activity, immunotherapy) [28].

EMA’s reflection paper on stem cell-based products provides
useful insights on how to apply potency benchmarks in the con-
text of hESC-based therapies [32]. It is suggested that potency as-
says be designed according to the differentiation status of the

transplanted cells, and to the mechanism of action relevant to
the desired therapeutic effect. Where the product includes het-
erogeneous cell phenotypes, in vitro potency tests should be able
to assess the functional and phenotypic profiles of the different
cell populations that constitute the compound. Information gath-
ered through in vitro tests should be correlated to in vivo preclin-
ical functional assays on relevant animal models, performed to
obtain complementary data on the biological activity of the prod-
uct. Results from preclinical studies of hESC-based therapies for
brain repair show that further research is needed to validate
the correlation between functional properties of transplanted
cells in vitro and in vivo [49]. For example, in the context of
hESC-based products for the therapy of PD, the stage of differen-
tiation of hESC-derived dopamine progenitors is crucial. Too little
differentiation increases the risk of tumor formation, too much
increases the risk of apoptosis of transplanted cells.

Preclinical requirements for potency assessment should be
further adjusted in preparing for FIH trials of hESC-based thera-
pies. Ideally, protocols for in vivo potency tests should guarantee
animal-human proximity relative to the organ site of transplanta-
tion, cellular environment, and method of administration. More-
over, because hESC transplantation in xenograft models can only
provide limited answers about immune response and about how
immunosuppression regimes might affect therapeutic outcomes
in humans, preclinical potency testing should include the assess-
ment of properties of the xenograft that are relevant to product
functioning in vivo.

Viability: “Will It Stay Effective?”

The concept of viability (Table5)was first introduced inGMPstan-
dards with reference to tests on cell culture processes used to
manufacture biological products. ICH guidelines recommend that
cell banks maintain cell viability under storage conditions, and
that viability of cell cultures be monitored during manufacture,
where appropriate [36]. The ethical justification for preclinical vi-
ability assessment is to estimate both safety risks and proof-of-
principle of efficacy, because nonviable cellsmay affect products’
safety as well as their therapeutic outcome.

Viability is adapted in the context of somatic cellular thera-
pies, where it is applied to all active cellular constituents of prod-
ucts and involves the specification of an acceptable ratio of
viable/nonviable cells [30]. Because nonviable cells may contam-
inate the cell population of interest, viability testing in vitro is cor-
related to product purity [28]. Moreover, viability is considered
essential to test product integrity before release and directly re-
lated to the biological activity (i.e., potency) of cellular products.
For example, FDA standards require that minimum acceptable-
viability in vitro specifications be set as a percentage of viable
cells. The association of viability with purity and potency is con-
sistent with preclinical requirements for conventional pharma-
ceuticals and biologicals, where active compounds are amixture
of therapeutic and nontherapeutic agents. Besides viability test-
ing in vitro, guidelines on somatic cellular therapies recommend
in vivo viability testing in relevant animal models to anticipate
safety and efficacy concerns related to kinetics,migration, andper-
sistence of cell-based products in the host [28].

When applied to hESC therapies, viability assessment re-
quires further adjustment to address concerns related to the
variability of hESC-derived products over time. Indeed, the effec-
tiveness of hESC-based interventions reflects viability, potency,
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and functional stability of transplanted cells. It is possible that, for
heterogeneousanddynamic cell compounds, percentageviability
in vitro is not predictive of efficacy in vivo. Because of the dynam-
ics of transplanted cells, viability in vitro and in vivo should be un-
derstood as two different preclinical benchmarks of hESC-based
compounds. Specifically, viability testing in vitro should be con-
sidered as a useful parameter to control quality of cell cultures
and to establish product integrity and stability before release,
thus allowing for predictions of safety in vivo; whereas viability
testing in relevant animal models might inform predictions of ef-
ficacy in preparing for FIH experiments. So far, preclinical studies
in animal models do not provide clear-cut evidence of the char-
acteristics of hESC-derived cell compounds that would be predic-
tive of product viability in vivo. Based on this benchmark, as well,
more research is needed before moving to FIH trials.

DISCUSSION

Our findings show that preclinical benchmarks to be assessed in
preparing for FIH trials can be applied to hESC-based interven-
tions. These benchmarks, however, are not clearly set down in
existingguidelines relevant to themove frompreclinical to clinical
studies, whichwere developed for conventional pharmaceuticals
or for biologicals. Our study elucidates that the most important
preclinical benchmarks applicable to hESC-based products re-
quire adaptation because hESC compounds have specific charac-
teristics. Compared with pharmaceuticals, biologicals, or somatic
cellular therapies, hESC-based products involve a distinctive dy-
namic heterogeneity that increases uncertainty and persistence
of safety risks and allows for limited predictions of effects in vivo.
To successfully anticipate safety and efficacy concerns of hESC
interventions, some preclinical benchmarks require rethinking
(i.e., identity, purity), whereas others need to be specified
(i.e., potency, viability). Rethinking and specification of these pre-
clinical benchmarks are essential to determine when to start FIH
trials of hESC-based interventions.

Because all benchmarks contribute to inform predictions of
functional stability of hESC-based products over time, further in-
vestigation is needed to clarify whether different preclinical
benchmarks indicate distinct products’ properties, or should be
considered as different markers for the persistent functional sta-
bility of hESC-derived interventions. The best way to answer this
question would be for researchers to describe and discuss how
they assessed relevant benchmarks in the preclinical phase of
product development (e.g.,what preclinicalmarkerswere tested,
throughwhat kind of in vitro and in vivo assays, and so forth). This
could be routinely done in publications in which results of pre-
clinical studies are reported. Transparence in dissemination of
how preclinical benchmarks are assessed would be an essential
contribution by researchers to the application of regulatory re-
quirements, while capitalizing research efforts by pooling ex-
periences from preclinical studies on different hESC-based
therapeutic approaches [50]. Ultimately, this strategy would
help understanding about whether distinctions between pre-
clinical benchmarks developed for conventional drugs or bio-
logicals are still relevant to cellular interventions.

Moreover, it is likely that actual rethinking or adjustment of
preclinical benchmarks will be required repeatedly for different
hESC-based products. hESC therapies may differ from one an-
other depending on the protocol for cells’manufacture and trans-
plantation. Differences in the hESC line used to derive the cellular

population of interest, in cell maturation in vitro, or in the time of
cell transplantation may affect product safety and efficacy. To best
protect participants in FIH trials, further research is needed to assess
what differences in cellmanufacturing and transplantationwould re-
quire product-specific rethinking of preclinical benchmarks.

CONCLUSION

Relevant preclinical benchmarks require rethinking (i.e., identity
and purity) or need to be adjusted (i.e., potency and viability) to
anticipate safety and efficacy concerns related to the dynamic
heterogeneity of hESCs. Rethinking and adaptation of preclinical
benchmarks is the first, essential step to address thewhen ques-
tion (i.e., to decide whether to move forward from preclinical to
FIH studies of hESC-based interventions). Specifically:

c Identity should be reassessed as a general marker of functional
stability and should address three aspects of hESC-based prod-
ucts: identity of product functional properties to be tested in
clinical trials, identity of other relevant products’ characteris-
tics in the various steps of in vitro manufacturing and in vivo
animal testing, and identity of steps of the overall product’s
preclinical development.

c Purity requirements should go beyond a point-in-time valida-
tion of acceptable levels of contaminants in manufacturing.
Rather, purity should be reconsidered as a benchmark for
the functional stability of hESC products over time, through
the assessment of the characteristics of the cellular population
that are predictable from batch to batch.

c Preclinical potency testing in vivo should be specified to guar-
antee animal-human proximity relative to organ site, cellular
environment, and method of hESC transplantation; and xeno-
graft properties relevant toallowpredictions about immune re-
sponse and immunosuppression regimes in humans.

c Viability assessment should be adjusted to assess two different
aspects of hESC products: integrity and stability in vitro before
release, and effectiveness in vivo on relevant animal models.

Moreover, our analyses show that functional stability over
time at target sites ought to be considered as a general cross-
benchmark for the preclinical assessment of hESC-derived prod-
ucts. Specifically, in the context of hESC-based therapy for PD,
preclinical testing of functional stability will likely depend on
the stability of parkinsonism in nonhuman primate models [51].

Rethinking or adaptation of how to apply these preclinical
benchmarks in specific cases will be required repeatedly for dif-
ferent hESC-based products because distinct protocols for cell
manufacture and transplantation may affect product safety and
efficacy differently. This process would benefit from sharing of
knowledge if researchers included these components in the de-
scription of their methods in publications. Clarifying these com-
ponents, and publishing how they were achieved, could help
the assessment of when it is ethically justified to start FIH phase
I trials to become increasingly evidence based.
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de la Santé Publique, University of Lausanne–Centre Hospitalier
Universitaire Vaudois (CHUV) Lausanne University Hospital,
Lausanne, Switzerland.

AUTHOR CONTRIBUTIONS

G.B.: conception and design, collection of data, data analy-
sis and interpretation, manuscript writing, final approval of
manuscript; S.A.H. and A.M.: conception and design, data

analysis and interpretation, manuscript writing, final approval
of manuscript.

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST

G.B. is employedas senior lecturer at theUniversityof Lausanne, has
an uncompensated advisory role as a member of the Human Re-
search Ethics Committee at the École Polytechnique Fédérale de
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